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ABSTRACT

Peptides and proteins amportant targetfor biochemical and pharmaceutical applications.
Non-natural modification$o these biomoleculdsave gained significant interest in the field as
these modificationscan grantthem novel propertiesStrategic approaches are required to
selectively mdify a givenpeptice. A promising strateg for the chemical modification of
peptidesis the selective modification of the glycine uwitthin a peptide

The first partof the projectpresents thaovel methodologyof enolate oxidatiorfor the
modification of glycine derivatives using the nitroxide radical 2,2@&@&methylpiperidine N

oxide (TEMPO)to generate glycine alkoxyamines. The methodology was extended to short
peptides, revealing interesting selectiatyd reactivityof amino acids. The alkoxyamines can

be further modified by thermal homolysis or aoi@diated heterolysis to create a library of
nortnatural amino acids. Under physiological conditions, -acédliated heterolysis was used

to modify glycinecontaining peptles, dowing access to crossonjugated peptides.

The second part of the study involved synthesizing a series of hindered nitroxide radicals and
applying them to the methodology of enolate oxidation of glycinates. The study focused on the
reactivity of glycine enolate to differehinderednitroxides andhermal homolysis of newly
generated glycine alkoxyamines.

Lastly, we demonstrate the application of the methodology to modify insulin by conjugating
glycine alkoxyamines under physiological conditiomsitro. Additionally, we designed and
synthesized a hydrophilic piperidine nitroxide with azide functionality at'tr@o4ition,

which haghepotential for nitroxide conjugation in various applications.



ABSTRACT (Czech)

Peptidya proteiny jsou dTlegit® | 8tky pro bioch
modi fi kace tRDchto biomol ekul se dostaly do
poskytnout nov® vliastnosti. Sel ektivn? mo d i
pS2stup. SI'ibnou strategi?2 chemi ck® modi fi k
jednotky daného peptidu.

Prvn2 | §st projektu pSedstavuje novou metodo
nitroxidového radikalu 2,2,6,6tetramethylpiperidin = Noxidu (TEMPO) poskytujici

al koxyaminy glycinu. Tato metodol ogie byl a
zajimavou selektivitu a reaktivitu aminokyselin. Tyto alkoxyaminy mohou byt dale
modifikovany termalni homolyzou nebo kysele katalyzovanou heterolyzou zankamiiovny
nepS2rodn2ch aminokyselin. Kysele katalyzova
obsahuj2c2ch peptidT za fyziologicklch podm
pepti dTm.

Druhg8 | 8st se zabTvs§ synt®zou br&nhRDnlch ni
met odol ogii oxidac? enol 8tT glycin8tT. Tato
rTznTmi br&nDnimi nitroxidy a ter mgycng homol
Na z8vDr jsme demonstroval. aplikaci t ®t o
al koxyaminT gl yci nu Znvitrd. Maxic jsnie mayrhlicalsyintetizovat o d m2 n
hydrofilni piperidin nitroxid s azidovou funkci v pozici 4, ktery ma potenciél v nitroxidové
konjugaci v rTznlch aplikac2ch.
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1. INTRODUCTION
1.1 Amino Acids, Peptides

1.1.1 Amino Acids, Peptides and Their Chemical Modifications

Nature employs a conservedtof 22genet i cal | vy -@mitocacds tb yieldah ur al
extensive array of protein structurdesigned forspecific functionalitiessuch asenzyme
catalysis, transport, and mechanical support, among offteesglobal collection of proteins
produced by organisms, known as the proteome, is complex and diverse. This diversity arises
both at the mRNA level and through pasinslational modification8! The major class of
posttranslational modification (PTM) of a protein is the covalent addition of one or more
groups, such as phosphoryl, acetyl or glycosyl, to one or more amino acid side chains. These
modifications have functional consequences in pmstesuch as conformational changes,

functional enhancement or changes in functibn.

Chemical modifications are important for creating engineered peptides and proteins that can
elucidate essential structural determinants governing their functions or discover novel
functional roled?®! Recent progress in the modification of proteins confirms them as a strong
tool for bioimaging, detailed functional analysis of PTavid construction of protein based
biosensoré-8! Moreover peptidebased structural frameworks hastso emerged as target

moleculesn the field of pharmaceutical developmé&ht

A number of methodologies for chemical modification of proteins have been répéried
and can be classified d9 Incorporation ofunnatural amino acids (UAA4)y genetic code
expansionand theirsubsequentnodification using biorthogonal reactign®) recognition
driven chemical labellingand 3) modification of proteins using the reactivitgxistingamino
acidst* Thefirst approach of modification consists of incorporation of UAAS in a protein by
genetic codon expansion techniques #mel newly introduced UAAsconsisting of azide,
alkyne, alkene, ketone or tetrazine functional groalisw site selective modification of target
proteirs by biorthogonal reactiord¥*% However, it is very challenging to incorporate UAAs
site-specifically into endogenous proteins in hgells. On the other hand, the recognition
driven chemicaimodificatiors of proteins allow protewspecific modifications in live cells
without any genetic manipulations. A specific interaction of the protein with a designed
labelling reagent at the ligand binding site of a protaailitatesthe selective modification of

an amino acid side chaiklowever, this approach requires an appropriate liganseiective
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recognition in each protein, which makes it a complex prdt&$%.The method of
modificationof naturally occurringamino acidsurpassesthealternative approachekie toits
convenientstrategy obviating the requirement for specialized technigsigsh as artificial
genetic manipulation or designing of specific peptide .tAgehis strategyfacilitates the
synthesis of biomaterials in a time and eef$ective manner. However, it is noteworthy that
the methodology is restricted peptides orsolatedproteinsin vitro. Nonetheless, even within
these limitations, the practical utility and applicability of this apprdaestowssignificant

valuein chemical modification of peptides and proteins

The method of modification of naturally occurring amino acds be categorized into two
fundamental strategies: Ihodifying the preexisting side chains of amino acids, and 2)
introducing side chainby modification at the peptide backboriRecent development in
residuespecific peptide modificationgcludes functionalization of aliphatic side chains
aromatic side chains and polar side chdiysine and cysteine act as the most popular target
in residuespecificpeptide modification as convenient nucleophilic handlesxasshowcased

in diverse peptide modification strategis®l However achievingchemoselectivityo enable
site-specific functionalizatiomemainsa significant challengen the modification of peptide

sidechaingtl!

On the other handackbone modification presents a promising strategy, as it allows for the
selectiveintroduction of diverse functionalities and leads to profound structural chBAges.

few intriguing examples for selective backbone modifications such asbusomal peptide
synthetase inspired-8 oxidative modification facilitated by irgd* onepot radical scission
oxidation of hydroxyproline tdN-alkyl 4-oxohomoalaning? histidinedirected amideN-
functionalization mediated by coppélwere reported in recent years utilizing the reactivity of

a specific amino acid in the peptideloreover the concept of memory of chirality has
successful |y ap-plkylaterdof anmno axidsyam meensivelycstudied for the
enantioselective synthesis of quaternary amino &¢ié8 An effective and promising strategy
towards the peptide backbone modification exploits the reactivity of a glycine unit in a peptide
resulting a chemo selective transformation, thanks to the unique nature of glycine compared to

other proteogenic amino asid® (refer chapter 1.1.2)



1.1.2 Modification of Glycine Derivatives
1.12.1 ChemicalModification of SarcosineJnits

N-methyl glycine, known as sarcosineaswell studied for modification byseebaclusing
enolate chemistrgnd extensively applied this technique to speqtided, resulting modified
peptided! through alkylation (Scheme £f! Lithium enolates of oligopeptides were studied
with different alkylating reagentsnd different diastereoselectivitiesiere observedA
neighboringN-alkyl amino acidlin the Gterminal direction, to the sarcosine unds necessary

for successful alkylationFurthermore, this methodology proved effective in thes#ective
alkylation of the immunosuppressive cyclic undecapeptide, cyclosporiie ata sarcosine
subunit (Scheme 33! Interestingly, no epimerization of starting peptides were observed under

strong basic reaction conditions.

ATA l!l ThDFASL;sB?C ATA Y l!l
‘N/\"/ “AA2 ’ > ‘N/\n/ “AA2
e Mel 5

I I
32%
dr=4.9:1

Schemel: Alkylation of sarcosinainitin a peptide

LDA, THF

RX

]] v

upto 90%
dr upto 7:1

Scheme&?: Modification of Cyclosporin A




1.1.2.2ChemicalModification of Glycine Units

Glycine, being thesimplestamino acidjs amenable tanodificationthroughthe introduction
of an R g-cahonposiidnKazntaier ard colleagustudied the alkylation reaction
of enolates of glycine este(Scheme 3)The protected glycine est®r on treatment with
LHMDS generates the enolatand subsequenaddition of metal salt MX resulted
transmetallationThese chelated enolatast as nucleophiles for palladium catalyzed allylic
alkylation reaction resulting alkylated glycine derivativél in good yield®? Continuous
investigations of chelated glycine enolate led themrepot novel methodolog to
stereoselectivelynodify glycine derivativeVIl via the enolat€laisenrearrangementand
modified peptideVIll was obtainedScheme3).B334 The stereoselectivity of the reaction
depends on a number of factors such asN#@otecting group on the peptide chain, the
chelating metal salt and the stereochemistry of the existing amindraeidynthetic potential
of glycine enolates as further explored resulting ina series of modified peptid&>3®!
Importantly, amethodology ofstereoselectiv®d-catalyzed allylic alkylation was utilized to

synthesize the natural product trapoxifFA.

OtBu
1) LHMDS (2 equiv.) 1% [elllylF’dCllz
AN - = 4.5% PPhg
HN™ ~CO,tBu —-~— o % — LN COLR
Cbz THE, ) Cbz” M /\/OCOZEt | by
v ~78°C vi

82%

Hof 1) LDA, NiCl Ho §
1] | 2
N\)j\ ' N e
HN % HN 0
! 2) CH2N2 |
SNF

W

Scheme3: Glycine enolate reactions

Comparedo glycine enolatg radicatbased methodologyas less exploredut gained more
importancerecently®® 331 The UV lightmediated alkylation oN-acetylglycine ethyl ester
IX with terminal alkenes to obtain norleucine derivatesonstituted one of the first methods

for radical amino acid modification, but selectivities were modé¢&themet).*0-44



H Et\/ . hv Et\/\l/COQEt
N _COEt ——— >

HN

Ac Ac

IX X
12%

Schemed: Photoalkylation of glycine derivative

Easton and colleagues studied the relative stability of amino acid radicals and found that
secondary glycyl radicals are more stable than tertiary radicals, formed from valine or
alaninel*? This is attributed to their particular geometry as well as the captodative @éffect.
Later, this selectivity for glycine derivatives was applied in photobromination reactions with
N-bromosuccinimide (NBSjo obtain bromoglycine derivativé$! An important application

of this method was reported by Skrydsteipl. who employed glycine photobromination in
peptidesXl as a handle for nucleophilic substitution reactiamsl subsequerneductive
transformations with samarium diiodidaoviding a glycine enolate which served as
nucleophile toward carbonyl compounds providibghydroxy-a-amino acidcontaining
peptidesXIl (Schemeb5). Here, the pyridyl sulfide glycyl unit served as an appropriate
precursor for the glycine enolate and the strategy enabled the synthesize of a lin@¥ry of
natural amino acid4® However, the strategydemandsthe N-terminal nitrogen protecting
groupto be benzoyl. Extensive decomposition was observed with other common protecting

groups, such as Boc and Cbz.

o 1.NBS, hv L0
H 2. 2-PySH
/N\)L AA BZ’N N'AA Smiz
Bz N H
H S
| X (2-pyr)SSml,
87% H
Bz~ N'AA
H
O
H O Sml
N JAA 2
S A~ A
N
OH ~ B \/\N'AA
H
Xll

64%
AA = Phe-OMe

Schemeéb: Skrydstrup methodology @&ductive functionalizatiom glycine dipeptide

Hiemstra/Speckany! and Skrydstruf”! groups used more stable glycinyl xanthgtés

which serve as precursors for thermal radical addition reac@ysine derivativexlll were
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first subjected to a radical bromination step with NBS. The unstable glycyl bromide
intermediate was directly treated with potassium sdlt-ethyl dithiocarbonate to obtain stable
xanthatesSubsequent thermal radical addition of xanthate to olefins at refluxing condition for
48 h and desulfurization by reductive cleavage-& Gond providediverse substituted amino
acids or dipeptideXlV (Scheme6). However, the efficiencies drop significantly for

tripeptides.

1. NBS, hv 0]

2. KS,COEt /H _AA
Bz N —> Bz ”
H S(CS)OEt
Xl 63%

1. Z>CN, DLP
2. iPrOH, DLP

XIv
50%
AA = Phe-OMe

Schemeb: Glycinefunctionalizationvia xanthates

Sim and coworker summaridgecent developments in radical media@dH alkylation of
glycine derivatives to provide n n a t -antina acid€°% A few interesting methodologies

to modify glycine unit@re summarized iScheme 7

Aditertbut yl per oxi de -al|DKTyBlPg taipoonocarmoiiyl etdnpolnds by
simple alkanesias been reported. The strategy features the inetatleavage oh sp® C-H

bond bytert-butoxyl radical and additiorf the alkyl radicato glycine imine intermediate
(Scheme 7, APPY A visible lightinducedo x i d a-alkylatien ofglycine derivatives with
ethers provides unnatural amino acidsgood yield (Scheme 7, BF?! The methodology
provides a metdiree approachutilizing Eosin Y as a photocatalyst, modify glycine esters

and the reaction tolerates cyclic and acyclic ethéasible light-promoted alkylation of glycine
derivativeausing alkyl pyridinium salts (Katritzky salts) has been developed to obtain modified
unnatural amino acidslhe strategyalso allows siteselectivealkylation at the N-terminal
glycine moiety in short peptidgScheme 7, CF3 A stereoselective unnatural amino acid
synthesis was reported by crasoupl i ng gl yci ne -beosdketoness and
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catalyzed bysynergisticBronsted acid/photoredox cataly$&heme 7, D)The photoredox
cycle of the 1 r (111 Xetgrddioal anctree glgcineimirtiumgpe, whele at e s
the chiral phosphoric acidCPA) acts as a bifunctional catalyst to both assemble the reactive
species via Fbonding interactions and facilitate asymmetric radical addition to the iminium
complex®®! providing enantioenriched unnatural amino a€iel Site-selective copper
catalyzed oxidative alkylation of glycine derivatives via glycine iminium complex was reported
using 2substituted 1,3 dioxolaneasalkylating agents (Scheme 7, . The strategyalso
extendsto glycinecontaining peptides and selective alkylation was achieiednteresting
approach of aerobic oxidative alkylation of glycine derivatives with alkyl boronic acids using
Ru/Cu metal complex system under visible light irradiation also allows modification of amino
acids(Scheme7, F)*" The ironcatalyzed cyanoalkylation of glycine derivatives promoted by
pyridine-oxazoline ligands allows the incorporation of a cyano group into amino acids and

peptides, which can serve as a handle for further functionalizGitieme 7, GF®!

0
O , DTBP, Ny, 120 °C A

[\ : XR
o_ 0 NH
[ K Cu(0Ac) (5 mol%), Ar O

=t R'H '1BHP DCE, 60°C 49-82%
E XR ’,""\ RN
NH ! ‘

“ J\ , Eosin Y (10 mol%) é '

Ar O 0~ H
93.90% TBHP, blue LED _ .
1 R'-B(OH),, 02, blue LED NH N R
R
R Ru(bpy)sPFg 1 (mol%) 5 Ph Ar O
NH&T ~_CuCl (10 mol%) XR 59-929%
Ao T NH D
r | +
42-91% 5 Ar O PA” NT PR R
hv, DBU, MeCN R’ XR
O= s ; L G
CN N Ar o A O
Fe(NTf,), (1 mol%), DCE/MeCN R2 61-88%
6 N R TR °) RAS/ , NaHCOs, blue LED
Ar O A 2 ol Br 1,4 dioxane/MeCN, , 0
55-02% | J2mor) [INdF(CF3)ppy),(dtbpy)PFs  R%. A\
N \ (2 mol%), CPA (5 mol%) D
> XR
N NH
Ar O
44-89%
>85% ee

Scheme7: Recently developed methodologies for modification of glycine units
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Most of thesanethodologiegScheme 7gither give rise t@imple alkylated glycinates which
might have limited scopes or use transition metals, which might limit them to use in complex
biological systems. Furthermore, there is a continuous interest in the development of novel
glycine modification methodologiesahhold promising potential for application in biological

systems.

In contrast to all these chemical modifications of glycine umytslkylation, nature modifies

the glycine unit in a peptide by-&pha hydroxylation using a coppeependent enzyme
peptidylglycine monooxygenase (PHM). This process acts as a criticatgasttional step

in peptide hormone processing to achieve @&mide CGterminal of many mammalian
bioactive peptide hormon&8! The cleavage step is catalyzed by the enzyme peitiidyl
hydroxyglycineU-amidating lyase (PAL) to produce amidated peptide and glyoxylate (Scheme
8). PHM catalyzes stereospecific oxygenation of the glythuarbon of peptidylglycine
substrates, and the structural studies strongly suggests that the oxygenation reaction proceeds
via activation ofJ-C-H bond of glycine unit by a copper bound oxygen species of PHM and
subsequent radical coupliffl A s i mdioXygemation feaction of glycine derivatives will

be an interesting reaction that can be developed to achieve chemical modification of glycine

containing peptides.

2 Ascorbate 2 Semidehydroascorbate

H9 T +HO 0
Peptide’N?ej\O_ \/ > Peptide/Nﬁej\O_ » Peptide—NH,
HS Mg PHM HO A, PAL e oo

T

Scheme 8Glycine modification in nature catalyzed bgzyme.

1.1.3Peptide Modifications by Conjugation

The emergence amiquemethodologiesoupled withvariousconjugationtechnique€nablel

the accessibility ofliverse nomaturalpeptidesandmodified proteins

Steglich and coworkefsavedevelopedn interesting strategy generatelectrophilic glycine
equivalents within oligopeptideendwere then reacted with nucleophiles to obtain modified
oligopeptides(Scheme9). Seryl or threonyl peptidesere reacted withead tetraacetate to
obtain U-acetoxyglycine derivativesDehydroglycine derivatives wer@ situ formed by

t r eat i magetoxygly@ne With tertiary amines and readily reacted with powerful
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nucleophiles such as thiols and organometallics. Howevtreincase of weaker
nucleophiles, it was necessary to coniztiolateto more reactive chloglycyl deivative by
treating them withsulfuryl chlorides. Subsequentnucleophilic reactionon chloroglycyl
peptideswith amino estergprovided interesting aminal derivatives of peptid@s.®!l The
strategy has been employed to conjugatantibiotic norfloxacin,to a peptide sequence and
an efficient prodrug has been synthesi?8dHowever, the longer and stepwisereaction

sequencenay limit the synthesis ofhesepeptidebasedcrossconjugated products

h 0 /[ L O OAc
_N Pb(OAc), N }\

Cbz i N coOo,Me — > Cbz~ ; N Cone
P A
Cbz-Val-Ser-OMe 95%

lNEts
O SEt O
H EtSH H
/N - /N AN
Cbz \:)L”}\Cone Cbz \)LN CO,Me
A PN
78%
lsozm2
HszCOZMe
o cl i
H PN
b \)LN/?\COZMe I~ H\)?\ HN” >CO,Me
- bz N cozMe
PN
99% XV
79%; dr = 5:1

Scheme9: Reactivity of electrophilic glycine derivatives

Recently, ACy Cl i ck o str at e g gonstwa speptidex macrodydleeial t o
intramolecular hydrogen bonding and is highly chemoselective fi@riNinus of the peptide

with C-terminal aldehyde. The methodolog¥ intramolecular coupling of an aldehyde and
amine, featuring aminal unit in the peptide, was explored to synthesize 12 to 23 membered ring
peptide macrocyclgSchemel0).163-64
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R o] DMF:H,0 (1:1) >/U9NH

H R® H Q 4
DMAP, 5mM n R
e AL IR -
Ao |

O IiZ H o) N ',NH
n R2
R = any amino acid side chain 3 R
n=1-5 30-99%
de >99%

Schemel0: Peptide macrocycle formation via intramolecular hydrogen bonding

Another interesting approach for peptide modification by conjugation was reported utilizing
selective arylation of thiol containing peptides (Scheme 11). Aryl palladium reagents react with
free thiol moieties in the peptide and the thiol conjugates warelfto be stable towards acids,
bases, and external thiol nucleophilBEise strategy haalsobeen utilized to access a promising

class of antibodylrug conjugates by coupling drug loaded palladium compléxetantibody

Trastuzumat$
SH O s
PC
| : y2 Tris buffer |_
peptide = + R R  Pd-Ar »  peptide
X CH3CN:H,0
(5:95)

Scheme 1: Bioconjugation of cysteine containing peptides with aryl palladium complex

Insulin has been a primary focus of peptide chemists since its isolation and subsequent
breakthrough in the treatment of diabetes mellitus (Figure 1). The chemical modification of
insulin was investigated with the objective of developing insulin analotpatsvould act

either rapidly or over a longer period of time, in order to mimic insulin secretion in healthy
individuals.Insulin analogues modified witihhe addition of Aig-Arg unit at the C terminus of
b-chain known as insulin glargine (Lant®) addition of fatty acid€’ acylated analogue
insulin detemif® are a few oearlyanalogues used aiinical trials. The diemical modification

of insulinis primarily achieved througgsite selective acylation, reductive cleavage of disulfide
bonds reductive alkylation, use of protecting groups, conjugation of carbohydrates, lipids and
ligands!®
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Figurel: Humanlnsulin structure

A recent development @ chemically modified human insulin derivatiby a conjugation of
3(2benzot hi azol y-bnirogroup sf tha le@9tresidue d¢f the hillman insulin

b chainenables visual monitoring of insulin aggregati®heme 2).["
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Scheme€el2: 3-(2-Benzothiazolytyrosine conjugation to human insulin
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Furthermore, the biological activity of different peptides and proigereenhanced through
modification by conjugation of lipids, carbohydrates, multimerization, arylation, fluorescent

probes, and other novel bathogonal chemistrif® 774!

Development of novel methodologies fonetnical modification of peptides has created
numerous opportunities for peptide and protein research, drug development, and various
applications within the realms of biological and chemical sciences. This avenue in peptide drug
development continues to ekh applications, prompting substantial encouragement for
numerous studies within the field. However, there is still a demand for the development of
novel peptide structures with fruitful applications, which requihe use of new and interesting

methodologies for synthesizing unnatural peptides and peptide conjuddtiths.
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1.2 Nitroxides

1.2.1 Nitroxide Structure

Nitroxyl radicals, commonly referred to as nitroxides, constitute a class of organic compounds
featuring a nitrogeimxygen (NO) bond, where a delocalized unpaired electron is shared
between the nitrogen and oxygen atoms. The resonance structures AFagar&?2) illustrate

the phenomenon of electron delocalization associated with these radicals.

‘O o

I\Il - |
R™ "R R™+ R

A B

Figure2: Resonance structures of nitroxide

The initial report on a nitroxide compound dates back to 1845, describing an inorganic
nitroxide known as Fremy's sa{{KO3S)NOA."®77] The field of nitroxides witnessed
significant advancements following the discoveryaixo-2,2,6,6tetramethyl pipepridiné\-

oxyl radical (40xo-TEMPO) XVI (Figure 3) by Lebedev and Kazarnovsky in 1958
Nitroxide chemistry has greatly evolved and many nitroxides have been successfully developed
and studiedFigure 3). Piperidine nitroxidesare a major class of nitroxides, consisting of
2,2,6,6-tetramethyl piperidinelEMPQO), whichis one of the mostommon anadommercially
availablenitroxides used in organic chemist&ZADO and NorAZADO are alsoused as
efficient catalysts for alcohol oxidation to corresponding carbonyl compounds$’
Development of newitroxides particularly acyclic nitroxides such &PNO8 andSG 1Y

made it possible to control thatroxide mediated polymerizatioof acrylate derivatives,
acrylamides and dien&8® Pyrrolidine and psroline nitroxides are among the most
commonly used nitroxidem vivo because of their resistance to reductomn usedas spin
labels®*8] These milestone nitroxidend othershave paved the way for the exploration of

various applications and opportunities in the field of chemi&ry
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Fremy's salt  di-tert-butyl nitroxide TEMPO AZADO Nor-AZADO
(DBN)
>L >|\ \/t OEt >[_S< >[_S< '
l . ll “OEt |
0.
TIPNO pylrroIiFjine p_yrrolline T™MIO
nitroxides nitroxides

Figure3: A few importantnitroxides

TEMPO (2,2,6,8etramethylpiperiding-oxyl) is among the most widely used and readily
available nitroxides employed in organic synthesis. Over the years, researchers have
synthesized and investigated functionalized derivatives of TEKP® series of aalogous
nitroxidesXIX -XXI 'V featuring diversdunctionalities can be accessed frdrmxo-TEMPO

XVI (Figured). This transformation takes advantage of the reactivity of the carbonyl group
while leaving the core nitroxide functionality unaltered. The functional group present at the 4
position offers the unique ability to incorporate the nitroxide wddoussystems without

direct involvement of the nitroxide group its€f®’ This strategic approach enables the use of
the nitroxide for spifabelling a technique widely employed in studying free radicals and

reactive intermediates in various biological and chemical proc€58&s

TEMPO XVI XIX XX XXI
HO.
ﬂ . w
Cl). o O
XXl XX XXIV

Figure4: TEMPO analogues
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1.22 Physicaland ChemicaProperties

Nitroxides are classified as paramagnetic compounds due to the presence of the unpaired
electron, which makes them amenable to analysis by Electron Spin Resonance (ESR or EPR)
spectroscopyEPR spectra provide valuable information, including the nitrogen coupling

constant), which offers insights into the distribution of spin density at the nitrogen.&tom

Nitroxides can be functionalized with various alkyl groapsaryl group8%! on the nitrogen
atom In general,nitroxides bearing primary and secondary alkyl groups are typically less
stable compared to those with tertiary alkyl grog8ADO, Nor-AZADO, TIPNO, SG1 are

a few sable nitroxide radicals bearing hydrogen atom(f@d-carbon The instability of the
primary and secondary alkglbstituted nitroxidess primarily attributed to the higher
likelihood of undergoing disproportionation reactigBsheme B), which limits their utility

in certain applications, whereas nitidets with tertiary alkyl groups are generally more robust

and preferred for various purpos¥$

R R R R
H H H H
P > N - LKL Bled
| |
Q o OH

Scheme€l3: Disproportionation reaction of two nitroxides.

Nitroxides are also susceptible to oxidation to an oxammonium ion or reduction to a
hydroxylamine. The stability of nitroxides towards these processes depends on 1) size of the
nitroxide bearing ring 2) substitution on thé}carbon of the nitroxideSix membered
piperidinyl nitroxides such as TEMP&emore prone to reduction than the five membered
nitroxides pyrrolinyl radicals and saturated pyrrolidinyl radi¢gigure 5).°? The effect of
substituents on the 2,@ositions of the piperidine ring on the stability of the nitroxides has
been studied and reported tleéctronwithdrawing substituents make the nitroxide more
reductionprone, while electroonating groups have the opposite effect. This indicates that
the electrorwithdrawing substituents on the &hd 6 positions ofthe piperidine destabilizes

the nitroxideswhereas the electron donating group stabilffédn addition toelectronic
effects, steric hindrance also affects the stability of nitroxides towards reduction. It has been
observed that nitroxides with four bulky substituents adjacent to-Begibup exhibit a high

level of resistance to reduction. For exampémlacing the methyl groups in TEMPO with
ethyl groups increases the stability of the nitroxide towards reduction by ascorbic acid due to

more effective steribindrance(Figure5).[°2: I
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Increasing reduction stability

o o o
EWG>(I}Ij(EWG < EDCP(I}D(EDG

0] O
o o) o)

Figure5: Comparison of reduction stability of TEMPO and its derivatives

Nonethelessnewstability studies towards reduction of highly strained pyrrolidine nitroxides
with ethyl andtertb ut y | g r-aarbomss of the nitrokide compound demonstrated
unexpected fast reduction reaction with ascorbate, comparegntin@substituted 2,2,5,5
tetraethylpyrrolidinl-oxyls (Figure6). The observation was explained by destabilization of
the planar nitroxide moiety due to repulsion between thesedstbutyl groupscis to each
other. Thus, the study demonstrates the limit of stemidriince loading for higher resistance

to reduction®®!

Increasing reduction stability

R
A e K ¢

Figure6: Comparison of reduction stabilistrained pyrrolidine nitroxides

Y

R

Variable stabilities and reactivities of nitroxides are desired for specific applications, so it is

important to design the nitroxide for the given objectives.
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1.23 Applications in Organic Chemistry
1.23.1 Oxidation

Nitroxides have been used for oxidation of primary and secondary alcohols to the
corresponding aldehydes, ketones and acids. However, the active oxidant is not the nitroxide,
but the oxoammonium salthecommonly used nitroxid@EMPO has an oxidation potential

of 0.64 V (vs. standard calomel electrode (SCE)) implying it as a very mild oXidant
However, the oxidative form of TEMB@xoammonium salt a strongoxidantand oxidizes
alcohols into aldehydes and keton&éseatmentof nitroxide with an acid, HXgives stable

oxoammonium salt which can be isolated and used as stoichiometric oxidant in synthesis

(Scheme 1).
N N N
H
H

o=

X X

Scheme 4: Disproportionation of TEMPO by treatment with excess of HX
H,O
OCI

H
OH
R "R?
(0]
C|_ OBr R1JJ\R2

Scheme &: Nitroxide catalyzed oxidation of alcohol mediateddmgium hypochlorite

|O=Z+

Compaedto stoichiometric oxidation of alcohols to ketones by an oxoammonium sf&cies
oxidation reactiondy catalytic methods, in which the oxoammonium specigsgenerated

by a stoichiometric secondary oxiddwats gained much interest. The most commonly used co
oxidant in nitroxide catalyzed alcohol oxidation is sodium hypochloAtel(i-Montanari
protoco) and bromide anions act as -@atalysts. Hypochlorite (OQloxidizes bromide to
hypobromite, which is the active oxidant for regeneration of the oxoammonium salt (Scheme
15).[87]
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More interestingly, nitroxideoppercomplexcatalyzed aerobic oxidation of alcohols can
provide ketones (Scheme 6).°%1% A Cu(l) complex is oxidized by TEMPO to the
corresponding Quil)T TEMPO adduct.Ligand exchange with the alcohol gives Cu(ll)
alcohol complex and TEMPOH.The subsequennhtermolecular hydrogen transfezaction
from Cu(ll)}-alcoholcomplexto TEMPO givesthe corresponding aldehyde or ketone and the
starting Cu(l) complex TEMPO is regenerated from TEMPOH by air oxidation, a process
which is heavily influenced by the p¥hlue of the reaction mediuriihese processes have
been mainly conducted with copperngolexe§® but other transition metals such as

rutheniumf*®* molybdenurit®? and iro' %! have also been employed.

R_o-cu(ll) 1202 (1)cu—0-N
<X Sk
H
N

Schemel6: Nitroxide-catalyzed aerobic oxidation of alcohol mediatedalogpper complex.

1.23.2 Trapping of GcenteredRadicals

Nitroxides have been used ti@p Gcentered, transiemadicals to form alkoxyamine3his
process is controlled by the persistent radical effect (PRE), vidiahkinetic phenomenon
explaining the high crosselectivity of radicakadical coupling. It states that a process,
where two radicals with different lifetimes, a transient radical (dhatl) and a persistent
radical (longetlived), were generated at equal rates, the erospling between these two
radicals takeplace. The initial build up in the concentration of the persistent radical, caused
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by the selitermination of the transient radical, steers the reaction to follow the cross coupling
path[104405]

The GO bond forming reaction is very fast as the reaction is between a transient radical and a
persistent radical and the rate depends on the structure ofddet€ed radical as well as the
nitroxides. Smaller rate constants were observed focan@ed radicakcouplingwith more
sterically hindered nitroxidé&®! The coupling products, alkoxyamines, weneploited in

synthetic organic chemistry for the preparatiovarfiousclass of compound®’ 107109

In 1998, Jahn reportean efficient methodology oenolate oxidatiorof estersXXV using

FeCpPFs asa single electronxidant The enolate is oxidized and the transient radical ceuple

to a persistent radical, TEMPO, present in the syg@cheme 7).21% The methodology was

extended to major classes of carbonyl compounds and the sblectorityof the reaction was
explored*” The r eact i ocaxygenated lprddeicxXVh andthé methodologys
comparable tovi dely used oxygenati on metziklioed sr usi ng
peroxydicarbonated.he methodologyas beempplied tovarioussubstrates and its potential

has beerexplored!'?14l |nterestingly, the strategy hascently combined with oxycope
rearrangement andused for the total synthesis of the natural product class of

applanatumol$t>116l

1 LDA, 1 . J\|<EWG
R THF, -78 °C R o R* <,

XXV = XXVI
45-95%

Schemel?7: -ox¥ygenation ofarbonyl compoundssing FeCpPRs

Alkyl catcholboraneXXVI1, which can be easily prepared by hydroboration of akemere
reported to form alkoxyamineXXVIIl by reacting with TEMPO.The Lewis acidic
catcholborandorms a complexwith TEMPO, which on subsequent fragmentation forms
boronateand the transient radical couples witsecond equivalent of TEMPO to give the
corresponding alkoxyamingXV Il | (Schemel8).t17]
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Schemel8: Formation of alkoxyamine by TEMPO trapping of transient radical

Aryl radical carborcarbon bond formations with subsequent TEMPO trapping found to be
efficient Boger et alusedthe methodology of &xotrig aryl radicatalkene cyclization and
trapped the €entered radical with TEMP@ obtain the natural product precur¢Scheme
19).[11&119 Heinrich et al. demonstrated intermolecular radical carboaminohydroxylation of
olefins with aryl diazonium salts and TEMPThe formed aryl radical from the diazonium salt
couples with olefin to form the-Centered radical which was coupled with TEMPO to obtain
the alkoxyaminéScheme20).122%

OMOM OMOM —O_
lf Bu38nH,TEMPO‘ N
l}l benzene, 50 °C OO N\
Boc

94%

Schemel9: 5-exotrig aryl radical cyclization.

® R
1 1
R Ns R2 FeSO,, TEMPO PN R3
+ KU R > |
z © DMSO/H,0 (2:1) N
BF, N
R'=EDGEWG  R:=H Alkyl
R3 = Aryl, EWG 47-84%

Scheme&0: Intermolecular radical carboaminohydroxylatioiolefins with aryl diazonium salts.

Recent development of novel methodologies utilizing the radical cross coupling with persistent
nitroxide radicals allowed easy access to oxygenation readtfferent class of compounds.
NHC-catalyzed oxidation of aldehyd¥XI1X with TEMPO as single electron oxidant provides
acyl TEMPO derivativeXXX with can be hydrolyzed to obtain corresponding &8icheme

21). The strategy allows oxidation of aldehyde under neutral conditions thudabited
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functional groups were tolerated during the reaction condittéhés vi si bl e + i ght i
oxygenation of 1,&licarbonyl compoundXXXIl using Rose Bengal as the photocatalyst

all ows a met al free oxi &ketoestecs(Schemé 2)&3d ectr o1
Mechanistically, photoexcited organic dye, Rose Bengal, acts as a reductant and single electron
transfer (SET) 0 c-letoasterXXKloandt ele@ronsichbraglital amibreis b
formed. AnothelSET process recycles Rose Bengal and consecutively forms transient radical

of-k et oester which «coupl -exygemvaiedchmpduB®™AIO t o f or m

|
JI\ o (2 mol%) RJ\ _N

R™ H (0]
DBU (3 mol%), THF
XXIX XXX
R = aryl, alkenyl 83-98%

Scheme&?l: Oxidation of aldehyde catalyzed by NHC

O O
Rose Bengal R!
N >(j< (5 mol%) | AR OEt
\\ OEt T > 7 O
I CH3CN N
visible light
XXXI XXX
R'=H, EDG,EWG 88-95%

Scheme&?2: Visible light induced photocatalyticxalation of1,3-dicarbonyl compounds.

Thesealkoxyamines formed by coupling the transian€ centered radical with TEMPO are
versatile compourshnd furtherfunctionalizationcan be exploited in different applicatioas
radical initiators angrecursor for functionalizatioth?®24 Giventhe potentialapplicationsof
nitroxide radicals in organic synthesis, thexést a substantial opportunityr advancemerf
nitroxide synthesigo broaden the library of the nitroxide clagich will in turn be useful in

the development of novel methodologyoirganic synthesiand their prospective uses
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2. STATE OF THE ART, HYPOTHESIS AND MOTIVATION

The enolate oxidation methodology stands as a potent tamifigtructingorganic compounds
with significant structural intricacyin the realm of synthetic organic chemistry. This
methodology has undergone comprehensive investigatiowasapplied in total synthesis of
many natural products amk ey st ep i n'%3lawerhgpsthesizedothathis
methodology couldid as a tootlo modify amino acidsAAs), thereby enabling the synthesis

of nonnatural amino acidslinterestingly, preliminargexperiments conducted Wyargaréta

Vo t 2dnkhe sa&osine derivatives utilizing the methodology of enolate oxidation using
ferrocenium hexafluorophosphate (FeRR) (method A) were successful and the sarcosine

alkoxyaminesvere obtained igood yields.
LDA, THF N P
| (0] —78 °C, 30 min R’ W)]\O
R’I’N\)I\O/ > o\
FeCp,PFg N -OTMP
TEMPO

1— —78 °C, 30 min
R'= Boc, Bz, Cbz 65-82%

Method A

Successful results on oxygenation of sarcosinates raised the question to use glycinates for
similar conditions. Johannes Moser studied the applicabilitgrébutyl glycinates towards

the condition of enolate oxidation and found that TEMPO itself can oxidize glycine enolate
makingthe use an external oxidant such as ferrocenium hexafluorophosphateecessary
(scheme 28)}2% This result suggested that the glycine enolates can be oxygenated with 2
equivalents of TEMPQO?2), without the use of any strong oxidant such as EeEgmethod

A) to obtain the glycine alkoxyamines

LHMDS, THF 0
H 0 —78 °C, 30 min Hﬁ)j\
N > R OtB
R \)LOtBu TEMPO OTMP "
0°C,1h
R'= TFA, Boc, Bz 92-97%
Method B

We hypothesized thahis methodologyholdsthe potentiato be useds a toolto introduce
modification on glycine derivativethereby enabling the synthesis of amatural amino acids.
Moreover, dycine beingdistinctiveamong canonical AAS? 126lthe methodology oénolate
oxidationholds the potential for inducing selective reactioat glycine unitsin the presence
of other AA units This selectivity coulbe used aavaluabletool for chemicaimodification

in a peptide systerand potentially serve as a pivotal step tiee modification of a target
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peptides in a novel fashion.Alkoxyamines generagd by the methodology may serve as
versatileintermediats for subsequerfunctionalization enabling the synthesié non-natural
peptides and potentlglfinding applicationsn biological contexts. These applications include
bioconjugationpeptideprotein interactionandbioorthogonal chemistrgrocesses

Base

PP - PG

i

TEMPO

Easily accessibleitmoxide radicalswith different substituents may provide an interesting
aspect to the methodology of enolate oxidation of glycine derivatives. A compafisoa
stability between different glycine alkoxyamines derived from different nitroxides can be
advantageous fartilization of glycine alkoxyamines fgreptidemodifications

The synthesis of novel nitroxide radicals withlky substituents at-z2and 6positioncan be
demanding buserves a dual purpose. Firstly, it expands the spectrum of accessible nitroxide
radicals. Secondly, it offers the possibility of impartantabile GO b o n d -paditiontoh e U
the resulting alkoxyamine$his, in turn, could influence the selective transformations of these
glycinealkoxyamines and expand their potential applications.

PG O
HN
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3. AIMS OF THE WORK

The selective and sHgpecific modification of complex peptide molecules remains a significant
challenge in the field gbeptidechemistry. Moreover, the viability of a modified peptide as a
precursor for multiple functionalization would facilitate an efficient and straightforward
approach to chemical modification in peptidBse nodification oftheglycine unit in a peptide
represents a promising strategy for the backbone modification of pepfitissproject is

aligned with this line of inquiry and asrto achieve the following:

f To study the substrate scopelbbxygenation methodology in glycine derivatives.
0

H
. . N
o oxygenation conditions R \|)LXR2

H -
=N \)LXRZ O\N
-OTMP

1 To extend the methodology glycine containing short peptides towards the selective

U-oxygenatiorat the glycine unit.

selective oxygenation

at glycine unit o

83 H e} 84 83 H 84
- \)L A~ XR? > “_N ~_XR?
NN = Y N
RT O H o R" O g0

f To study possible transformations of the alkoxyamgenerated by the-oxygenation

OTM

methodology

1) by homolysisof the GO bondat higher temperature based on Persistent Radical
Effect (PRE)

- . 0

o R? 0 H
0 H H .
d NS S S G
O R
OTMP VAN OTMP

2) by heterolysisof the GO bond to make the glycine cationic intermediated
subsequent modification at thkposition of the glycine unthat are unachievable
by typical reactivity of glycine enolatén general, tycine cationic intermediagse

serve as an umpolurgg glycine enolats.
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To provide modification of alkoxyamines at physiological temperature to access non
natural amino acids

To demonstrate selective modification of a peptidgy t he met hodol og
oxygenation and use them for bioconjugatmath a protein of interest and establish
peptideprotein conjugation.

To synthesize sterically hindered nitroxide radicabgpand the library of synthetic

nitroxides and use them for the methodology of oxygenation.
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4. RESULTS AND DISCUSSION
4.1 Oxidation of Sarcosinates

Initial experiments conducted byojetickova on the sarcosine derivativeslizing the
methodology of enolate oxidation using ferrocenium hexafluorophosplfe€pPFe)
(method A) were successful and the sarcosine alkoxyam@@sobtained in good yieldsee

state of the art, hypothesis and motivation

To determine whether selective oxygenation occurs at the sarcosine unit in the presence of
other amino acid units, it is important to apply the methodology to pep¥idéae-sarcosine
dipeptide Boc-L-valine-sarcosineéDtBu 1 was obtainedby coupling NBoc-L-valine and
sarcosine tefbutyl ester hydrochloride using the standard peptide coupling reaction with

hexafluorophosphatieenzotriazoletetramethyluronium (HBTW)good yield Scheme 3).

O
H 0] | 0O
N H HBTU, NEt,
- + > N
Boc ! OH /N\)LOtBu CHSCN, Hl}l \)]\OtBU
N HCI 0°Ctort,2h Boc O

1
85%

Scheme&?23: Synthesis of/aline-sarcosine dipeptidé

The methodologyof enolate oxidationmethod A)was successfullyappliedto L-valine
sarcosine dipeptidé to obtain selectivexidation at the sarcosine unéndthe oxygenate

dipeptide3 was isolated in good yielas 2:1 diastereomeric mixtuf@cheme 2).

y O KHMDS, THF L O oTwP
—-78 °C, 30 min
N OB ) _
Boc” Y N/\"/ . > BOC,N\‘)LN)\“/OtBu

/=\ | 0 FeCp,PFg H | S

TEMPO 2 S
1 —78 °C, 30 min 3

Method A 76%; dr = 2:1

Scheme?4: Oxidation of valinesarcosine dipeptidé

For the deprotonation of théproton of the sarcosine moiety in dipeptijet is important to
usetwo equivalents of base. First, the free NH functionality on the valine moiety, which is
unreactive towards oxidation, is deprotonatad then the second equivalent of base generated
the enolatewhich undergoes oxidation with the oxidant, Fel€fg, and the generated transient

U-C-centered radical couples with the persistent radical TENSBeme 3).
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Scheme 2: Mechanism of oxygenation ofline-sarcosine dipeptide

4.2 Oxidation of Glycinates

The results of the study on the oxygenation of glycinates, conducted by Johannes Moser, were
intriguing and warrant further explorati¢seestate of the art, hypothesis and motiva)iofy!
Protected glycingert-butyl esters were treated with two equivalents of base to generate the
enolate andEMPO 2 itself can oxidizethe enolate oftert-butyl glycinateand the generated
transient radical couples witthe second equivalent of TEMPO tobtain the glycine
alkoxyamines(Scheme B). The enolate oxidation of glycine ester atractive because
oxidation does not requiremaxidant such as Fe@pFs (method A)as in the case of sarcosine
derivatives yide supraScheme 2) or any other carboxylate derivativié¥)

Base, THF o
H o] —78 °C, 30 min Hj)j\
.N > R OB
R’ \)LOtBu TEMPO 2 - !
0°C,1h
R'= TFA, Boc, Bz 92-97%
Method B

Base = LDA, LHMDS, KHMDS

Scheme?6: Oxidation of glycindert-butyl esers.

