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Abstract

Abstract

The cyclin dependent kinase inhibitor p27 is one of the most frequently
dysregulated tumour suppressor protein in human cancers. A reductienlavel

of cellular p27 is frequently due to increaseteasomelependent degradation.
Recently studies show thathe macrocyclic octapeptide argyrin A induced an
increase in cellular p27 levels by prevegtthe turnover of the proteigia

inhibition of proteasome function.

In order to investigate thisteresting biological property, this project embarked on
the total synthesis of argyrin A, a naturally occurring macrocyclic peptide
originally isolated from myxobacteriArchangium gephyraArgyrin A is a non
ribosomal octapeptide containing four standardino acids and three unusual

amino acidbased subunits.

The synthesis ofhesethree unusual amino acid compo newtss established. In
particular, a novel generic synthetic route to actbssptically pureN-Fmoc-4-

methoxytryptophan andanaloguesthereof was developedKey features of the
synthetic route include the use of chiral Strecker amino acid sysmtaadi mild

conditions to hydrolysa-amino nitrile to a-amino acid.

Furthermorethe total synthesis of argyrin A and analoguess accomplishebly

the application of modern solghase chemistry and macrocyalien strategies.
This platform technology will enable the robust total chemical synthesis of a
focused library of argyrin analogues, which will facilitate a comprehensive SAR

study.

Additionally, the synthesexd argyrin Aand analogues thereof comprising unique
tryptop hananalogues were tested in a cytotoxicity assay aghi@G3t117 human
colon cell line. The results shed that all synthetic argyrin derivatives display
growth inhibitory effects at nanomolar concentrations. The best result waseabta
for the argyrin A and5-methoxy TrpYargyrinwith Glso valueat1.8and 38 nM,
respectivelyln summary it became apparent ththe methoxy group at-4r 5

position of tryptophaid residueis essential for the biological activigf argyrin
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Chapter 1 Introduction

Chapter 1

Introduction

The proteasome is responsible for the degradation of most intracgltol@ins,
including those crucial for the cell cycle regulation and induction of apoptosis.
With the increasing understanding of the ubicipiateasome pathwaythe

proteasomehasbecomeanattractivedrug targefor anti-cancer therapy.

Several types ofproteasomenhibitors have been developeBortezomib (13),
currently as the firsline treatment of multiple myeloma, hae monstratedhe
clinical value of proteasome imbition. There are currently five proteasome

inhibitors in clinical developmeribelongingto three different structural classes

Apart from those, recestudes have revealed thtte cyclic octapeptide argyrin,A
a secondary metabolite ofymobacteriacan be regarded as a potential alternative
to bortezomil?: Its anti-tumour activityis believed to depend othe stabilisation of

the tumour suppressor p27.



Chapter 1 Introduction

The major goal of this projeds the total synthesis athe naturally occurring
proteasome inhibitor argyrin A and analogugElis chapteioutlinesthe rationale
for targetingthe proteasoman cancer therapy, followed by the literature review on

the existing proteasome inhibitors.

1.1 Cyclin-dependentkinase inhibitor p27

As acyclindependent kinase inhibi®({CKIs), p27is a broaespectrum inhibitor
that bind and inhibis cyclinD-CDK4, cyclinE-CDK2, and cyclid\-CDK2, where
the former two complexeare important for & progression andhe latteris
essentiafor the S phasgFigure t1). The CDkinhibiting activity of p27in the
cell cycle can be explainedy two aspects:its concentratio and the

phosphorylation status

1.1.1 Cellcycle

The cell cycle, also known as cell division cycleaiprocess bywvhich one cell
divides into two daughter cells. In eukaryatiglls, the division frequecy and the
division time vary considerably according to cell types. For @kamskin celk

divide more frequently thakiver cells. The lattepnly divide whendamaged cells
need to be repaired. Addition specialisedtell (e.g.nerve cells and muscle ce)ls

cease to divide when the body reaches mattrity

The cell cycleconsists of two phasgethe interphase and the mitosis phase. Prior to
the cycle, the cedlstop dividing or theare at rest, whichis called thequiescent
state (G0). Duringhe interphase, which accounts for ninety percent of the cycle
duration, the cedl grow, duplicateheir DNA and accumulatautrients needetbr
mitosis. Mitosis isa relaively short period of the cycle. During this timihe
chromosomeseparatento two identical sets, followed kgivision of the nuclei,

cytoplasm and cell membranes into two identical cells.