We further ehborated on this result and explored the substrate S6bmieesters and amides
4af were synthesized by standard procedutgshéme 2). Glycine isopropyl ester was
protected with benzoyl and benzyloxycarbonyl to obt@and4b respectively in good yield.

The glycinamidegc-f were obtained from corresponding protected glycine.
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BzCl, NEt; B
CH,Cl, D2
HoN
2 \)]\O/Pr 0°C-1t, QiPr
3h 4a
79%
DCC, DMAP, Boc O
Boc O Bn,NH 70C
HN e HN\)I\NB
n
OH  cH,Cl, 2
0°C-rt, 4c
24 h 99%
piperidine ;2 O
NEt;, HBTU 1
HN
HN\)L \)LN
OH CH2CI2
0°C- rt, 4e
overnight 48%

CbzCl,
NaHCO3

HZN\)L
OiPr CH ,Clo/H,0

HCI (4:1) 4b
rt, overnight

BnHN\/

DCC, HOBt ]
—>» HN
OH NBn

I?oc (0]
HN

ocr e L
-, . S
overnight 96% N
HATU, DIPEA
?OC O BnNH, ?OC 0O
HN —> HN _Bn
OH ' DMF, , N
overnight 4f

Scheme Z: Synthesis of starting materida-f.

The scope ofglycine enolate oxidation by TEMPO (method ®as screened Glycine

isopropyl estes4a-b provided oxygenated glycinatBa-b in goodyields.Glycine amidegic-

e afforded oxygenated derivativés-e (Scheme 38), which are suitable starting materials for

further functionalization reactionwi@le infrg. However,secondary glycinamide BeBly-

NBn4ff ai |l ed t o

undergo

the oxygenati on

-react.i

proton. Similarly,an attempt to oxygenate Ckdy-OH (4g) was unsuccessful. Treatment of

CbzGly-OH 4gwithtB u L i ( 3.

equi v.)

p r o wgrotbe, Howeverr t i a l

no oxygenation was observed treating the reaction mixture with TENIRE, we infer from

the result thaglycine oxygenation by TEMPO works orftyr glycine esters or fully substituted

glycinamides
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KHMDS, THF e}

O —78 °C, 30 min H
H\)j\ > R']NW)LRZ
1° 2
R R TEMPO 2 OTMP
0°C,1h
4 Method B 5
ho 0 Ho© h 0 Te
N N
Bz N OiPr Cbz N OiPr Boc” NBn, Boc” NBn
OTMP OTMP OTMP OTMP \\
5a 5b 5¢c 5d
71% 62% 73% 78%
H (0] H 0 H (0]
Bz’N N Boc/Nj)l\N/B” Cbz” OH
OTMP otmp OTMP
5e 5f 59
79% 0% 0%

Scheme &: Substrate scope for glycine enolate oxidation by TEMPO

The methodologyf oxygenation of glycine derivatives by TEMPO was extertdeglycine
containing peptidet test the selectivity of the reactiomtardsglycine unit A library of short
peptidegth-swassynthesized by standard peptide couptiigin moderate to excellent yields
(Scheme?9). It is important tonotethat each peptidevas obtained as a single diastereomer

and no epimerization was observed exdephe case of TrEly dipeptide4n 12!
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0 0
H H
N HoN HBTU, NEt;
R1 \)I\OH + 2 \)]\OR?’ I HN N\)I\OR?’

; CH4CN, \
R? HCI 0°Ctort, 2h R' 0O

H 0 H 0o H (0]
Boc. N Cbz. N Cbz. N ,
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Ho L H
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0 H o
4i 4j
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H Q H @
~ N ~
Cbz H \)LOEt Fmoc N N\)LOtBu
(0] H o]
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CO,tBu \
CbZ\ \)]\ CbZ\N N\)J\OtB
OtBu u
H H \)LOtBu /\n/
Cbz (0]
4m 4n 40
92% 96% 90%
_N
JJ\j:’( \)I\OIPF N\)J\ /'3'(\\)1\@”
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Scheme&?9: Synthesis of short peptidd&-s.
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R”? 0 LiIHMDS, THF R 0
—78 °C, 30 min
N J - N
Sy Hore R ety o
1 1
R (e 0°C,1h R (0] OTMP
4h-q 5h-q
(0]
B N Cb N Cbz.
o¢ j)LOtBu z j)LOtBu 2SN OiPr
OTMP OTMP H O OTMP
5j
82%,dr—2.1 82%,dr—2.1 68%; dr = 2:1
Z
N OEt H,N OtBu
(@] OTMP OTMP
Sk 51
62%; dr = 2:1 74%; dr = 2:1
CO2tBU
H 9 HN OTMP O
N OBu H N OtBu
o) OTMP CbZ\N N OfBu H 0
H
5m O 5n OTMP 50
71%; dr = 2:1 74%:; dr = 1:1 55%*
NQL Im %L
OiP
o QL J# o
OTMP
OTMP
OtBu
Sp 5q
91%; dr = 2:1 84%; dr = 2:1

*KHMDS was used as the base to generate the enolate

Scheme30: Selective oxygenation on short peptidésg.

The synthesized peptidedl{-s) were subjected to reaction conditions of method B (Scheme

30). Themethodology was first attemptexh L-Val-Gly dipeptides4h-l and requiredthree

equivalents of base for deprotonati®he dipeptidegdh-I containvarious Nprotecting groups,

including Boc, Cbz, and Fmoc, as well as ester groups sueh-&ityl esterjsopropyl ester,

and ethyl ester groups. Under oxygenation conditions, these dipeptides undergo selective

oxygenation of the glycine unit, yielding glycine alkoxyamiBkd in good yields apartially

separable2:1 diastereomeric mixturesiowever, it is important to note that the Fmoc

protecting group ofthe dipeptide 41 was deprotectedinder theoxygenation conditions
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resulting inunprotectecxygenated dipeptid8l. A detailed studysupported the observation
that the deprotection of the Fmoc group hajggeatii 78 °C before the oxidation and then on
warming to 0 °C the unprotected dipeptide undergmoegation by TEMPO.Thus, Fmoe
protected peptides may be used if oxygenated peptides with {fre@nihal amino groups are

desired for further functionalization.

The reactivity of various dipeptides with functionalized amino acid side chains was further
studied Asp-Gly dipeptidedm on axygenatiornprovidedthe alkoxyaminesm in good yield as

2:1 diastereomeric mixtur®&espitethe ester groupn the aspartate side chain, only glycine
enolate undergoes oxidation with TEMP®Odeprotonation study was conducted on dipeptide
4m by treating it with an additional equivalent of base (4 equiv.3ubsequentieuteration
experiment showed no possible enolization at the aspartate side diasn example
demonstrasthe specific reactivity for glycinenit under the reaction condition

Racemic Trp-Gly dipeptide4n with an unprotected indolside chainof the tryptophan
underges oxygenationselectively at the glycine unit to obtain the alkoxyamiime Four
equivalents of base were utilized for the successful deprotonation of the glycine unit, as the
additional equivalenaf base is necessary for deprotonation of the indoleemhiihe dipeptide

4n. The typtophan side chain induces no diastereoselectivity at the glycine unit and
alkoxyamine was obtained as 1:1 diastereomeric mixtdie@explain the selectivitpf the
methodtowards glycine in the presence of a sarcosine unit, we subjected tiaGlipeptide

4o to the reaction conditions. This resdtin the selective formation of glycine alkoxyamine

50. The nethodology also worksvith tripeptides4p and 4q to obtain the corresponding
alkoxyaminesbp and 5q respectively.It is important to use LIHMDS as the bafar

oxygenation ofonger peptideaswe observed low yieklwhen using KHMDS.

Furthermore,the methyl ester dipeptidedr did not undergo oxygenation to provide
alkoxyamine and decomposition thie enolatewas observedn warming to 0 °Csupported
by formation of brown colored reaction mixtur€his suggestghat methyl esters are not
suitablesubstrates for oxygenatig§cheme 31)

LIHMDS, THF
. H\)cl)\ 78 °C\,/3O min . H 0
oc‘H OMe < > B~y j)l\owle

TEMPO 2 H
o) 0°C. 1h O OTMP

Scheme31: Unsuccessful oxygenation of the dipeptide B&ad- Gly-OMe 4r.
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The dipeptideBoc-Gly-Val-OtBu 4s failed to undergo the oxygenation reaction becaise
unsuccessfuknolizationat the glycine unit. To rationalize the result, detailed study of
deprotonation was performethe dipeptide was deprotonated with 4 equivalents of LIHMDS,
followed by deuteration with BD and the crude mixture was analyzed %y NMR
spectroscopylt showedhatthea mi de pr ot ons wer e ¢motonsefheat e d
glycineunit andnor thevaline unit were deuterated, suggesting that there washalization

at glycine unit and thus oxygenation was unsuccegSittheme32). This implies thathe
methodology is limited to the -€@rminal glycine peptides so far because it gets difficult to
depr ot o masttian oftNteenindl or internal glycine units with the typical bases used

for enolization.

LiIHMDS, THF
~78 °C, 30 min OTMR, O
A4 » Boc. N
/\ _—
b9 TEMPO 2 N I OtBu
Boc. N 0°C,1h PN
SNPNS S
H o AL LiHMDS, THF 5 O
» Boc. N
4s —78 °C, 30 min, D,0 B/\"/ \E)J\OtBu
O
quant.

Scheme32: Unsuccessful oxygenation of the dipeptide Balg-Val-OtBu 4s

U-Oxygenation of the zinc and titanium enolate¥akGly dipeptidedi was also investigated
aspotential chelation of the metal ions mayerthe diastereoselectivitythe zinc enolate of
dipeptidedi reacted sluggishly than its lithium enolate and oxygenated préowets isolated

in 42% vyield together with35% recovered starting material. The titanium enolate was
oxygenated at an even slower rate accompanied by significant decompddikioreaction
yielded35%of oxygenated peptida with 10% stating materiarecoveredScheme 3). The

2:1 diastereoselectivity of both reactions was very similar to that of the lithium or potassium
enolategcf. Scheme30).
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LiIHMDS, ZnCl,

e THF H ©
CbZ\ N\)]\ -78 °C, 30 min - CbZ\N Nw)j\otBu
H OtBu H
o]
4i

TEMPO O OTMP
0°C,1h 5i

42%; dr = 2:1
LIHMDS, Ti(OiPr);Cl

e THF H @
Cbz. N —78°C,30min _  Cbz. NW)LOtBu
N OtBu N
H § TEMPO O OTMP
0°C,1h 5i
4 35%; dr = 2:1

Scheme33: Oxygenation of zinc and titanium enolateglycine dipeptideti.

It is necessary teonfirm the non-occurrenceof epimerizationat theU-position of the other
amino acid residues in peptidagring the reaction conditions. The dipeptide-&y 4h was
chosen for the illustrationA racemic standardac-5h was synthesized by subjecting the
racemic valingglycine peptiderac-4h to the oxygenation method (method Brlieme34).
Investigation of oxygenated dipeptile by HPLC at a chiral stationary phaséh reference
to racemic standardrac-5h confirmed that no epimerization occurred during

deprotonation/oxygenatigisee experimentalection, 6.xhiral HPLCdatg.

0
H,N
2 \)LOtBu
HCI
HBTU, NEt Ho 9
Boc. OH : 3 3 Boc. N
N CH,CN, N \)LOtBu
H oo 0°Ctort, 2 h H o
rac-4h
89%
LIHMDS, THF 0
a ~78°C,30min o H
rac- > ~
TEMPO N OBu
0°C. 1h O OTMP
Method B rac-5h
81%; dr 1:1

Scheme34: Synthesis and oxygenation of racemic dipeptaie4h

The minor diastereomer obh was partially separated by column chromatography,
recrystallized and its configuration was unequivocally established-bgyXcrystallography.
X-ray structure reveals that the minor diastereomer has configurati®?83] (Figure 7)

and the Flack parameter was found to be O(®de experimentabection 6.4 X-ray
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crystallographic dajaThis implies that thenajor diastereomer formed was with configuration
[S’ R®Y]. The configurations o5h-q as well as that of oxygenated dipeptRlévide supra

Scheme 2) were assigned by analogy.

Figure7: X-ray structure of minor diastereontsr with [S'a S] configuration

The resultdor oxygenation of glycine derivativdsys. those of sarcosiriediffer significantly

in that for sarcosine oxygenation an external oxidant, ferrocenium hexafluorophosphate, is
mandatory(Scheme 2) as observed before for most major carbonyl claésésyhereas for
glycinates4, TEMPO @) has a dual function as very mild oxidant and oxygenating reagent.
The decisive factor for TEMPO serving as oxidémt glycine enolate is the additional
negative charge on the nitrogen atom after deprotonation to amide enolate déafibase
chelated extremely electraith species have in contrast to oterolates a significantly lower
redox potentia{+ 0.34 V (irreversible) vs. the saturated calomel electfg8lednd are thus
prone to donate an electron to the weak electron acclgading to piperidine Mxide7 and
chelated radical anion8, which smoothly couple with excess providing oxygenated
glycinates5 (Scheme35A). The mechanism also holds for the pepidie-q (Scheme35B).

The diastereoselectivity of the oxygenatipeptides and tpieptidescan be rationalized by
assumingchelated glycinate radical anioi@h-q that areconnected to a chelated seven
membered amide unit at the neighborargino acidresulting from deprotonation of the-il
function bythethird equivalent of base. The chair conformation places the Isidieychain of

the neighboring amino acid tRroup)in an equatorial orientation thus shielding #éace of

the glycinate radical anio8h-q. Therefore, radical coupling with TEMPQ)(will proceed

predominately from the more accessibléaceproviding the major diastereomes,R)-5h-q.
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The conformealt-8h-g with inverted fivemembered chelatis less preferredince it suffers
from steric interactions between the solvated metal center argiddnehain R moreover,

dipole moments are better aligned in intermedi8keq thanalt-8h-g.

M t@\\

A) y 0 5 M=C N‘o 2
ase
_N
PG \)LXR G'N\)\XR

) ﬂé\

N,
oM

7
0O
- -N
PG XR
OTMP é
5
M
B) R2 0 -0

R2 o) s, S

At A NS
HN OR3 RIN N
) 'OR3

Rf&oo OTMP R1’<:'MV\< ~

2
(S,R)-5h-q; Major 8h-q
+
3
R 0 1} . OR
R1,§Oo OTMP R1<O’M\\o ‘s
(S,S)-5h-q; Minor alt-8h-q

X =0, NH; PG = protecting groups; S= coordinating solvent THF

Scheme35: A) Mechanism for the formation of alkoxyamiBeB) Rationalization of the oxygenation

diastereoselectivity in peptidég-g.

The wnsuccessful oxygenation reactiohtbe dipeptideds implies an oxygenatioof longer
peptideswith glycineunit at the internal position slimitationof our methodologycf. Scheme
32). However, we demonstrate that the oxygenated glycine unit can be coutbledpeptide

of interesto access longer peptsleontainingaglycine alkoxyamine at internal positi@ihe

41



oxygenated dipeptidék waseasily saponifiedandhemiaminal at the glycine uniemained
unaltered Theresidue was directlgubjected tdhe next steppeptide couplingto obtain the
tripeptide containing an internal oxygenated glycine @@it(Scheme36). Therefore, by
analogywe proposeany longer peptide with the glycine alkoxyamganbe accessible.

1. LiOH (1 N), THF
H 0 I’t, 2h H o
Cbz. N > Cbz. N OtBu
N OEt N N
H ® H o g0

O OTMP OfBu OTM
2. HBTU, HsN/'af
5 cl- 0 10
CH,Cl,, tt, 2h 52%

Scheme36: Constructing linear peptide with glycimékoxyamine at the internal position.

4.3 Modification of Alkoxyaminesby Homolysis

Theglycinealkoxyaminesre chemicalljpemiaminals butan be isolated and are stable during
purification We envisage that h eC-OUbond of the glycine alkoxyamineunderges
homolysis atelevatedtemperaturegssimilar to other class of alkoxyamin€$ 129131 The
applicability of homolysi®f C-O bond in glycine alkoxyamingsand further modifications

wereexploredby exploitingthe persistent radical effe€f®!

We performed temperature screening towards homolysis of glycine alkoxy&minea
microwavereactor starting from 100 °Cand radical addition was observed only at 130 °C.
Subsequently, @ screened the reactivity of differently protected glycine alkoxyantitigs
[1251 with different alkenes at 130 °C (Talle Thereaction betweebenzoy! protected glycine
alkoxyaminebt with tert-butyl acrylate providethe addition productlain good yield(entry

1). We also observed the formation of theliminated producfilg in small quantityBoc
protected and TFArotected glycine alkoxyamineSu and5v) were not suitable substrates
for the radical addition reaction (eieis2 and3) as we observed thermal decomposition of Boc
and TFA group at the elevated temperatufeéhe temperature of the radical addition of
glycinate5t to tert-butyl acrylate was raised to 150 °C, dehydroglutamate derivhligevas
selectively obtained in 53% yield as a singlg-diastereomer as determined by a ROESY
experiment(entry 4). Moreover, radical addition to electron rich alken&-octene was
unsuccessful and the starting material was recoverede@btand 6). The intermolecular
radical addition in a non protic solvent, trifluorotoluene was found toubul compared to

that inprotic solventtBuOH (entry7).
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Table 1: Optimization of thermal intermolecular radical addition reaction of glycine alkoxyamines

R? g © y 0
0]
TH / , Solvent X R1.N OfBu \ R1.N | OB
OTMP Microwave, T
R? R?
5 1a 119
Trial No. 5 R? R? Solvent T 11a  11g
1 5t Bz CO:2tBu PhCFs 130°C 79% 10%
2 5u Boc COutBu PhCE 130 °C -
3 5v TFA COetBu PhCk 130°C -
4 5t Bz CO:2tBu PhCFs 150 °C - 53%
5 5t Bz (CHysCHs PhCR 130°C -
6 5u Boc (CH2)sCH: PhCEk 130°C -
7 5t Bz COqtBu tBuOH 130 °C 13%

Homolysis of glycine alkoxyamine and further radiealdition can be explained kthe
persistent radical effect (PREYhe optimization study concludes that alkoxyamite
homolyzes at 130 °C in the microwave generating transient radical and the persistent radical
TEMPO. The transient radical undergeefastsubsequent reaction of radical addition to only
electron deficient alkene in trifluorotoluenghe radical addition generates a new transient
radical which couples with the persistent radical, TEMPO, present in the sstepnovides
intermolecular addion productlla(Scheme37). A temperature of 130 °C was determined to

bea prerequisite for the reaction, implying that the homolysiglg€ine alkoxyaminest does

not occur at temperatures below 130 °C.

o) o) ®
H 130 °C ¥ \)J\ (‘ Z>Co,Bu
Bz~ OtBu Bz Y TOtBu
(otvp N
5t

L
=
H H 0
Bz’N OtBu \_/ Bz’N OtBu
oTMP //_\ .

CO,tBu CO,tBu
11a

Scheme37: Mechanism of radical addition of glycine alkoxyamine to olefin.
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The further scope of intermolecular radical addition of the glycine alkoxyabhitvealkenes
has been exploreds¢heme 8). We found that the addition reactionstént-butyl acrylate,
methyl acrylate and acrylonitrilgroceededmoothly to obtain the TEMPO addudisa 11b
andllcrespectively in good yields as 1:1 diastereomeric mixtures. Howiévle, resulting
alkoxyamine is thermally labile as in the additionatanethylstyrengselective elimination
took placefurnishing allylglycinatel 1d. Much to our surprise, radical addition5fto styrene
resultedin oligomerization providing mixture of morpdi- and triraddition productdleas
7:103 mixture The oligomerization reaction is characterized by the successive radical addition
of thetransient radical texcess oftyrenemoleculedy the persistent radical effect (PR
polymerization of styrene has been watlidied in literaturé3>* However, theaddition
reactionof glycine alkoxyaminét to styrenehas not been thoroughly studied to control the

addition and obtain a specific product.

R2
O
h O A phcr, §
/NW)L o Bz” OtBu
B B o
z OBu Microwave, 130 °C OTMP
OTMP
R2
5t 11
Bz~ OtBu Bz~ OtBu Bz’N OtBu
OTMP OTMP OTMP
CO,tBu CO,Me CN
11a 11b 11c
79%:; dr =1:1 59%; dr =1:1 53%; dr =1:1
Bz~ OtBu Bz~ OtBu
OTMP
Ph Ph4
n=1-3
11d 11e
66% 91%

Scheme 8: Thermal intermolecular radical addition reactions of glycine alkoxya#tine

The radical addition productkla-c are alkoxyamines and can also be viewed as protected
alcohols. The alkoxyaminglawasdeprotectedo liberate the alcohol by reductive cleavage
of TEMPO with zinc in acetic acid ardhydroxy glutamate 2 was furnished in good yield
(Scheme 9).
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0O o)

H H
N
Bz” OtBu Zn AcOH g OtBu
OTMP THF/H,0, 70 °C, 3 h OH
CO,tBu CO,tBu
11a 12
79%; dr =1:1 65%; dr =1:1

Scheme39: Reductive cleavage of alkoxyamih&a

Homolysis is not limited to simple glycine alkoxyamines but can be applied also to dipeptides
containing the alkoxyamine unit. Oxygenated dipepSidendergoes radical addition tert-

butyl acrylate and the addition productf has been formed in good yield as inseparable
mixture of four diastereomeegpproximately of the ratio 2:2:1(Bcheme40). To determine

the diastereoselectivity at tleeglycine center towards the radical addition, oxidation of the
alkoxyaminel1f to the corresponding ketone mCPBA lwas attempted but found to be
unsuccessful and the starting material was recovérédo-stepsequencef reduction and
subsequent oxidation provided the corresponding ket8na unoptimized 24% yield over

two steps and the diastereoselectivity at the glyahoarbon ofl1f was determineds 2:1

(Schemed0). This indicateghat radical addition takes place wiHl. diastereoselectivity

CO,tBu o
H
H (0] / , PhCF3 Cbz\ N
Cbz NW)]\ > N OBu
” OBu Microwave, 130 °C O OTMP
(0] OTMP
COztBU
. 11f
3 60%
mCPBA

0 °5%, 1h

e
Cbz. N 1. Zn, AcOH
” OtBu THF/H,0

0 O 75°C,15h
53%
13 CO,Bu ——
dr =2:1 2.DMP
CH,CI,
rt, 2 h
45%

Scheme40: Thermal intermolecular radical addition reactions of dipeptide alkoxyabihine
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The strategy to modifglycine alkoxyaminé by homolysisandsubsequentadical addition
to olefinswas successfub create a library of unnatural amino acids and peftiaef, 12, 13
at a temperature of 130 °C in microwak®wever, modiication ofglycine alkoxyamineinits
in biologically active peptides and proteimg applyingthe strategyof thermal homolysis at

the elevated temperatur®uld be challenging due to therniastabilityof these biomolecules

4.4 Modification of Glycine Alkoxyamines by Heterolysis

4.4.1 Alkoxide Exchange

While attemptinghydrogenolysisto deprotectbenzyl groups of the alkoxyamirec, we
serendipitously observed an alkoxide exchang&4tin moderate yield. fe unintentional
exchange of the tetramethylpiperidinyloxy group for a methoxy gn@agobserved along with
10-20% ofN,N-dibenzylglycine amiddc. Thissuggests thdtemiaminal reduction competes

to some extent with alkoxide exchange, but both processes are faster than intended benzyl
group hydrogenolysi$Scheme41). The alkoxide exchange reaction works similarly if the
reaction was performed under a nitrogen atmosphere in the absence of dihyditwgen.
exchange was found to be promoted by acid and the nucleophilic substitution takes place to
modify the alkoxyamineThis resultaddsa newmethodto modify the alkoxyamines under

mild conditions.Thus,we started to explore more of these attractisampcoupling reactions

by CGiCAa iN andC iSbond formation reactions.

HW)?\ H,, cat. Pd/C HW)?\ e

- ' s ,N

Boc NBn, MeOH, rt, 24 h Boc NBn, + Boc \)]\Nan
OTMP OMe
5c 14a 4c

53% 10%

Schemetl: Unintended alkoxide exchange during hydrogenolysis

We explored the €© exchange reaction of glycine alkoxyamines. Glycinamide alkoxyamine

5ei n met hanol wi t h st oc himethoryglycinamidehdbie goodc aci d
yield (Scheme4?2). Interestingly, the reaction in narucleophilic solvent, acetonitrile with
excess of ac e-detoxygyanamiddpcinonoderdie yield (Bchende).
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OTM t, 24 h OMe
Se 14b
80%
/HW)OL ACOH, CH,CN HW)OL
Bz N » 3 - Bz N
OT'V'PO t24h OAc O
oe 14c

60%

Schemed2: Alkoxide exchange of glycine alkoxyamibe

4.4.2. GC Bond Formation

A FriedelCraftstype reaction oftert-butyl N-benzoyt2-((2,2,6,6tetramethylpiperidiril-
yl)oxy)glycinate bt) with p-cresol in the presence of BBEL was attempted. Insteathrt-
butyl ester cleavage and Fried&lafts alkylation reaction dért-butyl cation top-cresol was
observed(Scheme 3). Thus,tert-butyl glycinates are not appropriate for acid/Lewis acid

mediated exchange of the tetramethylpiperidinyloxy group.

OH OH
QTMP BF3.0Ety, CH,Cly QTMP
Bz. OtBu 4+ > Bz. OH 4
N - N
H 0 rt, overnight H 0
CHj CHs
15a 15b
St 28% 45%

Schemed3: Attempted FriedeCraft type reaction

The alkoxyamineba was reacted with indol¢N1), mediated byTFA at 70 °Cand the
nortryptophan derivativé5c was obtained in good yielgbcheme44). The reaction a40 °C

wasfoundto be sloverand40% conversion was observedlig h.

H (0] N N

H
H Bz~ OiPr
Bz’N QiPr >
STMP TFA, CH5CN, 4
70°C,3h HN
5a 15¢

71%

Schemed4: Nucleophilic substitutiomf alkoxyamine by indole.
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4.4.3. Cros<Conjugation of Amino Acids and Peptides

The rucleophilic addition tdJimonoesterss reportedin the literatureto access nenatural
amino acids'*¢1*°l However the use oimino acids as nucleophiles remains less expléted
3lwith our strategy of nucleophilisubstitutionto glycine alkoxyaminat lower temperature,
we attemptedhesubstitutiorreactionsvith aminoacidsas nucleophilg to accessheclass of

U-aminalcompoundslerived from amino acids

Glycine alkoxyaminebb was used as the substrate for the optimizatiorthef substitution
reaction with Lvaline methyl estgiN2) as the nucleophilat physiological temperatur&€able

2 summarizes theesults of optimizatiomwith different acidsn different solvents and all entries
provided the aminal derivativé6a as 1:1 diastereomerimixture The reaction in CECN
provided aminall6a in high yield (entry 1).It is noteworthy that the reaction can also be
catalyticin acid to obtain the substituted producthigh yield (entry 2). Interestingly the
substitution reactioalsotakes place imethanolentry 3),underaqueous conditions (entdy
as well asin slightly acidicbuffer solution (entry 5)However,under these conditions the
aminal derivativel6a was obtainedh lower yields, because of theossibleside reactionsuch
as hydrolysis Nonethelessthe reaction in aqueous media or buffer solutions might
beneficial while using the strategy in longer peptides or protetoause of their insolubility

in organic solvents

Table 2: Optimization of substitution reaction with L-valine methyl ester

NH,
y O
y 0 Acid,MeOZC)W/NZ Cbz’Nj)j\OiPr
N - > NH
Cbz OPr  Solvent, 37°C,24h  MeO,C
OTMP j\
5b 16a
Trial No. Acid Solvent Yield 16a
1 Citric acid CHsCN 75% (dr = 1:1)
2 Citric acid CHsCN 87% (dr = 1:1)
(cat.)
3 AcOH MeOH 52% (dr = 1:1)
4 AcOH MeOH/H.0O 55% (dr = 1:1)
5 _ phosphate 52% (dr = 1:1)
buffer pH6.2
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Conjugation oL-valinemethyl estea t t h e -pgsitignevealshat &free Nerminal of
an amino acid or peptide acas a potential nucleophile for the substitution reactimwever,
within the set of natural amino acids, there al®oother nucleophilic positions in amiraeid
side chainsvhich may act as potential nucleophiles for substitution reacfldvereactivity of
variousamino acids$earing nucleophilic sidechaimsas investigatetb study thesubstituton

of the glycine alkoxyamin&b at optimized reaction conditior{fScheme45). The tripeptide
Boc-Ala-Cys-Ala-OMe (N3), which containsthiol group in the gsteine side chaipacts as a
nucleophile in the substitutionreaction to the alkoxyamine 5b. The reactionprovided
thioheminaminal derivativé6b in goodyield as 1:1 diastereomeric mixturByrosineis an
amino acid bearing phenol as a side chaml the potential substitution reaction of the tyrosine
side chain was testagsingBoc-Tyr-OMe (N4) as the nucleophile under similar conditions.
Interestingly, &riedelCraftstype reaction was observed to form th€ ®ond and the product
16c was obtained in 20%ield as 1:1 diastereomeric mixtuddowever, he reactioris slow
and low yieldingand unreacted starting materiahsvecoveredSerine is another ano acid
bearing hydroxy functional group on the side chains-8eeOMe (N5) was subjected to the
nucleophilic substitution reactiowith the glycine alkoxyamine5b, but no reaction was
observedandthe starting materia wererecovered.The aminoacid tryptophan contains an
indole moiety as a side chain, which may be another potential nuclefgstiie reactionThe
substitution reactioof glycine alkoxyamin&b was attemptedith Try-Gly dipeptide 4n) as
nucleophile under similareactionconditiors and found to beinsuccessful anthe starting

materials were recovered.

The experimentsaimed to test the potential conjugation site in a peptide side, ahdicated

that thiol and amino groups are go-pakitonucl!l eoy
of the glycine alkoxyamines. Furthermore, it has been observed that tyrosine sidechain may
interfere to a smadr extent with peptide conjugation reaction of glycine alkoxyamine.
Neverthelesstheseexperiments havehownthat hydroxyandindole groupson amino acid

side chaingre unreactivéowards substitution reetionsat physiological temperature
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Boc \E)J\NH H Cbz w)j\OiPr
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N3 SsH O CO,Me N
> HN
O CO)Me
citric acid (20 mol%), CH3;CN, o 2
37°C,24h NH
Boc” 16b
78%; dr=1:1
HN—Boc o
MeO,C H
N4 OH Cbz” OiPr
HO
' COQMG
citric acid (20 mol%), CH3CN, _Boc
0 37°C,24h N
H
H
N 16¢
Cbz” T)LOI'PF 20%; dr = 1:1
OTMP HN—Boc
5h MeO,C
AV4 -
< >
citric acid (20 mol%), CH3;CN,
37°C,24h
o]
N >CO,tBu
Iy H
HN “Cbz 4n
AV4 -
<
citric acid (20 mol%), CH3CN,
37°C,24h

Schemed5: Substitutiorreactiors of alkoxyaminesb with variousamino acids/peptides.

The glycinamide alkoxyamin®e alsoacts as a suitable substrate for the substitution and the
reactionwith L-valine methyl este2 providedthe aminal compountiédin 80%yieldas 1:1

diastereomeric mixturé€scheme 8).

NH»

0
o N
H MeOZC/H/NZ By T)LN
BZ/ N ACOH,
> Meo,c N
2
OTMP CH4CN, 37 °C, 24 h j\

80%; dr=1:1

Schemed6: Substitution of glycinamide alkoxyamine withvaline methyl ester

50



In orderto understand the reaction kineticslod glycine alkoxyamine substitutione studed
the reactionof alkoxyamine5b with two nucleophilesL-valine methyl este(N2) and Boe
Ala-Cys-Ala-OMe (N3), mediated by acetic acif4 (stochiometricat 37 °Cin CDsCN by H
NMR spectroscopyThe reaction progress was continuously monitored over an extended

period, and nearly complete conversion was observed.

NH,

MEOQC
x P!
O Cbz” %OiPr

CD3;COO0D,
3 N2 NH

Cbz” OiPr > MeO,C
OTMP CD4CN, 37 °C, 12 h j\

ZT

5b 16a
(]
1.5%10°
° °
B
T 1.0x10-
on
5
[=}
— o
5.0x104
T T T T T T T T T T T T T T T T T T T T T
0.0 1.0x10" 2.0x10* 3.0x10" 4.0x10* 5.0x10°
Time (s)

Figure8: Reactiorkinetics of aminal formatiofrom the glycine alkoxyamine of concentration 0.05 M.

In the case of alkoxyaminBb with L-valine methyl esterN2) as the nucleophile hé
concentration of thetarting materiateached a minimum, while that of the product attained a
maximum within the 1zhour timeframeTwo distinct initial concentrations of the alkoxyamine
were investigated, namely 0.05 M and 0.005 M. The kinetic analysis of the rate plot for each
concentration yielded a rate constant5afl0® s (Figure 8). The substitution reaction of
glycine alkoxyaminesb with Boc-Ala-Cys-Ala-OMe (N3) as the nucleophileinder same
reaction conditions provideaisimilar reaction plot and rate constant dx10° s (Figure 9).

The reactios with different nucleophile provided similarrate constaistand thus implythat

the nucleophiles, amine or thiol, do not influence the reaction rate diffeféortlyeaction

procedures, see experimental section, 6.6 Reaction Kinetit$ iR Spectroscopy)
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Figure9: Reaction Kinetics athiohemiaminal formatiofrom the glycine alkoxyamine of concentration 0.05 M.

To compare the reaction kinetics of the elimination reaction with that of the substitution
reaction, we conducted another kinetic experiment under identical reaction condbitions
omitting the use of any nucleophile. The objective was to determine the rate of formation of
the iminium intermediate and to compare it to that of substitution. However, no iminium or
imine intermediate was detected by NMRectroscopy | n s-hydraxy glycirdte was
formed with a rate constant of 2x4@&?, and equilibrium wasttained between the starting
mat er i al -hydroxy glytifate over tim¢Figure 10). It is suspected that the water
content in the deuterated acetonitrile was reactive enough to form the observed product. The
kinetic studies (Figur8, 9, 10) do not confirmunambiguouslyhat the reaction is unimolecular

and follows the &1 type reaction, as we were unable to detect the iminium intermeditte by
NMR spectroscopyHowever, we hypothesize that the intermediate was highly reactive and
subsequent subsiiion was fast enough, even with water, to form the substituted product in

equilibrium with the starting material.
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Figurel0: Reactiorkinetics ofthe glycine alkoxyaminwithout the addition of nucleophile

The substitution reaction was also testedlycine alkoxyaminedipeptidegScheme 4) The
substitutionreactionof Val-Gly dipeptide5j (dr = 2:1) with L-valine methyl esterN2)
catalyzedby citric acid (20 mol%) gave the aminal product7a in 97% vyield as 13:1
diastereomeriixture The configuration of the major diastereomer of the aminal compound
17aD1 was found to bdS'a, g\mnal /3l by comparing théH NMR spectrum to that of
previously reported aminal produv 1 (Figure 11)(cf. Scheme9). Similarly, the reaction

of Val-Gly dipeptidedk (dr = 2:1) with L-phenyl alaningert-butyl ester(N6) gave the aminal

productl8in 71% yieldwith 1:1 diastereomeric ratio

0 Citric acid (20 mol%), o
§ Nu (N2/N6) §
H'}l W)]\ORZ ] = Hl}l W)I\ORZ HzNﬁ)\
Cbz O OTMP CHsCN,37°C. 240 6p, 0 Nu
. — . COzMe
5;dr=2:1 17,18
N2

H,N
OiPr OEt 2 ﬁ/\ph

H H
CbZ\ Nw/&o CbZ\N Nw/&o COztBU
o) H o N6

N
H
HN HN
Ph
17a CO,Me 18 CO,tBu
97%; dr = 1.3:1 71%; dr=1:1

Schemed7: Substitution reactiowith dipeptides containing glycine alkoxyamine
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Our strategy of nucleophilic addition to glycine alkoxyamine allowed us to obtain the aminal
compoundl7a in just two steps from the dipeptide CWal-Gly-OiPr (4j). In contrast, the
previously reported strategy required a longer synthetic touggnthesiz&XV, starting from
CbzVal-SerOMe (vide supra Scheme).

o H OMe o H QiPr
Z\N \‘/go Z\N Tgo
H H

O hN O BN
CO,Me CO,Me
XV 17aD1
dr=5:1 [8Val SAminal SVaI]

Figurell: Comparison between already reported aminal comp#vhdnd17a.

We attempted to induce diastereoselectivity in the aminal products by using chiral acids. The
glycine alkoxyamine dipeptidgj (dr = 2:1) was reacted with-taline methyl esteiN2) at 37
oC for 24 hcatalyzed bydifferent chiral acidsuch asR)-TRIP, §-TRIP, L-tartaric acid, and
D-tartaric acid (Table 3)The reactions catatgd by(R)-TRIP as well asS)-TRIPin CH:CN
resulted in the formation of aminal compourth as1.7:1 diastereomeric mixtur@ntry 1 and
2). Reactions catalyzed Hy-tartaric acid, and Bartaric acidin CH-Cl alsoprovided17a in
1.7:1 diastereomeric ratio (entByand 4. The reaction in toluene witt5kTRIP, gave only
15% conversion to the product (31 NMR spectum) but 5:1 diastereoselectivity was
observed (entry 5)However, changing the solvent to eEN/toluene (1:1) resulted 54%
conversion but the diastereoselectivity remained 1Sifprisingly, d the entries provided
same stereoseleciiy, preferringthe configuratioS’®, *™nal 9'a asthemajor diastereomer
regardless of the enantiomer of the chiral acid uskd.aminal derivativd7awas partially

separabldy column chromatography and the major diastereofii@&B®l1was isolated
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Table 3: Screening of stereoselectivity in substitution of alkoxyamines 5j with-kaline methyl ester

NH,

oo C/H/ L OPr

eV,

O Chiral Acid, ~ N2 Cbz<, NT&O
> H

Cbz. ,
N OPT " Solvent, 37 °C, 1 day © HN
O OTMP
COzMe

5j; dr = 2:1 17a

Tl\rl'j" Acid (20 mol%g Solvent Yield | dr
1 (R-TRIP CHsCN 85% | 1.7:1
2 (9-TRIP CHsCN 85% | 1.81
3 L-tartaric acid CHClI> 64% | 1.7:1
4 D-tartaric acid CH:ClI2 74% | 1.7:1
5 (9-TRIP toluene 15%* | 5:1
6 (9-TRIP CHsCN/toluene (1:1) | 54%* | 1.6:1

* Reaction conversiomalyzedby *H NMR spectroscopy

OH
HO, C/'\:/COZH
OH

L-tartaric acid

We also performed electronic circular dichroism (ECD) spectroscopy for-coogsgated

peptidel7aand was compared with that of the alkoxyamine derivéij\gigure 12).ECD

spectra of the 2:1 diastereomeric mixture of the ecosgugated peptidé7a (Figure RA, red)
revealed positive Cotton effecis ~ 190 nmd & +6.8 Lmolcm?) and at ~ 214 nmog &=
+2.9 Lmoltcm?). ECD spectrum ofhe major diastereomdi7aD1 (Figure 12A, blackwas
( U

characterized by positive Cotton effects at ~ 492
= +8.6Lmol'cm?) accompanied by negative Cotton effact-240n m wi t h |

( U Lreoltemt) ardl ~ 21 m

ow i

=70.6Lmol*cm?). ECD spectrum of the 2:1 diastereomeric mixture of the alkoxyafjine
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(Figure 12A, greenshowed positive Cotton effects at ~ 192n  ( U Lmol'lem?) ardl ~
215n m ( U Lmol'emd).aompanied by negative Cotton effatt- 236nm with low

i nt ens ii3.4Lmqg). To add, as expected, all three compounds had rather similar
UV-vis spectra as well (FigureB).

A) 1o B )soo0o

8
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Ae (Imol'1cm'1)
€ (Imol'1cm'1)

20000

o
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180 200 220 240 260 280 30
wavelength (nm)
wavelength (nm)

—— 17a2:1 diastereomeric mixture

17aD1major diastereomer
— 5j 2:1 diastereomeric mixture

Cb N ' Cb N 4
Z\H S w/go Z\H ) T&
O uN O HN

(S) (S)

COZMe COzMe
17a 17aD1
2:1 diastereomer mixture major diastereomer

H OiPr H OiPr
Cbz. N Cbz. NR)
N™(S) @) N™(S)
H H

2:1 diastereomer mixture major diastereomer

—

O

Figure 12 A) ECD spectraf 17a, 17aDland5j; B) UV-vis spectraf 17a, 17aDland5j

We suspect that the reactiaf glycine alkoxyaminesj with L-valine methyl esterN2)
catalyzed bychiral acidsexhibits a matchmismatch situationgiven thatboth substrates
possesfixed stereocenter§hus, we also explored the selectivity of the reaction WMitkialine
methyl ester(N7) as the nucleophile (Table 4)The abstitution reaction of glycine
alkoxyamine5k catalyzedby (R)-TRIP in CHsCN/toluene (1:1) resulted 53% conversion
aminal17b as 5:1 diastereomeric mixtutentry 1) Surprisingly, the reactiqrcatalyzed by
(9-TRIP alsoprovided17b (dr = 5:1), favoring the same diastereor(antry 2) The result
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implied that the stereochemical outcome was not determined by the chiral acid. Tib,pveve
performed the reaction catalyzedthg achiral acid citric acid and it resulted the formation of
17bwith the same diastereomeric outcoamel better conversion the product(entry 3) The
stereoselectivity of theeaction isthus substratecontrolled and depends on the incoming
nucleophile. The aminal derivativel7b was also partially separableby column
chromatography and the major diastereobvdrD 1wasisolated but recrystallization attempts

were unsuccessful.

Table 4: Screening otthe stereoselectivity inthe substitution of alkoxyamine 5kby D-valine methyl ester

NH>
MeO,C : Ho
j:n/H o) Acid, 2 ;h/ Cbz. N{go
Cbz. N > H
” \|)L0Et Solvent, 37 °C, 1 day © N \k
O OTMP
CO,Me
5k; dr = 2:1 17b
Trial . o ion*
No. Acid (20 mol% Solvent Conversion dr
1 (R-TRIP CHsCN/toluene (1:1) 53% 5:1
2 (9-TRIP CHsCN/toluene (1:1) 62% 5:1
3 Citric acid CHsCN/toluene (1:1) 77% 5:1

*Conversion analyzed By NMR spectroscopy

To propose a transitiostateand rationalize the stereochemical outcome, it is necessary to
understand thereferred confirmatiomf the glycine alkoxyamin® in the solution.To gain
insight into the occurrence afitramolecular hydrogen bonding in the glycine alkoxyamine
dipeptides, a titration experiment was conducted for the CPGblution of the 2:1
diastereomeric mixture &fal-Gly dipeptide glycine alkoxyamirtek (10 mM CDCB) with the
hydrogen bondingnterrupting cesolvent DMSGd6 (5-50 uL) and *H NMR spectra were
measured (Figure3L14% Upon the addition of DMSGhe amide protoiNH-2 (green)of the
major diastereomer of the glycine alkoxyamiikeexhibited gprominentdownfield chemical
shift, while the amide proton NH. (red) exhibiteda small downfield chemical shifffhe
addition of 5 uL of DMS@d6 (12 equiv.yesulteda downfield chemical shift of 0.3 ppm for
the amide protons N2 (green) andvith increasing volume of DMS(Ga gradual change in
the chemical shift wsobservedsee experimental sectiof.7 DMSO titration experiment by
1H NMR Spectroscopy The amide protondlH-1 (orange) and N#2 (blue)of the minor
diastereomebk also follow similar trend with the addition of DMSQhis indicates the
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occurrence of intramolecular hydrogen bonding netwéwkg¢he amide proton Nf2 in the

solution of glycine alkoxyamindipeptide5k.

Ph._o_ o EtO
Y 2. /=0
DMSO titration Y N
N O =
£ . N
:3 X‘r— 5k major
< 6 =10
e P00  EQ
8 \f 2 fo
g ° HN
(]
=
O 0

10 20 30 40 50 60 :' s\ ‘O\
DMSO volume (ul) /\ (e} N
= NH] e NH2 NH1 NH2 5k minor

Figure B: Addition of DMSQd6 to 10 mM CDC} solution ofthe 2:1 diastereomeric mixture of glycine
alkoxyaminebk.

A similar study was also conductedthe aminal compounti7b with the hydrogerbonding
interrupting cesolvent DMSO A CDCls solution ofthe major diastereomer of thaminal
compound17bD1 (10 mM) was treated witbMSO (550 pL) and'H NMR spectra were
measurd (Figure 4). The amide proton N¥2 (green) exhibits grominent downfield
chemical shifwith the additionof DMSO (5 uL, 10uL and 25uL and 50uL) up to 1.2 ppm.
This indicateghe interruption of hydrogen bondifgr the amide proton N#2 in the presence

of DMSQO. In contrasta downfield chemical shiftf only 0.5 ppmwas olserved for the amide
proton NH1 (red)upon the addition of 5QL of DMSO, while the amide proton N3 (blue)
exhibitedalmost nochange. These observations suggest minimal interactions between DMSO
and the amide protondH-1 and NH3. A comparable outcome was also observed in the
titration experiment with the diastereomeric mixtafd 7b. This suggestthat intramolecular
hydrogen bonding networks are preferred in solufiiwrihe amide proton N2 of the aminal
compoundl7b, similar to that in glycine alkoxyamine dipepti®&. We also measured a
correlation spectrunto observe any predominant structural confirmation for the compound
17b, butno correlation was observed except{likvith benzyl protons of Cbz group.
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DMSO titration
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Figure ¥: Addition of DMSQd6 to 10 mM CD{ solution of17bD1

The following mechanism and preferred transition state are proposed to rationalize the
stereochemical outcome of tlagid-catalyzed substitution reaction of the dipeptide glycine
alkoxyamines 5 (Scheme 48). The experimental results demonstrate that the stereochemical
outcome of the reactiotiepends on the substrate as weliheesincoming nucleophiléJnder
acidic conditions, the dipeptide glycine alkoxyansi(t-k) undergaheelimination of the N
hydroxy-2,2,6,6tetramethyl piperidine (TEMPOH) to form theorrespondingiminium
intermediatel S-5j-k. It is likely thatTS-5j-k will have an intramolecular hydrogdionded
severrmembered ring, which confers structural rigichtyd thevaline side chain, isopropyl, is
situated in the preferred equatorial positibar the incoming nucleophileth e -fageof the
iminium intermediatel S-5j-k is more accessiblhant h gaceldue to theteric hinderence
by theisopropyl group in the equatorial positiohthe severmembered ringThe attack of the
D-valine methyl estelN7) on the iminiumrl S-5j-k occursselectivelyfrom the more accessible
b-face The addition front h efacdls not preferrediue to the strong repulsion between the
isopropyl groups on the equatorial position of the sewembered ringnd the side chain of
valine methyl ester. This preferential attdakm theb-faceresults n a diastereoselectivity of
5:1 and the major diastereomer7bD1, is proposed topossess a3, gmnal Rval
configuration.In the case ol -valine methyl esterN2) as the nucleophile, ittacks the
iminium TS-5j-k from themoreaccessiblé-face, but thé}face is not completely restricted,
as there is not much steric repulshmeiween the isopropyl group on the equatorial posdfon
the severmembered ring and the side chain e¥dline methyl esterThis resuls in the
formation the aminal compouridawith a slight preference for the diastereorh@aD1with

a configuratior{ S’&, gmnal gval],
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Scheme 48: Proposed mechaneml stereoselective rationalization for the substitution reaction of alkoxyamine
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Unmasking the @erminal carboxylic acid of the aminal derivativigs18 would be interesting

for subsequent peptide chain elongation to feature a new clgssptifle derivativesWe
attempted saponification of thenanal derivativel8 under basic conditiorThe ethyl ester was
selectively saponified and no base hydrolysis at the aminal moiety was observed in 2h (Scheme
49). Subsequent peptide coupling the carboxylic acidvith alaninetert-butyl estergives the

long peptide chaii9 in good yield Similarly, these aminal derivativesan becoupled with
different peptides of interesthe peptidel19 also showcases its structural complexity as a
branched peptidavhich are a new class of peptide family add,an attempto saponif U-

aminal derivative with isopropyl esterl? resulted in theformation of mixture ofbase
hydrolysed productsand carboxylic acid derivative was not obtaind@dhus, the aminal

derivatives with isopropyl esterarenot suitable for saponificaticand further fuctionalization.

1. LiIOH (1N), THF, rt, 2 h.

o @ OtBu
H 2. H3N @
~ N N tB
Cbz H \|)]\0Et HBTU, (I Cbz W)L OtBu

0 HN\(\Ph CH,Cly, rt, 2h

CO,tBu COztBu
18 19
dr=1:1 67%
dr=1:1

Scheme @: Peptide coupling of aminal ester to construct branched peptide

Acid hydrolysis can be a fatal pathway for these aminal derivat&eshich might limit their
use for extended biological applications. To téststability, the aminal derivativé6d was
treated with TFA/RO for 12 h and the mixture was analyzed'ByNMR spectroscopyThe
aminal found tde hydrolyzegartially over the period¥chemes0) andconcludes that aminal

products are less stahladeracidic conditions

H O
BZ/N @ CD3CN H 0
MeO,C( NH TFA (0.1 M), D,0, 12h  BZ \I)LN
oD
. . 1 60%*
16d conversion analyzed by '"H NMR

Schemes0: Stability of aminal towards acid hydrolysis

Effectively, the modification of glycine alkoxyamisaunderacidic conditiondy heterolysis

of U.C-O bondallows easy accest® construct a library of nenatural amino aciddt also
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allows cross conjugation between amino acids or peptiyea simple substitution reaction
under physiological conditionsHere, the strategy onlyequirestwo stepsto access the
conjugation product from the corresponding peptide derivatiVéith the results from
preliminary studies comparing the reactivity of a few amino acids and their side chain on the
substitution reaction, we can put forward that amines and thiols act as effective linkeng site
for thecouplingwith glycine alkoxyamine$ to give thecrossconjugatedeptide products

good yields whereaweaker nucleophiles such as alcslgive no reactionThus,a peptide
containing thiol or amino groupn side chains or the free amino groafptheN-terminalacts

as suitable crodinking candidate to glycine alkoxyamingunderphysiological conditions.

The method alscenablesconstruction ofthe new compoundclasgs such asaminal,
hemiaminal as well as themiaminalamino acid derivatives and access to a new class of

branched peptides.
4.5 Synthesis othindered nitroxides and their application in glycine oxygenation

Glycine alkoxyamines with weaker-G bond would act as ideal candidate apply he
strategyof alkoxyaminemodification by homolysiat lower temperature compared to glycine
alkoxyamines derived from TEMP®/ e hypothesis that the strategy can be then extended to
modify glycine alkoxyamines in higtemperature sensitive biologically actigeptides We
envisioned that piperidine nitroxides wikerically hinderedubstituents ahe 2,6-positions
might be a promising compound class to replace TEMPO imétieodology of}oxygenation

of glycine derivativesThe resuling alkoxyaminesnaypresent an opportunity fonodification

of glycine derivatives by homolysat lowertemperatures.

45.1 1-tert-Butyl-3,3,5,5tetraethyl2-piperazinord-oxyl (NO1)

A. Studer reported aitroxide Ztert-butyl-3,3,5,5tetraalkyl-2-piperazinord-oxyl NO1 being
highly efficient for controlled radical polymerization and the alkoxyamine derived from the
nitroxide found to have homolysis at 105 °C for styrene polymeriz&tihese émembered
nitroxidesare havingo u | ky s u b spbsitionuoethe N stom amd wé chose to explore
our methodology with this nitroxide as oxygenating reagent instead of TENM#QOeported

procedures were followed for the synthesisheftarget nitroxide.

We startedhe synthesisvith the commercially available-Bromopentan@0 andtransformed
it to corresponding nitro compoud. Nitro-Mannich reactiomf 3-nitropentan€1 with tert-
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butyl ami ne and f ontroamina22 mynderata yidldo Mateowbr, b
compound21 and 22 possesged challenges ilmandlingdue to their volatile characteristics,
resulting in diminished yield$lowever, pursuing the reported synthesis, subsequent reduction
of the nitro group with zinc in acetic acid provided diami@8 in excellent yield.The
cyclization of diaminevith KOH and CHCd in 3-pentanone to give the piperazinone, found to
be the key stem the synthesis. The regioselectivity of the addition reactiongeranone
becomes crucial and the poor selectivity resulteglaw yielding cyclized product24A and

24B. The targeted piperazino2dA was subjected to oxidation with AcCOOH and tiitroxide

NO1 was obtained as red liqu{&chemesl).

Br NaNO,, DMSO NO> HCHO, tBuNH
\)\/ : > \)\/ 2 \i/ \/b/

rt,24 h 50 °C, 24 h
21
20 1% 4%
Zn, AcOH o NH2 CHCI3, KOH \I/
e N
rt, 2h \‘/ \/b/ rt, 18 h /F[ 2\ /F[
23 24A 24B
94% 32% 30%

AcOOH, EtOAc
0 °C-rt, 16 h

¥

N )

s

NO 1
75%

Schemebl: Synthesis of hindered nitroxidetért-butyl-3,3,5,5tetraethyl2-piperazinord-oxyl NO1

The synthesis sequence has its limitation at the cyclization step where the preferred
piperazinone was obtained in a very low yield and the resulting target nitiddewas
obtainedin overall yield of5%. With nitroxide NO1 in hand, the methodology of glycine
enolate oxidation was explored (Scheme 52). The enolate of glydinaies generated with

KHMDS, which reacted with two equivalents of the nitroxii@1 to provide alkoxyaming5
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in moderate yield. The oxygenation reaction W1 compared to TEMPO is low yielding

and unreacted starting material was recovered. However, the result shows the possibility to use
bulky nitroxides as oxidant for the methodology of glycine oxygenatievertheless,
synthetically demanding nitroxid®O1 does not appear to be a feasible reagent for the
methodology because of its challenging and low yielding synthesis. Thus, the substrate was not

explored for further studies.
0

H
_N
KHMDS, THF, Bz W)J\OfBU
o) ~78 °C, 30 min Q
(A - A
_N
Bz OfBu NO 1.0 °C, 1h ;(\
0
4t Method B ;V
25

40%

Schemeéb2: Oxidation of glycine enolate withNO1

A differentnitroxide compoundpearing bulkysubstituents, must lesignedvith the aim of
evaluating their suitability foglycine enolate oxygenation and further modificasiolm

addition, the nitroxide must be readily synthesizable and accessible for the methodology.

45.2 cis-2,6-Bis(methoxycarbonyip,6-dimethylpiperidinel-oxyl (NO2)

Synthesis of another piperidine nitroxides-2,6-dimethylpiperidine2,6-dicarboxylic acid
dimethyl esterl-oxyl radical'*?! (NO2) was reportednd an alkoxyaminederivedfrom this
nitroxide was utilized as radical initiatorsfor the nitroxidemediated polymerization
(NMP).143l The nitroxide is structurally similar to TEMPO but bearing methyl ester
substituents athe 2- and 6 position instead of two methyl units. We hypothesized that the
sterically hindered and the electrdaficient substituents ahe 2- and 6- positionsof the
nitroxide may result ina  w e a-®@ bondlbn therojected glycine alkoxyaminevhich
would lead toa lower homolyic temperature compared to TEMRI@rived glycine

alkoxyamineb.

Exchange studer@@aellLe Berre worked on the synthesis of nitroxi@®2 (Scheme 8). The
synthesis commenced with commercially available pyridijgedimethyl ester26. The
pyridine was subjected to hydrogenation conditions yielding piper@in&ubsequent Boc

protection afforded MBoc piperidine2,6-dimethylester28 in excellent yield. The reported
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strateg¥**?! of enolization with LDA and addition of Mel afforded the piperid2in 70%

yield (dr = 2:1;cigtrang and a mixture of unreacted starting material and monomethylated
product. Double methylation step was attempted with different bases for better results.
Enolization with NaHMDS provided the piperidir®® in 55% yield as 4:1 diastereomeric
mixture favoring thecis diastereomer, whereas LHMDS ga28 in 89% vyield as 10:1
diastereomeric mixture favoring tlués diastereomerThe majorcis diastereomer was then
subjected to the subsequent stage of the probegsotection of Boc under acidic condition
afforded piperidine30 which was subjected to oxidation byCPBA to obtain the nitroxide

NO2 in 25% yield. Interestingly, we observed the formation dfiydroxylamine31in 50%

yield as the major product of the oxidation reaction, but theydtoxylamine31 can be

converted to the nitroxiddO2 under oxygeratmosphere with catalytic amount of CuBr

Boc,O
| X H,, Pd/C toluene
é
~
MeO,C N CO,Me MeOH MeO,C ” COMe g5 o¢ MeO,C l}l CO,Me
24 h ”r 16 h 25:300
26 95% 90%
Base HBr mCPBA
Mel . | AcOH DCM
MeO,C N CO-M
78 °Curt e0; \ Me MeO,C” N COMe (o
overnight Boc 4h 4h
29 30
Base = LHMDS; 89%; dr = 10:1 90%
Base = LDA; 70%; dr = 2:1
Base = NaHMDS; 55% dr = 4:1
MeOZCII}lcone ¥ |Meo,C N CO,Me
OH o
31 NO 2
50% 25%

CUBrz, 02, CH2C|2, rt, 3h
98% *

Schemeb3: Synthesis the nitroxidO2

Nitroxide NO2 is a meso compound having two stereocenters ah@ 6 positions with a
plane of symmetryA freshly prepared solution &fO2 in toluene (c = 4 mMghows a typical
triplet signalwith a g factor of 2.0059gure 15).
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Figurel5: EPR spectra dfiO2

With nitroxideNO2 in hand we exploited our methodology of enolate oxidation (method B) in

the glycinatedt to obtain the glycine alkoxyamir82 in moderate yields 1:1 diastereomeric

mixture Schemeb4). The diastereomeric mixture of thelkoxyamine32 was recrystallized
from 5% EtOAc/pentaneandX-ray structure was obtaingéigure B). The alkoxyamin&2is
racemic and the Xay structure does not provide the absolute configuration.

e
_N
Bz \/U\OtBu

4t

H 0
LHMDS, THF, Bz~ j)J\OtBu
—78 °C, 30 min o .
- . N z ,CO,Me
NO 2,0 °C, 1h MeOzCé(\\)/
Method B
32
54%; dr=1:1

Schemeb4: Oxygenation of glycinate by nitroxidéO2

Figurel6: X-ray structure of glycine alkoxyamird®
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4 5.3 cis-2,6-Bis(methoxycarbonyip,6-dipropylpiperidine 1-oxyl (NO3)

We postulat that the substitution ahethyl groug at 2 and 6 positionin NO2 with larger
substituerg would be intriguing, leading to the synthesis of a novel piperidine nitroxides.

The alkylationof 28 with variousalkyl halideswas attemptedn order to access differently
substituted piperidine estef&hyl iodideandisopropy! iodidewere found to be lowielding
when usedas alkylating reagentdt can be postulatedthat the 2 and 6 positions of the
piperidine are hinderedesulting inowerreactivty to bulkier alkyl halidesOn the other hand,
allylation with allyl bromidewas successfulto obtain the allylated piperidin83 as an
inseparablé:1 diastereomeric mixtuyevith a clear preference ftie cis diastereomewhen
NaHMDS was used dhebase(Scheme 5). The dlylation reaction with LHMDS aghebase
resulted in the formation dfie piperidiné83asaninseparable 1:1 diastereomeric mixturbe
diastereoselective reaction with NaHMDS was utilized decbtl mixture of diastereomers
wascartied forwardin the synthesiReduction of the alken&3 was catalyzed by Pd/C under
a hydrogen atmosphere (15 bar) and propyl derivad&evas obtained ir90% yield. Boc
deprotectiorof 34 with HBr/AcOH affordedthe amine35. Oxidation withmCPBA gave the
corresponding nitroxideNO3 as well as Nhydroxylamine36 in 53% and 2% vyields,
respectively. The Mydroxylamine 36 was converted to nitroxid&O3 under oxygen
atmosphere catalyzed by CuBThe nitroxide was recrystallized from pentane to obtssn

diastereomer.

Base
THF, ﬁ K ﬁ (
—_— ‘Y \
MeO,C CO,Me /\/Br MeO,C r}l CO,Me MeOH MeO2C Cone
Boc . Boc 50 °C
overnight 3h
28 33 34
Base = NaHMDS; 69% dr = 5:1 90%

Base = LHMDS; 70% dr = 1:1

HBr mCPBA ﬁ ( w (
ACOH CH20|2
Me0,C” N~ NCOo,Me MeO,C NcoMe
N Me02C COzMe ft, 4 h

overnight

35 36 NO 3
84% 21% 53%

60%

CUBI’2, 02, CHQC|2, rt, 3h T

Schemeéb5: Synthesis of nitroxid&O3
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Figure I7: A) EPR spectrum dflO3, B) XRD structure of the nitroxidO3

Nitroxide NO3 is alsoa meso compound having two stereocesdéef and 6 position with a
plane of symmetnyit differs only by the propyl substituents atghd 6 position compared to
the methyl substituents MO2 (cf. Scheméb3). A freshly prepared solution &fO3in toluene
(c = 3.3 mM) shows a typical triplet signal with a g factor 20063 (Figure 17A). The
recrystallized nitroxid®&O3 in pentane was subjectedXeray crystallography and the-bay

structure was obtaindéigure I/B).

With the nitroxide NO3 in hand we exploited our methodology of enolate oxidation (method
B) in the glycinate4t to obtain the glycine alkoxyamin87 in moderate yield ad:1
diastereomeric mixturé€Scheme56). The glycine alkoxyamine was recrystallizedm a 5%
EtOAdpentaneand the structure was determined byay crystallographyHigure 18). The
alkoxyamine37 is racemic and the-xay structure does not provide the absolute configuration.

H 0
LHMDS, THF, Bz~ W)LOtBu
H (e) —78 °C, 30 min O\ CoM
/N\)J\ o N—y olvie
Bz OtBu NO 3,0 °C, 1h MeO,C~ "N\
4t Method B /
37
58%; dr =1:1

Schemées6: Oxygenation of glycinate by the nitroxiti&O3
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Figure18: X-ray structure of glycine alkoxyamird¥

4.5.4Homolysng temperature Screening Glycine Alkoxyamines

Glycine alkoxyaminét derived from TEMPO found to undergo homolysis at 130cf(Table

1) and t r a-nadidalevare reagtedytacolefins tb)obtain modified glycine derivatives
(vide supraScheme 8). The alkoxyamine82 and 37 derived from the hindered nitroxides
NO2 and NO3 might be potential candidates for the modification by homolysis at lower
temperature compared to the alkoxyanBh&43 The stability of these alkoxyamin&8 and

37 were studied at a range of temperature andhdineolysingtemperaturevasdetermined by
EPRspectroscopy

The alkoxyaming2in toluene (c = 2 mM) was screened at temperatures in a range from 305
K to 370 K and the EPR spectra were analyzed. Homolysis started to appear from 325 K and a
gradual increase of the concentration of the nitroxide was found up to 370 K (Figuf@d.9).
alkoxyamine37 in toluene(c = 2 mM)was also screened in the temperature range towards
homolysis and EPR spectra were analyaettmperatures in a range from 305 K to.3l#te
manifestation of nitroxide signals commenced at 32h# aconcentration vs temperaure plot
distinctly indicates the initiation of homolysis at 325 K, withgi@dual rise in nitroxide
concentration observed until reaching 370(Kigure 20)(see experimental section, 6.8
Homolysirg Temperature Screening Diie Glycine Alkoxyamings
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Figure B: A) Homolyzing temperature screening of thgcine alkoxyamine82 by EPR signal oNO2,

B) Temperature overlay &PR signals of the solution tfe dycine alkoxyamine32.
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Figure 20: A) Homolyzing temperature screening of thé/gne alkoxyamine37 by EPR signal oNO3, B)

Temperature overlay &PR signals of the solution tfe dycine alkoxyamine37.

The EPRspectroscopgxperiment conclude that the glycine alkoxyamg®@2 and37 are not
stable above the temperature 32%3 °C) and start homolyzing to the transidnglycine
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radical and corresponding nitroxiddO2 and NO3 respectively. Even though, both
alkoxyamines32 and 37 start dissociating to the corresponding nitroxides at 325 K, the
concentration of the nitroxide formed at 370 K is higfeerthe alkoxyamine37. The data
indicates that, in comparison to the glycine alkoxyamine generated from TEMP@ide
suprg Table 1), glycine alkoxyamine&2 and 37, derived from hindered nitroxide radicals,
may be susceptible tmodification byhomolysis at lower temperatures. AdditionaBy,was
identified as a promising candidate for modification at 370 K between the alkoxya®@ine
and 37. Futureinvestigationswill focus on exploring modifications and functionalization of

these hindered glycine alkoxyamirtgshomolysis

71



4.6.Applications

The methodology of selectiveadification of glycine derivatives by enolate oxidatjarsing

nitroxide radicad, generate alkoxyaminesand their further modificatiosat t he -gl yci n
position enable to construct a library of Aostural amino acids and peptid&oreover the
methodologydemonstratepotential applications peptide chemistry

4.6.1Attempted Modification of Cyclosporin A

Cyclosporin A is a cyclic undecapeptide and a potent immunosuppressive agent. We
hypothesized that the polypeptide serves as a candiddentonstrate the methodology of
enolate oxidation to oxygenate the sarcosine unit. The peptide was treated with base, as
precedented for alkylatiGh! and the enolate was treated with ferrocenium
hexafluorophosphate and TEMR@ethod A) However, we were unsuccessiinlobtaining

the oxygenated peptidScheme57). To confirm the formation of enolate, we addegDlio

the base treated cyclosporin Ahe residue wasnalyed by *H NMR spectroscopyand
deuterated sarcosine unit was observed, implying successful enolizatsopresume that
theenolate oxidation becomes difficult or if it occurs, the oxidideddical exchanges H atom

from a position in close proximityrhus further investigations were not conducted.

@)

—60 °C, 30 min
N » O NS
SV >
FeCp,PFg, TEMPO j‘NH —N
1 h,_78 OC O \ D/

(Method A)

1] 38

Schemeéb7: Attempt to oxygenate the sarcosine unit in cyclosporin A
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4.6.2 Employing Glycine Alkoxyamines for Click Reactions

We demonstrate that the glycine alkoxyambte possessing an alkyne group, can undergo
copper catalyzed clickeaction Typical reactionconditiors wereused with benzyl azide as
click partner and triazol@9 was formed in moderate yie{@chemes8). The hemiaminalvas
foundto be stable under the reaction condisiand was preserveth future, hie applicability

of this reaction can be exploitedith biological substrat for conjugation to glycine
alkoxyaminesand employ the new amino aeigrived triazole compounds for modification,
exploiting t-@@bondeofglydine alkoxyaminesf U

PN
Ph™ N3 Boc O Ph

Boc O Ph  1mol% CuSO,5H,0 HN \

HN 10 mol% Najascorbate
N > OT™ N,
OT'V'F’I\ tBUOH/H,O, rt, 20 h | N
AN 2= N
5d 39 LPh
58%

Schemeéb8: Madification of glycine alkoxyamines by click reaction

4.6.3Protein Conjugation

Insulin is asmall proteincontaining two peptide chains A and B, linked by disulfide bridges.
The A chain consists of 2BAAs andthe B chainconsists of 30 AAs. The main modification
sites for the protein are the twotBrminalpositionsand thdysine sidechaininsulin presents

as a potential candidate fprotein conjugation to glycine unitsing our strategy ajlycine
alkoxyamine modificationA collaboration with the group &ir. Jiri Jiracekhelped us to study

thein vitro proteinconjugationto glycine alkoxyaminesnediatel by acid

The glycine alkoxyaminBawas chosen asanitial substrate and the conjugation was studied

at different conditions. The substrate was found to react with insulin at room temperature in 3
h in aphosphatéuffer solution ofpH 6.50btaining theconjugated produdSchemes9). The
analysisof the reaction was conducted liyuid chromatographynass spectrometry.CMS)
andshowedthe conjugated product as the major compoiglfe21). Peak one corresponds

to unreacted insulin and peak 2 and peak 3 corresponds to diastereomers of the conjugated
productMod-HI. However, isolation of the product wassuccessfuland decomposition of

the conjugated product was observed with standard HPLC isolation cond{86fs
CH3CN/H20 with 0.1 M TFA).
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Figure21: Analysis of conjugated molecule by LCMS
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Further stability testing on different solvent systems revealed that the conjugated produc

HI are unstable under acidic conditions agldtivelystable under neutral and basic conditions
(Figure 22). Further analysis and attempts to isolate the conjugated product are underway in
the Jiracekaboratory.

Stability of insulin conjugation product, at RT

100+

75

50

251

% of conjugate and insulin

0 | T T T
0 200 1000 1500 2000 2500

T (min)

1M HAc pH 2.4, insulin

1M HAc pH 2.4, product

50 mM phosphate, pH 7.5, insulin
50 mM phosphate pH 7.5, product
50 mM Tris, pH 8.5, insulin

50 mM Tris, pH 8.5, product

trttoey

Figure22: Stability of insulin conjugation produtiod-HI
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4.6.4Functionalized Nitroxide for The Application of Conjugation

The nitroxideNO2 with methyl ester group at 2nd 6 positionas an analogue of TEMPO
wasfound to be interesting and auplinggroupat 4™ position would enable the use of these
nitroxides for the conjugation to biomolecules or macromolecules of integesd an
introduction of arazide group at-4positionto the nitroxidewvould allow conjugation byclick
reactiors. In collaboration with Dr. Petr Cigler at IOCB, we designed the synthesis of a
piperidine based nitroxidefeaturing azide group at-gosition and envisioned that the
nitroxide-conjugatednanomaterials will beusal for its applicationsuch as spirabek in

material chemistry

'V'eo OMe Ha (15 bar),
0]
Rh/AI,O4 R
(20 mol%),
HCI MeOH | | 18 h, rt
—>
HO,C COyH reflux 4h, MeO,C N CO,Me MeO,C N CO-,Me
H then 2 2
rt, overnight Na,CO H
HCI 23
40 41 42 R= OH; 60%
94% 27 R=H; 20%
OH OBn

BnBr
—XK—>

MeO,C” "N”SCOMe  fjp © MeO,C” N” “CO,Me

0°C-rt, 12 h Bn
42 43
OH OH OMOM
NaHCO;,, MOMB,
CbzCl, DIPEA,
— —_—
MeO,C H COMe G, ciH,0 MeO2C” "N” “COMe CH,Cl, Me0:C” "N” “CO,Me
(5:1) Cbz 0°C-rt, 12 h Cbz
rt, 12 h a4 45
42 82% 93%

Schemes0: Synthesis oprotected 4hydroxy piperidine45.

The synthesis started with commercially available chelidamic d€d(Scheme 60).
Esterification provided methyl ester sdlt and the salt was used for the next step without
purification.Reduction o#1 catalyzed by rhodium on alumina resulted in the formation of two
compounds. Alcohof2 was obtainecs a major product but a complete reduction, including
the hydroxy group provided saturated piperid27eas a minor product. The major and minor

products were separated by column chromatography and selgctbtained ascis
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compounds$t*4 The piperidin@7was employed in the synthesisi®2 andNO3 (cf. Scheme
53, 55).

The synthesis was carried forward with the major produrgtdfoxy piperidinet2. Before the
alkylation at the 2and 6 position of the piperidine we envisage protecting both amine and
hydroxy groups with benzyl protection group (Bn) to obtain protected piperi8nd&he
piperidine42was treated with NaH followed by BnBr, however protection of amino group and
hydroxy groups with Bn was found to be unsuccessful and the starting material was recovered.
Thus, we followed separate protections of amine acmhal with different protecting groups.

A common amine protecting group Chz was chosen and the reactidwith CbzCl provided
protected 4hydroxy piperidine44. A subsequent MOM protection of the alcol@ with
MOMBr as well as MOMCI were attempted. Protection with MOMBr provided better results
and the protected piperidid® was obtained in 70% vyield.

NaHMDS,
THF,
OMOM 60 °C, OMOM TMSER, OH
60 min. CH,Cl,, Q
—_— —_—
MeO,C” “N” “CO,Me Mel, 78 °C, Me0,C”™ "N “CO,Me 0°C,2h MeO,C N™ ~CO,Me
Cbz 60 min, Cbz Cbz
45 ,12h 46 47
58% 75%
dr=1:1:3 dr=1:1:3
OH o
"F',deé‘r’(é’:tr))’ NaH, DMF, 0°C-rt, overnight
5 S . > 5 ' CO,Et
t,12h  MeO,C” "N”  COMe NN TN H
48 49
73% 44%
N3 N3
! '_'1“03%_5 IZEhA mCPBA,
48 ' CH,Cl,
MeO,C N COoMe MeO,C N CO,Me
2. NaN3, DMF, H 0°C-rt. 5 h 2 N 2
80 °C, 12 h 0
50 51

45% over two steps

52%

Schemebl: Synthesis of functionalized nitroxide

Double methylation ofompound5at 2- and 6 position wagerformedusing2.5 equivalents
of NaHMDS as a baser deprotondbn, followed byalkylation with methyl iodid€Scheme

61). The double methylated piperididé was obtained in good yield aseparablenixture of
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diastereomerg 1:1:3 diastereomeric ratio. The diastereomeric mixture was carried forward
and MOM deprotection using TMSBr CH:Cl. provided the alcohet7in 2 hand subsequent
Cbz deprotectiounder hydrogenolytic conditiongsulted in the formation afimethyl2,6
dimethyl4-hydroxy-piperidine2,6-dicarboxylate 48. An attempted deprotonation of the
alcohol with NaHtowards the etherification with PEG azide resulted in the formation of the
lactone49. The observation can be explained mechanistically as intramolecular lactonization
of the deprotonated alcohol with one of the ester groups. The la¢®oras recrystallized
from 10% EtOAc/pentanand the structure was determined byay crystallographyHigure

23). The X-Ray structure with absolute structure parameter 0.2 implies that the lactang has
configuration of the substituents. Moreover, a transesterificafitme remaining methyl ester
took place to provide the corresponding ethyl ester. ddmrotonation of the free alcohol
becamdatal here and no etherificatiomaspossible Thus, we decided to eliminate the linker
groupandthe 4" position of the nitroxide was functionalized with azide group in two steps.
Mesylating the alcoho#8 with MsCI followed by substitution with sodium azide at 80 °C
providedthe azide functionalized piperiding0 in two steps. The oxidation witmCPBA
resulted in the formatioaof nitroxide51 in good yield Scheme6l). The piperidine nitroxide

51 consists ofester functionalityat positions 2 and 6 and the azide group at thepdsition
thatcan act as a handle for useful conjugatieuarthermore, saponification of this nitroxide
may result in a watesoluble compound functionalized with carboxylic acid groups, which
could lead to new applications for the compouFae synthesized nitroxide was handed over

to Dr. Petr Cigleffor thefurther exploration of its applicatisn

Figure 3B: X-Ray structure of lacton49
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5. CONCLUSION AND OUTLOOK

We have developedraovelmethodologyfor enolate oxidation of glycine derivatiassing a

mild oxidant, a nitroxide radical, to providg-oxygenated glycinatesNe differentiate
betweerthe reaction condition®r both the sarcosine derivatives and glycine derivaiwves
foundthatan external oxidant is necessary to oxidize the sarcosine eradati¢h any other
class of carbonyl compounds. Interestingly, the glycine encdaeasxidized directly bythe

mild oxidant TEMPQ and coupling of thd}glycine radicals witha second equivalent of
TEMPO provides the glycine alkoxyamineBhe substrate scopef the methodology was
studied to synthesize differently protectggicine alkoxyamines The methodologyvas then
extended t@lycine containing peptideandthe selectivityof the reaction to different amino
acidswasstudied The methodologyvasfound to be selective for glycine usjiproviding the
alkoxyamines and no other amino acid oxidation was observed dutteginvestigation.
However, only Gterminal glycine peptides act as suitable substrates for the methodology
The glycine alkoxyaminesderived from TEMPO,are chemically under the class of
hemiaminals and act as versatile compounds for further modifisation t h e -pgsitignc i ne U
The labile GO bond undergoes homolysis at a temperature of°C38nd adds to electne
deficient alkenes to obtain ngratural amino acids and peptidéhe GO bond of the
hemiaminal can also undergo heterolysis mediated by &e@&lstrategyallows constructing

C-C, GO, GN and GS bond at the U-position to provide glycine modificationg.he
conjugation of amino acids glycinealkoxyamines was also demonstratedonstruct a class

of amino acidderivedaminalcompounds.

Furthermore, we synthesized two already reported piperidine nitroxide compounds and a novel
nitroxide, functionalized with esteed propyl substituentst the 2 and 6 positions. These
three nitroxides were usexs the oxidant fothe developed methodology of glycine enolate
oxidation instead of using TEMPQOand new derivativesof glycine alkoxyamines were
obtained Studieswere conducted using EP$pectroscopyto investigate théemperature
dependenbomolysis of novel glycine alkoxyamindsurther studies and applications of these
promising alkoxyamines can be explored in the future.

The synthesized glycine alkoxyamines were used as a key to establish amipootsiid
conjugation.Insulin was modified by agling it with glycine alkoxyamine, resulting in the
addition of the glycinat e u-ponugateddumarhiresulib ¢ hai
protein.However, the modified insulin was found to be unstable for purification under acidic

conditions.

79



Inspired by the nitroxides we synthesized for glycine oxygenation, which have ester groups at
the 2 and 6 positions of the piperidine ring, we developed a new piperidine nitroxide. This
nitroxide has a functional group at tHepbsition that can conjugate with molecules of interest.
Compared to previously reported nitroxides, the new structural features of this nitroxide
potentially allow it to be used as a wasaluble spin label in hydrophilic conditions. The newly
synthesizeditroxide will be useénd appliedn the laboratory obr. Petr Cigleffor the studies

of nanaliamond.

In future, the group will explore the peptide conjugation strategy involving glycine
alkoxyamines for the purpose of achieving previously unattainable conjugations with complex
biomolecules. Additionally, sterically hindered nitroxides and their alkoxyamine derivatives
will be empbyed to elucidate modifications through homolysis at temperatures conducive to

biological processes.
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6. EXPERIMENTAL SECTIONS
6.1 General Experimental Information

Reactions not involving aqueous conditions were performed in fthied glassware under an

argon atmosphere. Microwaw@assisted reactions were performed using a CEM Discover® SP
instrument. Solvents and additives were dried prior to use according tarstgordcedures.

TLC analyses were performed on POLYGRAM SIL G/UV254 plates and visualization was
performed either by UV light (254 or 366 nm) or chemical staining with potassium
permanganate, vanillin or ninhydrin. Chromatographic separations were cautietther
manually on silica gel 60 (Fluka, 23800 mesh) or on a CombiFlash® NextGen 300+
instrumentusing prefilled columns RediSep G@IdIR spectra were measured on a Bruker
ALPHA-FT-IR spectrometer as neat samples using an ATR device.

NMR spectra were recorded on Bruker Advance 400 spectrometers at working frequencies of
400 MHz for'H NMR spectra and 100.1 MHz f&1C NMR spectra. The signals of inseparable
mixtures of diastereoisomers are assigned in a single data set and those of the minor
diastereoisomers are indicated by*aand **. In rotameric mixtures, signals of the major
rotamer are assigned by O6A6 and those of the
EPR spectra were acquired Bnuker EMXPS 10/12 CW (continuous wave) spectrometer
equipped with a PremiwX-band microwave bridge. Thy,o value of radicals was determined

using a builin spectrometer frequency counter and the-BBTM NMR-Teslameter
(Bruken. All g-values were determined with the precision of08002 VT (variable
temperature) experimenivere controlled by the liquid/gas nitrogen unit ER 4144V¥T
(Bruken . Once the desired temper at ulrmnwasased set ,
prior to recording of an EPR spectrum at that temperature. Samples (corresponding toluene
solutions of the investigated compounds) were measured in common EPR quartz tubes (with
ani.d. = 3 mmandalength of250 mmn). Typical EPR spectwererecorded using the following
instrumental par amet @53&Hzmodulationcampalituce 0.05rmd qu ency
modulation frequency 100 kHz microwave power 2.5 mW resolution (number of points)

= 2222 conversion time= 8.96 ms Usually, each spectnmuwas recorded as an accumulation

of sever ad Thessresigviyd-f @ c t o BOOa all experiments.

The electronic circular dichroism (ECD) and absorption spectra were measured on-a Jasco
1500instrument(Tokyo, Japan). The spectra were measured over a spectral range of 180 nm
to 300 nm in acetonitrilef aconcentration 1xI®molL™t. Measurements weperformedn a

cylindrical quartz cell with a 0.2 cm path length using a scanning speed of 10 nm/min, a
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response time of 8 seconds, standard instrument sensitivity an@.8valbcumulations. After

a baseline correction, spectra were Jandpr esse
molar extinction {), respectively.

Mass spectra were measured on & @F micro mass spectrometer (Waters, source
temperature 120 °C, desolvation temperature 200 °C, samplevalbage 20 V) at thenass
spectrometryfacility of IOCB CAS. Optical rotations were performedn AUTOPOL

VI (Rudolph Research Analytica)SA) at the analytical laboratory of IOCB CAS.

6.2 General Procedures for Modification of Glycine Derivatives

General procedure A: Peptide couplin§*®!

Amino acid1 (5.0 mmol) and amino ac@l (5.0 mmol) were dissolved (®Hz:CN (30 mL) and
cooled to C°C. HBTU (1.97 g, 5.2 mmol) and triethylamine (1.5 mL, 10.8 mmol) were added,
the mixture was warmed to and stirred for 2 h. Brine (20 mL) was added and the reaction
mixture was extracted with EtOAc (3x40 mL). The combined organic extracts were washed
with HCI solution (1 N, 5 mL), followed by sat. NaH@®&bolution (10 mL), the organic layer
was dried over MgS§) the solvent was removed at reduced presaockthe residue was
purified by flash column chromatography (20% EtOAc/cyclohexane) to give the coupling
products {, 4nh-s, 10, 19.

Gener al p_r_eGxy@ehationeof sBrcosirg derivativegMethod A)

KHMDS solution (1.4 mL, 1.35 mmol, 1M in THF) was added dropwise to a solution of the

sarcosine derivativé ( 1. 23 mmol ) i n °C&h&theg nixtura as stared for 7 8
30 min. TEMPO (173 mg, 1.11 mmol) was added followed by posize addition of
CFEPRE unt i | persibtedifca 340 md, &.05 mmol). After 30 min, the reaction

mixture was quenched by a few drops of sat4@lFsolution, filtered through a short pad of
Celite®, which was washed with EtOAThe solvens wereremoved at reduced pressiamd

the crude product was purified by column chromatography (10% EtOAc/hexane) to give
oxygenated product8)

Gener al p_r_eQxwenationeof gycine derivativegMethod B)

A freshly prepared LiIHMDS solution (HMDS (0.23 mL, 1.1 mmol) anBluLi (0.69 mL, 1.1

mmol , 1.6 M i n hexa%enasaddeddiophise t6 4 solatibn)of giytine 1 7 8
derivative4 (0.44 mmol) in THF (3 mL) at 78 °C and the mixture was stirred for 30 min.
TEMPO (151 mg, 0.98 mmol) was added, the solution was warmettai@d stirred for 1 h.

The reaction was quenched the additionof a few drops of sat. NM€I solution and the
mixture was filtered through a short paddaflite®, which was waskd with EtOAc. The solvent
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was removed at reduced pressure and the crude product was purified by column
chromatography (10% Et OA-oxygenatedglydinatespf ne) t o ob
General procedure D: Microwaveassisted intermolecular radical addition of

alkoxyamines

Acryl at e denethyhstrene (2.66mmoljeveddded to a solution of alkoxyamine

5gor5f( 0. 26 mmol ) i-trfluotb®lgeaes(? neLilandihe hjxture was heated in

a microwave reactor at 13C for 1 h. After completion, the solvent was removed in vacuum

and the residue was purified by column chromatography (5% EtOAc/cyclohexane gradient to
10% EtOAc/cyclohexane) to obtain the addition produtis).
Gener al procedure E: N u_c -bxggenated glygine desgvatibes t i t ut i

Nucleophile N1-N6) (0.60 mmol) was added to a solution of glycine alkoxyanir@.50

mmol) and acid (0 mmolor 0.10 mmol for catalysjsn preferred solvent and was stirred at

37 °C until the reaction completes. After completion, the solvent was removed in vacuum and
the product was purified by flash column chromatography to give-tubstitution glycinates

(15¢ 16a-d, 17a-b, 18).
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6.3 Synthetic Procedures andSpectroscopicCharacterization

tert-Butyl N-(N- (tert—butonxycarbonyI)-L-vaIyI)sarcosinate (1)

s “JW

O/\4
7

Prepared according to general procediirby coupling N-(tert-butyloxycarbony)-L-valine
andtertb ut vy | sar cosi nh(63 Ay B5%) aspdrs:a votameria rgixture as
colorless oil.

R =0.6(50% EtOAC/PEY'H NMR (400 MHz, CDC})  6.28%d,J=9.0 Hz, 2H, NH, A+B),
4,52 (ddJ=9.2, 5.6 Hz, 1H, Ckb, A), 4.39 (d,J=17.0 Hz, 1H, Ck3, A), 4.30 (ddJ = 9.2,

6.1 Hz, 1H, CH5, B), 4.22 (dJ = 18.2 Hz, 1H, Ci#3, B), 3.97 (dJ = 18.1 Hz, 1H, CH3,

B), 3.65 (d,J = 17.1 Hz, 1H, CH3, A), 3.13 (s, 3H, CH4, A), 2.97 (s, 3H, Ck4, B), 2.05

1.97 (m, 1H, CH6, A), 1.961.88 (m, 1H, CH6, B), 1.47 (s, 9H, Ck1, B), 1.45 (s, 9H, CH

1, A), 1.43 (s, 9H, CH9, A), 1.42 (s, 9H, CK9, B), 1.01 (d,J = 6.8 Hz, 3H, CH-7, A), 0.94

(d,J = 6.9 Hz, 3H, CR7, B), 0.91 (dJ = 6.8 Hz, 3H, CH-7, A), 0.88 (dJ = 6.5 Hz, 3H,
CHs-7, B).3C NMR (101 MHz, CDC$) 1727 (C=0, B), 172.6 (C=0, A), 168.0 (C=0,
A), 167.7 (C=0, B), 155.8 (C=@), 155.7 (C=0, B), 82.7 (C2, B), 81.9 (C2, A), 80.1 (CS8,
B), 79.4 (C8, A), 54.9 (C5, B), 54.8 (C5, A), 52.3 (C3, B), 50.4 (C3, A), 36.5 (C4, A), 34.9
(C4, B), 31.5 (C6, B), 31.3 (C6, A), 28.3 (C1, A+B), 28.1 (C9, A), 28.0 (C9, B), 19.60 (C7,
B), 19.56 (T, A), 17.3 (C7, B), 17.1 (C7, AR : v [cm™] 3320, 2976, 2934, 1740, 1709, 1646,
1487, 1366, 1228, 1154, 1118, 1042, 1016, 946, 886, 841 RAIS (ESI+) m/z (%). 345

(5, [M+H]"), 367 (100, [M+Na]), 711 (10, [2M+Na]). HRMS (ESI+) m/z ([M+Na]*):
calculated folC17H32N20sNa: 367.2203, found: 367.2203.
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tert-Butyl N-(S)-(N-(tert-butyloxycarbonyl)valyl)-(2R and 25)-((2,2,6,6
tetramethylpiperidin -1-yl)oxy)sarcosinate (3)

1516

14—

3,N

H ¢ 9
osN\)L'1o
9\ﬂ/54 20 14

o A 0
12

10 7/\3

@]

(e}

Prepared according to general proceduBe starting from tert-butyl N-(N-(tert-
butyloxycarbony)-L-valyl)sarcosinatel) (100 mg, 0.29 mmol) and KHMDS (0.7 mL, 0.65
mmol, 1 M in THF) as base. The crude product was purified by column chromatography (10%
EtOAc/hexane) to giv8 (110 mg, 76%) as partially separable 2:1 diastereomeric mixture as
pale yellow oil.