The interphase can be dividedto three distinct phases; tlgap phae (G1),
synthesis phase (S) atite second gap phas(G2) Figure 11). Normally, a cell

cycle begins witlihe G1 phase during whicthe cells increase in sizeSgnificant

-2-
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biosynthesis of enzymes required for DNA replicatidsp takes place durirtgis
phase. Duringhe S phase, the cbmosonal DNA and centrosome duplicah are
mediated byseveral enzymes. Durirthe G2 phase, the calbntinues to grow and

preparesnicrotubules for mitosi8.

Figure 1-1 p27 incell cycle control

1.1.2 Cellcycleregulation

To ensure a precise cell division, there segeralsensoring mechanismknown
as the cell cycle checkpoints. There are three checkpthatsensure genomic
integrity, namely theG1, G2 and mitoticndle checkpoi ntd.They areregulated
by several types of regulatory proteinpoperatively such as cyclins, cyclin

dependent kinases (CDKs) and cyclin depe ndent kinase inhibitors (CKiIs).

The cyclins regulatéhe cell cyclevia their cyclical increase and decreasdevels
Regulation is mediated bihe phosphorylatin of the substrates bihe functional
heterodimeric compless formed bycyclins and CDKsHowever,during the G1
phasethe kinase activity o€EDK is usuallyinactivated by CKI. For example2p,
one ofthe CKIs, canblock the active site of cyclinEDK2 during theG1 phase.
Oncea cell progresses from the G1 top8ase p27is removed from cyclinE

CDK2, releasinghe kinase ativity.°
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The G1 check point, also known as the restriction point, is located at the éwel of
G1 phase to check if the DNA is undamadéth response to DNA damagjehe
G1 checkpoinstopsthe cell cycle byincreasingthe level of two CKils, p27 and

p21l.Thisinactivateshe CDKs and preventthe @Il fromenteinginto theS phase.

When the cell passesthe G1 checkpoint, cyclifl@DK4/6 complers can
inactivatethe tumour suppressor retinoblastoma protein (Rb) by phosphorylation
and partially releasethe transcription factor E2FFjgure 12).'* The partially
released E2F induces the expressad cyclin E which forms acomplex with
CDK2. The grclinE-CDK2 complex then fully releases E2Fby further
phosphorylion of Rh The fully releasedE2F triggers the expression of
dow nstream cyclinge.g.cyclin A) and othemproteinsrequired for DNA synthesis

in the S phas&

CDK

4/6 Q Q
CyclinD E2F
E2F

|

Gl ook cvelin
2 (PXPP)
. o CyclinE \ RB
E2F
' T DA
Restriction Point Synthesis

Figure 1-2 Regulationof G1 and the G1/S transition. (Adaptedrom Malumbres et al.)*

The G2 checkpoint at the end tfie G2 phasepreventsa damaged genome from
ertering mitotic phaseCyclin B-CDK1 complex is required for GBI transition.
In response to the damaber unrepairedDNA, two kinases Mytl and Weel
phosphorylatecyclin B-CDK1 complex, which redts in deactivation of CDK1
activity. During the mitosis transitionCDK1 is activated by the phosphatask25

which thentriggers the initiation of mitosi€igure 13).
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CDK ® m CDK

A 1 i > )._ 1 -
CyclinB -— CyclinB
Inactive 3 Active

>
G2 M

Figure 1-3 The G2 checkpoint.

The mitotic spindle checkpoint, the checkpoit mitosis phase, ensurgsecise
chromosome transmission skiopsthe cell cycle progressioifi spindle damagand

Jor unattabed kinetochores wergresent* Its signalling cascade is mediated by
several cell cycle arrest protsjrincluding Bub3, Mad2, Mad3 and cdc20In
response to unattached kinetochores, the spindle checlgiopgthe cycle by
inhibiting the anaphaspromoting complg (APC) of which theAPC activator
cdc20 isfurther blocked by the interaction of Bub3, Mad2 and MaBRyre 14).
When the last kinetochore is attached to the microtubules of the spindle, Bub3,
Mad2 and Mad3 dissociate froAPC, activating APC-cdc20for theanaphase.