Major diastereomerd’® ReY) as 4.3:1 rotameric mixture

Ri=0.7(20% EtOAC/PE)[ Bdso= T 71 . 1 ( 6. HDNMRF400 MHE CDC}) 0 =
6.49 (s, 1H, CHR, A), 5.72 (s, 1H, CF2, B), 5.42 (dJ = 9.0 Hz, 1H, NH, B), 5.20 (dl= 9.6

Hz, 1H, NH, A), 4.65 (dd) = 9.1, 4.1 Hz, 1H, Ckp, B), 4.43 (ddJ = 9.7, 6.9 Hz, 1H, CF5b,

A), 3.05 (s, 3H, CHt3, A), 2.81 (s, 3H, Ck3, B), 2.662.54 (m, 1H, CH6, B), 2.021.93 (m,

1H, CH6, A), 1.601.31 (m, 12H, Ci#15, CH-16, A+B), 1.48 (s, 18H, CH12, A+B), 1.44

(s, 18H, CH-10, A+B), 1.28 (s, 3H, CH14, A), 1.23 (s, 3H, Ck14, A), 1.19 (s, 3H, CH

14, B), 1.18 (s, 3H, C#14, A), 1.16 (s, 3HCHs-14, B), 1.10 (s, 3H, CH14, A), 1.04 (d,) =

6.8 Hz, 3H, CH-7, B), 1.00 (d,J= 6.6 Hz, 3H, CH-7, A), 0.96 (dJ= 6.8 Hz, 3H, CH-7, A),

0.94 (s, 6H, Ckt14, B), 0.87 (dJ = 6.8 Hz, 3H, CH-7, B).3C NMR (101 MHz,CDC}) U =
172.6 (C=0OA+B), 167.0 (C=0, A+B), 155.7 (C=0, A+B), 89.1 (C2, A+B), 82.3 (C11, A+B),
79.4 (C9, A+B), 60.9 (C13, A+B), 59.2 (C13, A+B), 55.7 (C5, B), 55.0 (C5, A), 40.5 (C15,
B), 40.0 (C15, A), 32.8 (C14, A+B), 32.7 (C14, A+B), 32.4 (C6, A+B), 31.4 (C3, A), 30.7 (C3,
B), 28.3 (C12, A+B), 28.0 (C10, A), 27.8 (C10, B), 20.4 (C14, A+B), 20.0 (C14, A+B), 19.3
(C7, A+B), 17.7 (C7, A+B), 17.1 (C16, A), 17.0 (C16, B).

Minor diastereomerg’®, %) as 3.3:1 rotameric mixture

Ri=0.75( 20 % Et O A% P+HEA7 (c 0.B5JCHCI). H NMR (400 MHz, CDC}) i
=5.77 (s, 1H, Ck2, A), 5.65 (s, 1H, CF2, B), 5.50 (d,J = 8.6 Hz, 1H, NH, A), 5.20 (d] =

9.6 Hz, 1H, NH, B), 5.06 (dd] = 8.7, 3.5 Hz, 1H, CI5, A), 4.42 (ddJ = 9.6, 5.0 Hz, 1H,
CH-5, B), 3.03 (s, 3H, CH3, B), 2.86 (s, 3H, CH3, A), 2.202.12 (m, 1H, CH6, A), 2.04

1.99 (m, 1H, CH6, B), 1.681.27 (m, 12H, Ci#15, CH-16, A+B), 1.51 (s, 9H, CH12, A),
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1.47 (s, 9H, ChB12, B), 1.46 (s, 9H, CH10, A), 1.44 (s, 9H, CHK10, B), 1.25 (s, 3H, CH

14, A), 1.22 (s, 6H, CH14, A+B), 1.18 (s, 3H, CH14, B), 1.12 (s, 3H, C#14, B), 1.10 (s,
3H, CHs-14, A), 1.041.00 (m, 9H, CH-7, A+B, CHs-14, B), 0.89 (dJ) = 6.7 Hz, 3H, CH-7,

B), 0.860.82 (m, 6H, CH-7, CH:-14, A).13C NMR (101 MHz, CDC})  173.8 (C=0, A),
172.1 (C=0, B), 165.8 (C=0, A+B), 155.6 (C=0, A+B), 89.3 (C2, A+B), 83.0 (C11, A+B),
79.4 (C9, B), 79.0 (C9, A), 61.5 (C13, A+B), 59.5 (C13, A+B)45&5, A+B), 39.7 (C15,
A+B), 39.6 (C15, A+B), 32.7 (C6, A+B), 32.6 (C14, A+B), 31.5 (C3, A+B), 28.5 (C12, B),
28.4 (C12, A), 28.3 (C10, B), 27.9 (C10, A), 20.4 (C14, A+B), 20.04 (C7, A+B), 20.01 (C14,
A+B), 17.0 (C16, B), 16.9 (C16, A), 16.2 (C7, A+B).

IR: v [cm?] 2974, 2932, 1751, 1718, 1658, 149366, 1155, 1133, 1082, 1056, 1044, 1017,
992, 958, 842, 760, 70ZRMS (ESI+)m/z (%) 500 (100, [M+H]), 522 (95, [M+Nal]), 1021

(5, [2M+Na]). HRMS (ESI+) m/z ([M+Na]"): calculated forCsHaoN30OeNa: 522.3514,
found: 522.3512.

Isopropyl N-benzoylglycinate (4a)

oY

Benzoyl chloride (0.6 mL, 4.88 mmol) was added dropwise to a solution of glycine isopropyl
ester hydrochloride (500 mg, 3.25 mmol) and triethylamine (1 mL, 7.16 mmol)i6lcf5

mL) at 0°C. The resulting mixture was warmed rtoand stirred for 3 h. After completion,

brine (10 mL) was added to the reaction mixture, the layers were separated and the aqueous
was extracted with DCM (2x10 mL). The combined organic layers were dried over/g80

the solvent was evaporated at reduced pressure. The resulting residue was purified by column
chromatography (20% EtOAc/cyclohexane) to ob#ar{570 mg, 79%) as amorphous white

solid.

Rt = 0.6 (50% EtOAc/PE)!H NMR (400 MHz, CDC}) U <.787(m,&89, CH,), 7.56

7.49 (m, 1H, Ch), 7.4727.41 (m, 2H, CH), 6.80 (br s, 1H, NH), 5.12 (sept= 6.3 Hz, 1H,

CH-2), 4.21 (dJ = 5.0 Hz, 2H, CH3), 1.30 (dJ = 6.3 Hz, 3H, CH1), 1.29 (dJ = 6.3 Hz,

3H, CH:-1).®C NMR (101 MHz,CDC})) U = 169.6 (C=0) w),181677. 4 (C
(CHar), 128.6 (CH), 127.1 (CH), 69.5 (C2), 42.1 (C3), 21.8 (C1R: v [cm™Y] 3338, 3063,

2981, 2936, 1737, 1647, 1535, 1489, 1375, 1205, IRKS (ESI+) m/z (%) 180 (50,

[M+Hi propene]), 222 (50, [M+HY), 244(100, [M+NaJ). HRMS (ESI+) m/z ([M+Na]"):
calculated for @H1sNOsNa: 244.0944, found: 244.0945.
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Isopropyl N-benzyloxycarbonyfglycinate (4b)
@\/O H\)?\ J{
4 \([)]/ 3 0 1

Benzyl chloroformate (1.4 mL, 9.77 mmol) was added to a mixtugtyoie isopropyl ester
hydrochloride (1 g, 6.51 mmol) and NaHE0.82 g, 9.77 mmol) in C¥l> (20 mL) and HO

(5 mL). The reaction mixture was stirred overnight at rt. Brine (20 mL) was added and the
mixture was extracted with GBI> (3x20 mL), the combined organic layers were dried over
MgSQs, the solvent was removed at reduced pressure and the residue was purified by flash
column chromatography (20% EtOAc/cyclohexane) to give the product as colorless solid (1.06
g, 65%).

Rt = 0.6 (40% EtOAc/PE)m.p.58-60°C.'H NMR (400 MHz, CDC}) i  7437.30 (m, 5H,

CHar), 5.28 (br s, 1H, NH), 5.16 (s, 2H, @#), 5.09 (sept) = 6.2 Hz, 1H, CH2), 3.97 (dJ

=5.4 Hz, 2H, CH3), 1.28 (dJ = 6.2 Hz, 6H, CH-1).13C NMR (101 MHz, CDC}) i  189.5

(C=0), 156.2C=0), 136.3 (&), 128.5 (CH), 128.2 (CH), 128.1 (CH), 69.3 (C2), 67.1

(C4), 43.0 (C3), 21.8 (C1IR: v[cm™?] 3353, 2981, 1705, 1519, 1374, 1273, 1200, 1147, 1104,
1051, 991, 736, 69T.RMS (ESI+)m/z (%). 252 (10, [M+H]), 274 (100, [M+Na]), 525 (5,
[2M+Na] ). HRMS (ESI+) m/z ([M+Na]*): calculated for @GH17NOsNa: 274.1050, found:
274.1051.

N é&tert-Butyloxycarbonyl)-N,N-dibenzylglycinamide (4c)

N-Boc-glycine (577 mg, 3.29 mmol), DCC (679 mg, 3.29 mmol) BiAP (40.3 mg, 0.33
mmol) were added to a stirred solutionddfenzylaming0.5 mL, 2.53 mmol) in CECl2 (13

mL) at 0 °C. The reaction mixture was slowly warmedrtt@nd stirred for 24 hAfter
completion, he precipitate was filtered off, washed with £H (25 mL) and the filtrate was
treated with sat. NaHC{solution (10 mL). The layers were separated and the aqueous was
extracted with CECl,. The combined organic layers were dried over Mg&@l concentrated

at reduced pressure. The pale yellow residias purified by column chromatography (20%
EtOAC/PE) giving4dc (900 mg, 99%) as amorphous white solid.
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Rr = 0.4(20% EtOAC/PE)'H NMR (400 MHz, CDC}) U F.317(m, 61, CH), 7.22 (d,
J=6.4 Hz, 2H, CH), 7.17 (d,J = 7.1 Hz, 2H, CH), 5.62 (br s, 1H, NH), 4.64 (s, 2H, GH
4), 4.41 (s, 2H, Ck4), 4.11 (dJ = 4.2 Hz, 2H, CH#3), 1.47 (s, 9H, Ck1). 13C NMR (101

MHz,CDCk) o = 169.0 ( C=0) a) BSSGY 120.C(EM)) 128.71 3 6 .

(CHar), 128.3 (CH), 127.9 (CH), 127.7 (CH), 126.5 (CH), 79.6 (C2), 49.0 (C4), 48.6
(C4),42.4 (C3), 28.4 (C1)R:v[cm™] 3412, 2982, 2933, 1701, 1648, 1504, 1494, 1448, 1363,
1289, 1221, 1157, 949, 751, 702, 6RRMS (ESI+)m/z (%). 299 (50, [M+H isobutylene]),

355 (20, [M+HTY), 377 (100, [M+Na]), 731 (70, [2M+Na]). HRMS (ESI+) m/z ([M+Na]*"):
calculated for @H2sN20sNa: 377.1836; found: 377.1839.

N-BenzykN &tert-butyloxycarbonyl)-N-propargylglycinamide (4d)

y O

N GO N

5 o 9 8
A suspension dfl-(tert-butyloxycarbonylylycine (300 mg, 1.712 mmol), DCC (424 mg, 2.055
mmol) and thydroxybenzotriazole (277.7 mg, 2.055 mmol) in2CH (6 mL) was cooled to
0°C for 30 min and a solution &f-propargylbenzylamirt&®! (298.4 mg, 2.055 mmol) in DCM
(3 mL) was added dropwisdhe reaction mixture was slowly warmed ioand stirred
overnight. After completion, the white powder precipitate was filtered off, the filtrate was
diluted with EtOAc, washed with sat. NaH&$»lution and the solvent was removed to obtain
a yellow liquid, whichwas purified by column chromatography (40% EtOAC/PE) to ghde
(495 mg, 96%) as 1.2:1 rotameric mixture as colorless solid.
Rt = 0.25(20% EtOAcC/PE)m.p. 79-81°C.'H NMR (400 MHz, CDC$) U0 &.167(m,5 1
10H, CHy, A+B), 5.52 (br s, 2H, NH, A+B), 4.73 (s, 2H, &#, B), 4.63 (s, 2H, CH9, A),
4.25 (dJ=2.5Hz, 2H, CH6, A), 4.15 (dJ = 4.0 Hz, 2H, CH-2, B), 4.08 (dJ) = 4.4 Hz, 2H,
CHz-2, A), 3.90 (dJ = 2.5 Hz, 2H, CH6, B), 2.32 (tJ= 2.5 Hz, 1H, CHB, B), 2.25 (tJ =
2.5 Hz, 1H, CH8, A), 1.49 (s, 9H, Cki5, B), 1.46 (s, 9H, Ck5, A). :3C NMR (101 MHz,
CDCl) (68.6 (C=0, A+B), 155.7 (C=0, A+B), 136.04CA), 135.0 (G, B), 129.1 (CH.,
A), 128.8 (CHy, A), 128.4 (CH, B), 128.1 (CH, B), 127.9 (CH, B), 126.9 (CH;, A), 79.7
(C4, A+B), 78.1 (C7, A+B), 73.4 (C8, B), 72.5 (C8, A), 49.1 (C9, A), 48.7 (C9, B), 42.5 (C2,
A), 42.4 (C2, B), 35.3 (C6, B), 34.4 (C6, A), 28.4 (C5, AHR: v [cm] 3422, 3295, 3259,
2977, 2931, 2133, 1711, 1659, 1497, 1453, 1366, 1252, 1219, 1168, 1057, 73RN
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(ESI+) m/z (%). 247 (10, [M+H isobutylene]), 325 (100, [M+Na]), 627 (10, [2M+Na]).
HRMS (ESI+)m/z ((M+Na]"): calculated folC17H22N20sNa: 325.1523, found: 325.1523.

N §Benzoyl)-N-pentamethyleneglycinamide (4)

0 04

SARES
H § 2

A solution ofN-(benzoy)glycine (1200 mg, 6.69 mmol), piperidine (1.3 mL, 13.39 mmol) in
CHCI> (30 mL) was cooled to @C for and triethylamine (1.1 mL, 8.04 mmol) followed by
HBTU (2794 mg, 7.37 mmol) were addddhe reaction mixture was slowly warmedrt@and
stirred overnightAfter completion, the reaction mixture was diluted with EtOAc, washed with
1N HCI, followed by sat. NaHC£Xolution, the organic layer was dried over Mg3@d the
solvent was removed to obtain a yellow liquid, whigds urified by column chromatography
(30% EtOAC/PE) to givde (798 mg, 48%) as colorless solid.
Rf = 0.25(20% EtOAc/PE)m.p. 8586 °C'H NMR (400 MHz, CDC})  .93%.79 (m,
2H), 7.5%7.41 (m, 3H), 7.44 (br s, 1H), 4.26 (t 3.8 Hz, 2H), 3.768.57 (m, 2H), 3.58.31
(m, 2H), 1.861.54 (m, 6H).*C NMR (101 MHz,CDC}§) U4 = 167.2 (C=0),
134.0 (Gv), 131.6 (CH), 128.5 (CH), 127.1 (CHy), 45.5 (C2), 43.3 (C2), 41.7 (C1), 26.2
(C3), 25.5 (C3), 24.4 (C4).

The analytical data according to titeraturel*4”]

N-BenzykN &tert-butyloxycarbonyl)glycinamide (4)

0
ARER RS
o)
5
HATU (1.194 g, 3.14 mmol) was added to a stirred solutioMN-@fert-butyloxycarbonyl)
glycine (500 mg, 2.854 mmol), benzylamine (0.31 mL, 2.854 mmol) and DIPEA (2 mL, 11.417
mmol) in DMF (5 mL) and the mixture was stirredtdor 24 h. After completion, the reaction
mixture was diluted with EtOAc (30 mL), washed withQH(20 mL), the organic layer was
dried over MgS®@ and the solvent was evaporated in vacuum. The residue was purified by
column chromatography (50% EtOAc/cyclohexane) to obta{634 mg,84%) as yellow oil.
Rt = 0.35(50% EtOAc/PE)'H NMR (400 MHz, CDC$)  1.42%.16 (m, 5H, CH,), 6.63
(brs, 1H, NH), 5.28 (s, 1H, NH), 4.46 (t+ 5.8 Hz, 2H, CH6), 3.84 (s, 2H, CKH2), 1.44 (s,
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9H, CHs-5). 13C NMR (101 MHz, CDC#)  1169.4(C=0), 162.2 (C=0), 137.9 (), 128.7

(CHar), 127.7 (CH), 127.5 (CHy), 84.1 (C4), 44.5 (C2), 43.4 (C6), 28.3 (CI: v [cm}]

3298, 2976, 2931, 1713, 1663, 1498, 1454, 1382, 1365, 1247, 1165, 1092, 1063, 1027, 737,
699, 660LRMS (ESI+)m/z (%): 209 (10, [M+H isobutylene]), 265 (5, [M+HT), 287 (100,
[M+Na]™), 551 (15, [2M+Na]). HRMS (ESI+)m/z ([M+Na]*): calculated foC14H20N20OsNa:
287.1366, found: 287.1367.

Isopropyl N-benzoyt2-((2,2,6,6tetramethylpiperidin -1-yl)oxy)glycinate (5a)

7

6

N
o o 4\

1.0
N
3)2\Ifj§

O
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Prepared according to general procedbrstarting from ispropyl N-benzoylglycinatg4a),
obtaining5a (600 mg, 70%) as colorless oil.

Rt = 0.75(20% EtOAc/PE)!H NMR (400 MHz, CDC}) U 7.817(m,219, CH;), 7.59

7.53 (m, 1H, CH), 7.527.44 (m, 2H, CH), 7.05 (d,J = 9.8 Hz, 1H, NH), 6.21 (d] = 9.7

Hz, 1H, CH2), 5.14 (sept) = 6.2 Hz, 1H, CH8), 1.631.21 (m, 6H, Ci#6, CH-7), 1.38 (s,

3H, CHs-5), 1.35 (dJ=6.2 Hz, 3H, CH-9), 1.32 (d,J= 6.3 Hz, 3H, CH-9), 1.18 (s, 3H, CH

5), 1.15 (s, 3H, CHKb5), 1.09 (s, 3H, CH5).*3*C NMR (101 MHz,CDC}) U = 167. 9 (C
166.4 (C=0), 133.8 (£), 132.0 (CH.), 128.7 (CH,), 127.2 (CH), 82.3 (C2), 69.7 (C8),

61.1 (C4), 59.5 (C4), 40.14 (C6), 40.06 (C6), 33.9 (C5), 32.9 (C5), 21.73 (C9), 21.69 (C9),
20.2 (C5), 20.0 (C5), 17.1 (CTR: v [cm™] 3338, 2982, 2937, 1744, 1655, 1525, 1488, 1375,
1212, 1105, 712, 694.RMS (ESI+) m/z (%). 377 (50, [M+HT), 399 (100, [M+Nal), 775

(25, [2M+NaJ). HRMS (ESI+) m/z ([M+Na]"): calculated for @Hs:N2OsNa: 399.2254,
found: 399.2254.
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Isopropyl N-benzyloxycarbonyt2-((2,2,6,6tetramethylpiperidin -1-yl)oxy)glycinate (5b)

Isopropyl N-(benzyloxycarbonyl)glycinatetp) was subjected to general proceddn® obtain
the producbb (1.0 g, 62%) as colorlesslid.

Rt = 0.6 (20% EtOAC/PE m.p.59 °C.IH NMR (400 MHz, CDC}) i %427.32 (m, 5H,
CHar), 5.77 (s, 2H, NH, CF8), 5.225.02 (m, 3H, CH#4, CH2), 1.591.31 (m, 6H, CH7,
CH>-8), 1.33 (s, 3H, Cki6), 1.30 (dJ = 6.4 Hz, 6H, CH1), 1.14 (s3H, CH-6), 1.12 (s, 3H,
CHs-6), 1.06 (s, 3H, CEi6). 13C NMR (101 MHz, CDC}) i 167.2 (C=0), 155.2 (C=0),

136.2 (Gv), 128.5 (CHy), 128.2 (2CH,), 84.0 (C3), 69.5 (C2), 67.1 (C4), 61.1 (C5), 59.3

(C5), 40.1 (C7), 33.6 (C6), 32.9 (C6), 21.7 (C1), 20.2 (C6), 20.0 (C6), 17.1IRC8)[cm’Y]

3359, 2978, 2933, 1733, 1509, 1467, 1455, 1377, 1363, 1319, 1260, 1233, 1200, 1133, 1106,

1059, 1025, 984, 957, 69ZRMS (ESI+) m/z (%) 407 (30, [M+HT]), 429 (100, [M+Na]),
835 ([2M+Na]). HRMS (ESI+) m/z ([M+Na]"): calculated for @&H3z4N2OsNa: 429.2360,
found: 429.2359.

91



N &tert-Butyloxycarbonyl)-N,N-dibenzyl-2-((2,2,6,6tetramethylpiperidin -1-yl)oxy)
glycinamide (5c)
9

8

6
N

PN ”%
N

5 493 ﬁ)z\f)r 10
Prepared following general procedu@ starting from N gtert-butyloxycarbonyN,N-

dibenzyl glycinamide4c), affording5c (210 mg, 73%) as colorless crystalline solid.

Rt =0.55(10% EtOAc/PE)m.p. 132134°C. *H NMR (400 MHz, CDC$)  #.39%.30 (m,

6H, CHar), 7.247.20 (m, 4H, CH;), 6.11 (d,J = 10.6 Hz, 1H, CHR), 5.95 (dJ = 10.6 Hz,

1H, NH), 4.81 (d,J = 16.4 Hz, 1HCH-10), 4.75 (d,J = 14.9 Hz, 1HCH,-10), 4.50 (d,J =

16.3 Hz, 1H,CH>-10), 4.40 (d,J = 14.8 Hz, 1HCH>-10), 1.561.30 (m, 6H, CH8, CH-9),

1.47 (s, 9H, CHD), 1.22 (s, 3H, Cki7), 1.20 (s, 3H, CK7), 1.12 (s, 3H, CE7), 1.05 (s, 3H,
CHsz-7).*CNMR (101 MHz,CDC}) U = 168.1 (C=0)a)138B4G)5 (C=0
128.8 (CHy), 128.6 (CH:), 128.2 (CHy), 127.8 (CHy), 127.5 (CH,), 127.3 (CH,), 80.3

(C2), 79.7 (C4), 60.7 (C6), 59.4 (C6), 49.6 (C10), 47.4 (C10), 40.3 (C8), 33.5 (C7), 32.9 (C7),

28.3 (C5), 20.6 (C7), 20.5 (C7), 17.2 (CH. v [cmY] 3320, 3001, 2977, 2930, 2869, 1706,

1649, 1510, 14B, 1453, 1364, 1250, 1219, 1171, 1014, 990, 959, 749, 734, 712, 698, 669, 644,
616.LRMS (ESI+)m/z (%) 510 (100, [M+HY), 532 (100, [M+Na]), 1041 (5, [2M+Nal]).

HRMS (ESI+)m/z ([M+Na]™): calculated folCsH43N304Na: 532.3146, found: 532.3143.
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N-BenzykN &tert-butyloxycarbonyl)-N-propargyl-2-((2,2,6,6tetramethylpiperidin -1-
yl)oxy)glycinamide (5d)

H Q 6
03 N2 7
oA,
0, 0 g
5 N

10
13 12

Prepared following general proced@starting fromN-benzytN &tert-butyloxycarbonyN-
propargylglycinamide4d), affording5d (237 mg, 78%) as pale yellow oil as 1:1 rotameric
mixture.

Rt = 0.8(20% EtOAc/PE)!H NMR (400 MHz, CDC}) 4 .307(m,3G@H, Chk, A+B),
6.09 (d,J=10.6 Hz, 1H, CH2, A), 6.05 (dJ = 10.6 Hz, 1H, CH, B), 5.86 (d,J= 10.4 Hz,
1H, NH, A), 5.83 (dJ =10.2 Hz, 1H, NH, B), 5.03 (d,= 16.1 Hz, 1H, CHK9, A), 4.84 (dJ
=14.9 Hz, 1H, CH9, B), 4.77 (dJ = 16.0 Hz, 1H, CK9, A), 4.68 (d,J= 14.9 Hz, 1H, Cht

9, B), 4.37 (dd,J) = 18.3, 2.4 Hz, 1H, CH6, A), 4.24 (ddJ = 17.3, 2.5 Hz, 1H, CH6, B),
4.154.04 (m, 2H, CH#6, A+B), 2.34 (tJ=2.4 Hz, 1H, CHB, A), 2.23 (tJ= 2.5 Hz, 1H, CH

8, B), 1.611.32 (m, 12H, Ck#12, CH-13, A+B) 1.49 (s, 9H, CH5, A), 1.46 (s, 9H, CHKi5,

B), 1.26 (s, 3H, CK11, A), 1.23 (s, 6H, Ck11, A), 1.20 (s, 3H, Ck11, A), 1.16 (s, 3H,
CHs-11, B), 1.11 (s, 6H, C#11, B), 1.06 (s, 3H, C#11, B).*C NMR (101 MHz, CDC$) U
= 168.0 (C=0, A, 167.6 (C=0, B), 154.4 (C=0, A), 154.3 (C=0, B), 136.&(®@), 135.3
(Car, B), 128.8 (CH, A), 128.7 (CH:, B), 128.3 (CH, A), 127.9 (CH., B), 127.7 (CH.,

A), 127.5 (CHy, B), 81.1 (CH2, A), 80.3 (CH2, B), 80.0 (C4, A), 79.9 (C4, B), 77(27,
A+B), 73.4 (C8, A), 72.4 (C8, B), 60.6 (C10, A), 60.5 (C10, B), 59.8 (C10, A), 59.6 (C10, B),
49.7 (C9, A), 48.0 (C9, B), 40.3 (C12, A), 40.2 (C12, B), 35.9 (C6, A), 33.6 (C6, B), 33.3 (C11,
A+B), 32.9 (C11, A+B), 28.3 (C5, A), 28.2 (C5, B), 20.62 {CA), 20.57 (C11, B), 20.5 (C11,
A), 20.4 (C11, B), 17.2 (C13, A+B)R: v [cm'!] 3308, 2975, 2931, 1716, 1656, 1497, 1442,
1365, 1242, 1214, 1162, 1014, 954, 928, 753, 713, 698, 663,BRIS (ESI+)m/z (%). 458
(20, [M+H]"), 480 (100, [M+Na]. HRMS (ESI+) m/z ([M+Na]*): calculated for
CaeH39N304Na: 480.2833, found: 480.2829.
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N é§Benzoy)-N-pentamethylene2-((2,2,6,6tetramethylpiperidin -1-yl)oxy)glycinamide
(5e)

SN
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4

Prepared following general proceduf® starting from N §Benzoy)-N-pentamethylene
glycinamide(4e), affording5e (237 mg, 78%) as pale yellow oil.

Rf = 0.8(20% EtOAc/PE)!H NMR (400 MHz, CDC})  7.917.83 (m, 2H, CH;), 7.59

7.51 (m, 1H, CH), 7.497.43 (m, 3H, CH:, NH), 6.48 (dJ = 9.8 Hz, 1H, CHL), 3.813.57
(m, 3H, CH-2),3.573.43 (m, 1HCH>-2), 1.741.38 (m, 12H, Ci#3, CH>-4, CH-7, CH-8),

1.30 (s, 3H, CHt6), 1.22 (s, 3H, CKi6), 1.19 (s, 3H, CK6), 1.12 (s, 3H, CKi6). 13C NMR

(101 MHz,CDC§) u = 166. 4 (C=0) a), IBEX(CHL), 128G <CD4)),,

133.

127.2 (CHy), 78.7 (C1), 60.5 (C5), 59.8 (C5), 46.8 (C2), 43.3 (C2), 40.2 (C7), 40.1 (C7), 33.6

(C6), 33.2 (CB), 26.6 (C3), 25.5 (C3), 24.5 (C4), 20.5 (C6), 20.4 (C6), 17.2IRC8)[cmY]

3281, 3009, 2974, 2932, 2856, 1635, 1603, 1579, 1531, 1490, 1463, 1443, 1375, 1362, 1311,

1272,1261, 1243, 1226, 1134, 1083, 1035, 1027, 1013, 990, 958, 928, 62RMESE(ESI+)
m/z (%). 402 (20, [M+HT), 424 (100, [M+Na]) 825 (20, [2M+Na]). HRMS (ESI+) m/z
([M+Na]™): calculated folC23H3sN30sNa: 424.2571, found: 424.2568.
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tert-Butyl N-(N-(tert-butyloxycarbonyl)-L -valyl)glycinate (4h)

o]

H 3

8 (0] N 4 0]
° A, °

Prepared according to general proceduifeom N-(tert-butyloxycarbony)-L-valine andtert-
butyl gl yci rab08 hd] &%) as alorkess nilg

R = 0.4(20% EtOAC/PE)] BPdss=18.5 (c 1, CHG). 'H NMR (400 MHz, CDC})  ©.45=

(br s, 1H,NH), 5.07 (br s, 1H, NH), 4.03.89 (m, 3H, CH4, CH-3), 2.242.16 (m, 1H, CH

5), 1.48 (s, 9H, Cki1), 1.46 (s, 9H, CK8), 0.99 (dJ = 6.8 Hz, 3H, CH-6), 0.94 (dJ=6.8

Hz, 3H, Ch-6). 13C NMR (101 MHz, CDC$) 1717 (C=0), 168.8 (C=0), 155.9 (C=0),
82.4 (C2), 80.0 (C7), 59.9 (C4), 42.0 (C3), 30.9 (CbH), 28.4 (C1), 28.1 (C8), 19.4 (C6), 17.7
(C6).IR: v [cm™] 3277, 2968, 2934, 1746, 1709, 1689, 1664, 1643, 1531, 1390, 1365, 1242,
1224, 1156, 1079, 1005, 847, 781, 73RMS (ESI+) m/z (%) 219 (20, [M+Hi
2isobutylene]), 275 (5, [M+H isobutylenel), 297 (15, [M+Naisobutylene]), 331 (10,
[M+H] "), 353 (100, [M+Na)), 683 (5, [2M+Na]). HRMS (ESI+)m/z ([M+Na]*): calculated

for C16H30N20sNa: 353.2047, found: 353.2044.

tert-Butyl N-(N-(benzyloxycarbony)-L -valyl)glycinate (4)

©\7/O\g/“\?)j\” /3\([)]/05‘/
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Prepared according to general proceddiréom N-(benzyloxycarbonytL-valine and tert-
butyl gl yci n adt(@8HICI9%) asdoloriess sblidn g

Rt = 0.4 (20% EtOAC/PE)m.p. 147-149°C.[ ®Pdgo=17.1 (c 0.406, CHG). 'H NMR (400

MHz, CDCk)  1.39%.34 (m, 5H, CH;), 6.30 (br s, 1H, NH), 5.32 (d,= 8.5 Hz, 1H, NH),

5.14 (s, 2H, Ch7), 4.123.82 (m, 3H, CH4, CH-3), 2.242.16 (m, 1H, CHb), 1.50 (s, 9H,
CHs-1), 1.01 (d,) = 6.8 Hz, 3H, CH-6), 0.96 (d,J = 6.8 Hz, 3H, CH-6). 3C NMR (101 MHz,
CDCl) @71.%(C=0), 168.6 (C=0), 156.6 (C=0), 135.8{128.6 (CH), 128.2 (CH.),

128.1 (CHy), 82.5 (C2), 67.1 (C7), 60.3 (C4), 42.0 (C3), 31.0 (C5), 28.0 (C1), 19.2 (C6), 17.6
(C6).IR: v [cm] 3288, 2961, 1741, 1694, 1650, 1531, 1391, 1369, 1291, 1238, 1157, 1042,
837, 749, 739, 717, 694RMS (ESI+) m/z (%): 309 (80, [M+H isobutylene]), 365 (40,
[M+H]*), 387 (100, [M+Nal]), 729 (20, [2M+H]), 751(60, [2M+Na]). HRMS (ESI+) m/z
([M+Na]™): calculated folC19H28N20OsNa: 387.1890, found: 387.1886.
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Isopropyl N-(N-(benzyloxycarbonyl)-L -valyl)glycinate (4)

Q\;O\Igﬂ\?)j\u}\g/ogl/

PN
57

Prepared according to general procedérefrom N-(benzyloxycarbonytL-valine and

i sopropyl gl yc i4n260reghdew)las amprphous whitd salid.

Rr = 0.4 (20% EtOAC/PE)[ @%s9=116.2 (c 0.266, CkDH).'H NMR (400 MHz, CDC}) U
=7.397.34 (m, 5H, CH), 6.34 (br s, 1H, NH), 5.32 (d,= 8.8 Hz, 1H, NH), 5.14%.11 (m,
2H, CH-7), 5.10 (sept) = 6.4 Hz, 1H, CH2), 4.113.95 (m, 3H, CH4, CH-3), 2.262.15 (m,
1H, CHY5), 1.28 (dJ = 6.3 Hz, 6H, CH-1), 1.01 (dJ = 6.8 Hz, 3H, CH-6), 0.97 (dJ=6.8
Hz, 3H, CH-6). 13C NMR (101 MHz, CDC$) @171.3 (C=0), 169.0 (C=0), 157.4 (C=0),
136.1 (Gv), 128.6 (CHy), 128.2 (CH), 128.1 (CH), 69.5 (C2), 67.1 (C7), 60.3 (C4), 41.5
(C3), 30.9 (C5), 21.8 (C1), 19.2 (C6), 17.7 (AR: v [cm™] 3290, 2976, 2938, 2872, 1724,
1688, 1645, 1536, 1385, 1374, 1337, 1289, 1247, 1227, 1105, 1039, 972, 834, 782, 744, 697,
667, 600LRMS (ESI+)m/z (%): 351 (80, [M+HT), 373 (100, [M+Nal]), 701 (10, [2M+H]),
723 (40, [2M+Na]). HRMS (ESI+) m/z ([M+H]™): calculated forCigH27N20s: 351.1914,
found: 351.1909.

Ethyl-N-(N-(benzyloxycarbonyl)-L -valyl) glycinate (4k)

6
oy o}
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By following the general proceduw®, usingN-(benzyloxycarbonytL-valine and glycine

ethyl ester hydrochloride, the dipeptidk (860 mg, 64%) was obtained as colorless liquid.

Ri = 0.5(50% EtOAC/PE).4]%%s9=+7.7 (c 1, CHGJ). 'H NMR (400 MHz, CDCY i 775

7.31 (m, 5H, CH;), 6.63 (dJ=5.8 Hz, 1H, NH), 5.47 (dl= 8.7 Hz, 1H, NH), 5.1%.03 (m,

2H, CH-7), 4.21 (qJ = 7.1 Hz, 2H, CH#-2), 4.133.92 (m, 3H, CH4, CH-3), 2.262.09 (m,

1H, CH5), 1.28 (tJ = 7.1 Hz, 3H, CH1), 1.00 (dJ = 6.8 Hz, 3H, CH-6), 0.95 (dJ=6.8

Hz, 3H, CH-6).*3C NMR (101 MHz, CDC$) i 1¥1.6 (C=0), 169.7 (C=0), 156.5 (C=0),
136.2 (Gv), 128.5 (CHy), 128.2 (CH), 128.0 (CHy), 67.1 (C7), 61.6 (C2), 60.3 (C4), 41.3

(C3), 31.0 (C5), 19.2 (C6), 17.7 (C6), 14.1 (AR: v [cm™] 3287, 3092, 2969, 2871, 1746,

1688, 1650, 1560, 1535, 1388, 1372, 1292, 1245, 1205, 1136, 1039, 1025, 841, 744, 697, 678.
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LRMS (ESI+) m/z (%) 337 (20, [M+H]), 359 (100, [M+Na]). HRMS (ESI+) m/z
([IM+Na]"): calculated for &/H24N20OsNa: 359.1577, found: 359.1579.

tert-Butyl N-(N-((9H-fluoren-9-yl)methoxycarbonyl)-L -valyl)glycinate (4l)

(0]
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Prepared following general proceddrdrom N-(9H-fluoren-9-yl-methoxycarbonyt)L-valine
andtertb ut vy | g | ypooviding4l (2.9819,8%) as colorless solid.

Rf = 0.4(20% EtOAC/PE)m.p. 163-165°C.[ @Pdso=113.4(c 0.319, CHGJ).'H NMR (400
MHz, CDCk)  @.79%d,J=7.6 Hz, 2H, CH), 7.62 (d,J = 7.3 Hz, 2H, CH), 7.447.41 (m,

2H, CHuyy), 7.367.32 (m, 2H, CH;), 6.32 (br s, 1H, NHy), 5.40 (d,J = 9.0 Hz, 1H, NHa),
4.45 (dd,J = 10.6, 7.4 Hz, 1H, CH), 4.40 (dd,J = 10.7, 6.8 Hz, 1H, C¥), 4.25 (tJ=6.9

Hz, 1H, CH8), 4.09 (dd,J = 8.7, 6.3 Hz, 1H, CHt), 4.01 (ddJ = 18.3, 5.2 Hz, 1H, CH),
3.92 (ddJ=18.2, 4.9 Hz, 1H, CH), 2.222.17 (m, 1H, CHb), 1.49 (s, 9H, Cki1), 1.00 (d,
J=7.2 Hz, 3H, C#6), 0.98 (dJ = 7.2 Hz, 3H, CH-6). 13C NMR (101 MHz, CDC$) 0 =
171.3 (C=0), 168.6 (C=0), 156.4 (C=0), 143.9:§C141.3 (G), 127.7 (CH), 127.1 (CH),
125.1 (CHy), 120.0 (CHy), 82.5 (C2), 67.1 (C7), 60.3 (C4),.21C8), 42.0 (C3), 31.1 (C5),
28.0 (C1), 19.2 (C6), 17.8 (CAR: v [cm™Y] 3288, 3067, 2972, 2872, 1730, 1690, 1650, 1537,
1369, 1295, 1249, 1158, 1032, 755, 739, 706, 665, &4MS (ESI+) m/z (%). 397 (20,
[M+H1isobutylene]), 453 (5, [M+H]), 475 (80, [M+Na]), 927 (5, [2M+Na]). HRMS
(ESI+)m/z ([M+Na]"): calculated forCo6H32N20sNa: 475.2203, found: 475.2200.
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tert-Butyl-N-(N-(benzyloxycarbonyl)-O-(tert-butyl) -L -aspartyl glycinate (4m)
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By following the general procedufe usingN-(benzyloxycarbonyHO-(tert-butyl)-L-aspartic
acid and glycingert-butyl ester hydrochloride, the dipeptidim (1200 mg, 92%) was obtained
as colorless solid.

Rt = 0.6 (40% EtOAC/PE)m.p. 84-86 °C. [a]?%ge = +17.7 (c 1.04, CHG).'H NMR (400
MHz, CDCk) i 7#67.32 (m, 5H, CHk), 6.96 (s, 1H, Nidy), 5.98 (d,J= 8.6 Hz, 1H, NHsp),
5.17 (s, 2H, CH5), 4.59 (ddd) = 8.4, 6.6, 4.5 Hz, 1H, CH4), 3.983.83 (m, 2H, CH3), 2.95
(dd,J=17.0, 4.5 Hz, 1H, CH6), 2.66 (dd,) = 17.1, 6.4 Hz, 1H, CH6), 1.49 (s, 9H, Ckil),
1.45 (s, 9H, CH8). 13C NMR (101 MHz, CDC}) Ui 171.0 (C=0), 170.5 (C=0), 168.4
(C=0), 156.1 (C=0), 136.1 (§), 128.6 (CH), 128.3 (CH), 128.1 (CH), 82.3 (C2), 81.9
(C7), 67.3 (C5), 51.1 (C4), 42.2 (C3), 37.3 (C6), 28.0 (C1, B8 [cm™] 3361, 3329, 2981,
2935, 1732, 1719, 1652 1634, 1525, 1392, 1367, 1247, 1216, 1147, 1054, 843, 747, 699, 626,
604.LRMS (ESI+) m/z (%) 437 (25, [M+HT), 459 (100, [M+Nal), 895 (25, [2M+Nal).
HRMS (ESI+)m/z ([M+Na]"): calculated for &H3zN20O7Na: 459.2102, found: 459.2099.

98



tert-Butyl-N-(N-(benzyloxycarbony)-DL -tryptophanyl) glycinate (4n)
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By following the general procedurd, using N-(benzyloxycarbonytL-tryptophan) and
glycine tert-butyl ester hydrochloride, the dipeptida (1300 mg, 96%) was obtained as
colorless liquid as a racemic mixture.

Rf = 0.6 (40% EtOAC/PE).4]%%s9=0 (c 0.87, CHGJ). 'H NMR (400 MHz, CDC$) ii 839
(s, 1H, NH), 7.65 (dJ = 7.6 Hz, 1H, CH), 7.397.30 (m, 6H, CH;), 7.247.16 (m, 1H, CH),
7.147.03 (m, 2H, CH;), 6.32 (s, 1H, NH), 5.52 (s, 1H, NH), 5.11 (s, 2H,£H, 4.57 (dJ =
7.3 Hz, 1H, CH4), 3.83 (dJ=8.9 Hz, 1H, Ci#3), 3.81 (dJ=8.7 Hz, 1H, CH#+3), 3.473.16
(m, 2H, CH-6), 1.44 (s, 9H, Ck1). 13C NMR (101 MHz, CDC}) i 1¥1.4 (C=0), 168.4
(C=0), 156.1 (C=0), 136.2 (2@, 128.5 (CH), 128.2 (CH\), 128.1 (CH,), 127.4 (G\),
123.3 (CHy), 122.2 (CHy), 119.7 (CHy), 118.7 (CHy), 111.3 (CH:), 110.2 (G), 82.3 (C2),
67.0 (C5), 55.5 (C4), 42.1 (C3), 28.4 (C6), 28.0 (AR).v [cm™?] 3303, 3058, 2978, 2933,
1712, 1665, 1621, 1510, 1456, 1368, 1223, 1150, 1050, 1026, 73%,RA4%. (ESI+) m/z
(%): 396 (5, [M+H isobutylene]), 418 (15, [M+Naisobutylene]), 452 (5, [M+HY), 474
(100, [M+NaJ), 925 (20, [2M+Na]). HRMS (ESI+) m/z ([M+Na]"): calculated for
CosH2oN30sNa: 474.1999, found: 474.1999.
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tert-Butyl-N-(N-(benzyloxycarbony)glycyl sarcosinate (4)
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By following the general procedure, usingN-(benzyloxycarbonylglycine (518 mg, 2.48

mmol), sarcosingert-butyl ester hydrochloride (450 mg, 2.48 mmol), the dipeptiolé750

mg, 90%) was obtained as colorless liquid as 3:1 rotameric mixtures.

Rt = 0.6 (40% EtOAc/PE)!H NMR (400 MHz, CDC}) U 7#427.30 (m, 10H, Ch, A+B),

5.885.65 (m, 2H, NH, A+B), 5.14 (s, 4H, G, A+B), 4.10 (dJ = 4.3 Hz, 2H, Ci5, A),

4.05 (s, 2H, CH#3, A), 3.96 (dJ=4.3 Hz, 2H, CH5, B), 3.89 (s, 2H, CH3, B), 3.04 (s, 3H,

CHs-4, A), 3.01 (s, 3H, CHi4, B), 1.49 (s, 9H, Ck1,B), 1.48 (s, 9H, Ckt1, A). 13C NMR

(101 MHz, CDC$) G 188.7 (C=0, A+B), 167.9 (C=0, A), 167.3 (C=0, B), 156.2 (C=0,

A+B), 136.4 (G, A+B), 128.5 (CH, A+B), 128.12 (CH:, B), 128.10 (CH:, A), 128.0

(CHar, A+B), 83.2 (C2, B), 82.2 (C2, A), 66.90 (C6, B), 66.88 (C6, A), 51.2 (C3, B), 50.3 (C3,

A), 42.7 (C5, A), 42.4 (C5, B), 35.2 (C4, A), 35.1 (C4, B), 28.1 (C1, A), 28.0 (CIRBNV

[cm™] 3337, 2926, 1725, 1658, 1487, 1455, 1408, 1368, 1233, 1155, 1049, 841, 741, 699.

LRMS (ESI+) m/z (%): 359(100, [M+Na]). HRMS (ESI+) m/z ([M+Na]"): calculated for

C17H24N20sNa: 359.1577, found: 359.1576.
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Cbz-Ser(OtBu)-Val-Gly-OiPr (4p)
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Pd/C (100 mg) was added to a solutionigdgpropyl N-(N-(benzyloxycarbonytL-valyl)
glycinated4j (500 mg, 1.42 mmol) in MeOH (8 mL) and the reaction mixture was stirred under
aH> atmosphere (15 bar) at rt for 5 h. The reaction mixture was diluted with MeOH (10 mL),
and filtered throughCelite®. The solvent was removed under reduced pressure to obtain
isopropyl N-(L-valyl)glycinate(320 mg, 1.48 mmol) as colorless oil and was directly vsed
thenext step without further purification.

By following the general procedum&, using N-(benzyloxycarbonybO-tert-butyl-L-serine

(437 mg, 1.48 mmol) andopropyl N-(L-valyl)glycinate(320 mg, 1.48 mmol), the tripeptide

4p (420 mg, 58%) was obtained as colorless solid.

Rf = 0.6 (40% EtOACc/PE)m.p. 149150 °C.[a]®%s9 =1 14.8(c 0.31, CHG). *H NMR (400

MHz, CDCk)u 7427.31 (m, 5H, CH;), 7.06 (dJ=8.9 Hz, 1H, NHa), 6.74 (s, 1H, NI,

5.77 (d,J=5.2 Hz, 1H, NHy), 5.14 (s, 2H, Ck11), 5.07 (sept) = 6.3 Hz, 1H, CH2), 4.38
(dd,J = 8.9, 5.6 Hz, 1H, CH}), 4.324.24 (m, 1H, CH7), 3.99 (dJ = 5.4 Hz, 2H, CH3),

3.86 (ddJ=8.9, 3.8 Hz, 1H, CHK8), 3.47 (ddJ = 8.8, 7.2 Hz, 1H, CH8), 2.372.23 (m, 1H,
CH-5), 1.26 (dJ=6.2 Hz, 3H, CH&1), 1.25 (dJ= 6.3 Hz, 1H, CH1), 1.21 (s, 9H, Ck10),

0.99 (d,J=6.8 Hz, 3H, CH6), 0.95 (d,J = 6.8 Hz, 3H, CH-6). *3*C NMR (101 MHz, CDC})

U 170.9 (C=0), 170.5 (C=0), 169.1 (C=0), 156.3 (C=0), 1364)(C28.6 (CH), 128.32
(CHar), 128.27 (CH:), 74.4 (C9), 69.2 (C2), 67.3 (C11), 61.6 (C8), 58.4 (C4),55.1 (C7), 41.4
(C3), 30.3 (C5H), 27.4 (C10), 21.8 (C1), 19.3 (C6), 17.5 (E6)v [cm™] 3284, 3079, 2973,
2933, 2873, 1723, 1692, 1638, 1537, 1465, 1455, 1400, 1364, 1342, 1301, 1267, 1239, 1226,
1196, 1148, 1107, 1094, 1052, 1037, 962, 880, 837, 738, 694, 673,F3. (ESI+) m/z

(%): 438 (5, [M+H isobutylene]), 494 (10, [M+H]), 516 (100, [M+Na]), 1009 (15,
[2M+Na]"). HRMS (ESI+) m/z ([M+Na]"): calculated for @H3zgN3O7Na: 516.2680, found:
516.2679.
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Cbz-Ser(OtBu)-Leu-Gly-OiPr (4q)
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Pd/C (200 mg) was added to a solutionismpropyl N-(N-(benzyloxycarbonytL-leucyl)
glycinate(1000 mg, 2.74 mmol) in MeOH (15 mL) and the reaction mixture was stirred under
H> atmosphere (15 bar) at rt for 5 h. The reaction mixture was diluted with MeOH (10 mL),
filtered throughCelite®, the solvent was removed at reduced pressure to abogipy+N-
(L-leucyl)glycinateascolorless oil (500 m@.17 mmo), whichwas directly used for next step
without further purification.

By following the general procedufe usingN-benzyloxycarbonylO-tert-butyl-L-serine (641

mg, 2.17 mmol) angsopropyFN-(L-leucyl) glycinate(500 mg, 2.17 mmol), the tripeptide

(820 mg, 74%) was obtained as colorless solid.

Rf = 0.6 (40% EtOAc/PE)m.p. 109110 °C.[a]*%s9 =1 12.8(c 0.85, CHG). *H NMR (400

MHz, CDCl) U 7467.32 (m, 5H, CH), 6.90 (br s, 2H, NEy, NHgyy), 5.74 (s, 1H, Ne),

5.14 (s, 2H, Ck#12), 5.05 (sept) = 6.4 Hz, 1H, CH2), 4.654.49 (m, 1H, CH4), 4.27 (tdJ

=6.6, 3.7 Hz, 1H, CI8), 4.093.72 (m, 3H, Ci+3, CH-9), 3.47 (ddJ) = 8.8, 6.8 Hz, 1H, CH

9), 1.8%1.73 (m, 1H, CH5), 1.721.63 (m, 1H, CH6), 1.621.51 (m, 1H, CH5), 1.26 (d,J

= 6.2 Hz, 3H, CH1), 1.25 (dJ = 6.2 Hz, 3H, CH1), 1.19 (s, 9H, CK11), 0.94 (dJ=8.5

Hz, 3H, CH-7), 0.93 (d,J = 8.2 Hz, 3H, CH#7). 3C NMR (101 MHz, CDC} U 1¥1.9
(C=0), 170.5 (C=0), 169.1 (C=0), 156.3 (C=0), 136.@4:(CL28.6 (CHy), 128.32 (CH),
128.27 (CH), 74.3 (C10), 69.1 (C2), 67.3 (C12), 61.5 (C9), 55.1 (C8), 51.6 (C4), 41.4 (C3),
40.8 (C5), 27.3 (C11), 24.6 (C6), 23.1 (C7), 21.7 (C7, R).v [cm™?] 3320, 3257, 3070,
2973, 2870, 1744, 1725, 1703, 1664, 1643, 1538, 1469, 1400, 1368, 1264, 1236, 1199, 1147,
1103, 1064, 1040, 872, 746, 698, 6RRMS (ESI+)m/z (%) 452 (5, [M+H isobutylene]),

508 (15, [M+HTJ), 530 (100, [M+Nal]), 1037 (20, [2M+Na]. HRMS (ESI+)m/z ([M+Na]*):
calculated for @H41N30O7Na: 530.2837, found: 530.2833.
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Methyl N-(N-(tert-butyloxycarbonyl)-L -valyl)glycinate (4r)
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Prepared following general proceduxdrom N-(tert-butyloxycarbony)-L-valine and methyl

gl yci nat e A K56 mga76%)as cdlorless oil.

Rr = 0.45(20% EtOAC/PE)] ©PJso=+18.8(c 0.883,CHCL). 'H NMR (400 MHz, CDC4#) U
=6.47 (s, 1H, NH), 5.03 (d,= 6.1 Hz, 1H, NH), 4.09.07 (m, 2H, CH2), 4.01 (ddJ = 8.1,

6.4 Hz, 1H, CH3), 3.78 (s, 3H, Ckil), 2.262.18 (m, 1H, CH4), 1.47 (s, 9H, Cki7), 1.01
(d,J=6.8 Hz, 3H, CH5), 0.95 (dJ= 6.8 Hz, 3H, CH-5). °C NMR (101 MHz,CDC$) U =
171.9 (C=0), 170.1 (C=0), 155.9 (C=0), 80.1 (C6), 59.9 (C3), 52.4 (C1), 41.1 (C2), 30.7 (C4),
28.3 (C7), 19.2 (C5), 17.6 (CIR: v [cm™] 3314, 2959, 2872, 1750, 1686, 1656, 1523, 1386,
1365, 1298, 1246, 1210, 1166, 1020, 914, 845, 704,188US (ESI+) m/z (%). 233 (10,
[M+H1isobutylene]), 255(10, [M+Nad isobutylene]), 289 (5, [M+H]), 311 (100, [M+Nal)),

599 (25, [2M+Na]). HRMS (ESI+)m/z ([M+Na]™): calculated folC13H24N2>0sNa: 311.1577,
found: 311.1577.

tert-Butyl N-(N-(tert-butyloxycarbonyl)-L-glycyl)valinate (4s)
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Prepared following general proceddrdrom N-(tert-butyloxycarbony)glycineandtert-butyl
valinat e AH48(1.1g, a780f as colbriess gil.

R= 0.5 (50% E¥RARI2 (HOX LHG). HINMR (400 MHz; CDC}) U

=6.56 (d,J=9.2 Hz, 1H, NHal), 5.15 (br s, 1H, NHy), 4.47 (dd,J = 8.9, 4.5 Hz, 1H, CH),

3.89 (ddJ = 16.7, 5.6 Hz, 1H, C#6), 3.79 (dd,) = 16.7, 5.6 Hz, 1H, CH6), 2.242.12 (m,

1H, CH4), 1.48 (s18H, CHz-1, CHs-8), 0.95 (d,J = 6.8 Hz, 3H, CH-5), 0.91 (d,J = 7.0 Hz,

3H, CHs-5).3C NMR (101 MHz,CDCY) & = 170.9 (C=0), 169.2 (C
(C3), 44.4 (C6), 31.5 (C4), 28.3 (C1), 28.0 (C8), 18.9 (C5), 17.5 [R5Y.[cm™}] 3319, 2973,

2933, 1721, 1665, 1514, 1457, 1392, 1367, 1313, 1278, 1249, 1144, 1051, 1029, 847, 785.
LRMS (ESI+) m/z (%) 331 (10, [M+H]), 353 (100, [M+Na]).HRMS (ESI+) m/z
([M+Na]™): calculated foiC1eH30N20sNa: 353.2047, found: 353.2049.
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tert-Butyl N-benzoylglycinate (4)

oY

Sat. KCGOs solution (20 mL) was added to a suspensiotedfbutyl glycinate hydrochloride

(4.02 g, 23.90 mmol) in BED (15 mL) at 0 °C. Benzoyl chloride (4.20 mL, 35.80 mmol) was
added dropwise and the mixture was stirred at 0 °C. After 5 min, a white clump f@hh€z;

(15 mL) was added to dissolve it and the clear solution was stirred at 0 °C for 3 h. After
completion, the reaction mixture was diluted with DCM (50 mL) and water (50 mL). The layers
were separated and the aqueous was extracted with DCM (3x30'h@_yombined organic
layers were washed with sat. NaHEs»lution (50 mL), water (50 mL) and brine (50 mL),
dried over MgS®@and the solvent was removed at reduced pressure. Drying under high vacuum
yielded4t (4.95 g, 88%) as an amorphous white solid that was used without further purification.
Rf = 0.6 (50% EtOAC/PE)!H NMR (400 MHz, CDC}) U <.827(m,&13, CH), 7.55

7.52 (m, 1H, CH), 7.487.44 (m, 2H, CH), 6.69 (br s, 1H, NH), 4.17 (d,= 4.9 Hz, 2H,
CHy-3), 1.53 (s, 9H, CE1). 3C NMR (101 MHz, CDC}) 6938 (C=0), 167.3 (C=0),
133.9 (Gv), 131.7 (CHy), 128.6 (CHy), 127.0 (CHy), 82.6 (C2), 42.5 (C3), 28.1 (CIR: v

[cm™] 3304, 3003, 2974, 2935, 1748, 1725, 1637, 1535, 1366, 1235, 1218, 1144, 833, 753,
730, 692, 635, 615.RMS (ESI+)m/z (%): 180 (20, [M+H isobutylene]), 202 (30, [M+N&
isobutylene]), 258 (100, [M+Na]), 493 (20, [2M+Na]). HRMS (ESI+) m/z ([M+Na]"):
calculated folC13H17NOsNa: 258.1101, found: 258.1101.
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tert-Butyl N-(S)-(N-(tert-butyloxycarbonyl)-L-valyl)-(2R and 25)-((2,2,6,6tetramethyl
piperidin -1-yl)oxy)glycinate (5h)
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Prepared according to general procedute starting from tert-butyl N-(N-(tert-
butyloxycarbony)-L-valyl)glycinate(4h) (100 mg, 0.303 mmol) and KHMDS (0.91 mL, 0.908
mmol, 1 M in THF) as base, affordingh (110 mg, 82%) as partially separable 2:1
diastereomeric mixture as amorphous white solid. The minor diastereomer was recrystallized
in EtOAc/hexane (1:50) giving colorless neelike crystals; the major diastereomer was
obtained as colorless oil.

Major diastereomery’@ RCY)

Rf = 0.5(10% EtOAC/PE). 1 3%s9=+9.5(c 1, CHCk). 'H NMR (400 MHz,CDC¥) U = 6. 96
(d,J = 9.6 Hz, 1H, NH), 5.85 (d] = 9.6 Hz, 1H, CH), 4.89 (d,J = 9.0 Hz, 1H, NH), 4.07
(dd,J=9.1, 4.8 Hz, 1H, CH}), 2.352.30 (m, 1H, CHb), 1.541.27 (m, 6H, Ci#14, CH-15),

1.50 (s, 9H, ChBt11), 1.47 (s, 9H, CK9), 1.28 (s, 3H, CE13), 1.15 (s, 3H, Ck13), 1.12 (s,

3H, CH-13), 1.06 (s, 3H, Ck13), 1.01 (dJ = 6.8 Hz, 3H, CH-6), 0.90 (dJ = 6.7 Hz, 3H,
CHs-6).13C NMR (101 MHz, CDC})  @71.% (C=0), 167.3 (C=0), 155.7 (C=0), 82.6 (C2),
82.5(C10), 80.1 (C8), 60.9 (C12),59.8 (C4),59.4 (C12), 40.13 (C14),@muay 33.9 (C13),

32.9 (C13), 29.9 (C5), 28.3 (C11), 27.9 (C9), 20.1 (C13), 20.0 (C13), 19.5 (C6), 17.1 (C15),
17.0 (C6).

Minor diastereomerg’®,s*V)

Rt =0.5(10% EtOAC/PE)m.p. 170-172A C . %447 $#2.2 (c 0.071, CHG). 'H NMR (400

MHz, CDCk) U = J6& 1060Hz, (Hl NH), 5.87 (dl=9.9 Hz, 1H, CH), 5.11 (dJ =

9.1 Hz, 1H, NH)3.96 (dd,J= 9.0, 6.1 Hz, 1HCH-4), 2.142.09 (m, 1H, CkB), 1.521.29 (m,

6H, CH.-14, CH-15), 1.50 (s, 9H, Ck11), 1.45 (s, 9H, CK9), 1.29 (s, 3H, Cki13), 1.15

(s, 3H, CH-13), 1.10 (s, 3H, Ck13), 1.06 (s, 3H, Ck13), 0.96 (d,) = 7.0 Hz, 3H, CH-6),

0.94 (d,J=7.2 Hz, 3H, CH6).13C NMR (101 MHz, CDC}) 170.8 (C=0), 167.1 (C=0),
155.6 (C=0), 82.6 (C2), 79.7 (C10, C8), 60.9 (C12), 59.9 (C4), 59.3 (C12), 40.1 (C14), 33.7
(C13), 32.8 (C13), 31.1 (C5), 28.3 (C11), 27.9 (C9), 20.2 (C13), 20.0 (C13), 19.1 (C6), 17.8
(C6), 17.1 (C15)IR: v [cm] 3366, 3318, 2975, 2932, 2870, 1743, 1712, 1664, 1518, 1364,
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1232, 1155, 1133, 1073, 1002, 734, ABMS (ESI+)m/z (%): 486 (95, [M+H]), 508 (100,
[M+Na]™), 993 (15, [2M+Na]). HRMS (ESI+)m/z ([M+Na]*): calculated foC2sH47N3OsNa:
508.3357, found: 508.3353.

tert-Butyl N-(N-(benzyloxycarbony)-L-valyl)-2-((2,2,6,6tetramethylpiperidin -1-yl)oxy)
glycinate (5)
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Prepared according to general procedijrstarting frontert-butyl N-(N-(benzyloxycarbonyt
L-valyl)glycinate @i) (280 mg, 0.768 mmol) and KHMDS (1 M in THF, 2.4 mL, 2.382 mmol)
as the base, affordingi (328 mg, 82%) as inseparable 2:1 diastereomeric mixture as
amorphous white solid.

Rt =0.55(10% EtOAC/PE)H NMR (400 MHz, CDC}) U <%.317m, 0%, CH, CHar®),

6.83 (d,J=9.7 Hz, 1H, NHy), 6.55 (dJ=9.9 Hz, 1H, NHy*), 5.89 (d,J=9.7 Hz, 1H, CH

2*), 5.83 (d,J=9.4 Hz, 1H, CH), 5.39 (dJ = 8.9 Hz, 1H, NHa*), 5.18 (d,J = 8.9 Hz, 1H,
NHval), 5.14 (br s, 4H, CKH8, CH-8*), 4.14 (ddJ = 9.0, 4.9 Hz, 1H, CH}), 4.05 (dd,) =8.7,

6.1 Hz, 1H, CH4*), 2.37-2.29 (m, 1H, Ckb), 2.182.09 (m, 1H, CH5*), 1.581.34 (m, 12H,
CH2-13, CH-14, CH-13*, CHx-14*), 1.51 (s, 9H, Ckt10*), 1.50 (s, 9H, Ckt10), 1.28 (br s,

6H, CHs-12), 1.16 (s, 6H, CE12*), 1.11 (br s, 6H, Ck12*), 1.05 (br s, 6H, Ck12), 1.01
(d,J=6.9 Hz, 3H, CH6), 0.98 (dJ= 6.8 Hz, 3H, CH-6*), 0.95 (d,J= 6.8 Hz, 3H, CH-6%),

0.91 (dJ=6.8 Hz, 3H, CH-6).13C NMR (101 MHz, CDC4)  (170.6(C=0), 170.3 (C=0%),
167.2 (C=0), 167.0 (C=0%*), 156.2 (C=0, C=0%), 136.7a(CCar*), 128.6 (CHy), 128.5
(CHar*), 128.3 (CHv), 128.2 (CH, CHar*), 128.1 (CHy*), 82.9 (C2), 82.8 (C9*), 82.7 (C9),
82.5 (C2%), 67.2 (C8), 67.0 (C8*), 60.9 (C11, C11*), 60.4 (C4*), 60.3 (C4), 59.3 (C11, C11%),
40.12 (C13, C13%), 40.07 (C13, C13%), 33.7 (C12, C12%), 32.9 (C12, C12%), 31.3 (C5), 30.2
(C5%), 27.9 (C10, C10%), 20.2 (C1Z12%), 20.0 (C12, C12%), 19.6 (C6), 19.1 (C6*), 17.8
(C6), 17.10 (C14), 17.09 (C14*), 17.069. IR: v [cm™] 3303, 2974, 2934, 1737, 1692, 1670,
1526, 1371, 1233, 1156, 1043, 846, 736, 698, 634, IRBIS (ESI+) m/z (%) 520 (100,
[M+H] ™), 542 (45, [M+Nal), 1061 (10, [2M+Na]). HRMS (ESI+)m/z ([M+Na]"): calculated

for CogHasN3OeNa: 542.3201, found: 542.3198.
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U-Oxygenation ofthe zinc enolate:KHMDS solution (0.76 mL, 0.76 mmol, 1 M in THF) or
freshly prepared LIHMDS solutiom{BuLi (0.5 mL, 0.76 mmol, 1.6 M in hexane) and HMDS
(0.16 mL, 0. 76 mmo I°Q) was added drbpwicelar 8110 Lt a salutionT 7 8
of glycine derivativedi (84 mg, 0.23 mmol) and Zn§g(0.43 mL, 0.3 mmol, 0.7 M in THF) in

THF (1.5 mL) and the mixture was stirred for 1 h. TEMPO (80 mg, 0.51 mmol) was added, the
solution was warmed to @ and stirred for 3 h. The reaction was quenched by addition of a
few drops of sat. NkCI solution and the mixture was filtered through a short pacetife®,

which was washed with EtOAc. The solvent was removed at reduced pressure and the crude
product was purified by column chromatograpt
oxygenated glycinaté (50 mg, 42%) as inseparable 2:1 diastereomeric mixture as amorphous
white solid and unreacted starting material was recovered (30 mg, 35%).

U-Oxygenation ofthe titanium enolate: KHMDS solution (1.8 mL, 1.8 mmol, 1 M in THF)

was added dropwise to a solution of glycine derivadiy@00 mg, 0.55 mmol) in THF (3 mL)

ati78 °C and the mixture was stirred for 15 min.'"®@sTi Cl (0.6 mL, 0.60 mmol, 1 M in
hexane) was added dropwise to obtain a reddish brown solution and the mixture was stirred for
1 h. TEMPO (189 mg, 1.21 mmol) was added, the solution was warmédtar@ stirred for

3 h. The reaction was quenched by addition of a few dropstofNHCI solution and the
mixture was filtered through a short paddaflite®, which was washed with EtOAc. The solvent

was removed at reduced pressure and the crude product was purified by column
chromatography (10% Et OA-oxygenated gty¢dinats €g@O0eny, t o ob
35%) as inseparable 2:1 diastereomeric mixture as amorphous white solid and unreacted

starting material was recovered (19 mg, 10%).
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Isopropyl N-(N-(benzyloxycarbony)-L -valyl)-2-((2,2,6,6tetramethylpiperidin -1-yl)oxy)
glycinate (5)
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Prepared according to general procedijrstarting frormsopropyIN-(N-(benzyloxycarbonyt
L-valyl)glycinate 4j) (310 mg, 0.885 mmol) and KHMDS (1 M in THF, 1.4 mL, 1.413 mmol)
as base, providing (304 mg, 68%) as inseparable 2:1 diastereomeric mixture as amorphous
white solid.

Rt =0.55(10% EtOACc/PE)H NMR (400 MHz, CDC}) U %.337m, 40H, CH, CHar*),

6.85 (d,J = 9.6 Hz, 1H, NH), 6.63 (dl = 9.9 Hz, 1H, NH*), 5.96 (d]) = 9.8 Hz, 1H, CH2*),

5.89 (d,J = 9.5 Hz, 1H, CH2), 5.38 (d,J = 9.0 Hz, 1H, NH), 5.20 (d] = 9.5 Hz, 1H, NH),

5.14 (s, 4H, CH8, CH-8%), 5.11-5.05 (m, 2H, CH9, CH-9%), 4.14 (dd,J = 9.4, 5.0 Hz, 1H,
CH-4), 4.06 (dd,)=9.0, 6.1 Hz, 1H, CHI*), 2.352.27 (m, 1H, CHb), 2.182.09 (m, 1H, CH

5*%), 1.581.33 (m, 12H, Ci#13, CH-14, CH-13*, CH-14*), 1.31 (d,J = 6.4 Hz, 6H, CH

10), 1.28 (dJ = 6.3 Hz, 6H, CH-10%), 1.28 (s, 81, CHs-12%), 1.24 (s, 6H, Ckt12*), 1.15 (s,

9H, CH:-12, CH-12%), 1.07 (s, 3H, Ckt12), 1.05 (s, 3H, Ck12), 1.02 (dJ = 6.8 Hz, 3H,
CHs-6), 0.98 (dJ = 6.8 Hz, 3H, CH-6*), 0.95 (d,J = 6.8 Hz, 3H, CH-6*), 0.91 (d,J=6.9

Hz, 3H, Ch-6). 3C NMR (101 MHz, CDC})  1.70.6 (C=0), 170.4 (C=0%), 166.4 (C=0,
C=0%), 155.9 (C=0%*), 155.8 (C=0), 136.34¢, 136.1 (G+*), 128.6 (CH\, CHa/*), 128.5
(CHar*), 128.3 (CHuyr), 128.2 (CHy), 128.1 (CH*), 82.6 (C2), 82.3 (C2*), 69.6 (C9*), 69.5
(C9), 67.3 (C8*), 67.0 (C8), 60.9 (C11), 60.8 (C11*), 60.4 (C4), 60.3 (C4*), 59.4 (C11, C11%),
40.1 (C13, C13*), 33.7 (C12), 33.6 (C12), 32.9 (C12*), 32.8 (C12*), 31.3 (C5*), 30.3 (CH),
21.7 (C10), 21.6 (C10%),@2 (C12), 20.03 (C12), 19.98 (C12*) 19.95 (C12*), 19.5 (€)1
(C6*), 17.8 (C6, C6*), 17.09 (C14), 17.08 (C14M.: v [cm}] 3357, 3314, 2972, 2936, 2874,
1736, 1661, 1647, 1552, 1517, 1227, 1211, 1100, 1065, 1025, 1011, 992, 828, 736,.698, 653
LRMS (ESI+)m/z (%): 506 (100, [M+H]), 528 (85, [M+Nal), 1033 (5, [2M+Na]). HRMS
(ESI+)m/z ([M+Na]"): calculated folCo7H49N3OsNa: 528.3044, found: 528.3041.
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Ethyl N-(N-(benzyloxycarbony)-L -valyl)-2-((2,2,6,6tetramethylpiperidin -1-yl)oxy)

glycinate (5k)
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Ethyl-N-(N-(benzyloxycarbonytL-valyl) glycinate(4k) (550 mg, 1.63 mmol) was subjected
to general proceduf@ with LHMDS as base (3 equiwg obtain the produdk (500 mg, 62%)

as colorlessil as inseparable 2:1 diastereomeric mixture.

Rt = 0.6 (40% EtOAC/PE)'H NMR (400 MHz, CDC}) i 72457.32 (m, 10H, Ch. CHar*),

6.89 (d,J= 9.1 Hz, 1H, NHy), 6.74 (dJ = 8.9 Hz, 1H, NH%y), 5.99 (dJ=9.1 Hz, 1H, CH

3*), 5.91 (d,J= 8.9 Hz, 1H, CHB), 5.38 (dJ = 9.0 Hz, 1H, NH¥a), 5.24 (dJ = 8.9 Hz, 1H,
NHval), 5.14 (s, 4H, Ck7, CH-7%), 4.294.20 (m, 4H, CH2, CH-2%), 4.184.05 (m, 2H,
CH-4, CH4*), 2.352.23 (m, 1H, CHb), 2.192.10 (m, 1H, CH5*), 1.53125 (m, 12H, CH

10, CH-11, CH-10%, CHx-11%), 1.31 (t,J = 7.1 Hz, 6H, CH1, CHs-1*), 1.25 (s, 3H, Cht

9%), 1.21 (s, 3H, CH9), 1.16 (s, 6H, CkE9*), 1.15 (s, 6H, CH9), 1.07 (s, 6H, CE9, CHs-

9*%), 1.02 (d,J= 6.7 Hz, 3H, CH-6), 0.990.95 (m, 6H, CH-6*), 0.92 (d,J=6.9 Hz, 3H, CH#
6).1°C NMR (101 MHz, CDC$) i  1%0.6 (C=0), 170.4 (C=0%), 168.2 (C=0), 168.0 (C=0%),
156.4 (C=0, C=0%), 136.1 (& Car*), 128.6 (CHy), 128.5 (CH*), 128.3 (CHy), 128.2
(CHar*), 128.1 (CHyv, CHar*), 82.6 (C3), 82.3 (C3%), 67.2 (C7), 67.1 (C7*), 61.7 (C2*), 61.6
(C2), 60.8 (C8, C8*), 60.3 (C4*), 60.2 (C4), 59.4 (C8, C8*), 40.1 (C10, C10%), 33.7 (C9, C9%),
32.9 (C9, C9%), 31.2 (C5%), 30.5 (CH), 20.2 (C9, C9*), 20.0 (C9, C9%), 19.5 (C6), 19.1 (C6%),
17.7 (C6, C6*), 17.1C11, C11%), 14.1 (C1%), 14.0 (CUR: v [cm™] 3303, 2969, 2933, 2873,
1746, 1670, 1524, 1466, 1456, 1375, 1363, 1259, 1213, 1195, 1132, 1093, 1025, 990, 958, 732,
696.LRMS (ESI+) m/z (%): 357 (15, [M+N&TEMPOH]"), 492 ([M+HT), 514 ([M+NaJ).
HRMS (ESI+)m/z ([M+Na]"): calculated for @sH41N3OeNa: 514.2888, found: 514.2885.
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tert-Butyl 2-((2,2,6,6tetramethylpiperidin -1-yl)oxy)-N-(L -valyl)glycinate (3)
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Prepared according to general procedure C from-bteagl N-(N-(9H-fluoren9-yl-
methoxycarbony#t_-valyl)glycinate (4) (100 mg, 0.22 mmol) and KHMDS (1M in THF, 0.67

mL, 0.663 mmol) as base. The crude residue was purified by column chromatography (50%
EtOAC/PE gradient to 100% EtOAc) to obtain &3 mg, 74%) as inseparable 2:1
diastereomeric mixture as yellow oil.

Rf=0.25(100% EtOAc)!H NMR (400 MHz, CDC$) U = J8 102t Hz, THINH), 7.99
(d,J=9.9 Hz, 1H, NH*), 5.91 (d) = 10.4 Hz, 1H, CHR), 5.82 (dJ = 10.0 Hz, 1H, CHR*),
3.31(dJ=3.5Hz, 1H, CH4), 3.20 (dJ = 4.1 Hz, 1H, CH4*), 2.422.30 (m, 2H, CKb, CH

5*%), 1.571.02 (m, 40H, Ckt10, CH-11, CH-12, NH,, CHs-10*, CH-11*, CHx-12*, NH>*),

1.51 (s, 9H, CH8), 1.50 (s, 9H, Cki8*), 1.01 (d,J= 7.0 Hz, 3H, CH-6), 0.96 (d,J= 6.8 Hz,

3H, CHs-6*), 0.89 (d,J = 6.8 Hz, 3H, CH-6*), 0.84 (d,J = 6.9 Hz, 3H, CH6). 13C NMR

(101 MHz,CDC}) UG = 173.8 (C=0, C=0*), 167.6 (C=0,
(C7%), 82.2 (C7), 60.92 (C9), 60.88 (C9*), 60.5 (C4*), 60.0 (C4), 59.24 (C9*), 59.22 (C9),
40.1 (C11, C11%), 34.0 (C10%*), 33.7 (C10), 33.0 (C10%), 32.9 (C10), 30.8 (C5), 30.4 (C5*),
28.0 (C8, C8*), 20.2 (C10, C10%), 20.0 (C10, C10%), 19.7 (C6), 19.3 (C6*), 17.1 (C12, C12%),
16.4 (C6*), 15.9 (C6)IR: v [cm™Y] 3349, 3330, 3314, 2973, 2931, 2872, 1741, 1686, 1498,
1368, 1157, 1134, 1049, 958, 911, 844, 730, BR8AS (ESI+)m/z (%): 386 (100, [M+H]),

408 (10, [M+Na]). HRMS (ESI+) m/z ([M+Na]*): calculated foiCz0H3zaN3OsNa: 408.2833,
found: 408.2834.
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tert-Butyl N-(N-(benzyloxycarbonytO-tert-butyl-L-asparty)glycinate (4m) (160 mg, 0.37
mmol) was subjected to general procedGréo obtain the producdhm (154 mg, 71%) as
colorlesdiquid as inseparable 1.8:1 diastereomeric mixture.

=0.6(20% EtOAC/PE)!H NMR (400 MHz, CDC}) i  7=47-7.32 (m, 12H, Cl, CHar*,
NH, NH*), 6.00 (s, 2H, NH, NH*), 5.85 (d] = 9.8 Hz, 1H, CH3), 5.83 (dJ = 9.7 Hz, 1H,
CH-3*), 5.16 (s, 4H, Ckt5, CH-5%), 4.624.49 (m, 2H, CH4, CH4*), 2.99 (ddJ=17.2, 4.3
Hz, 1H, CH-6), 2.88 (dd,J = 17.1, 4.5 Hz, 1H, CH6*), 2.722.53 (m, 2H, Ck+6, CHp-6*),
1.581.30 (12H, CH-11, CH-12, CH-11*, CHx-12%), 1.51 (s, 9H, Ckt8), 1.50 (s, 9H, Cki
8*%), 1.46 (s, 9H, Ch1*), 1.45 (s, 9H, Cht1), 1.3 (s, 9H, CH:-10, 2CH-10%), 1.16 (s, 6H,
CHs-10), 1.09 (s, 3H, C#10), 1.% (s, 6H, CH-10%). 13C NMR (101 MHz, CDC}) 0 1¥1.1
(C=0), 171.0 (C=0%*), 169.94 (C=0), 169.8C¢=0%), 166.9 (C=0), 166.8 (C=0%*), 156.2
(C=0, C=0%*), 136.2 (@+), 136.1 (G), 128.7 (CH, CHa*), 128.40 (CH./), 128.37 (CH*),
128.3 (CHy, CHar*), 83.1 (C3%), 82.8 (C3), 82.63 (C7), 82.59 (C7*), 81.9 (C2, C2%), 67.4
(C5), 67.3 (C5*), 61.1 (C9Z9*), 59.4 (C9, C9*), 51.4 (C4, C4%), 40.2 (C11%), 40.1 (C11),
37.4 (C6%), 37.1 (C6), 33.7 (C10, C10%), 32.9 (C10, C10%), 28.2 (C8, C8*), 28.0 (C1, C1%),
20.2 (C10, C10%), 20.0 (C10, C10%), 17.2 (C12, C12R: v [cm}] 3321, 2976, 2934, 1732,
1500, 1367, 1241, 1153, 1044, 733, 69RMS (ESI+) m/z (%) 353 (5, [M+H
isobutylene]), 375 (20, [M+Naisobutylene]), 409 ([M+H]), 431 ([M+Na]), 839
([2M+Na]"). HRMS (ESI+) m/z ([M+Na]"): calculated for @H3z2N20OsNa: 431.2153, found:
431.2154.
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tert-Butyl N-(N-(benzyloxycarbony)-DL -tryptophanyl )-2-((2,2,6,6tetramethylpiperidin -
1-yl)oxy)glycinate (5n)

tert-Butyl-N-(N-(benzyloxycarbonytDL-tryptophanyl)glycinatg4n) (170 mg, 0.38 mmol)
was subjected to general procedGréo obtain the produdin (169 mg, 74%) as amorphous
solid as inseparable racemic mixture.

Rr = 0.6 (20% EtOAC/PE)H NMR (400 MHz, CDC}) i 807 (s, 2H, NH, NH*), 7.72 (dl
=7.9Hz, 1H, CH*), 7.63 (d,J= 7.9 Hz, 1H, CH), 7.467.30 (m, 12H, Cl#, CHa* ), 7.24
7.18 (m, 2H, CH, CHar*), 7.16-7.10 (m, 2H, CH, CHa/*), 7.08-7.03 (m, 2H, CH, CHar*),
6.97 (d,J=9.7 Hz, 1H, NH*), 6.66 (d) = 9.8 Hz, 1H, NH), 5.84 (dl = 9.9 Hz, 1H, CH3*),
5.83 (d,J = 9.6 Hz, 1H, CH3), 5.48 (dJ = 7.5 Hz, 1H, NH), 5.20 (d] = 8.3 Hz, 1H, NH*),
5.13 (s, 2H, Ckt5), 5.08 (s, 2H, CH5*), 4.694.52 (m, 2H, CH4, CH4*), 3.51-:3.15 (m, 4H,
CHz-6, CH-6*), 1.6%1.29 (m, 12H, CH#9, CH-10, CH-9*, CH2-10%), 1.47 (s, 9H, Cht1*),
1.46 (s, 9H, Cht1), 1.29 (s, 6H, CKS8, CHs-8*), 1.15 (s, 3H, ChRt8*), 1.11 (s, 3H, CH8),
1.03 (s, 6H, CH8, CHs-8*), 0.97 (s, 3H, CHt8), 0.88 (s, 3H, CK8*). 13C NMR (101 MHz,
CDCl) i 170.8 (C=0), 170.5 (C=0%), 166.9 (C=0), 166.7 (C=0%*), 156.0 (C=0, C=0%),
136.22 (G, Car*), 136.16 (G, Car*), 128.52 (CHy), 128.51 (CH*), 128.2 (CHv), 128.14
(CHar*), 128.09 (CHy, CHar*), 127.4 (Gar, Car®), 123.3 (CHyr, CHar*), 122.3 (CHyr, CHar®),
119.8 (CHy, CHar*), 118.9 (CH\*), 118.7 (CHhr), 111.2 (CHy, CHar*), 110.4 (Gyr), 110.2
(Car®), 82.8 (C3), 82.6 (C2, C2*), 82.5 (C3%,.1 (C5), 67.0 (C5*), 61.0 (C7, C7*), 59.3
(C7%), 59.2 (C7), 55.4 (C4, C4*), 40.1 (C9, C9¥), @@C9, C9*), 33.6 (C8), 33.5 (C8*), 32.9
(C8), 32.8 (C8*), 28.3 (C6, C6*), 27.9 (C1, C1*), 20.14 (C8), 20.08 (C8*), 20.0 (C8), 19.9
(C8*), 17.09 (C10%), 17.06 (C10)R: v [cm?] 3311, 2975, 2932, 1679, 1621, 1508, 1457,
1368, 1244, 1153, 1101, 1059, 1028, 988, 740,I8RKS (ESI+)m/z (%). 607 (45, [M+H]),
629 (100, [M+Na]), 1235 (25, [2M+Na])). HRMS (ESI+) m/z ([M+Na]*): calculated for
CaaHaeN4OeNa: 629.3310, found: 629.3308.
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tert-Butyl N-(N-(benzyloxycarbony)-L -glycyl)-5-((2,2,6,6tetramethylpiperidin -1-yl)oxy)
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Prepared according to general proced@e starting from isopropyl tert-butyl-N-(N-
(benzyloxycarbonyglycyl sarcosinate4p) (200 mg, 0.59 mmol) and KHMDS (2 mL, 1.96
mmol, 1 M in THF) as base, providirp (160 mg, 55%) as colorless oil as 2:1 rotameric
mixture.

Rt = 0.6 (20% EtOAc/PE)H NMR (400 MHz, CDC}) i 7-457.31 (m,10H, CHx, A+B),
6.21 (d,J=10.0 Hz, 1H, NH, B), 6.09 (d,= 10.4 Hz, 1H, Ckb, A), 6.00 (d,J=10.4 Hz, 1H,
NH, A), 5.88 (d,J = 10.0 Hz, 1H, CkbB, B), 5.255.07 (m, 4H, CH6, A+B), 4.73 (d,) = 18.1

Hz, 1H, CH-3, B), 4.17 (dJ = 17.0 Hz, 1H, CH3, A), 3.97 (dJ = 18.0 Hz, 1H, CH3, B),
3.93(dJ=17.0 Hz, 1H, Ck3, A), 3.24 (s, 3H, CK4, A), 3.01 (s, 3H, Cki4, B), 1.601.28

(m, 12H, CH-9, CH-10, A+B), 1.48 (s, 9H, CH1, B), 1.47 (s, 9H, CH1, A) 1.26 (s, 3H,
CHs-8, A), 1.22 (s, 3H, Cki8, B), 1.18 (s, 3H, Ck8, B), 1.16 (s, 6H, Ck8, A), 1.14 (s, 3H,
CHs-8, B), 1.08 (s, 6H, CH8, A+B). 3C NMR (101 MHz, CDC}) U  1868.2 (C=0, A+B),
167.6 (C=0, A+B), 155.3 (C=0, A+B),36.4 Car, A+B), 128.5 (CH, A), 128.4 (CHi, B),
128.09 (CH, B), 128.07 (CH:, A), 128.0 (CH:, A+B), 82.9 (C2, B), 82.0 (C2, A), 80.5 (C5,
A+B), 66.9 (C6, A), 66.8 (C6, B), 60.6 (C7, A+B), 59.6 (C7, A+B), 52.1 (C3, B), 50.5 (C3,
A), 40.2 (C9, A+B), 40.0 (C9, A+B), 36.3 (C4, A), 35.2 (C4, B), 33.4 (C8, A), 33.1 (C8, B),
32.8 (C8, A), 32.6 (C8, BR8.1 (C1, A), 28.0 (C1, B), 20.6 (C8, B), 20.5 (C8, A), 20.4 (C8,
A+B), 17.2 (C10, A), 17.1 (C10, B)R: v [cm?] 3308, 2975, 2933, 1737, 1659, 1496, 1466,
1455, 1406, 1394, 1367, 1339, 1227, 1156, 1132, 1047, 1025, 37,5018, 844, 774, 743,
698.LRMS (ESI+)m/z (%) 492 (35, [M+H]), 514 (100, [M+Na]), 1005 (15, [2M+Na4d)).
HRMS (ESI+)m/z ([M+Na]"): calculated for @HsiN3OeNa: 514.2888, found: 514.2886.
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CbzSer(QBu)-Val-Gly-OiPr (4p) (200 mg, 0.41 mmol) was subjected to general procedure
C with LHMDS as base (4 equit9 obtain the produdp (239 mg, 91%) as amorphous solid
as inseparable 2:1 diastereomeric mixture.

Rr = 0.6 (40% EtOAC/PE)!H NMR (400 MHz, CDC$) ti 7487.31 (m, 10H, Ch), 7.03

6.89 (br s, 3H, Nkki;, NHva*, NHayy), 6.80 (d,J = 9.7 Hz, 1H, NKy*), 5.92 (d,J = 9.8 Hz,

1H, CH3*),5.89 (dJ=9.5 Hz, 1H, CH3), 5.74 (br s, 2H, NEk; NHsef), 5.15 (s, 4H, CH

11, CH-11%), 5.104.97 (m, 2H, CH2, CH2*), 4.40 (ddJ=9.2, 5.1 Hz, 1H, CH}), 4.34 (dd,
J=8.9, 6.0 Hz, 1H, CHI*), 4.334.24 (m, 2H, CH7, CH7%*), 3.893.86 (m, 2H, CH8, CH-

8%), 3.42 (dd,J = 15.9, 8.0 Hz, 2H, CH8, CH-8*), 2.452.31 (m, 1H, CH5), 2.202.18 (m,

1H, CH5%), 1.591.28 (m, 12H, Ci#14, CH-15, CH-14*, CH-15%), 1.361.26 (m, 12H,
CHs-1, CHs-1%), 1.24 (s, 9H, ChH13, CH-13*), 1.22 (s, 18H, CkLO, CH-10%), 1.14 (s, 9H,
CHs-13, CH-13*), 1.07 (6H, CH-13*), 0.99 (d,J = 6.8 Hz, 3H, CH-6), 0.% (d, J= 6.8 Hz,

6H, CHs-6%), 0.91 (d,J= 6.9 Hz, 3H, CH-6).13C NMR (101 MHz, CDC$) i  1%0.5 (C=0),
170.2 (C=0, C=0%), 169.8 (C=0%*), 167.7 (C=0), 167.6 (C=0%*), 156.2 (C=0, C=0%*), 136.13
(Car*), 136.08 (Giy), 128.6 (CHy, CHar*), 128.3 (CHy, CHar*), 128.2 (CHy, CHar*), 82.8

(C3), 82.5 (C3*), 74.6 (C9), 74.4 (C9*), 69.5 (C2*), 69.4 (C2), 67.3 (C11), 67.2 (C11*), 61.7
(C8%), 61.6 (C8), 60.8 (C12, C12*), 59.5 (C12), 59.4 (C12*), 58.6 (C4*), 58.3 (C4), 54)9 (C7
54.6 (C7*), 40.1 (C14, C14%*), 33.8 (C13), 33.7 (C13*), 32.9 (C13), 32.8 (C13*), 30.9 (C5%),
29.8 (C5H), 27.4 (C10, C10%), 21.6 (C1, C1%), 20.2 (C13, C13*), 20.0 (C13, C13*), 19.6 (C6),
19.1 (C6%), 17.9 (C6%), 17.2 (C6), 17.1 (C15, C15R.: v [cml] 3288, 2973, 2931, 2872,
1744, 1707, 1648, 1533, 1467, 1375, 1363, 1263, 1229, 1197, 1105, 1092, 1062, 1027, 910,
733, 696.LRMS (ESI+) m/z (%). 514 (5, [M+NATEMPOHT), 649 ([M+HT), 671
(IM+Na]*), 1319 ([2M+Na]). HRMS (ESI+) m/z ([M+Na]*): calculated for GHssN4OgNa:
671.3990, found: 671.3989.
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Cbz-Ser(tBu)-Leu-Gly(OTMP)-OiPr (5q)
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CbzSer(GBu)-Leu-Gly-OiPr (4g) (200 mg, 0.39 mmol) was subjected to general procedure
C to obtain the produdiq (218 mg, 83%) as colorless solid as inseparable 2:1 diastereomeric
mixture.

Rr = 0.6(20% EtOAC/PE)!H NMR (400 MHz, CDC}) ti  7437.31 (m, 10H, Chk, CHar*),

7.13 (d,J = 9.7 Hz, 1HNHay), 7.01 (d,J = 9.6 Hz, 1HNHgy*), 6.97 (d,J = 8.0 Hz, 1H,
NHie*), 6.87 (d,J = 8.7 Hz, 1H, NHey), 5.91 (d,J= 9.8 Hz, 2H, CH3, CH3*), 5.69 (s, 2H,
NHse;, NHse), 5.16 (s, 4H, CH12, CH-12%), 5.124.98 (m, 2H, CH2, CH-2*), 4.634.46

(m, 2H, CH4, CH4*), 429-4.25 (m, 2H, CH8, CH8*), 3.91:3.72 (m, 2H, CH9, CH-9%),
3.563.25 (m, 2H, CH9, CH>-9*), 1.841.73 (m, 2H, CH#5, CH-5%), 1.70-:1.63 (m, 2H, CH

6, CH6*), 1.57-1.50 (m, 2H, Ck5, CH-5%), 1.481.33(m, 12H, CH-15, CH-16, CH-15%,
CH.-16%), 1.3L (s, 3H,CHz-14%), 1.29 (s, 3HCH3-14), 1.28(d, J=6.4Hz, 12H, CH:-1, CHs-

1*), 1.24 (s, 9H, CR11*), 1.19 (s, 9H, Cki11), 1.14 (s, 12H, C#14, CH-14%), 1.07 (s, 3H,
CHs-14), 1.06 (s, 3H, C14*), 0.970.90 (m, 12H, CH7, CHs-7*). 13C NMR (101 MHz,
CDCl) 0 1#1.0 (C=0), 170.7 (C=0%), 170.5 (C=0), 170.1 (C=0%*), 167.5 (C=0, C=0%),
156.1 (C=0, C=0%*), 136.1 (£, Car*), 128.6 (CHr, CHar*), 128.32 (CHy, CHar*), 128.26
(CHar, CHar®), 82.5(C3, C3*), 74.3 (C10, C10%), 69.41 (C2*), 69.37 (C2), 67.3 (C12), 67.2
(C12%), 61.5 (C9, C9*%), 60.92 (C13), 60.87 (C13*), 59.4 (C13), 59.3 (C13*), 54.8 (C8, C8*),
52.0 (C4*), 51.6 (C4), 41.0 (C5%*), 40.3 (C5), 40.1 (C15, C15%), 33.8 (C14, C14*), 32.9 (C14,
Cl14%), 27.4 (C11%), 27.3 (C11), 24.7 (C7*), 24.5 (C7), 23.1 (C7), 23.0 (C7*), 21.72 (C1¥),
21.69 (C1), 21.66 (C1), 21.60 (C1%), 20.2 (C14, C14*), 20.0 (C14, C14*), 17.11 (C16), 17.09
(C16%).IR:v[cm] 3297, 2974, 2934, 2871, 1733, 1650, 1525, 1468, 1455, 1364, 1195,
1147, 1103, 1060, 1027, 1027, 985, 69RMS (ESI+) m/z (%). 528 (5, [M+Na
TEMPOHTJ), 663 (100, [M+HY]), 685 (40, [M+Na]), 1347 ([2M+Na]). HRMS (ESI+) m/z
(IM+Na]*): calculated for gsHsgN4sOsNa: 685.4146, found: 685.4141.
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tert-Butyl N-benzoyt2-((2,2,6,6tetramethylpiperidin -1-yl)oxy)glycinate (5)*2°
7
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Prepared according to general procedure C starting fieotbutyl N-benzoylglycinate 4t)

(500 mg, 2.12 mmolespbtaining5t (640 mg, 78%) as amorphous white solid.

Rt = 0.75(20% EtOAc/PE)!H NMR (400MHz, CDCk) U .797(m,2H, CH;), 7.60G

7.50 (m, 1H, CH;), 7.507.44 (m, 2H, CH;), 7.05 (d,J = 9.9 Hz, 1H, NH), 6.16 (d] = 9.9

Hz, 1H, CH2), 1.641.33 (m, 6H, CH-6, CH-7), 1.54 (s, 9H, CH9), 1.42 (s, 3H, CH5),

1.19 (s, 3H, CH5), 1.13 (s, 3H, CH5), 1.09 (s, 3H, Ck5). 13C NMR (101 MHz, CDC4#) U

= 167.4 (C=0), 166.4 (C=0), 134.04% 131.9 (CH,), 128.7 (CH,), 127.2 (CH,), 82.8

(C8), 82.5 (C2), 61.1 (C4), 59.3 (C4), 40.2 (C6), 33.9 (C5), 32.9 (C5), 28.0 (C9), 20.2 (CH),
20.0 (C5), 17.1 (C7)R: v [cm] 3350, 2975, 2932, 2873, 1737, 1674, 1522, 1487, 1364,
1259, 1214, 1137, 1088, 1032, 973, 957, 913, 836, 812, 801, 778, 710, 698, 689, 664, 622.
LRMS (ESI+)m/z (%): 391 (85, [M+H]), 413 (100, [M+Na]), 803 (15, [2M+Na]). HRMS
(ESI+)m/z ([M+Na]"): calculated for &H3sN20sNa: 413.2411, found: 413.2410.

Iz

Cbz-Val-Gly(OTMP)-Ala-OtBu (10)

INLOHInHO ( 8,D.08 was added dropwise to a solution of a diastereomeric mixture
of ethyl N-(N-(benzyloxycarbonytL-valyl)-2-((2,2,6,6tetramethylpiperidirl-
yl)oxy)glycinate(5k) (40 mg, 0.09 mmol) in THF (1 mL) and the mixture was stirred at rt for
2 h. After completion, the reaction mixture was treated with AmberChrom® 50WX4 hydrogen

form to neutralize to pH~6, the residue was filtered, and the filtrate was evaporated to dryness
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to obtain the carboxylic acid Chzal-Gly(OTMP)-OH (38 mg, 0.08 mmol) as amorphous solid
which was used directly for the peptide coupling.

Triethylamine (25 ¢L) w\dabkGly@dMPe@H (38ang, &.08mi xt ur
mmol) and Lalaninetert-butyl ester hydrochloride (15 mg, 0.08 mmol) in £ (1 mL)
followed by the addition of HBTU (34 mg, 0.09 mmol). The reaction mixture was stirred for 3
h, brine was added, and the mixture was extracted witfCGH2x3 mL). The combined
organic extracts were washed with HCI solution (1 N, 1 mL), followed by sat. Nastih@ion

(1 mL). Theorganic layer was dried over Mgga@he solvent was removed at reduced pressure
and the residue was purified by flash column chromatography (20% EtOAc/cyclohexane) to
give the coupling produdiO (25 mg, 52%) as 2:1 diastereomeric mixture as colorless oil.

Rr = 0.6 (40% EtOAC/PE)!H NMR (400 MHz, CDC#) i 7397.30 (m, 11H, Ch, CHar*,
NHai*), 7.17 (d,J = 7.6 Hz, 1H, NHa), 6.97 (d,J = 8.3 Hz, 1H, NHy), 6.72 (d,J = 9.4 Hz,

1H, NHgy*), 5.89 (d,J = 9.4 Hz, 1H, CHb*), 5.54 (d,J = 8.1 Hz, 1H, CHb), 5.46 (dJ=9.2

Hz, 1H, NH/a*), 5.36 (d,J = 9.2 Hz, 1H, NRa), 5.12 (s, 4H, CKH9, CH>-9%), 4.524.40 (m,

2H, CH3, CH3*), 4.194.03 (m, 2H, CH6, CH-6%), 2.30-2.19 (m, 1H, CH7), 2.182.10 (m,

1H, CH7%), 1.581.29 (m, 12H, Ci#12, CH-13, CH-12*, CH-13%), 1.49 (s, 9H, Ckil*),

1.47 (s, 9H, CRt1), 1.43 (dJ = 7.1 Hz, 6H, Ci3#4, CHs-4*), 1.22 (s, 6H, Ckt11, CH-11%),

1.19 (s, 6H, CRB11, CH-11*), 1.09 (s, 12H, Ck11, CH-11%), 1.00 (dJ= 6.8 Hz, 3H, CH-

8), 0.99 (dJ=6.7 Hz, 3H, CH-8%*), 0.94 (d,J= 6.7 Hz, 3H, CH-8*), 0.92 (d,J= 6.8 Hz, 3H,
CHz-8). 13C NMR (101 MHz, CDC}) i 1%1.52 (C=0), 171.46 (C=0%), 171.3 (C=0), 171.2
(C=0%), 167.0 (C=0%*), 166.9 (C=0), 156.4 (C=0), 156.3 (C=0%), 136.3)(136.2 (G*),
128.51 (CH), 128.50 (CH*), 128.2 (CHur), 128.09 (CH*), 128.08 (CHy), 128.0 (CH*),

84.1 (C5%), 83.1 (C5), 82.3 (C2*), 82.0 (C2), 67.1 (C9), 66.9 (C9*), 61.0 (C10, C10%), 60.3
(C6), 60.1 (C6*), 59.5 (C10, C10%), 48.9 (C3), 48.8 (C3*), 40.1 (C126)0 (C12), 33.8
(C11), 33.6 (C11%), 32.9 (C11), 32.8 (C11*), 31.3 (C7*), 30.7 (C7), 28.0 (C1, C1*), 20.6 (C11,
C11%), 20.4 (C11), 20.3 (C11%), 19.4 (C8), 19.1 (C8*), 18.6 (C4), 18.4 (C4*), 17.7 (C8*), 17.3
(C8), 17.0 (C13, C13*)IR: v [cm] 3290, 2971, 2932, 2873, 1730, 1702, 1651, 1531, 1455,
1368, 1287, 1240, 1147, 1039, 734, @BMS (ESI+)m/z (%). 591 (20, [M+HT), 613 (100,
[M+Na]™), 1203 (10, [2M+N&). HRMS (ESI+) m/z ([M+Na]’): calculated for
Ca1Hs0N4O7Na: 613.3572, found: 613.3569.
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Di-tert-butyl N-benzoyt4-(2,2,6,6tetramethylpiperidin -1-yl)oxy)glutamate (11a)

11 13

Prepared according to general procedbrestarting fromtert-butyl N-benzoyt2-((2,2,6,6
tetramethylpiperididl-yl)oxy)glycinate 6t) (100 mg, 0.26 mmol) artért-butyl acrylate (0.38

mL, 2.56 mmol) providindL1la (105 mg, 79%) as inseparable 1:1 diastereomeric mixture as
colorless oil.

Rt =0.65(20% EtOAc/PE)'H NMR (400 MHz, CDC$) U ¥.817(m, 4H, CH,, CHar®),
7.547.48 (m, 2H, Ch:, CHa*), 7.47-7.38 (m, 4H, Chl, CHar*), 7.08 (d,J = 6.1 Hz, 1H,
NH), 6.76 (d,J = 8.0 Hz, 1H, NH*), 4.69 (ddd] = 10.3, 8.0, 3.3 Hz, 1H, GB*), 4.534.49

(m, 1H, CH2), 4.47 (ddJ = 6.5, 4.7 Hz, 1H, CH}), 4.32 (dd,J = 10.0, 3.5 Hz, 1H, CH*),
2.502.42 (m, 2H, CH#3), 2.4%2.29 (m, 2H, CH3*), 1.541.23 (m, 12H, C#12, CH-13,
CH>-12*, CH-13*), 1.51 (s, 9H, Ckt7), 1.50 (s, 9H, Cki7*), 1.49 (s, 9H, CH-9), 1.48 (s,

9H, CHs-9%), 1.23 (s, 3H, CH11), 1.18 (s, 3H, Ck11*), 1.15 (s, 9H, Ckt11), 1.13 (s, 9H,
CHs-11%). 13C NMR (101 MHz, CDC})  172.4 (C=0), 171.1 (C=0%), 171.0 (C=0), 170.9
(C=0%), 167.2 (C=0), 167.1 (C=0%), 134.24¢, 134.1 (G*), 131.5 (CHv), 131.4 (CH/¥),
128.5 (CHy), 128.4 (CH*), 127.2 (CHy), 127.1 (CH,*), 83.9 (C4), 82.8 (C4*), 82.2 (C8),
82.0 (C6, C6*), 81.9 (C8*), 60.1 (C10, C10%), 51.8 (C2), 50.2 (C2*), 40.4 (C12, C12*), 34.8
(C3), 33.9 (C3*), 33.5 (C11, C11%), 28.0 (C7, C7%), 27.9 (C9, C9*), 20.7 (C11, C11%), 20.2
(C11, C11%), 17.09 (C13), 17.06 (8. IR: v [cm™] 3350, 2976, 2932, 1735, 1668, 1525,
1367, 1256, 1231, 1150, 845, 7ARMS (ESI+) m/z (%) 519 (55, [M+HT), 541 (100,
[M+Na]"). HRMS (ESI+) m/z ([M+Na]"): calculated forCagH4sN20sNa: 541.3248, found:
541.3245.
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1-tert-Butyl 5-methyl N-benzoyt4-((2,2,6,6tetramethylpiperidin -1-yl)oxy)glutamate
(11b)

Prepared according to general procedbrestarting fromtert-butyl N-benzoyt2-((2,2,6,6
tetramethylpiperidiril-yl)oxy)glycinate bt) (100 mg, 0.26 mmol) and methgtrylate (0.12

mL, 1.28 mmol), providindl1lb (52 mg, 43%) as inseparable 1:1 diastereomeric mixture as
colorless solid.

Rt =0.65(20% EtOAc/PE)'H NMR (400 MHz, CDC$)  @d.84%.81(m, 4H, CHy, CHar®),
7.537.49 (m, 2H, Ch:, CHa*), 7.487.41 (m, 4H, Ch, CHar*), 6.79 (d,J = 7.9 Hz, 1H,
NH*), 6.73 (d,J = 7.5 Hz, 1H, NH), 4.74 (df] = 8.1, 4.0 Hz, 1H, CK*), 4.68 (td,J = 7.6,

5.9 Hz, 1H, CH2), 4.47 (dd) = 9.3, 4.4 Hz, 1H, CH}), 4.42 (ddJ = 9.6, 3.8 Hz, 1H, CH

4%), 3.64 (s, 6H, CH8, CHs-8*), 2.652.54 (m, 2H, CH3, CH-3*), 2.422.32 (m, 2H, CH+

3, CH-3%), 1.61:1.22 (m, 12H, Chkt11, CH-11*, CH-12, CH-12*), 1.51 (s, 18H, CE7,
CHs-7%), 1.22 (s, 6H, Ck10, CH-10%), 1.14 (s, 3H, Ckt10), 1.11 (s, 3H, Ck10*), 1.09

(br s, 6H, CH-10, CH-10%), 1.02 (s, 6H, Ckt10, CH-10%). 13C NMR (101 MHz, CDC$) U
=173.5(C=0), 173.0 (C=0%), 170.8 (C=0%), 170.7 (C=0), 167.7 (C=0), 166.8 (C=0%), 134.0
(Car), 133.9 (Gr*), 131.7 (CHy), 131.6 (CH*), 128.5 (CHy,, CHar*), 127.1 (CHy), 127.0
(CHar*), 82.54 (C6), 82.50 (C6*), 82.48 (C4), 82.3 (C4*), 60.4 (C9, C9*¥), 51.8 (C8), 51.7
(C8%), 50.7 (C2), 50.0 (C2*), 40.2 (C11, C11%), 34.1 (C3), 34.0 (C3*), 33.0 (C10, C10%), 32.8
(C10, C10%), 28.0 (C7, C7%), 20.3 (C10, C10%), 20.2 (C10, C10%), 17.0 (C12/CIR: v
[cm] 3335, 2948, 2926, 1739, 1644, 1538, 1367, 1336, 1259, 1177, 1149, 1111, 1026, 845,
796, 717, 694, 668, 60LRMS (ESI+) m/z (%): 477 (40, [M+H]), 499 (100, [M+Nalj).
HRMS (ESI+)m/z ([M+Na]"): calculated ér CoeHaoN2OeNa: 499.2779, found: 499.2775.
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tert-Butyl 2-benzamido4-cyano-4-((2,2,6,6tetramethylpiperidin -1-yl)oxy)butanoate
(11c)
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Prepared according to general procedbrestarting fromtert-butyl N-benzoyt2-((2,2,6,6
tetramethylpiperididl-yl)oxy)glycinate 6t) (100 mg, 0.26 mmol) and acrylonitrile (0.2 mL,

2.56 mmol), providind.1c(60 mg, 53%) as inseparable 1:1 diastereomeric mixture as colorless

oil.

Rt =0.65(20% EtOAc/PE)'H NMR (400MHz, CDCk) U ¥.82/(m, 8H CH;, CHar*),

7.557.51 (m, 2H, Chl, CHa*), 7.497.43 (m, 4H, Chk, CHar*), 6.92-6.89 (m, 2H, NH,

NH*), 4.984.79 (m, 4H, CH2, CH2*, CH-4, CH4*), 2.632.56 (m, 2H, CH3, CH-3%),

2.47-2.37 (m, 2H, CH3, CH-3*), 1.601.28 (m, 12H, CK9, CH-9*, CH>-10, CH-10%),

1.54 (s, 18H, Ckt6, CHs-6*), 1.35 (s, 3H, CB8*), 1.33 (s, 3H, CH8), 1.20 (s, 3H, CHS8),

1.17 (s, 3H, CHt8), 1.15 (s, 3H, CK8*), 1.12 (s, 3H, Cht8*), 1.10 (s, 3H, Ckt8*), 1.06 (s,

3H, CH-8).3CNMR (101MHz,CDC}) U = 170.2 (C=0*), 170.1 (C
(C=0%), 133.8 (Gr), 133.7 (Gr*), 131.9 (CH*), 131.8 (CH), 128.64 (CH*), 128.58

(CHar), 127.10 (CH*), 12708 (CHy) , 119. 3 ( CI N*) , 118.7 (CIN)
71.33 (C4*),71.31(C4),61.1 (C7),61.0 (C7*), 60.04 (C7), 59.98 (C7*), 50.5 (C2), 50.0 (C2*),

40.0 (C9), 39.9 (C9%), 39.83 (C9%), 39.77 (C9), 36.1 (C3), 35.6 (C3*), 33.9 (C8*), 33.7 (C8),

33.6 (C8, C8*), 28.0 (C6, C6*), 20.7 (C8), 20.6 (C8, C8*), 20.3C&F.0 (C10), 16.9 (C10%).

IR: v [cm™] 3335, 3058, 2977, 2928, 2851, 1729, 1645, 1530, 1486, 1451, 1367, 1297, 1257,
1151, 844, 710, 692LRMS (ESI+) m/z (%) 388 (20, [M+H isobutylene]), 444 (50,

[M+H] ™), 466 (100, [M+Nal), 909(45, [2M+Na]). HRMS (ESI+)m/z ([M+Na]*): calculated

for CosHsz7N3OsNa: 466.2676, found: 466.2677.
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tert-Butyl 2-benzamido4-phenylpent-4-eneoate (11d)

Prepared according to general procedbrestarting fromtert-butyl N-benzoyt2-((2,2,6,6

tetramethylpiperididl-yl)oxy)glycinate 6t) ( 1 1 8 mg, 0 . 3ethyistyiene)0.4a n d

mL, 3.02 mmol), providind.1d (70 mg, 66%) as colorless oil.

Rf = 0.5(20% EtOAC/PE)!H NMR (400 MHz, CDC$) U  .257/(m,3.GH, Cht), 6.50
(d,J=7.5Hz, 1H, NH), 5.37 (dl= 1.5 Hz, 1H, CH5), 5.19 (dJ = 1.3 Hz, 1H, CH5), 4.80
(dt,J= 7.5, 5.9 Hz, 1H, Ck2), 3.20 (dd,) = 14.2, 6.1 Hz, 1H, CH3), 3.11 (dd) = 14.2, 5.9
Hz, 1H, CH-3), 1.45 (s, 9H, Ck7).13C NMR (101 MHz, CDC}) & = 170. 8
(C=0), 144.3 (C4), 140.8 (&), 134.0 (G:), 131.5 (CH), 128.6 (CH.), 128.4 (CH), 127.7

(CHar), 126.9 (CH\), 126.4 (CH,), 116.6 (C5), 82.5 (C6), 52.6 (C2), 38.0 (C3), 28.0 (C7).

(C

IR: v [cm™] 3335, 3058, 2977, 2931, 1731, 1642, 1523, 1486, 1446, 1366, 1297, 1254, 1224,

1149, 903, 845, 777, 69LRMS (ESI+) m/z (%). 296 (60, [M+H isobutylene]), 318 (40,
[M+Nai isobutylenel), 352 (5, [M+H]), 374 (100, [M+Na]), 725 (5, [2M+Na]). HRMS
(ESI+)m/z ([M+Na]"): calculated folC22H2sNOsNa: 374.1727, found: 374.1729.

Multiple addition of styrene to alkoxyamine (1¥)

Prepared according to general procedbrestarting fromtert-butyl N-benzoyt2-((2,2,6,6

tetramethylpiperididl-yl)oxy)glycinate 6t) (100 mg, 0.26 mmol) and styrene (0.29 mL, 2.56

mmol), providingl1e(100 mg) as mixture of multiple addition products (mono/di/tri) in 7:10:3

ratio as colorless oil.
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LCMS (ESI) m/z 495.4 (70]CsoHa2N204 + H]™), 599.4 (100]CssHsoN204 + H] ), 703.5 (30,
[CaeHssN204 + H] 7).

Di-tert-butyl N-(N-(benzyloxycarbony)-L -valyl)-4-(2,2,6,6tetramethylpiperidin -1-
yl)oxy) glutamate (11f)

According to general procedure D, starting from a 2:1 diastereomeric mixtied-béityl N-
(N-(benzyloxycarbonytL-valyl)-2-((2,2,6,6tetramethylpiperidifl-yl)oxy)glycinate i)
(300mg, 0.58 mmol) antert-butyl acrylate (1.3 mL, 8.66 mmol}1f (225 mg, 60%) was
obtained as white gummy solid as inseparable mixture of four diastereomers, which was used
in the next step for cleavage of TEMPO.

Rf = 0.65(20% EtOAc/PE)IR: v [cm™] 3326, 2974, 2932, 1731, 1668, 1506, 1456, 1367,
1232, 1151, 1026, 912, 844, 732, 6BRMS (ESI+) m/z (%). 648 (45, [M+H]), 670 (100,
[M+Na]*), 1317 (10, [2M+Nd]). HRMS (ESI+) m/z ([M+Na]"): calculated for
CasHs7N30gNa: 670.4038, found: 670.4034.
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Di-tert-butyl 2-benzamidopent2-enedioate (119)
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tert-Butyl acrylate (0.5 mL, 3.33 mmol) was added to a solutiotexfbutyl N-benzoyi2-
((2,2,6,6tetramethylpiperidiril-yl)oxy)glycinate6t) ( 130 mg, 0. 33 mmol ) i
trifluorotoluene (2.5 mL) and the mixture was heated in a microwave reactor & 1&Q2 h.

After completion, the solvent was removed in vacuum and the residue was purified by column
chromatography (10% EtOAc/cyclohexane gradient to 20% EtOAc/cyclohexane) toldlgain

(63 mg, 53%) as single (fiastereomer as colorless.oil

Rr = 0.45(20% EtOAC/PE)!H NMR (400 MHz, CDC$) U = 8. 00 (783(m1H, NH
2H, CHa), 7.617.54 (m, 1H, CH), 7.527.46 (m, 2H, CH), 6.87 (t,J = 6.8 Hz, 1H, CHB),

3.27 (dJ=6.8 Hz, 2H, CH#4), 1.54 (s, 9H, Cki7), 1.48 (s, 9H, CE9). 13C NMR (101 MHz,

CDCl) U = 170.2 (C=0), 165 .a2130.CEM) 128.7(GHR), 6 ( C=
127.9 (C2), 127.4 (CH), 126.1 (C3), 82.5 (C6), 81.3 (C8), 35.8 (C4), 28.1 (C7), 28.0 (C9).

IR: v [cm] 3331, 2977, 2931, 1727, 1670, 1512, 1480, 1367, 1254, 1145, 844 RS

(ESI+)m/z (%). 272 (30, [M+Na2isobutylene]), 328 (10, [M+Naisobutylenel), 384 (100,

[M+Na]"). HRMS (ESI+) m/z ([M+Na]"): calculated forCaoH2sNOsNa: 384.1781, found:

384.1784.
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Di-tert-butyl N-benzoyt4-hydroxyglutamate (12)

OH
o)
8054O
9 HN216
Se)
o) 7

Zn dust (50.4 mg, 0.77 mmol) and AcOH (1 mL, 17.40 mmol) were added to a 1:1
diastereomeric  mixture of dert-butyl N-benzyt4-(2,2,6,6tetramethylpiperidirl-
yl)oxy)glutamatg11a) (50 mg, 0.10 mmol) in THF/$O (1.2 mL, 3:1) and the reaction mixture
was heated to 705 °C with vigorous stirring for 3 h. After cooling ta, the mixture was
diluted with EtO (10 mL) and filtered through a plug of silica gel, which was washed with
EtO (5 mL). After evaporation of the solvents, the resulting crude mixtaepurified by
column chromatography (20% EtOAC/PE) to obtain alcdi#®(22 mg, 65%) as inseparable
1:1 diastereomeric mixture as colorless olil.

Rt = 0.6 (50% EtOAC/PE)!H NMR (400 MHz, CDC$) 4 <7.817(m, &1, CH:, CHar*),
7.537.50 (m, 2H, CH:, CHar*), 7.47-7.43 (m, 4H, CH,, CHa/*), 7.34 (d,J = 7.9 Hz, 1H,
NH), 7.10 (d,J = 6.8 Hz, 1H, NH*), 4.88 (dt) = 7.9, 4.0 Hz, 1H, Ck), 4.854.81 (m, 1H,
CH-2%), 4.23 (dd,J=9.8, 4.0 Hz, 1H, CI), 4.18 (ddJ = 9.9, 3.1 Hz, 1H, Ckp*), 3.90 (br

s, 1H, OH), 3.38 (br s, 1H, OH*), 2.5510 (m, 4H, Ci#4, CH-4*), 1.51 (s, 18H, CH9,
CH3-9%), 1.48 (s, 9H, CHt7), 1.44 (s, 9H, Ck7*). 13C NMR (101 MHz, CDC}) U738
(C=0), 172.8 (C=0%*), 171.3 (C=0), 171.0 (C=0%*), 167.6 (C=0), 167.2 (C=0%), 1333, (C
133.6 (Gv*), 131.9 (CHy), 131.8 (CH(*), 128.58 (CHy), 128.56 (CH*), 127.17 (CHy),
127.14 (CH/*), 82.9 (C6), 82.7 (C6*), 82.61 (C8), 82.55 (C8*), 68.3 (C5), 68.0 (C5*), 51.0
(C2), 50.9 (C2*), 36.7 (C4), 36.2 (C4*), 28.01 (C7), 27.98 (C9, C9*), 27.9 (IR*\ [cm?]
3376, 2978, 2926, 2854, 1728, 1650, 1530, 1488, 1368, 1252, 1155, 1115, 84RMSE3
(ESI+) m/z (%) 268 (10, [M+H 2isobutylene]), 324 (5, [M+H isobutylene]), 380 (5,
[M+H] "), 402 (100, [M+Nal]), 781 (10, [2M+Na]). HRMS (ESI+)m/z ([M+Na]*): calculated

for CooH2oNOgNa: 402.1887, found: 402.1887.
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Di-tert-butyl N-(N-(benzyloxycarbonyl))-L -valyl)-4-oxoglutamate (13)

Zn dust (191.7 mg, 2.93 mmol) and AcOH (3.8 mL, 65.98 mmol) were added to a mixture of
11f (225 mg, 0.37 mmol) in THFA® (4.4 mL, 3:1) and the reaction mixture was heated to
75-80 °C with vigorous stirring overnight. After cooling tg the mixture was diluted with

EtO (20 mL), kCOs was added and the mixture was filtered through a plug of silica gel,
which was washed with ED (10 mL). After evaporation of the solvents, the resulting crude
mixture was purified by column chromatography (20% EtOAc/cyclahe) to obtain the
alcohol derivative (92 mg, 53%) as inseparable mixture of diastereomers as white gummy solid
which was used directly in the next step.

Rt =0.6(50% EtOAC/PE)LRMS (ESI+)m/z (%): 397 (100, [M+H 2isobutylene]), 453 (40,
[M+Hi isobutylenel), 509 (65, [M+HY), 531 (45, [M+Na]), 1039 (10, [2M+Na]). HRMS
(ESI+)m/z ([M+Na]™): calculated foilCoeHaoN20sNa: 531.2677, found: 531.2673.

DMP (96.5 mg, 0.23nmol) was added to a solution of the alcohol derivative (90 mg, 0.19
mmol) in CHCl2 (3 mL) at 0°C, the turbid solution was warmedrtand stirred for 2 h. After
completion, sat. N&,Os solution (4 mL) was added to the reaction mixture, which was
extracted with CHCI> (25 mL). After separation, the organic layer was washed with sat.
NaHCQ; solution (3x10 mL), dried over MgS@nd the solvent was removed under reduced
pressure. The residue was purified by column chromatography (10% EtOAc/cyclohexane
gradent to 20% EtOAc/cyclohexane) to obtdid (40 mg, 45%hps 2:1 diastereomeric mixture

as colorless oil.

Rt = 0.5(20% EtOAc/PE)!H NMR (400 MHz, CDC}) U .307(m,40H, CH), 6.75
(d,J= 7.3 Hz, 1H, NH*), 6.65 (dJ = 7.9 Hz, 1H, NH), 5.38 (d] = 8.8 Hz, 1H, NH), 5.30 (d,
J=7.8 Hz, 1H, NH*), 5.12 (br s, 4H, GH 1, CH-11*), 4.894.76 (m, 2H, CH2, CH2%),
4.143.99 (m, 2H, CH8, CH8%), 3.493.22 (m, 4H, CH3, CH-3*), 2.242.09 (m, 2H, CH

9, CH9%), 1.57 (s, 9H, CH6), 1.56 (s, 9H, CK6*), 1.46 (s, 18H, Ckt13, CH-13*), 1.01
(d,J=6.7 Hz, 3H, CH-10), 0.96 (dJ = 6.8 Hz, 6H, CH-10, CH-10*), 0.91 (d,J = 6.8 Hz,

3H, CH;-10*). 13C NMR (101 MHz, CDC})  (192.9 (C4), 192.7 (C4*), 170.8 (C=0%*), 170.7
(C=0),169.0 (C=0, C=0%), 159.3 (C=0%*), 159.2 (C=0), 156.3 (C=0, C=0%), 136.22,(C
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136.16 (G*), 128.6 (CHy*), 128.5 (CHy), 128.20 (CH,*), 128.17 (CHy), 128.1 (CHi,

CHar*), 85.54 (C5*), 84.48 (C5), 83.21 (C12*), 83.16 (C12), 67.2 (C11*), 67.1 (C11), 60.2
(C8*), 60.0 (C8), 48.8 (C2*), 48.6 (C2), 41.6 (C3), 41.4 (C3*), 31.4 (C9), 31.0 (C9*), 27.9
(C6), 27.84 (C6*), 27.77 (C13, C13%), 19.1 (C10, C10%), 17.6 (C10), 17.5 (CIR*V [cnm

13295, 2962, 2925, 2852, 1721, 1687, 1654, 1529, 1456, 1393, 1368, 1292, 1247, 1154, 1096,
1067, 1028, 841, 739, 696RMS (ESI+) m/z (%) 507 (10, [M+H]), 529 (100, [M+Na]),

1035 (10, [2M+Na]). HRMS (ESI+) m/z ([M+Na]"): calculated for CzeeH3sN2OgNa:
529.2520, found: 529.2515.

N &tert-Butyloxycarbonyl)-N,N-dibenzyl-2-methoxyglycinamide (14a)

i GO
s OO

6

Pd/C (5 mg, 10 w/w%) was added to a solutioN @ftert-butyloxycarbonyhN,N-dibenzy}2-
((2,2,6,6tetramethylpiperidiriL-yl)oxy)glycinamide 6¢) (50 mg, 0.10 mmol) in MeOH (1

mL) and the reaction mixture was stirred under a hydrogen atmosphere (15 bar) for 24 h. After
completion, the reaction mixture was filtered thro@gtite®, which was washed with MeOH,

the solvent was removed under reduced pressure and the residue was purified by column
chromatography (10% EtOAc/cyclohexane) to affbdd (20 mg, 53%) as colorless solid.

Rt = 0.75(20% EtOAc/PE)m.p. 90-92 °C.'H NMR (400 MHz, CDC$) U <.307(m,4 1

6H, CHxr), 7.267.17 (m, 4H, CH), 6.33 (d,J = 8.7 Hz, 1H, NH), 5.70 (d] = 8.7 Hz, 1H,

CH-2), 4.684.37 (m, 4H, CH7), 3.37 (s, 3H, CEi6), 1.50 (s, 9H, CEi5). 13C NMR (101

MHz, CDCk) U672 (C=0), 155.3 (C=0)36.3 (Gv), 135.7 (Gr), 128.9 (CH,), 128.7

(CHar), 128.2 (CH), 127.9 (CH), 127.6 (CH:), 127.4 (CH), 80.3 (C4), 77.7 (C2), 54.2

(C6), 49.6 (C7), 47.7 (C7), 28.3 (CHR: v [cm!] 3416, 2979, 2917, 2838, 1719, 1652, 1494,
1476, 1460, 1446, 1421, 1364, 1328, 1218, 1156, 1074, 1055, 1017, 954, 763, 722, 704, 696,
663, 607.LRMS (ESI+) m/z (%). 407 (100, [M+Na]), 791 (5, [2M+Na]). HRMS (ESI+)

m/z ([M+Na]): calculated folC22H28N20sNa: 407.1941, found: 407.1937.
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N §Benzoy)-N-pentamethylene2-methoxyglycinamide(14b)

o o° Os
o]

N §Benzoy)-N-pentamethylen-((2,2,6,6tetramethylpiperidirl-yl)oxy)glycinamide 5e)
(100 mg, 0.25 mmol) was subjected to general procedumeediated by acetic acid in MeOH
(3 mL) and the substituted produetb was obtained as colorless solid (55 mg, 80%).
Rt = 0.4 (20% EtOAc/PE)m.p. 69-70 °C. 'H NMR (400 MHz, CDC$) i 796 (d,J = 8.0
Hz, 1H, NH), 7.957.86 (m, 2H, CH;), 7.627.53 (m, 1H, CH), 7.527.45 (m, 2H, CH),
6.01 (d,J = 8.1 Hz, 1H, CHB), 3.763.50 (m, 4H, CH+1), 3.45 (s, 3H, Cki6), 1.751.48 (m,
6H, CHx-2, CH>-3).13C NMR (101 MHz, CDC}) U  167.8 (C=0).164.7 (C=0), 133.5 (£),
132.1 (CHy), 128.6 (CH), 127.3 (CH:), 75.5 (C5), 54.6 (C6), 46.7 (C1), 43.7 (C1), 26.3
(C2),25.6 (C2), 24.4 (C1R: v[cm™] 3303, 2937, 2858, 1644, 1603, 1580, 1522, 1459, 1444,
1323, 1283, 1247, 1230, 1191, 1136, 1079, 712, 694,1809S (ESI+) m/z (%). 245 (5,
[M+HTMeOH]J"), 299 (100, [M+Na]), 575 ([2M+Na]). HRMS (ESI+) m/z ([M+Na]"):
calculated for @H20N20sNa: 299.1366, found: 299.1367.

N é&Benzoy)-N-pentamethylene2-acetoxyglycinamide (14c)

5

©)LH (j)i

N §Benzoy)-N-pentamethylen-((2,2,6,6tetramethylpiperidirl-yl)oxy)glycinamide (5€)

(50 mg, 0.12 mmol) was subjected to general proceduneediated by acetic acid in GEIN

(2 mL) and the substituted produdetcwas obtained as colorless @3(mg, 60%).

Rt = 0.4 (20% EtOAC/PE)!H NMR (400 MHz, CDC$) i 805 (d,J = 8.6 Hz, 1H, NH),
7.947.87 (m, 2H, CH;), 7.637.53 (m, 1H, CH;), 7.5%7.44 (m, 2H, CH;), 7.24 (d,J = 8.9

Hz, 1H, CH1), 3.763.52 (m, 4H, CH2), 2.09 (s, 3H, CK5), 1.751.57 (m, 6H, Ck3, CH-
4).13C NMR (101 MHz, CDC}) U 189.4 (C=0), 166.4 (C=0), 164.4 (C=0), 132.8.]C
132.4 (CHy), 128.7 (CH), 127.5 (CH\), 69.7 (C1), 46.5 (C2), 44.1 (C2), 26.3 (C3), 25.5
(C3), 24.4 (C4), 21.7 (C5IR: v [cmY] 3273, 2937, 2857, 1743, 1644, 1533, 1468, 1446, 1413,
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1370, 1316, 1237, 1164, 1139, 1038, 1014, 710, BBYS (ESI+) m/z (%). 327 (100,
[M+Na]™), 631 ([2M+Na]). HRMS (ESI+) m/z ([M+Na]*): calculated for @H20N2OsNa:
327.1315, found: 327.1313.

Attempted Friedel-Crafts-type reaction oftert-butyl N-benzoyt2-((2,2,6,6tetramethyl
piperidin -1-yl)oxy)glycinate

BFRO®EL ( 1 2 6 1.621. mmol) was added to a solutionsbf200 mg, 0.51 mmol) ang-

cresol (81 €L, 0.77 mmol) in degassed DCM (6
to rt and stirred overnight. NaHG®olution (5 mL) was added, the aqueous layer was extracted

with DCM (2x10 mL) and the combined organic layers were dried over MgB@ solvent

was removed and the resulting yellow oil was purified by column chromatography furnishing

15b (38 mg, 45%) (5% EtOAc/cyclohexane), recover& (25 mg, 13%) (5%
EtOAc/cyclohexane gradient to 10% EtOAc/cyclohexane) abd (48 mg, 28%) (40%
EtOAc/cyclohexane) as pale yellow oil.

N-benzoyt2-((2,2,6,6tetramethylpiperidin -1-yl)oxy)glycine (15a)

Rr = 0.3(50% EtOAC/PE)!H NMR (400 MHz,CDC}) : © = 13.39 (B s, 1
(m, 2H, CHy), 7.557.49 (m, 1H, CH), 7.487.43 (m, 2H, CH), 7.33 (d,J = 9.7 Hz, 1H,

NH), 6.12 (d,J = 9.8 Hz, 1H, CH2), 1.591.30 (m, 6H, Ck6, CH>-7), 1.36 (s, 3H, Cki5),

1.16(s, 6H, CH-5), 1.08 (s, 3H, CK5). 23 C NMR (101 MHz,CDC$) U = 174.7 (C=0
(C=0), 134.8 (@), 131.4 (CHy), 128.5 (CHy), 127.2 (CH), 84.7 (C2), 60.8 (C4), 59.0 (C4),

40.1 (C6), 33.7 (C5), 33.1 (C5), 20.3 (C5), 20.1 (C5), 17.2 (@6} [cm™] 3366, 3195, 3060,

2941, 1726, 1666, 1613, 1577, 1509, 1479, 1448, 1389, 1527, 764,R8A3. (ESI+) m/z

(%): 335 (100, [M+H]), 357 (10, [M+Na]). HRMS (ESI+) m/z ([M+Na]*): calculated for
CisH26N204Na: 357.1785, found: 357.1782.

128



2-tert-Butyl-4-methyl phenol (15b)

Rt = 0.85(50% EtOAC/PE 'H NMR (400 MHz, CDC$) : U =J=71.8 HZ 1H( CH;-

6), 6.92 (ddJ = 7.9, 2.1 Hz, 1H, CK-3), 6.60 (dJ = 7.9 Hz, 1H, CH-2), 4.66 (s, 1H, OH),

2.32 (s, 3H, CHt5), 1.45 (s, 9H, CE9). 13C NMR (101 MHz,CDC$) 4 = 151. 9 ( C1
(C7), 129.6 (C4), 127.8 (C6), 127.2 (C3), 116.4 (C2), 34.4 (C8), 29.7 (C9), 20.8 (CH).

The analytical data according to titeraturel*4€!

Isopropyl N-benzoyt2-(1H-indol-3-yl)glycinate (15c)

HN
N

Indole (32 mg, 0.27 mmol) was added to a solutiorisopropyl N-benzoyt2-((2,2,6,6
tetramethylpiperidiril-yl)oxy)glycinate (5a) (100 mg, 0.27 mmol) in CH¥&N (3

mL). TFA( 20 eL, 0.26 mmol) was add e dtwlichovaswi se t
stirred at 7°C for 2 h. After completion, the reaction mixture was diluted with EtOAc (10

mL), washed with sat. NaHGG@olution (5 mL), the organic layer was dried over Mg&ad

the solvent was removed in vacuum. The brown residue was purified by column
chromatography (50% EtOAc/cyclohexane) to obtbo (65 mg, 71%) asmorphous white

solid.

Rf = 0.4(80% EtOAC/PE)!H NMR (400 MHz,CDC§) U = 8. 6inboe),(7.857.780 H, NH
(m, 3H, CHy), 7.557.48 (m, 1H, CH), 7.467.38 (m, 3H, CH), 7.2%7.14 (m, 3H, CH:),

7.05 (d,J=7.0 Hz, 1H, NH), 6.04 (d]= 7.1 Hz, 1H, CHR), 5.14 (sept) = 6.3 Hz, 1H, CH

4), 1.32 (dJ = 6.2 Hz, 3H, C®5), 1.15 (d,J = 6.3 Hz, 3H, CH-5). 13C NMR (101 MHz,

CDC) U = 170.9 (C=0) 4) 1BX94G,)9131(.7GCH),)128.61C340,. 4 ( C
127.1 (CHy), 125.5 (Gi), 123.7 (CH:), 122.6 (CH,), 120.2 (CHy), 119.2 (CH,), 111.6

(CHar), 111.2 (G:), 69.6 (C4), 50.6 (C2), 21.8 (C5), 21.5 (OR: v [cm™] 3418, 3357, 2981,
1724,1628, 1577, 1528, 1371, 1324, 1291, 1198, 11057828736, 715, 68LRMS (ESI+)

m/z (%). 337 (10, [M+HT), 359 (100, [M+Nal]), 695 (65, [2M+Na]). HRMS (ESI+) m/z

([M+Na]™): calculated for @oH20N20OsNa: 359.1366, found: 359.1365.
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Cbz-Gly(N-Val-OMe)-OiPr (16a)
9
I
0

e
1/&
o

IsopropyIN-benzyloxycarbonyP-((2,2,6,6tetramethylpiperidiril-yl)oxy)glycinate(5b) (100

mg, 0.25 mmol) was subjected to general proceliumreatalyzed by citric acid (10 mg, 0.05
mmol) with L-valine methyl esterN2) (32 mg, 0.25 mmol) in C¥CN and the substituted
productl6awas obtained as colorless oil (82 mg, 88%) as 1:1 diastereomeric mixture.

Rt =0.6(40% EtOACc/PE)'H NMR (400 MHz, CDC}) U 7%=41-7.33 (m, 10H, Cla, CHar*),

5.57 (d,J=8.0 Hz, 1H, NH), 5.39 (d] = 9.2 Hz, 1H, NH*), 5.231.94 (m, 8H, Ck+11, CH-

11*, CH-1, CH1* CH-4, CH-4*), 3.67 (s, 3H, CH9), 3.61 (s, 3H, CHE9*), 3.23 (dd,J =

9.5, 5.5 Hz, 1H, C#b), 3.07 (ddJ=11.1, 5.8 Hz, 1H, C¥*), 2.82 (ddJ=11.5, 4.1 Hz, 1H,
NH*), 2.44 (dd,J = 10.0, 9.5 Hz, 1H, NH), 1.99.79 (m, 2H, CH6, CH-6*), 1.351.23 (m,

12H, CH-2, CH-2*), 1.030.87 (m, 12H, CH7, CHs-7*). 13C NMR (101 MHz, CDCH i =
176.1 (C=0), 175.3 (C=0%*), 168.9 (C=0, C=0%*), 155.6 (C=0, C=0%), 1362, (Car*),

128.5 (CHy, CHar*), 128.24 (CHy, CHar*), 128.17 (CHy, CHar*), 70.1 (C1), 69.7 (C1%),
67.2 (C4), 67.0 (C11, C11%), 66.0 (C4*), 63.6 (C5), 62.4 (C5*), 51.8 (C9, C9%), 31.9 (C6),
31.7 (C6*), 21.69 (C2), 21.65 (C2*), 21.62 (C2), 21.58 (C2*), 19.3 (C7), 19.1 (C7*), 18.2 (C7),
18.0 (C7*).IR: v [cml] 3344, 2961, 2874, 1716, 1509, 1467, 1455, 1374, 1323, 1304, 1235,
1200, 1180, 1146, 1104, 1024, 994, 774, 753, 738, IBRMS (ESI+) m/z (%). 381 (10,
[M+H] "), 403 ([M+NaJ), 783 ([2M+Na]). HRMS (ESI+) m/z ([M+Na]*): calculated for
C1oH28N206Na: 403.1840, found: 403.1841.
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Cbz-Gly(Boc-Ala-Cys-Ala-OMe)-OiPr (16b)
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Isopropyl N-(benzyloxycarbonytp-((2,2,6,6tetramethylpiperidiril-yl)oxy)glycinate (5b)
(100 mg, 0.25 mmol) was subjected to general procefiuoatalyzed by citric acid (10 mg,
0.05 mmol) with BoeAla-Cys-Ala-OMe (N3) (92 mg, 0.25 mmol) in C¥CN and product6b
was obtained as colorless oil (120 mg, 78%hasparabld.:1 diastereomeric mixture.

Rr = 0.6 (40% EtOAC/PE)!H NMR (400 MHz, CDC$) ti  8:00 (d,J = 6.2 Hz, 1H, NHys*),
7.437.33 (m, 11H, CH, CHas*, NHa*), 7.056.86 (m, 2H, NHia, NHcys), 6.42 (d,J = 7.6
Hz, 1H, NHsy), 6.21 (dJ= 6.8 Hz, 1H, NHy*), 5.43 (S, 1H, NHa), 5.37 (dJ= 7.3 Hz, 1H,
CH-3), 5.245.08 (m, 7H, CH4, CH-4*, CH-2, CH-2*, CH-3*), 5.02 (s, 1H, NHia*), 4.96-
4.92 (m, 1H, CHB), 4.864.79 (m, 1H, CH6*), 4.61-4.46 (m, 2H, CH7, CH7*), 4.41-4.32
(m, 1H, CH10%*), 4.264.16 (m, 1H, CHL0), 3.75 (s, 3H, Ck9), 3.73 (s, 3H, CE9*), 3.42
(dd,J=14.8, 3.6 Hz, 1H, CHH5*), 3.08 (dd,J = 14.6, 6.4 Hz, 1H, CH5), 2.98 (dd,) = 14.8,
4.8 Hz, 1H, CH-5%), 2.90 (ddJ=14.6, 7.1 Hz, 1H, CHb5), 1.47 (s, 18H, Ck13, CH-13%),
1.451.36 (m, 12H, Ck8, CHs-11, CH-8*, CHs-11*), 1.31 (dJ= 6.4 Hz, 12H, Chk1, CHs-

1%). 13C NMR (101 MHz, CDC}) i  1¥2.8 (C=0), 172.7 (C=0%), 172.6 (C=0, C=0%*), 169.5
(C=0), 169.3C=0%), 168.8 (C=0), 168.3 (C=0%*), 155.4 (C=0, C=0%*), 155.3 (C=0, C=0%),
135.8 (Gv*), 135.6 (Gar), 128.64 (CH*), 128.61 (CHy), 128.5 (CH:), 128.4 (CH,*), 128.2
(CHar), 128.1 (CH/*), 70.7 (C2, C2*), 67.8 (C4), 67.5 (C4*), 57.5 (C3), 55.6 (C3*), 53.0
(C6), 52.5 (C9*), 52.4 (C9), 51.5 (C6*), 50.5 (C10, C10*), 48.4 (C7*), 48.3 (C7), 34.5 (C5%),
33.5 (C5), 28.4 (C13*), 28.3 (C13), 21.68 (C1), 21.65 (C1*), 21.53 (C1), 21.46 (C1*), 18.0
(C8, C8%), 17.9 (C11, C11*)R: v [cm] 3302, 2979, 2936, 1716, 165815, 1454, 1412,
1366, 1320, 1223, 1167, 1105, 1051, 1028, 985, 753, 698, 6671,BRES (ESI+) m/z (%)
627 (55, [M+H]), 649 (100, [M+Na]). HRMS (ESI+) m/z ([M+Na]"): calculated for
CogH42N4O10NaS: 649.2514, found: 649.2508.

131



Boc-Ala-Cys-Ala-OMe (N3)
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The compound was synthesized by Dr. Jan Picha at IOCB, Prague.

Rr = 0.69 EtOAC); [UL%s9=129.6 (c = 2; DMF).

IH NMR (600 MHz, CDCk)  &.19(brs, 2H, NH), 5.13 (brs, 1H, NH), 4.68 (ddgdJ = 8.0,
5.8 4.5 Hz, 1H, CH4), 4.51 ,1H,J=7.2 Hz, CH6 orCH-2), 4.18 (m 1H, CH-6 orCH-2),
3.73 6,3H, CHs-1), 3.11 ddd,) = 13.5, 8.04.5 Hz 1H, CH>-5), 2.73(ddd,J = 13.5, 10.05.8
Hz, 1H,CH.-5), 1.69 (brs, 1H, SH), 1.43¢,9H, CHz-9), 1.42 (d J= 7.2 Hz, 3H, CH-7 or
CHz-3), 1.38(d, J = 7.2 Hz, 3H,CHz-7 or CHz-3). *C NMR (150.9MHz, CDCk)  172.8
(C=0),1727 (C=0),1692 (C=0), 155.7 (C=0), 80.5 (C8K3.9 (C4), 525 (C1), 50.6 C6 or
C2), 484 (C6 or C3, 283 (C9), 26.8 CH), 17.9 C3 or C}, 17.75 C3 or C}). HRMS (ESH)
m/z ([M+Na]"): calculated foIC1sH270sN3SNa 400.153; found: 400.1%0.

Reaction scheme for the synthesis:

o)
NH,
HO NHBoc NHBoc
a NHBoc NHBoc b o) S—S__A~__0
5 o) S—S.__A~_.0 ﬁ/k/ \/Y
S —_— —_—
Y _\NH HN
~NH; OH OH j/\ I
0" >o” 0> >o”

:NHBoc \NHBoc BocHN
l ; I S
NH e d 3 3

NH

o~ ©O o~ ©O

Reagents, conditions, yields) BoeO, K.COs, water and dioxane, 1 h at 0°C then overnight

at rt (65%); (b) AlOMe AHCI , HBTU, HOBt, DI PEA,C4DMF,

HCI in dioxane, overnight at rt (73 %) Boc-Ala-OH, HCTU, DIPEA, DMF, overnight at rt
(77 %);(e) Tributylphosphine, THF, water, overnight at rt (75%).
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Cbz-Gly(Boc-Tyr -OMe)-OiPr (16c)

Isopropyl N-(benzyloxycarbonyjP-((2,2,6,6tetramethylpiperidirl-yl)oxy)glycinate (5b)
(100 mg, 0.25 mmol) was subjected to general proceflucatalyzed by citric acid (10 mg,
0.05 mmol) with BoeTyr-OMe (N4) (116 mg, 0.39 mmol) in G¥€N and the produd6cwas
obtained as colorless oil (27 mg, 20%)reeparabld.:1 diastereomeric mixture and unreacted
starting materials were recovered.

IH NMR (400 MHz, CDC) i 818 (s, 2H, OH, OH*), 7.43.24 (m, 10H, Chk, CHar*),
7.227.12 (m, 2H, CH-8, CHar-8*), 7.02-6.92 (m, 2H, CH-9, CHar-9*), 6.83-6.72 (m, 2H,
CHar-7, CHar-7*), 6.29 (s, 1H, NH), 6.00 (s, 1H, NH*), 5.42 (@= 8.0 Hz, 1H, CH3), 5.37
(d,J=8.0 Hz, 1H, CH3*), 5.225.07 (m, 6H, CI#4, CH-4*, CH-2, CH-2*), 4.99 (d,J= 8.3

Hz, 2H, NH, NH*), 4.604.47 (m, 2H, CHL2, CH12%), 3.72 (s, 6H, Ck15, CH-15%), 3.10
2.96 (m, 4H, CH#11, CH-11%), 1.44 (s, 9HCHs-14*), 1.36 (dJ = 6.4 Hz, 12H, Cht1, CHs-

1*), 1.35 (s, 9HCHs-14). 13C NMR (101 MHz, CDC¥) i 1¥9.1 (C=0, C=0%), 174.7 (C=0,
C=0%), 155.1 (C=0, C=0*, C6, C6*), 132.6 4CCar*), 131.1 (C10L10%), 130.4 (C9, C9%),
129.0 (C8, C8%*), 128.60 (C4), 128.58 (CH*), 128.4 (CH,,), 128.3 (CH*), 128.23 (CH),
128.16 (CH*), 127.6 (C5, C5%), 115.5 (C7, C7*), 80.0 (C13, C13*), 70.6 (C3, C3*), 69.6
(C2, C2*%), 66.2 (C4, C4%), 54.6 (C12, C12%), 52.2 (C15, C15%), 37.1 (C11, C11*), 28.3
(C14%), 27.6 (C14), 20.1 (C1, CI*R: v [cmY] 3342, 2979, 2931, 2851, 1711, 1614, 1515,
1446, 1390, 1367, 1307, 1218, 1166, 1104, 1056, 1027, 829, 779, 7ARLS.(ESI+)m/z

(%): 567 (100, [M+Na]). HRMS (ESI+) m/z ([M+Na]"): calculated for gsHzsN20OgNa:
567.2313, found: 567.2316.
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Bz-Gly(N-Val-OMe)-NPip (16d)
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N §Benzoy)-N-pentamethylen-((2,2,6,6tetramethylpiperidirl-yl)oxy)glycinamide (5€)

(100 mg, 0.25 mmol) was subjected to general procedureediated by acetic acid with
valine methyl esteMN2) in CHsCN (3 mL) and the produdidwas obtained as colorless solid
(74 mg, 80%) as 1:1 diastereomeric mixture.

Rr = 0.6 (40% EtOAC/PE)!H NMR (400 MHz, CDC§) Ui 7-87-7.73 (m, 4H, CH;, CHar*),
7.557.50 (m, 2H, CH:, CHa/*), 7.487.42 (m, 6H, CH, CHa*, NH, NH*), 5.83-5.77 (m,

1H, CH5), 5.74 (dJ=6.1 Hz, 1H, CHb*), 3.87-3.79 fn, 2H, CHx-1, CH-1*), 3.733.68 (n,

2H, CH-1, CH-1%), 3.66-3.46 (m,4H, CHz-1, CH-1%), 3.393.34 (m, 1H, CH6), 3.153.02

(m, 1H, CH6*), 2.91 (s, 1H, NH), 2.57 (s, 1H, NH*), 1.9587 (m, 1H, CH7), 1.871.78 (m,

1H, CH7%), 1.751.54 (m, 12H, Chk2, CH-3, CH-2*, CH.-3*), 0.97 (d,J = 6.7 Hz, 3H,
CHs-8), 0.92 (dJ = 6.8 Hz, 3H, CH-8*), 0.92 (d,J = 6.8 Hz, 3H, CH-8*), 0.89 (d,J = 6.8

Hz, 3H, CH-8).13C NMR (101 MHz, CDC#) i 1%6.7 (C=0), 175.3 (C=0%), 170.0 (C=0),
166.9 (C=0%), 166.9 (C=0), 166.6 (C=0%), 133.7a(CCar*), 131.8 (CHyr), 131.7 (CH*),
128.6 (CHy), 128.5 (CH*), 127.08 (CHy), 127.07 (CH:*), 63.5 (C6), 62.1 (C5), 61.5 (C5*),
61.4 (C6*), 51.6 (C10), 51.5 (C10%), 46.8 (C1), 46.7 (C1*), 43.6 (C1), 43.4 (C1*), 32.1 (C7),
31.8 (C7*), 26.5 (C2), 26.3 (C2*), 25.6 (C2*), 25.5 (C2), 24.42 (C3), 24.40 (C3*), 19.4 (C8),
19.2 (C8*), 18.5 (C8*), 18.1308). IR: v [cmY] 3320, 2936, 2858, 1733, 1630, 1579, 1515,
1458, 1440, 1295,245, 1226, 1198, 1180, 1148, 1136, 1122, 1073, 1009, 998, 852, 802, 774,
710, 693, 665, 639, 604LRMS (ESI+) m/z (%). 398 (100, [M+Na]). HRMS (ESI+) m/z
([IM+Na]"): calculatel for GooH29N304Na: 398.2050, found: 398.2050.
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Cbz-Val-Gly(N-L-Val-OMe)-OiPr (17a)

A diastereomeric mixture ofisopropyl N-(N-(benzyloxycarbonytL-valyl)-2-((2,2,6,6
tetramethylpiperididl-yl)oxy) glycinate(5)) (d.r. = 2:1, 300 mg, 0.59 mmol) was subjected to
general procedurg, catalyzed by citric acid (23 mg, 0.12 mmol) withvaline methyl ester
(N2) (78 mg, 0.59 mmol) as nucleophile in &HN (10 mL) and the produéfZa was obtained

as colorless solid (277 mg, 97%) a8:1 diastereomeric mixture.

Rt =0.6(40% EtOAc/PE)H NMR (400 MHz, CDC$) i 742-7.31 (m, 10H, Cla, CHar*),

6.56 (d,J=8.1 Hz, 1H, NH), 6.31 (d] = 8.7 Hz, 1H, NH*), 5.39 (dJ = 8.8 Hz, 1H, NH*),
5.245.01 (m, 9H, CH7, CH-7*, NH, CH-3, CH-3*, CH-2, CH-2*), 4.07 (dd,J = 8.8, 5.0

Hz, 1H, CH4), 4.01 (ddJ=8.7, 5.9 Hz, 1H, CHI*), 3.71 (s, 3H, Ckt11*), 3.69 (s, 3H, Ckt

11), 3.27 (ddJ = 8.7, 4.5 Hz, 1H, CH8), 3.11 (ddJ = 11.0, 5.4 Hz, 1H, Ci8*), 2.78 (dd,J

= 11.0, 3.1 Hz, 1H, NH*), 2.431¢,J = 9.6, 34 Hz 1H, NH), 2.262.14 (m, 1H, CHB), 2.18

2.06 (m, 1H, CHb*), 2.07-2.00 (m, 1H, CH9), 1.991.88 (m, 1H, CH9*), 1.331.25 (m, 12H,
CHs-1, CHs-1*), 1.020.81 (m, 24H, Ck6, CHs-6*, CHs-10, CH-10%). 13C NMR (101 MHz,
CDClk) i 1¥5.7 (C=0%), 174.9 (C=0), 171.3 (C=0), 171.2 (C=0%*), 169.0 (C=0%*), 168.9
(C=0), 156.3 (C=0, C=0%), 136.3 49, 136.1 (G*), 128.55 (CHy), 128.52 (CH*), 128.22
(CHar), 128.20 (CH*), 128.1 (CHv*), 128.0 (CHxr), 70.2 (C2), 69.7 (C2*), 67.2 (C7), 67.0
(C7*), 65.6 (C3*), 64.1 (C3), 63.7 (C8), 62.8 (C8*), 60.2 (C4), 60.1 (C4*), 52.0 (C11*), 51.8
(C11), 31.9 (C9*), 31.5 (C9), 31.4 (C5), 30.7 (C5*), 21.7 (C1*), 21.64 (C1H12TC1), 21.55
(C1%),19.31 (C6), 19.28 (C6*), 19.14 (C6*), 19.06 (C6), 17.9 (C10), 17.8 (C10*), 17.4 (C10%),
17.0 (C10)IR: v [cm™] 3307, 2957, 1734, 1691, 1655, 1648, 1528, 1467, 1455, 1373, 1293,
1240, 1201, 1183, 1143, 1106, 1037, 995, 778, 747, 695, 657, BBE (ESI+) m/z (%).

480 (90, [M+HT), 502 (100, [M+Na]), 981 ([2M+Na]). HRMS (ESI+) m/z ([M+Na]"):
calculated for @zHz7N3O7Na: 502.2524, found: 502.2521.
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Reaction procedure for substitution reaction catalyzed by chiral acid:

A solution of L-valine methyl esteN2) (16 mg, 012 mmol) insolvent(1 mL) was added to

a solution of diastereomeric mixture oifsopropyl N-(N-(benzyloxycarbonytL-valyl)-2-
((2,2,6,6tetramethylpiperidiriL-yl)oxy) glycinate(5j) (d.r. = 2:1,50 mg, 010 mmol) anda

chiral acid (§-TRIP or R)-TRIP or L-tartaric acid or BRartaric acid)(0.02 mmol)in the
mentioned solvent (G3CN or CHCI; or toluene or 1:1 mixture of Gi&N/toluene)at rt. The
reaction mixture was heated to 37 °C and stirred overnight. After completion, the reaction
mixture was evaporated to dryness and the residue was analyzed\R spectroscopyo

obtain 1.8:1 diastereomeric mixturelofa

The major diastereomer was partially separgtéd’so=+2.2(c =0.19 CHCl).

Cbz-Vval-Gly(N-D-Val-OMe)-OEt (17b)
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A diastereomeric mixture of ethyl N-(N-(benzyloxycarbonytL-valyl)-2-((2,2,6,6
tetramethylpiperidiril-yl)oxy) glycinate(5k) (d.r. = 2:1, 30 mg, 06 mmol) was subjected to
general procedurg, catalyzed by citric acid2(3 mg, 001 mmol) withD-valine methyl ester
(N7) (8 mg, 006 mmol) as nucleophile in Gi&N/toluene(1:1, 1.2mL) and the product7b
was obtained gzartially separable:k diastereomeric mixtur@scolorless solid (2mg, 78%).
Rr = 0.6(40% EtOAC/PE)!H NMR (400 MHz CDCk)  #.427.30 (m,10H, CHar, CHar*),
6.53 (d,J = 7.2 Hz, 1H NHgy*), 6.43 (d,J = 6.7 Hz,1H, NHgyy), 5.37 (d,J = 9.2 Hz,1H,
NHval), 5.26 (dJ = 8.6 Hz,2H, CH-3, NHva*), 5.20 (d,J = 8.3 Hz, 1H CH-3*), 5.13 (s4H,
CHz-7, CH-7%), 4.374.16 (m,4H, CHp-2, CH-2*), 4.10 (ddJ = 8.4, 5.1 Hz, 1HCH-4*),
4.01 (dd,J = 8.7, 5.5 Hz1H, CH-4), 3.74 (s, 3HCHs-11%), 3.64 (s3H, CHs-11), 3.23 brs,
1H, CH-8), 3.16 prs, 1H CH-8*), 2.72 (s, 1K NHamina*), 2.47 (s, 1H, NHaminas), 2.302.16
(m, 1H CH-5%), 2.132.05 (m 1H, CH-5), 2.041.91 (m,2H, CH-9, CH9*), 1.30 (t,J=7.2
Hz, 6H, CHs-1, CHs-1*), 1.01 (d,J = 6.8 Hz, 3H CHs-6*), 0.96 (d,J = 6.7 Hz,6H, CHs-6,
CHs-10*), 0.94 (dJ = 6.8 Hz,6H, CHs-10, CHs-6*), 0.91 (d,J = 6.8 Hz,3H, CHs-6), 0.88 (d,
J=6.8, Hz,3H, CHs:-10*), 0.86 (d,J = 6.8 Hz,3H, CHz-10). 13C NMR (101 MHz, CDC}) U
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=176.1(C=0), 174.8 (C=0%)1714 (C=0*), 171.2(C=0), 1695 (C=0*), 169.4(C=0), 156.2
(C=0, C=0%), 136.3(Car, Car*), 128.6 (CH*), 128.5(CHar), 128.3 (CH*), 128.2 (CHay),
128.1(CHar, CHar*), 67.2 (C7%),67.0(C7), 65.2(C3), 64.0 (C3+),63.7(C8), 62.9 (C8*),62.2
(C2%), 61.9(C2), 60.3 (C4*),60.0(C4), 52.0(C11), 51.9 (C11%),31.8(C9), 31.6 (C9%),31.5
(C5), 30.7 (C5%), 19.4 (C10, C10*)19.1(C10), 19.0(C10), 17.7(C6, C6*), 17.6(C6), 17.2
(C6*), 14.0(C1, C1*) IR: v [cm!] 3301, 3034, 2958, 2872, 1734, 1692, 1656, 1534, 1468,
1369, 1298, 1244, 1205, 1144, 1115, 1067, 1041, 999, 779, 74LF846. (ESI+)m/z (%)

466 (15, [M+H]"), 488 (100, [M+Na]), 954 ([2M+Na]"). HRMS (ESI+) m/z ([M+Na]"):
calculated for @gHzsN3O7Na: 488.2367 found:488.2363

The major diastereomer was partially separdtdd’so=12.5(c =0.17 CHC).

Cbz-Val-Gly(N-Phe-OtBu)-OEt (18)
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A diastereomeric mixture of teyl N-(N-(benzyloxycarbonytL-valyl)-2-((2,2,6,6
tetramethylpiperidiril-yl)oxy) glycinate(5k) (d.r. = 2:1, 100 mg, 0.20 mmol) was subjected
to general procedurg, catalyzed by citric acid (8 mg, 0.04 mmol) with phenylalanare
butyl ester N5) (45 mg, 0.20 mmol) in C4#N (2 mL) and the produd8 was obtained as
colorless oil (80 mg, 71%@s1:1 diastereomeric mixture.

Rr = 0.6 (40% EtOAC/PE)'H NMR (400 MHz, CDC}) i 72447.18 (m, 20H, Ch. CHar*),
6.48 (d,J = 7.7 Hz, 1H, NHy), 5.85 (d,J = 8.3 Hz, 1H, NHy*), 5.33 (d,J = 8.6 Hz, 1H,
NHval), 5.24-5.22 (m, 2H, CH-3*, NHva*), 5.165.09 (m, 5H, Ck#7, CH-7*, CH-3), 4.24
4.10 (m, 4H, CH2, CH-2%), 4.05 (ddJ = 8.6, 5.5 Hz, 1H, CHt), 3.93 (dd,J = 8.6, 5.4 Hz,
1H, CH4*), 3.64 (ddJ=9.8 6.7 Hz, 1H, CHB), 3.49 (dd,) = 8.5, 8.1 Hz, 1H, CI8*), 3.08
2.81 (m, 4H, CH#9, CH-9%), 2.74 (dd,J = 9.6, 3.4 Hz, 1H, Nbhg, 2.55 (dd,J = 8.5, 7.2 Hz,
1H, NHpne), 2.20-2.13 (m, 1H, CH5*), 2.10-1.99 (m, 1H, CHbB), 1.42 (s, 9H, Cki11), 1.39

(s, 9H, CH-11%), 128(t, J= 7.2Hz, 6H, CHs-1, CH:-1*), 0.97 (d,J = 6.8 Hz, 3H, CH-6),
0.96 (d,J = 6.8 Hz, 3H, CH-6*), 0.89 (d,J = 6.8 Hz, 6H, CH-6, CH:-6*). 13C NMR (101
MHz, CDCk) U 1%5.7 (C=0, C=0%*), 171.6 (C=0, C=0%), 161.4 (C=0, C=0%), 152.5 (C=0,
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C=0%), 137.5 (Gr, Car*), 137.1 (Gar, Car*), 129.6 (CHyr, CHar*), 128.4 (CHyr, CHa*), 128.3
(CHar, CHar*), 128.2 (CHyr, CHar*), 128.12 (CHy), 128.08 (CH:*), 126.73 (CHy), 126.67
(CHar*), 67.2 (C7*), 67.0 (C7), 63.9 (C3*), 63.8 (C3), 62.2 (C2), 61.9 (C2*), 60.0 (C4, C4*),
59.4 (C8*), 59.2 (C8), 39.9 (C9), 39.3 (C9*), 31.4 (C5*), 30.9 (C5), 28.0 (C11*), 27.9 (C11),
19.3 (C6), 18.9 (C6*), 17.2 (C6, C6*), 14.02 (C1), 14.00 (CIR).v [cm'!] 3318, 2962, 2927,
1726, 1662, 1523, 1499, 1456, 1368, 1281, 1229, 1153, 1028, 739,R4S. (ESI+) m/z

(%): 556 (20, [M+H]), 578 (100, [M+Na]), 1133 (10, [2M+Nd&]). HRMS (ESI+) m/z
([IM+Na]"): calculated for @H41N3O7Na: 578.2837, found: 578.2835.

Cbz-Val-Gly(N-Phe-OtBu)-Ala-OtBu (19)

An aqueousLiOH solution (1 N, 100 ¢ L, 0.09 mmol) was adde
diastereomeric mixture Cbzal-Gly(N-PheOtBu)-OEt 18a (50 mg, 0.09 mmol) in THF (1

mL) and the mixture was stirred afaot 2 h After completion, the reaction mixture was treated

with AmberChrom® 50WX4 hydrogen form to neutralize to pH~6, the residudileasd,

and the filtrate was evaporated to dryness to obtain the carboxylic acidaGy(N-Phe

OtBu)-OH as amorphous solid which was used directly for peptide coupling.
Triethylamine (25 ¢lL) -Val&yN-&eoOtBu}OHaodl-alanmeé xt ur e
tert-butyl ester hydrochloride (14 mg, 0.08 mmol) in £ (1 mL) followed by addition of

HBTU (32 mg, 0.08 mmol) and the reaction mixture was statetfor 3 h. Brine was added,

the mixture was extracted with GEl> (2x3 mL). The combined organic extracts were
subsequentlyashed with HCI solution (1 N, 1 mLandby sat. NaHC®solution (1 mL) The

organic layer was dried over MgaQhe solvent was removed atdueed pressure and the

residue was purified by flash column chromatography (20% EtOAc/cyclohexane) to give the

coupling producii9 (40 mg, 67%) agseparabld.:1 diastereomeric mixture as colorless oil.
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Rt = 0.6 (40% EtOAC/PE)!H NMR (400 MHz, CDC}) U 747 (d,J = 7.7 Hz, 1H, NHa),
7.41-7.16 (m, 21H, Chk, CHar*, NHa*), 6.84 (d,J = 6.5 Hz, 1H, NH), 6.49 (d] = 5.9 Hz,
1H, NH*), 5.42 (d,J = 8.4 Hz, 1H, NHu), 5.33 (dJ = 8.0 Hz, 1H, NHa*), 5.21-5.01 (m, 5H,
CH.-9, CH-9*, CH-5), 4.83 (d,J = 6.0 Hz, 1H, CHb5*), 4.404.24 (m, 2H, CH3, CH3*),
4.11 (ddJ=8.7, 5.0 Hz, 1H, CHp), 3.99 (ddJ = 8.4, 5.0 Hz, 1H, CH*), 3.773.76 (m, 1H,
CH-10), 3.653.54 (m, 1H, CH10%*), 3.132.84 (m, 4H, Ck11, CH-11%), 2.76 (S, 2H, Niphe,
NHphe), 2.29-2.14 (m, 1H, CH7), 2.132.01 (m, 1H, CHr*), 1.49 (s, 9H, Cht1), 1.46 (s,
9H, CHs-1%), 1.41 (s, 9H, CK13), 1.36 (s, 9H, Ck13*), 1.33 (d,J = 7.2 Hz, 3H, CH-4),
1.30 (d,J = 7.2 Hz, 3H, CH-4*), 0.98 (d,J = 6.8 Hz, 3H, CH8), 0.94 (dJ = 6.8 Hz, 3H,
CHs-8*), 0.90 (d,J = 6.8 Hz, 3H, CH-8), 0.87 (dJ = 6.8 Hz, 3H, CH-8*). 13C NMR (101
MHz, CDCk) 0 1¥3.5 (C=0), 173.0 (C=0%*), 172.5 (C=0), 172.0 (C=0%*), 171.3 (C=0),
171.2 (C=0%), 168.6 (C=0%*), 168.5 (C=0), 156.3 (C=0%*), 156.0 (C=0), 137,H,(C37.3
(Car®), 136.4 (Guvr), 136.2 (Gr*), 129.7 (CHy, CHar*), 129.6 (CHyr, CHar*), 128.51 (CH),
128.46 (CH*), 128.3 (CHyr, CHar*), 128.13 (CH:*), 128.09 (CHy), 126.72 (CH;), 126.67
(CHar*), 81.9 (C2), 81.8 (C2*), 81.7 (C12), 81.6 (C12%), 67.1 (C9*), 66.9 (C9), 65.5 (C5%),
64.9 (C5), 60.1 (C6, C10), 59.7 (C6*), 59.4 (C10%*), 49.00 (C3), 48.97 (C3*), 40.0 (C11, C11%),
31.9 (C7), 31.0 (C7*), 27.98 (C1), 27.96 (C1*), 27.94 (C13), 27.87 (C1%*B (C8), 19.0
(C8*), 18.1 (C4), 17.9 (C4*), 17.5 (C8), 17.3 (C8MR: v [cm™] 3308, 2975, 2931, 1726,
1648, 1498, 1455, 1392, 1368, 1284,8.2P147, 1095, 1028, 846, 734, 6ARMS (ESI+)
m/z (%) 655 (10, [M+HY), 677 (100, [M+Na]), 1331 (5, [2M+Na]). HRMS (ESI+) m/z
([IM+Na]"): calculated for @HsoN4OgNa: 677.3521, found: 677.3522.

Stability of aminal derivative 16d in TFA
Thefollowing procedure outlines the methodology employed to assess the stability of an

aminal in acidic conditions:

e
_N
Bz \|)LN
oD

TFA (4 pL, 0.05 mmol) in RO (1 pL, 0.05 mmol) was added to a solution of glycimeral
compoundl6d (10 mg, 0.03 mmolin CD:CN (0.5 mL) in an NMR tube and fumaric acid (3.1

mg, 0.03 mmol) was added as internal standard. The reaction was stirred for 12 h and analyzed
by 'H NMR.
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3-nitropentane (21)
NO,

23

Sodium nitrite (3.66 g, 52.97 mmol) was added to a solutiontwbBopentane (4.20 mL,
33.10 mmol) in DMSO (70 mL). The reaction mixture was stirred at rt for 18 h, cooled to 0 °C
and cold water (20 mL) was added. The mixture was extracted with pentaiten(®). The
combined extracts were washed with water (2x5 mL), dried over MgB8®the solvent was
removedunder reduced pressuiEhe producRlwas obtained as blue liquid and used without
further purification (2.77 g, 71%).

'H NMR (400 MHz; CDC}) i 4:384.31 (m, 1H,CH-3), 2.051.93 (m, 2H, CH2), 1.85

1.75 (m, 2H, CH2), 0.97 (tJ = 7.4 Hz, 6H, CH-1). 13C NMR (400 MHz; CDC}) U 92.9

(C3), 26.8 (C2), 10.3 (C1).

The analytical data according to titerature!*4!!

N-tert-Butyl -(2-ethyl-2-nitrobutyl) amine (22)
NO,

H
1 N 4
2 3
5
6

tert-Butylamine (2.11 mL, 20.06 mmol) was added to crudsti®pentane (2.35 g, 20.06
mmol). Aqueous formaldehyde (37%, 1.51 mL, 20.06 mmol) was added over 10 min while
keeping the temperature betweer3f°C, and the mixture was stirred at 50 °C for 18fterA

the reaction wasompleted pentane (100 mL) was added to the cooled mixture, the organic
layer was separated, washed with water (2x20 mL), and dried over MgB&D filtration the
solvent was evaporated under vacuum, and the crude product wasdpbsf vacuum
distillation (140 °C (bath temperature), 6.1 mbar) to oli2&ias pale yellow oil (2.2 g, 54 %).

Rt = 0.8 (20% EtOAc/ Hex)*H NMR (400 MHz; CDC}) 1 2595 (s, 2H, CH3), 2.00 (qJ

= 7.5 Hz, 4H, CH#5), 1.08 (s, 9H, Ckt1), 0.87 (t,J = 7.5 Hz, 6H, CH-6). 13C NMR (400
MHz; CDCkL) i 95.9 (C4), 50.3 (C2), 45.6 (C3), 29.1 (C1), 26.2 (C5), 8.0 (C6).

The analytical data according to titeraturel*4!!
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N-tert-Butyl-2-ethylbutan-1,2-diamine (23)

Ly NH
1~NUN A
2 3
5>6

N-tert-Butyl-(2-ethy}t2-nitrobutyl) amine (100 mg, 0.49 mmol) was dissolved in a mixture of
HOAc (0.72 mL) and ED (1 mL). While cooling in an ice bath, zinc powder (193.9 mg, 2.97
mmol) was added and the reaction mixture stdssequentlgtirred at rt for 2 h. The excess of
zinc was filtered off and solid NaHG@as added to the filtrate until the solution turned basic.
The mixture was extracted withJEX (3x20 mL), and the extracts were dried over MgSThe
solvent was evaporatemhdervacwm and the product was obtained as a colorless liquid (80
mg, 94 %).

Rf=0.1 (100 % EtOAc):H NMR (400 MHz; CDCk) U 264 (s, 2H, Ck3), 1.521.35 (m,

4H, CH-5), 1.15 (s, 9H, CKi1), 0.960.87 (m, 6H, CH-6).3C NMR (400 MHz; CDCH) i =
60.7 (C2), 52.9 (C4), 47.4 (C3), 28.7 (C1), 23.7 (C5), 7.4 (C6).

The analytical data according to titerature!*4!!

1-tert-Butyl-3,3,5,5tetraethyl-2-piperazinone (24A)
1

g

O3 N\,
ore

g 78T
KOH powder(130 mg, 2.32 mmol) was added slowly at 10 °C to a mixture-gfrioutyl-2-
ethylbutanl,2-diamine (80 mg, 0.464 mmol);f@ntanone (0.énL, 5.57 mmol) and CHGI
(0.06 mL, 0.69 mmol) and the reaction mixture was stirred at rt for 18 h. After completion, the
reaction mixture filtered, the filtrate wassaporated to dryness and the crude product was
purified by flash column chromatography (1:10@tpentane) to obtain piperazino24€A as
colourless oil (39 mg, 2&%)
Rt = 0.5 (1:5 EtO/Pentane)tH NMR (400 MHz; CDC}) i 317 (s, 2H, Ck4), 1.64 (gJ
= 7.5 Hz, 4H, Ci#7), 1.44 (s, 9H, Cki1), 1.0 (q,J = 7.2 Hz, 4H, CH-8), 0.900.84 (m, 12H,
CHs-9). 3C NMR (400 MHz; CDC}) i 174.6 (C3), 62.0 (C5), 57.1 (C2), 53.4 (C6), 51.0

(C4), 32.3 (C8), 28.9 (C7), 28.4 (C1), 8.1 (C9), 7.8 (C9).

The analytical data according to titeraturel*4!!
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1-tert-Butyl-3,3,5,5tetraethylpiperazin-2-one-4-oxyl radical (NO1)

e
e

Peroxyacetic acid (3Wt.% in HOAc, 0.22 mL, 1.06 mmol) was added to a solution of
piperazinone (190 mg, 0.71 mmol) in EtOAc (2.5 mL) at O °C. The reaction mixture was stirred
at rt for 16 h. Pentane (10 mL) was added to the reaction mixthieh waswashed with sat.
NaHCQ solution (6 mL), the organic layer was dried over Mg3i solvent was evaporated
under reduced pressu@nd the residue was purified by column chromatography (8%
EtOAc/pentane) to obtain the nitroxitl©1 as yellowish red oil 30 mg, 75%).

Rt = 0.4 (10 % EtOAc/Pentand)RMS (ESI+) m/z (%). 283 (100, [M]), 284 (20, [M+H).
HRMS (ESI+)m/z ([M]): calculated for GeH31N202: 283.2386, found: 283.2383.

The analytical data according to titerature!*4!!

tert-Butyl N-benzoyl2-((1-tert-butyl-3,3,5,5tetraethyl-2-oxopiperazinyloxy)glycinate
(29

9
VA
12 11 JL\8

5( .
10 6

g 4\5

KHMDS (0.45 mL, 0.4437 mmol,1 M in THF) was added dropwise to a solutitertebutyl
N-benzoylglycinate4t) (48 mg, 0.20 mmol) in THF (1 mL) a8 ‘C. After 30 min, nitroxyl
radical NO1) (128 mg, 0.44 mmol) was added, and the reaction mixture was stirrétCat 0
for 1 h. After completion, % drops of saturated NI solutionwere added,the reaction
mixture wasfiltered througha Celite® pad The solvents were evaporated under reduced
pressure, and the residue was purified by flash chromatograpky EtQAc/hexane) to give
oxygenated produ@5 as white amorphous solid (40 mg, 40 %).

Rf = 0.6 (20% EtOAC/PE)!H NMR (400 MHz, CDC}) U = J7.7.8 Az, ZHAGH,),
7.587.48 (m, 3H, CH), 7.09 (dJ = 9.8 Hz, 1H, NH), 6.09 (d] = 10.0 Hz, 1H, CHB), 3.15

(s, 2H, CH-7), 2.0%1.91 (m, 4H, CH#11), 1.701.65 (m, 4H, CH5), 1.53 (s, 9H, Ckil),
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1.41 (s, 9H, CK#9), 1.15 (tJ = 7.4 Hz, 3H, CH-12), 1.05 (tJ = 7.4 Hz, 6H, Ci4-12, CH-6),
0.78 (t,J = 7.3 Hz, 3H, CH-6).

2,6-Bis(methoxycarbonyl)piperidine (27)

o] o)
Dimethyl pyridine2,6-dicarboxylate26 (1.01 g, 5.16 mmol) was added to a suspension of
palladium on charcoal (200 mg) in MeOH (12 mL). The mixture was stirred in an autoclave
undera hydrogen atmosphere (18 bars) at 60 °C for 36 h. The mixture was filtered through
Celite® and the solvent was evaporated at reduced pressure. The resulting white solid was dried

to yield the produc27 (1.04 g, 95 %)which wasused directly for the next step.

Rr= 0.1 (20% EtOAC/PE)!H NMR (400 MHz, CDCY) U = 3. 7s4), 44 (ddJ6 H, CH
=11.0, 2.5 Hz, 2H, C#2), 2.45 (br s, 1H, NH), 1.96.56 (m, 6H, Ck3, CHb-4). 13C NMR
(101MHz,CDC¥) & = 172.9 (C=0), 58.4 (GQR).,3Y4yx.nm (

3342, 3019, 2982, 2954, 2931, 2869, 2807, 1730, 1438, 1332, 1317, 1212, 1183, 1150, 1131,
1099, 1061, 1046, 1000, 973, 922, 884, 774, 68RS (ESI+) m/z,(%): 142 (100, [M+H
CO:Me]), 202 (40, [M+H]), 224 (55, [M+Na]). HRMS (ESI+) m/z ([M+Na]"): calculated

for CoH1s0sNNa: 224.0893; found: 224.0895.

The analytical data according to titeraturel*4?!

2,6-Bis(methoxycarbonyl)}N-(tert-butyloxycarbonyl)piperidne (28)
4
3

-9 N2 O

oO)\Oo
5

1

6
BocO (2.3 mL, 10.14 mmol) was added to a solution of piperidin€l.02 g, 5.07 mmol) in
toluene (35 mL) and the mixture was heated to 95 °C for 16 h. The solvent was evaporated
under reduced pressure and the residue was purified by flash column chromatography (5%
EtOAc/ cyclohexane) to yield the Bgrotected piperidi@28 as colorless oil (1.48 g, 95%).

Rf = 0.4 (20% EtOAC/PE)!H NMR (400 MHz, CDCY) & = 4. 82-2)(372(s,s, 2H,
6H, CHs-1), 1.901.63 (m, 6H, Ck3, CH-4), 1.50 (s, 9H, Chi6). 13C NMR (101 MHz,
CDCk) U = 172.1 (C=0), 155.4 (C=0), 80.9 (C5)
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(C4).IR: 3 1] p9B3IN2871, 1735, 1695, 1437, 1399, 1366, 1347, 1332, 1308, 1253, 1200,
1169, 1131, 1082, 1057, 1013, 1001, 921, 881, 856, 801, 772.BME (ESI+) m/z,(%):

268 (35, [M+Naisobutylene]), 324 (100, [M+Na]). HRMS (ESI+) m/z ([M+Na]"):
calculated for @H230eNNa: 324.1418; found: 324.1419.

The analytical data according to titeraturel*4?!

2,6-Bis(methoxycarbonyl}N-(tert-butyloxycarbonyl) cis-2,6-dimethylpiperidine (29)

HMDS (12.3 mL, 58.8 mmol) was dissolved in THF (118 mL) #relreaction wasooled to

160 °C.n-BuLi (36.8 mL, 58.8 mmol, 1.6M in hexane) was added dropwise via syringe and

the solution was stirred f&0 min. This solution was added dropwise to a solution of the N
protected piperidin@8 (7.09 g 23.5 mmol) in THF (23 mL) arsdirring continuecat T 6 0 AC
for another 60 min. After cooling 078 °C, iodomethane (7.3 mL, 118.0 mmol) was slowly
added afterstirring for90 min the solution was warmed to roeemperature and stirring was
continued overnight. The reaction was quenched by the addition of s#tl Nélution (50

mL) and the aqueous layer was extracted with EtOAc (150 mL). The combined organic
solutions were washed with brine, dried over Mg&ad the solvent was evaporated at reduced
pressure. Purification by column chromatography (20% EtOAc/cyclohexane) yielded the

product29 as 10:1 diastereomeric mixtur@g/trans) as a pale yellow oil (6.86 g, 89%).

Rr = 0.3 (20% EtOAC/PE)H NMR (400 MHz, CDC}) o = 3. 7s7), {.881.636 H, C!
(m, 6H, CH-3, CH-4), 1.55 (s, 6H, Cki7), 1.41 (s, 9H, Cki6). 3C NMR (101 MHz, CDCH)
i = 176.0 (C=0), 155.1 (C=0), 81.7 (C5), 60.

(C4).IR: 3 1] p982N2951, 1736, 1691, 1434, 1383, 1362, 1340, 1303, 1270, 1172, 1152,
1138, 1123, 1086, 1010, 976, 908, 856, 777, 734, ZBRIS (ESI+) m/z,(%): 352 (100,
[M+Na]"). HRMS (ESI+) m/z ([M+Na]*): calculated for @H270sNNa: 352.1731; found:
352.1732.

The analytical data according to titeraturel*4?!
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cis-2,6-Bis(methoxycarbonyl)2,6-dimethylpiperidine (30)

N-tert-Butoxycarbonylpiperidin9 (1.97 g, 5.98 mmol) was dissolved in a mixture of 48%
hydrobromic acid and conc. acetic acid (HBr/AcOH = 1/9, 50 mL) and stirred at room
temperature for 4 bAfter completion, the reaction mixture was evaporated to dryness, brine
(10 mL) was addedyeutralizedwith NaoCOs powder,and the aqueous layer was extracted
with EtOAc (60 mL). The combined organic layers were dried over Mg®® solvent was

evaporated under reduced pressure and the residue was obtained as colorless oil. (1.27 g, 92%).

Rf = 0.2 (50% EtOAC/PE}H NMR (400 MHz, CDC}) & = 3.76 (s, 1H, Nt
CHs-1), 1.931.60 (m, 6H, CH3, CH-4), 1.28 (s, 6H, CH5). 13C NMR (101 MHz, CDCH)
i = 176.6 (C=0), 57.6 (C2), 51R:6 3CEd2an 33. 6

3020, 2951, 1727, 1451, 1221, 1194, 1177, 1145, 1133, 1095, 1073, 978, 79RVH.
(ESI+) m/z, (%): 170 (95, [MCOMe]*), 230 (10, [M+H]), 252 (100, [M+Na]). HRMS
(ESI+)m/z ([M+Na]"): calculated for @H190sNNa: 252.1212; found: 252.1209.

The analytical data according to titerature!*43!
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cis-2,6-Bis(methoxycarbonyl)cis-2,6-dimethyl-1-hydroxypiperidine (31)

1
O OH O

MCPBA (1.04 g, 7675%, 4.22 mmol) was added portion wise to a solution of the piperidine
30(880 mg, 3.84 mmol) in C¥l> (40 mL) under nitrogen at O °C. The reaction mixture was
warmed to room temperature and stirred for 4 h and an oigeed solution was formed.
After the completion, the mixture was diluted with £Hb (40 mL), washed with 5% N&Os

and the organic layer was dried over MgS@e solvent was evaporated under vacuum to
obtain N-hydroxyamine31 (5% EtOAc/cyclohexane) as colorless oil (470 mg, 50%) and
nitroxideNO2 (10% EtOAc/cyclohexane) as orange solid (74 mg, 24%)

R = 0.4 (20% EtOAC/PE}H NMR (400 MHz, CDC}) & = 6.34 (s, 1H, Ol
CHs-1), 2.182.13 (m,2H, CH,-3), 159-1.45 (m,4H, CHx-3, CH-4), 1.53 (s, 6H, CHi5. 13C
NMR (101 MHz,CDCY§ & = 175.2 (C=0), 65.6 (C2), 51.

(C4).IR: 3 1] p48aGN2952, 1723, 1448, 1433, 1287, 1239, 1193, 1174, 1146, 1131, 1074,
995, 974, 756, 726LRMS (ESI+) m/z, (%): 268 (100, [M+Na]). HRMS (ESI+) m/z
(IM+Na]™): calculated for @H190sNNa: 268.1155; found: 268.1153.

cis-2,6-Bis(methoxycarbonyl)2,6-dimethylpiperidine -1-oxyl (NO2)

v +
0 +
0 +
., \

0O O O

CuBr, (245 mg, 0.27 mmol) was added to a solutioriNsfiydroxy amine31 (1000 mg, 4.08
mmol) in CHCI2 (40 mL) and oxygen was bubbled foh3The reactiomixture was diluted
with CHCl2 (20 mL)andwashed with brine (20 mLYhe organic layer was dried over Mg&§0
the solvent was evaporated under reduced pressure and the residue was purified by column
chromatography (20% EtOAc/cyclohexane) to obtain nitroki@2 (980 mg, 98%) as orange
solid.

Ri= 0.3 (20% EtOAc/PEm.p. 61-63 °C. IR: 3 Y] p962an1723, 1448, 1433, 1287, 1239,
1193, 1174, 1146, 1131, 1074, 995, 974, 756, ZRSIS (ESI+) m/z,(%): 186 (60, [M+H
CO:Me]h), 208 (80, [M+NaCO:Me]"), 267(100, [M+NaJ). HRMS (ESI+)m/z ([M+Na]"):
calculated for @H1s0OsNNa: 267.1077; found: 267.108Bnal. Calcd for C11H1sNOs: C,
54.09; H, 7.43; N, 5.73. Found: C, 54.52; H, 7.36; N, 5.77.

The analytical data according to titeraturel*4?!
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tert-Butyl N-(benzoyl)(2R and 25)-(cis-(2,6-bis(methoxycarbonyl)-2,6-dimethyl
piperidine-1-yl)oxy)glycinate (32)

N\ P
0

3
".6 oO—

,N
(0] (0]
0]
rhbyf
H
(0]
7

A freshly prepared LiHMDSsolution @-BuLi (0.6 mL, 0.93 mmol, 1.6 M in hexane) and
HMDS (0.2 mL, 0. 93 mmad)was added drépWwise tola salution of a t
glycine derivative 4q) (100 mg, 0.42 mmol) in THF (1.5 mL) a¥8 °C and the mixture was
stirred for 30 min. NitroxideNO2 (230 mg, 0.94 mmol) was added and the reaction mixture
waswarmedto 0 °Cover 1h The reaction was quenched by a few drops of satCNsblution,
diluted with EtOAc, and filtered through a short pacCefite®. The solvent was evaporated at
reduced pressure and the crude product was purified by column chromatography (10%
EtOAc/cyclohexane) to give oxygenated prods2tas 1:1 diastereomeric mixture (110 mg,
54%).

Rt = 0.4 (40% EtOAc/PE}H NMR (400 MHz, CDC$) U ¥.827(m, &1, CH;, CHa™*),

7.74 (br's, 1H, NH*), 7.57.43 (m, 6H, CH:, CHa*), 7.21 (br s, 1H, NH), 6.14 (dl = 9.0

Hz, 1H, CH10%*), 6.06 (dJ= 7.6 Hz, 1H, CH10), 3.76 (s, 3H, Ck1), 3.70 (s, 3H, CEi1*),

3.65 (s, 3H, Cht1*), 3.52 (s, 3H, Cht1), 1.931.44 (m, 12H, Ck#4, CH-4*, CH2-5, CHp-

5*%), 1.68 (s, 9H, CH7*), 1.55 (s, 12H, CEkt6, CHs-6*), 1.49 (s, 9H, Ckt7). 13C NMR (101

MHz, CDCk) 175.8 (C=0, C=0%), 167.0 (C=0, C=0%), 166.1 (C=0, C=0%), 133.8,C
Ca*), 132.3 CHar*), 131.8 CHar), 128.7 CHar), 128.6 CHar*), 127.3 CHar), 127.2
(CHar*), 84.2 (C10), 83.7 (C10%), 82.4 (C8, C8*), 68.7 (C3), 68.5 (C3*), 52.6 (C1), 52.5 (C1%),
35.7 (C5), 35.5 (C5*), 27.9 (C7, C7*), 17.6 (C6), 17.4 (C6*), 15.2 (C4, AR). 3 Y[ cm
3436, 2998, 2980, 2949, 1749, 1733, 1722, 1674, 1520, 1483, 1457, 1329, 1256, 1230, 1203,
1185, 1159, 1143, 1117, 1068, 1047, 1022, 977, 716,l684S (ESI+) m/z,(%): 479 (10,
[M+H] ™), 501 (100, [M+Na]). HRMS (ESI+) m/z ([M+Na]*): calculated for eHz40sN2Na:
501.2207; found501.2207.
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cis-2,6-Bis(methoxycarbonyl}N-(tert-butyloxycarbonyl)-2,6-diallylpiperidine (33)

A 4 /7
\l 3
‘o, K 5

NaHMDS (16 mL, 15.8 mmol, 1M in THF) was added dropwise to a solution bFfiretected
piperidine28 (1.9 g, 6.3 mmol) in THF (40 mL) &t/8 °C and the solution was stirred for 60
min. Allyl bromide (2.7 mL, 31.5 mmol) was added dropwise, the solution was warmed to
room temperature after 90 min and the reaction mixture was stirred overnight. After
completion, the reaction was quenched byitaatd of sat. NHCI solution (10 mL) and the
agueous layer was extracted with EtOAc (2x30 mL). The combined orGam@cs were
washed with brine, dried over Mg%@nd the solvent was evaporated at reduced pressure.
Purification by column chromatography (10% EtOAc/cyclohexane) yielded the pra@iast

a colorless oil as 5:1 diastereomeric mixture (1.68 g, 69%).

Rr = 0.6 (20% EtOAC/PEYH NMR (400 MHz, CDC$)  8.21#6.02 (m, 4H, CH6, CH-6%),
5.244.94 (m, 8H, Ci#7, CH-7*), 3.74 (s,12H, Ch-1, CHs-1*), 3.072.92 (m, 4H, CH5,
CHo-5%), 2.71-2.56 (m, 4H, CH5, CH-5%), 2.00-1.88 (m, 4H, CH3, CH-3*), 1.881.77 (m,

4H, CH-3, CH-3%), 1.731.48 (m, 4H, CHH4, CH-4%), 1.43 (s, 9H, CB9*), 1.41 (s, 9H,
CHsz-9). 13C NMR (101 MHz, CDC$) 753 (C=0, C=0%), 154.4 (C=0, C=0%*), 135.6
(C6%), 135.5 (C6), 117.9 (C7, C7*), 81.9 (C8), 81.7 (C8*), 63.4 (C2, C2*), 51.9 (C1, C1¥),
42.0 (C5, C5%), 32.8 (C3, C3%), 28.1 (C9, C9%), 14.8 (C4,CIR). 31 2962012926, 2852,
1741, 1697, 1369,3U4, 1260, 1164, 1093, 1019, 7ARMS (ESI+) m/z,(%): 404 (100,
[M+Na]™), 785 (25, [2M+Na]). HRMS (ESI+)m/z ([M+Na]"): calculated for @Hz10sNNa:
404.2044; found: 404.2039.
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2,6-Bis(methoxycarbonyl}N-(tert-butyloxycarbonyl)-cis-2,6-dipropylpiperidine (34)

4 7
LY

Pd/C (100 mg, 10 wt.% loading) was added to a solution of diallylpipel@#i(@50 mg, 2.49
mmol) in MeOH (12 mL) and the reactianixture was stirred undea hydrogen atmosphere

in an autoclave at 50 °C for3 After completion, the reaction mixture was diluted with MeOH
(20 mL) and filtered througkelite®. The solvent was removed under reduced pressure and
purification by column chromatography (10% EtOAc/cyclohexane) yielded the propyl
derivative34 (860 mg, 90%) as colorless oil as 5:1 diastereomeric mixture.

Rf= 0.6 (20% EtOAc/PE)H NMR (400 MHz, CDC})  8.71=(s, 12H, Cki1, CHs-1%),
2.121.97 (m, 4H, CH#3, CH-3%), 1.961.79 (m, 12H, CH3, CH-3*, CH>-5, CH-5%), 1.73

1.45 (m,12H, CHx-6, CH-6*, CH>-4, CHx-4*), 1.42 (s, 9H, Ckt9*), 1.39 (s, 9H, CH9), 0.94

(t, J=7.3 Hz, 12H, Ch7, CH:-7*). ¥3C NMR (101 MHz, CDC$) 1755 (C=0), 174.1
(C=0%), 154.8 (C=0, C=0%*), 81.3 (C8, C8*), 63.6 (C2, C2*),51.9 (C1*), 51.8 (C1), 39.8 (C3,
C3%), 33.1 (C5, C5%), 28.2 (C9*), 28.0 (C9), 18.4 (C6, C6*), 15.4 (C4, C4*), 14.8 (C7), 14.6
(C7%).IR: 3 1] 9652874, 1736, 1691, 1456, 1433, 1367, 1342, 1322, 1272, 1241, 1168,
1135, 1108, 1068, 1033, 1018, 772, 7BRMS (ESI+) m/z,(%): 408 (100, [M+Na]), 793

(10, [2M+Na]). HRMS (ESI+) m/z ([M+Na]"): calculated for @HssOsNNa: 408.2357;
found: 408.2355.
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2,6-Bis(methoxycarbonyl)cis-2,6-dipropylpiperidine (35)

N-tert-(Butoxycarbonyl)piperidin84 (800 mg, 2.07 mmol) was dissolved in a mixture of 48%
hydrobromic acid and conc. acetic acid (HBr/HOAc = 1/9, 40 mL)thadeaction mixture
was stirred at room temperature overnightfter completion, the reaction mixture was
evaporated to dryness, brine (10 mL) was addediralizedwith NaoCOsz powder,and the
agueous layer was extracted with EtO2x0 mL). The combined organic layers were dried
over MgSQ, the solvent was evaporated under reduced pressurbearesidue was obtained
as colorless oil (500 mg, 84%3 5:1 diastereomeric mixtymghich was used in the next step
without further purification.

Rt = 0.2 (50% EtOAc/PEYH NMR (400 MHz, CDC})  8.66<s, 6H, CHt1), 2.48 (s, 1H,
NH), 2.2%2.09 (m, 2H, CH5), 1.891.69 (m, 1H, Ck6), 1.681.55 (m, 3H, Ck6, 2CH-

3), 1.521.38 (m, 2H, CH-3), 1.3%1.24 (m, 2H, CH6), 1.231.13 (m, 2H, Ck5), 1.121.02
(m, 2H CH.-4), 0.88 (t,J = 7.3 Hz, 6H, CH-7). LRMS (ESI+) m/z, (%): 226 (55, [M
CO:Me]"), 286 (100, [M+HT), 308 (30, [M+Na]). HRMS (ESI+)m/z ([M+Na]"): calculated
for C1sH270sNNa: 308.1832; found: 308.1830.

cis-2,6-Bis(methoxycarbonyl)2,6-dipropylpiperidine -N-oxyl (NO3)

4 7
\l s T/

MCPBA (475 mg, 7075%, 1.92 mmol) was added portionwise to a solution of piperbne

(500 mg, 1.75 mmol) in Cil> (40 mL) under nitrogen at 0 °C. The reaction mixture was
warmed to room temperature and stirred for 4 h and an oigeed solution was formed.
After completion, the mixture was diluted with &@El. (40 mL) and washed witAn aqueous
NaCOs (5% solution) The organic layer was dried over Mg&S@nd the solvent was
evaporated under vacuum. Purification by column chromatography (10% EtOAc/cyclohexane)
yielded nitroxideNO3 as orange solids (280 mg, 53%) axwthydroxy amine36 as colorless

oil (110 mg, 21%)
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Rf = 0.3 (20% EtOAc/PE)m.p. 73-75 °C. LRMS (ESI+) m/z, (%): 242 (100, [M+H
CO:Me]"), 264 (25, [M+NaCO:Me]*), 301 (5, [M+H]), 323 (70, [M+Na]). HRMS (ESI+)
m/z ([M+Na]"): calculated for @H260sNNa: 323.1703; found: 323.170Bnal. Calcd for
CisH26NOs: C,59.98 H, 8.73 N, 4.66 Found: C, 5.77; H, 8.27, N, 4.94

cis-2,6-bis(methoxycarbonyl)1-hydroxy-2,6-dipropylpiperidine (36)

4 7
\l s T/
o, 5
-~ © N~ 2 0\1
|
(e} OH O

Rf= 0.5 (20% EtOAc/PE}H NMR (400 MHz, CDC$)  16.30=(s, 1HOH), 3.69 (s, 6H,
CHs-1), 2.282.11 (m,2H, CHx-5), 2.03 (ddd,) = 13.4, 12.3, 4.5 Hz, 2H, GFB), 1.891.67
(m, 2H, CH:-3), 1.641.38 (m,8H, CH-5, CH-6), 1.2D-1.08 (m, 2H, CH-4), 0.91 (tJ=7.3
Hz, 6H, Ch-7). 13C NMR (101 MHz, CDC})  1W74:8(C=0), 68.3 (C2), 51.0 (C1), 41.0
(C3), 32.4 (CH), 18.2 (C6), 16.4 (C4), 14.1 (CZRMS (ESI+) m/z, (%): 242 (40, [M
CO:Me]"), 324 (100, [M+Na]). HRMS (ESIl+)m/z ([M+Na]*): calculated for @H270sNNa:
324.1781; found: 324.1782.

tert-Butyl N-benzoy}t(2R and 25)-(cis-(2,6-bis(methoxycarbonyl)2,6-dipropylpiperidine -

1-yl)oxy)glycinate (37)

A freshly prepared LHMDS solutiom{BuLi (0.6 mL, 0.93 mmol, 1.6 M in hexane) and

HMDS (0.2 mL, 0. 93 mmad)was added drépWwise fola salutiopn ofat 71 °

tert-butyl glycinate 4q) (100 mg, 0.42 mmol) in THF (1.5 mL) a78 °C and the mixture was
stirred for 30 min. Nitroxid&O3 (281 mg, 0.94 mmol) was added and the mixture was stirred
for 1 h on warming to O °C. The reaction mixture was quenched by a few drops of #at. NH
solution, filtered through a short pad Gélite® and the solvent was evaporated at reduced
pressure. Té& crude product was purified by column chromatography (10%
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EtOAc/cyclohexane) to give oxygenated prodB8ct(132 mg, 5806) as 1:1 diastereomeric
mixture

Ri=0.5 (20% EtOAc/PE}H NMR (400 MHz, CDC})  7.98%.75 (m, 4H, Chi:, CHar*),
7.627.52 (m,2H, CHar, CHa*), 7.51-7.41 (m, 4H, Ch, CHar*), 7.31 (d,J = 8.8 Hz, 1H,
NH), 6.66 (br s, 1H, NH*)6.14 (d,J= 9.2 Hz, 1H, CHL0), 5.83 (br s, 1H, CH0*), 3.66 (s,
6H, CHs-1*), 3.62 (s, 6H, Ckt1),2.532.47 (m, 4HCH,-3, CH-3%), 2.242.00 fn, 12H, CH,-

5, CH-5*, CH2>-6, CH-6*, CH-3, CH-3*), 1.521.14(m, 12H, CHy-5, CH-5*, CH»-6, CHp-

6*, CHz-4, CH-4*), 1.55 (s,9H, CH-9), 1.53 (s, 9H, Ck9*), 0.99 (t,J = 6.9 Hz, 6H, CH

7), 0.58 (tJ = 7.2 Hz, 6H, CH-7*). °C NMR (101 MHz, CDC}) 1.73.8 (C=0, C=0%),
169.3 (C=0, C=0%), 166.3 (C=0, C=0%*), 133.4CCar*), 132.2 (CHy, CHar*), 128.65
(CHar), 128.61 (CH*), 127.31 (CHy), 127.26 (CH*), 83.2 (C10, C10*), 83.1 (C8, C8%),
71.2 (C2), 69.4 (C2*), 51.06 (C1), 50.95 (C1*), 42.9 (C5), 42.5 (C5*), 40.4 (C3, C3*), 33.6
(C6), 33.5 (C6*), 28.1 (C9*), 27.9 (C9), 17.9 (C4*), 17.1 (C4), 14.5 (C7), 14.4 (”H*). 3

[cm™] 3346, 2959, 2931, 2875, 2852, 1736, 1672, 1524, 1487, 1457, 1368, 1341, 1260, 1225,

1153, 1017, 1001, 987, 972, 71IRMS (ESI+) m/z, (%): 535 (10, [M+H]"), 557 (100,
[M+Na]"). HRMS (ESI+) m/z ([M+Na]"): calculated for ggH420sN2Na: 557.2833; found:
557.2835.

N-BenzykN &tert-butyloxycarbonyl)-N-[(1-benzyltriazol-4-yl)methyl]-2-((2,2,6,6
tetramethylpiperidin -1-yl)oxy)glycinamide (39)

Agueous sodium ascorbate solution (10 €L,

pentahydrate solution (50 eo&mixtude.obl-BehzytMéno | |,
(tert-butyloxycarbonyBhN-propargyt2-((2,2,6,6tetramethylpiperidiril-yl)oxy)glycinamide

(5d) (100 mg, 0.219 mmol) and benzyl azide (0.5 M in DCM, 0.44 mL, 0.219 mmal) in
H>O/BUOH mixture (2 mL, 1:1) and the heterogeneous mixture was stirred vigorously at rt
overnight. The reaction mixture was diluted with EtOAc (10 mL), washed with sat. NaHCO

solution (3 mL), dried over MgSfand the solvent was removed in vacuum. The residue was
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purified by column chromatography (20% EtOAc/cyclohexane) to oB&(i@5 mg, 58%) as

2:1 rotameric mixturas colorless oil.

R = 0.45(20% EtOAC/PE)!H NMR (400 MHz, CDC}) U = 7. 58 A)(745(s,1 H,
1H, CH6, B), 7.417.24 (m, 20H, Ch, A+B), 6.26 (dJ = 10.7 Hz, 1H, NH, B), 6.09 (d,=

10.7 Hz, 1H, CH2, B), 6.01 (dJ = 10.6 Hz, 1H, CF2, A), 5.76 (dJ = 10.6 Hz, 1H, NH, A),
5.565.43 (m, 4H, CH#7, A+B), 4.98 (dJ= 16.3 Hz, 1H, Ck8, A), 4.81 (dJ= 16.5 Hz, 1H,
CHo-4, B), 4.72 (dJ = 16.5 Hz, 1H, Ck4, B), 4.634.60 (m, 4H, CH+8, A+B, CH-4, A),

4.42 (d,J=14.7 Hz, 1H, Ch4, A), 1.501.28 (m, 12H, Ck13, CH-14, A+B), 1.45 (s, 18H,
CHs-10, A+B), 1.21 (s, 3H, C#12, B), 1.17 (s, 3H, C#12, A), 1.13 (s, 3H, Ck12, B),1.05

(s, 3H, CH-12, B), 1.03 (s, 6H, Ci12, A+B), 0.94 (s, 3H, C{12, A), 0.89 (s, 3H, Ck12,

A). 3C NMR (101 MHz, CDC})  168.4 (C=0, A), 167.9 (C=0, B), 154.7 (C=0, B), 154.2
(C=0, A), 144.0 (C5, B), 143.8 (C5, A), 136.3A(CB), 135.7 (G, A), 134.5 (G, A+B),
129.2 (CHy, B), 129.1 (CH:, A), 128.79 (CH:, A), 128.75 (CH, B), 128.6 (CH:, A+B),
128.2 (CHy, A), 128.1 (CH,, B), 127.8 (CH:, A+B), 127.5 (CH:, A+B), 123.4 (C6, A),
122.3 (C6, B)81.7 (C2, B), 80.4 (C2, A), 79.94 (C9, A), 88.(C9, B), 60.6 (C11, B), 60.4
(C11, A), 59.67 (C11, B), 59.65 (C11, A), 54.3 (C7, B), 54.2 (C7, A), 50.4 (C8, A), 48.0 (C8,
B), 41.4 (C4, B), 40.2 (C4, A), 40.1 (C13, A+B), 33.4 (C12, B), 33.3 (C12, A), 33.0 (C12, B),
32.6 (C12, A), 28.3 (C10, B), 28(Z10, A), 20.53 (C12, B), 20.49 (C12, B), 20.4 (C12, A),
17.1 (C14, A+B)IR: v [cm™] 3294, 2964, 2927, 1715, 1649, 1496, 1450, 1365, 1259, 1241,
1161, 1133, 1046, 1013, 985, 953, 921, 798, 723, 697 L66ES (ESI+)m/z (%): 591 (30,
[M+H] "), 613(100, [M+Na]). HRMS (ESI+)m/z ([M+Na]*): calculated folCssHaeNsOsNa:
613.3473, found: 613.3474.
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Chelidamic acid dimethyl ester hydrochloride (41)

H, 1

cl

To a suspension of Chelidamic acid hydrate (5 g, 25.94 mmadyyirMeOH (60 mL),
dimethoxypropane (30 mL) was added, followed by addition of conc. HCI (11.6 M, 3.4 mL,
38.91 mmol). The mixture was refluxed under a Galtying tubefor 4 h cooled to rtand
stirred overnightThe solvent was removed in vacuum, the residue was washed with diethyl
ether, the insoluble HCI salt was obtained as pale yellow solid. (6.15 g, 95%).

The analytical data according to titeraturel*4*

cis-2,6-Bis(methoxycarbonyl)4-hydroxypiperidine (42)
OH

o] o)
A suspension of Rh/AD3 (150 mg) in MeOH (4 mL) was practivated under {15 bar) for
1h in an autoclave. A solution of chelidamic ester hydrochlatidg 000 mg, 4.04 mmol) in
MeOH (8 mL) was added to the suspension ofgmtévated catalyst and stirred for 24 h. The
reaction mixture was filtered through a padQaiite® and the filtrate was evaporated. The
residue was dissolved in a minimum amount of water (10 mL)C8a(642 mg, 6.06 mmol)
was added at 0 °C, EtOAc (25 mL) was added and stirred for 10 min. Layers were separated
and the aqueous layer was extracted with EtOAc (3x25 mL), organic layers were combined,
dried over MgS@, the solvent was removed in vacuum and the residue was purified by column
chromatography to obtai27 (40% EtOAc/cyclohexane) (160 mg, 20%) adAd (60%
EtOAc/cyclohexane) (520 mg, 60%) as ctdes solid.
Rt = 0.45(100% EtOAc).m.p.135 °C.*H NMR (400 MHz, CDC$) : U -3577 (8, 1815
CH-4), 3.78 (s, 6H, Cht1), 3.44 (dJ = 11.8 Hz, 2H, CKR), 2.482.29 (m, 2H, CH3), 1.79
(br's, 1H, NH), 1.65 (br s, 1H, OH), 1:4926 (m, 2H, CH3). 13C NMR (101 MHz, CDC}):
U 172.1 (C=0), 68.5 (C4), 56.4 (C2), 52.3 (C1), 37.8 (@).v [cm™] 3321, 3137, 2961,
2922, 2860, 1735, 1427, 1349, 1328, 1302, 1252, 1198, 1161, 1116, 1065, 1006, 949, 881, 840,
789, 761, 727L.RMS (ESI+)m/z (%). 218 (60]M+H]™), 240 (100, [M+Na]). HRMS (ESI+)
m/z ([M+Na]"): calculated folCoH1sNOsNa: 240.0842, found: 240.0845.
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The analytical data according to titeraturel*44
cis-N-(Benzyloxycarbonyl)-2,6-bis(methoxycarbonyl)}4-hydroxypiperidine (44)
OH

Benzyl chloroformate (2.2 mL, 15.19 mmol) was adtted mixture of piperidind2 (2.2 g,
10.13 mmol) and NaHC£X1.70 g, 20.06 mmol) in Ci€l> (48 mL)/ O (12 mL) at rt, and
stirring was continuedvernight. After the completion of the reaction, brine (20 mL) was added
and the mixture was extracted with €3b (4x30 mL). The combined organic lagerere
dried over MgS@ the solvent was removed and the residue was purified by column
chromatography (25% EtOAc/cyclohexane) to obtiii2.90 g, 82%) as colttess oil.

Rf = 0.5(50% EtOAc).'H NMR (400 MHz, CDC}%) : 7#97:31 (m, 5H, CH), 5.305.17

(m, 2H, CH-5), 5.114.92 (m, 2H, Ck#+2),4.194.14 (m, 1H, CH4), 3.77 (s, 6H, Cki1), 2.56

2.41 (m, 2H, CH3), 1.921.80 (m, 2H, CH-3), 1.68 (br s, 1H, OH}3C NMR (101 MHz,
CDCl) : 118.7£C=0), 155.8 (C=0), 136.24¢, 128.5 (CH), 128.2 (CH), 128.0 (CH.),

68.1 (C5), 61.5 (C4), 52.6 (C1), 50.4 (C2), 31.8 (AR).v [cm?] 3475, 2952, 1747, 1701,
1438, 1410, 1335, 1290, 1209, 1087, 1061, 769, L8OIS (ESI+) m/z (%). 352 (10,
[M+H] ™), 374 (100, [M+Na]). HRMS (ESI+) m/z ([M+Na]*): calculated forC17H21NO7Na:
374.1210, found374.1209.

The analytical data according to titeraturel*4*
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cis-N-(Benzyloxycarbonyl)-2,6-bis(methoxycarbonyl}4-[(methoxy)methoxy]piperidine
(45)

Bromomethyl methyl ether (1.9 mL, 22.77 mmol) was added dropwise to a solution of alcohol
44 (2.0 g, 5.69 mmol) and DIPEA (5.9 mL, 34.15 mmol) in2CH (40 mL) at O °C. The
reaction mixture was warmed to rt after 30 min and stirred overnight. After completion, brine
(30 mL) was added to the reaction mixture at 0 °C, the layers were separated, and the aqueous
was extracted with C#€l> (3x40 mL). The combined organic layers were dried over MgSO

the solvent was removed in vacuum and the residue was purified by column chromatography
(20% EtOAc/cyclohexane) to obtad® (2.1 g, 93%) as pale yellow oil.

Rf=0.4(50% EtOAc)'H NMR (400 MHz, CDC4) : 743729 (m, 5H, CH;), 5.21 (s, 2H,
CH2-5), 4.80 (br s, 2H, Ci2), 4.58 (s, 2H, CHK6), 4.023.91 (m, 1H, CH4), 3.70 (s, 6H, CH

1), 3.34 (s, 3H, CK7), 2.522.34 (m, 2H, Ck3), 2.01 (ddd,J = 13.3, 7.4, 3.7 Hz, 2H, CH

3).13C NMR (101 MHz, CDC¥) : 1i@1.74C=0), 156.0 (C=0), 136.24Q, 128.5 (CH),

128.1 (CHy), 128.0 (CHy), 94.1 (C6), 67.9 (C5), 66.0 (C4), 55.3 (C7), 52.1 (C1), 51.6 (C2),
29.8 (C3).IR: v [cm™] 2951, 2895, 1736, 1701, 1437,0%4 1326, 1292, 1198, 1175, 1149,
1100, 1073, 1031, 989, 916, 769, 735, ARBMS (ESI+) m/z (%) 396 (5, [M+H]), 418

(100, [M+NaJ), 813 (10, [2M+Na]. HRMS (ESI+) m/z ([M+Na]"): calculated for
CioH2sNOsgNa: 418.1472, found: 418.1475.

The analytical data according to titeraturel*4*
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N-(Benzyloxycarbonyl)}2,6-bis(methoxycarbonyl}4-[(methoxy)methoxy} 2,6-dimethyl
piperidine (46)

NaHMDS (1 M in THF, 22 mL, 22.00 mmol) was added dropwise to a solution of piperidine
45(2.9 g, 7.33 mmol) in THF (45 mL) at 160 A
(4.6 mL, 73.34 mmol) was added dropwitse 78t 1
°C for 90 min, warmed to rt and stirred overnight. After completion, satO\kblution was

added, the layers were separated, and the agueous was extracted with EtOAc (2x40 mL). The
combined organic layers were dried over Mg30e solvent was remed in vacuum and the
residue was purified by column chromatography (20% EtOAc/cyclohexane) to 4b6t&ir®

0, 93%) as pale yellow oil as inseparable 1:1:3 diastereomeric mixture.

Rr = 0.4 (50% EtOAc)!H NMR (400 MHz, CDC}) : 7#07=80 (m, 15H, Chk, CHar*,

CHar**), 5.22-4.97 (m, 6H, CH5, CH-5*, CHz-5**), 4.72 (s, 2H, CH-6**), 4.68 (s, 2H,

CH-6), 4.64 (s, 2H, CKH6*), 4.164.10 (m, 1H, CH4**), 4.07-4.02 (m, 1H, CH4*), 3.96 (tt,
J=11.6, 3.8 Hz, 1H, CH}), 3.77 (s9H, CHz-1*, CHs-1**), 3.55 (s, 3H, Ckt1*), 3.36 (s,

15H, CHs-1, CHs-7, CHz-7*, CHs-7**), 2.22-2.01 (m, 6H, CH#3, CH-3*, CH>-3**), 1.98-

1.83 (m, 6H, CH3, CH-3*, CH2-3**), 1.72 (s, 3H, CH-8**), 1.69 (s, 3H, CH-8**), 1.63 (s,

6H, CH-8, CH-8*), 1.60 (s, 6H, Ch8, CH-8%). 3C NMR (101 MHz, CDC}) : 1@5.1=
(C=0%), 174.3(C=0, C=0**), 154.7 (C=0, C=0*, C=0**), 135.6 & Car*, Car**), 128.50

(CHar, CHar**), 128.47 (CHy*), 128.43 (CHyr, CHa**), 128.39 (CHy*), 128.3 (CHv),

128.21 (CH/*), 128.18 (CH\**), 95.2 (C6*), 952 (C6), 94.9 (C6**), 67.9 (C5), 67.7 (C5%),

67.6 (C5**), 67.1 (C4**), 66.9 (C4), 66.4 (C4*), 63.2 (C2), 62.4 (C2), 61.7 (C2*, C2**), 61.0
(C2*, C2**), 55.5 (C7, C7*, C7**), 52.6 (C19), 52.3 (C1, C1*), 41.8 (C3, C3*, C3**), 41.4

(C3, C3*, C3**), 23.6 (C8, C8*, C8**), 22.2 (C8, C8*, C8*IR: v [cm}] 2995, 2952, 1737,

1696, 1455, 1435, 1394, 1333, 1290, 1256, 1213, 1191, 1146, 1129, 1087, 1077, 1029, 1001,
775, 752, 735, 699.RMS (ESI+) m/z (%): 424 (25, [M+H]), 446 (100, [M+Nal), 869 (40,
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[2M+Na]"). HRMS (ESI+) m/z ([M+Na]*): calculated forC21H2sNOgNa: 446.1785, found:
446.1780.

N-(Benzyloxycarbonyl)}2,6-bis(methoxycarbonyl}4-hydroxy-2,6-dimethylpiperidine
(47)

Bromotrimethylsilane (1 mL, 7.67 mmol) was added dropwise to a solution of diastereomeric
mixture of methoxymethyl ethe6 (1300 mg, 3.07 mmol) in Ci&l> (25 mL) at 0 °C and the
solution was stirred for 2 h. After completion, saturatetHCQ; solution(10 mL)was added
dropwise (10 mL) and the mixture was extracted with,@lK(3x20 mL). The combined
organic layers were washed with bri{2® mL)and the solvent was evaporated under reduced
pressure. The residue was purified by column chromatography (20% EtOAc/cyclohexane) to
obtain47 (870 mg, 75%) as pale yellow oil as inseparable3ldiastereomeric mixture.

Rf = 0.4 (50% EtOAc)H NMR (400 MHz, CDC$)  7.427.30 (m, 15H, Ch, CHar*,
CHar**), 5.21-5.01 (m, 6H, CH5, CH-5*, CH>-5**), 4.40-4.27 (m, 1H, CH4*), 4.204.05

(m, 2H, CH4, CH4**), 3.793.28 (m, 18H, Chkt1, CHs-1*, CHz-1**), 2.62-2.54 (m, 2H,
CHz-3%*), 2.47 (d,J = 12.9 Hz, 2H, Ck#3*), 2.28 (dddJ = 12.9, 6.1, 2.4 Hz, 2H, G+B**),
2.232.16 (m, 2H, CH3**), 2.08-2.00 (m, 2H, CH3), 1.921.84 (m, 5H, CH#3, OH, OH*,
OH**), 1.81 (s, 6H, CH-6*), 1.73 (s6H, CHs-6**), 1.61 (s, 6H, CH-6).13C NMR (101 MHz,
CDCl) @74.4 (C=0, C=0%, C=0%), 154.8 (C=0, C=0*, C=0%*), 135.5(CCar*, Car**),

128.5 (CHy, CHar**), 128.44 (CHur), 128.42 (CH*), 128.35 (CH*), 128.33 (CHy), 128.25
(CHar*), 128.22 (CHu*), 128.1 (CH\**), 68.0 (C5), 67.8 (C5*), 67.7 (C5**), 62.2 (C4*),

61.6 (C4, C4*), 61.5 (C2, C2*, C2**), 61.1 (C2, C2*, C2**), 52.6 (C1*), 52.5 (C1), 52.3
(C1*¥), 43.8 (C3), 43.0 (C3*), 40.9 (C3**), 26.0 (C6*), 22.4 (C6, C6*HR: v [cm™] 3488,

2996, 29521739, 1697, 1455, 1435, 1395, 1330, 1291, 1257, 1214, 1145, 1132, 1087, 1029,
1003, 776, 752, 7T00RMS (ESI+)m/z (%). 380 (30, [M+H]), 402 (100, [M+Na]), 781 (40,
[2M+Na]"). HRMS (ESI+) m/z ([M+Na]*): calculated forCi9H2sNO7Na: 402.1523found:
402.1525.
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2,6-Bis(methoxycarbonyl}4-hydroxy-2,6-dimethylpiperidine (48)

OH

Pd/C was added to a solution of benzyloxycarbonyl protected pipeddi(é50 mg, 1.98
mmol) in methanol (10 mL) and the suspension was stirred undea@midsphere (15 bar) at
rt overnight. After completion the reaction mixture was filtered througklae® pad and the
filtrate was evaporated in vacuum to obtain the piperid8@00 mg, 82%) as colorless oil as
inseparable 1:1:3 diastereomeric mixiunghich wasdirectly used in the next step without
further purification.

Rf = 0.6(100% EtOAc)H NMR (400 MHz, CDC$)  @.304.20 (m, 2H, CH4*, CH-4**),
4.134.05 (m, 1H, CH4), 3.763.71 (m, 18H, Cht1, CH:-1*, CHz-1**), 3.04 (dd,J = 14.3,
4.9 Hz, 1H, CH-3*), 2.57-2.36 (m, 12H, CH3, CH-3*, CHz-3**, OH, OH*, OH**, NH,
NH*, NH** ), 2.172.07 (m, 1H, CH3**), 1.86 (d,J = 11.5 Hz, 1H, Ck#3**), 1.68-1.60 (m,
1H, CH-3*), 1.48 (ddJ = 13.8, 2.9 Hz, 2H, CH3),1.36 (s, 6H, ChE5*), 1.33 (s, 12H, Ckt

5, CH-5**). 13C NMR (101 MHz, CDC}) 178.8 (C=0, C=0%*, C=0**), 63.9 (C4*), 63.6
(C4, C4**), 58.3 (C2*), 55.8 (C2, C2**), 52.7 (C1*), 52.3 (C1), 51.8 (C1**), 42.5 (C3*), 39.5
(C3), 37.0 (C3**), 30.6 (C5), 30.2 (C5*), 29.8 (C5*1R: v [cm] 3449, 2953, 1729, 1707,
1452, 1435, 1294, 1266, 1209, 1138, 1106, 1044, 986 884S (ESI+)m/z (%). 246 (100,
[M+H] "), 268 (70, [M+Na]). HRMS (ESI+) m/z ([M+Na]®): calculated forCi11H1gNOsNa:
268.1155, found268.1154.
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cis-Ethyl 1,3-dimethyl-7-oxo0-6-oxa-2-azabicyclo[3.2.1]octane3-carboxylate (48)

A solution of alcoho8 (100 mg, 0.41 mmol) in DMF (2 mL) was added dropwise to a
suspension of NaH (21 mg, 0.53 mmiol)DMF (2 mL) at O °C and the reaction mixture was
stirred for 30 minutes before the addition of the solution bhazido2-(2-(2-
iodoethoxy)ethoxy)ethan@ 39 mg, 0.49 mmol) in DMF (1 mL). The reaction mixture was
warmed to rt and stirring was continued overnight. A few drops of NH4CI solution was added
to the reaction mixture, filtered through Celite® and solvents were removed undesdeduc
pressureThe residue was purified by column chromatography (20% EtOAc/cyclohexane) to
obtain48 (40 mg, 44%) ascolorless solids and recrystallized from EtOAc/pentane
Rf=0.6(100% EtOAc)\:H NMR (400 MHz, CDC#) : 4176469 (m, 1H CH-6), 4.304.08

(m, 2H, CHx-2), 3.04 (ddd,) = 14.3, 4.9, 2.0 Hz, 1HCH:-7), 2.74 (s, 1HNH), 2.11 (ddd,) =
11.5,6.1, 2.0 Hz, 1HCH,-5), 1.85 (dJ= 11.5 Hz, 1HICH-5), 1.65 (dJ = 14.3Hz, 1H, CHp-

7), 1.35 (s, 6HHCHs-4, CHs-9), 1.29 (t,J = 7.1 Hz, 3H CHs-1). 3C NMR (101 MHz, CDC%)

i 177.3(C=0), 175.9(C=0), 74.3(C6), 61.9(C2), 58.0(C8), 56.1(C3), 42.5 (C5),36.9
(C7),30.2 (C9),20.1(C4), 14.0(C1).
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4-Azido-2,6-bis(methoxycarbonyl)}2,6-dimethylpiperidine (50)

Methanesulfonythloride (0.16 mL, 2.10 mmol) was added dropwise to a solution of alcohol

48 (430 mg, 1.75 mmol) and DIPEA (0.67 mL, 3.86 mmol) il:CH( 13 mL) at 110
reaction mixture was warmed to rt and stirred for 2 h. After completion, the reaction mixture
was treated with sat. NaHGCd mL), andthe mixture was extracted with GEl> (2x15 mL)

The organic layers were combined, dried over Mg$i@ solvent was removed under reduced
pressure to obtain mesylate (600 mg) and the crude mixture was usedertteeep without

further purification.

Sodium azide (120 mg, 1.85 mmol) was added to a solution of the crude mixture of mesylated
alcohol (600 mg, 1.85 mmol) in DMF (12 mL) and the mixture was heated to 80 °C overnight.
After completion, the reaction mixture was diluted with EtOAc (10 mL), edstith brine (5

mL), the solvent was evaporated in vacuum and the residue was purified by column
chromatography (20% EtOAc/cyclohexane) to ob&in(210 mg, 45%) as colorless @b

single diastereomer

Rr = 0.4(50% EtOAc)'H NMR (400 MHz, CDCY) : 406 (t,J=12.1, 4.2 Hz, 1H, CH),
3.68 (s, 6H, Cht1), 2.54 (s, 1H, NH), 2.48.37 (m, 2H, CH3), 1.34 (s, 6H, CK5), 1.3t
1.18 (m, 2H, CH3). 13C NMR (101 MHz, CDC#) : 1#5.7£C=0), 58.0 (C2), 53&4),
52.1 (C1), 38.8 (C3), 29.6 (C3R: v [cm'] 3344, 2957, 2091, 1722, 1444, 1425, 1266, 1207,
1164, 1139, 1127, 1089, 1072, 1034, 977, 924, 782, 760, 727.R8YS (ESI+) m/z (%)

271 (10, [M+H]), 293 (100, [M+Na]). HRMS (ESI+) m/z ([M+Na]"): calculated for
C11H18N4O4Na: 293.1220, found: 293.1218.
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4-Azido-2,6-bis(methoxycarbonyl}2,6-dimethyl-piperidine-N-oxyl (51)

N3
35
/O N2 0\1
|
O 0 O

mCPBA (150 mg, 0.61 mmol, 70%) was added portionwase solution of piperiding0 (150

mg, 0.55 mmol) in CkCl2 (5 mL) at 0 °C and the reaction mixture was stirred at rt for 5 h. The
orange colored reaction mixture was diluted with,CI(10 mL), washed with 5% NaHGO

(2x5 mL), the combined organic layers were dried over Mg8@@ solvent was evaporated
under reduced pressure and the residue was purified by column chromatography (5%

EtOAc/cyclohexane) to obtabil (82 mg, 52%) as orange solid.

Rr = 0.4(20% EtOAQ. m.p. 71-73 °C.LRMS (ESI+)m/z (%). 308 (100, [M+Nal), 593 (20,
[2M+Na]"). HRMS (ESI+) m/z ([M+Na]"): calculated forC11H17N4OsNa: 308.1091, found:
308.1089.
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6.4 X-Ray Crystallographic Data

Crystallographic data were collected eitheBruker D8 VENTURE Kappa Duo PHOTONIII

by | ¢Sf ondwsr oseal ed tube wi t-Kappsl@CR @quipped with 0 7 3 )
Apexl | detector al so wiat low thhapkrature (pfesefmed Oby 3 )
Cryostream Cooler. The structures were solved by direct method8*fXand refined by full

matrix least squares based Bh(SHELXL2019)1*%% The hydrogen atoms on carbon were
fixed into idealized positions (riding model) and assigned temperature factors esfel) +

1.2 We(pivot atom) or Ko(H) = 1.5 Wpivot atom) for methyl moiety. One compourtff
crystallized in norcentrosymmetric space grol2:, however determination of absolute
configuratiodt> is not reliable due to lack of atoms with significant anomalous dispersion.

The X-ray crystallographic data were deposited at the Cambridge Crystallographic Data Centre
(CCDC) and can be obtained free of charge from the Centre via its website
(www.ccdc.cam.ac.uk/getstructuyeShe crystallographic data are summarized in following
tables(Table5-9).
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Table 5: Crystal data, data collection, and refinement parameters for 5iminor

Compound 5h-minor
CCDC 2047587
Formula C25H47N306
M.W. 485.65
Crystal system Monoclinic
Space group Cc2
a[A] 24.0449 (13)
b[A] 9.7434 (5)
c[A] 12.3578 (7)
U[°] 90

b[°] 96.880 (2)
2[°] 90

Z 4

VAT 2874.3 (3)
Dx[g cm] 1.122

Crystal size [mm]

Crystal color, shape

0.40 x 0.19 x 0.1«

Colorless, bar

e [Hm 0.64
Tmin, Tmax 0.82,0.91
Measured reflections 24056
Independent diffraction@Rin)? 5407 (0.023)
Observed diffract. [I>2(1)] 5359
No. of parameters 319

R° 0.030
WR(F?) 0.079
GOF 1.04
Residual electron density [e]A ~ 0.17,-0.17
Flack parameter 0.01 (10)

aRm - Sl/FOZBFo,meanzl/l SFOZ; bRF) :SJ-/&/FOJ/I)]/FCWJ Sl/FOJ/‘} WRF2) = S(W(FOZEFCZ)Z)/(S\N(FQZ)Z)]VZ,
GOF =$(W(Fo?bF:)%)/(NitrsbNoaram3]*
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Figure24: X-Ray crystalstructureof 5h minor
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Table 6: Crystal data, data collection, and refinement parameters for 32

Compound 32
CCDC 2353509
Formula C24H34N20sg
M.w. 478.53
Crystal system Triclinic
Space group P -1 (No.2)
a[A] 10.7585 (4)
b [A] 10.8373 (3)
c[A] 11.0398 (3)
O[] 74.326 (1)
b[°] 86.395 (1)
9[°] 79.690 (13
Z 2
V[A3 1219.15 (7)
Temperatwe 120
Dx[g cm¥)] 1.304
WavelengthA 0.71073

Crystal size [mm]

Crystal color, shape

0.39x0.29 x0.18

Plate colorless

e [Hhm 0.10
Tmin, Tmax 0.94, 0.98
Measured reflections 58918
Independent diffraction@Rint?) 6027 (0.029
Observed diffract. [I>8(1)] 5800
No. of parameters 314

R° 0.034
WR(F?) for all data 0.088
GOF 1.07
Residual electron density [ef}A 0.42, 1
Absolute structure parameter 0.5

3Rt = SR,y meart¥d SFo% PRIF) = SYA/RYbY YV SYRYi WRIP) = BW(RZLF2D/(SWRAIT%
“GOF =§W(Ro?bR2)2)/(NairsbNoaramd]
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Figure &: X-Ray crystalstructureof 32
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Table 7: Crystal data, data collection, and refinement parameters for NO3

Compound NO3
CCDC 2353511
Formula C15H26NOs
M.w. 300.37
Crystal system Orthorhombic
Space group Pnma(No. 62)
a[A] 8.4879 (9)
b [A] 19.706 (2)
c[A] 9.6947 (11)
Ul

b[°]

o[

Z 4

V[A3 1621.6 (3)
Temperatee 120
Dx[g cm¥)] 1.230
WavelengthA 0.71073

Crystal size [mm]

Crystal color, shape

0.70 x 0.67 x 0.15

prism, redorange

e [Hm 0.09
Tmin, Tmax 0.84,0.9
Measured reflections 7639
Independent diffraction@Rint?) 1914 (0.029
Observed diffract. [I>2(1)] 1516
No. of parameters 102

R° 0.044
WR(F?) for all data 0.113
GOF 1.06
Residual electron density [ef}A 0.28, 1
Absolute structure parameter 0.5

3Rt = SV 2o mear?Ad SFoZ; PRIF) = SYA/FYAYRYW SYFYs WRI) = BW(R2FR2)/(SW(R2]%
“GOF =§W(Ro?bR2)2)/(NairsbNoaramd]
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Figure26: X-Ray crystalstructureof NO3
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