Mad2
Cdc20

[ Bubs

Checkpoint off

Cdc20 - %
®

Mad2

Anaphase (checkpointon)

Interphase

Figure 1-4 Inhibition of APC -cdc20 complex by combined action oBub3, Mad2 and Mad3.
(Adapted from Hardwick etal.)™
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1.1.3 Cyclin dependent kinasenhibitors (CKIs)

The cyclin and CDK themselves do not h&weaseactivity unless they bind to
each other by forming necovalent complexesCyclinCDK complexes are
essential for regulating and timitige cell cycle progressions froone phase to the
next The activation ofa cyclinCDK is a twostep proces¥. In the first step, the
CDK is bound bycyclin with the assistance of the cyebmding motif resulting

in it anactive configuration. In the second step, the CDK is phosphorylateat-at T
160 by CDkactivaing kinase (CAK), which further change th€DK
conformatiorthat allows cyclinCDK to bind its substrase’

The activity of cyclihRCDK complexesan be controlledth several ways. Thegan

be directly inhibited by the phosphorylation of the CDK catalytic sites.
Alternatively,one can control the abundance of cyliBK throughthe expression
and de gradation of cyclirsnce the concentration @DKs do not fluctuate during

the cell cycle®

Recent studies have foundatlthe activity of cyclinRCDK is also constrained by
cyclin dependent kinase inhibitofCKIs), which regulatehe cell cycle especially
during phase transitian The effectivenesof CKls arecontrolled by threavays,

their concentratiog the distribution of bound and unboundCDK complexes and

their subcellular localiation*®

In mammalian ced, CKils are grouped into two families based on their sequence
alignments andhe specificity ofcyclinCDK targes. One family is the inhibitors

of cyclindependent kinasefdmily (INK4) that are named faheir specificability

to inhibit the catalytic site of CDK4 and CDKG6.The proteinsof this family,
including p18NK4B: MTS2 - 51 ghKka MTSL h1gNK4e gnd p18' P act as tumour
suppressoproteins durig the G1 phasé? In particular, they arénducedby the
extracellular antproliferative signa such as growth factors (T@H and
hormores, andhence block the activeubunit of cyclinBCDK4. The cell cycle
then arrestat the G1 phasénterestingly it has been found that the INK4 tumour
suppressoprotein is mutateéh a wide range of human cancéts
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ipl P, WARL
)

The otherfamily of CKls is the Kip/Cip family, including p27**, p2
and p5¥"2. Theyare able to bindo and hence inhibivarious classes of cychin
CDK complexessuch ayclinD-CDK4/6 and cylcinECDK2 complexes athe G1
phase, cyclinACDK2 complex atthe S phase and cyclinACDK1 at the G2
phase€??* Therefore,cyclinCDK complexesare activated and phase transitions
can occurwhen CKls are effectively removed throughe ubiquitinproteasome
degradation proces&or example, p2reaches its highest levelring the GO and
early G1 phaseDuring late G1 and S phases the leragidly declins due to its

degradatioroy the proteasome

Unlike INK4, the genes of those proteins in Kip/Cip family arerarely mutatd,
but their levels areeducedn many cancer celldue tothe over-degradation dhe
relocationfrom nucleus to the cytoplasthTherefore, one of thpossiblecancer

therapies, onwhich is this thedtgus, is to stabilise Kip/Cip proteiavels

1.1.4 p27, amultifunctional CKI

As one ofKip/Cip inhibitors, p2@overns tharansition fromthe GO to Gland the
G1to Sphase.lt wasdiscovered in 1994 hus, thetreatment othe mink lung cell
with the antiproliferative signal,ransforming growth factor (TGP), triggeredhe
accumulation of p27 and consequently induced cell cycle &frEkts indicates
thatit is theextracd ular proliferative signalshatare responsible for the reduction
of p27, although thsignalling pathway wasot elucidatedMoreover, througlout
the cell cycle, the p27 mRNA levekemainedconstant whe the p27 levevaried,
implying that the level of p27 is modulatedthrough translational and
posttranslational regulatien

Figure 15 illustratesthe level of p27 during the cell cyclBuring the GO phase
whenthe p27 level is Igh, the activities of CDKs arelow. However during the
transitiors from the GO to G1 phasand from the G1 to S plse, the p27 level

decreases arttie CDKactivity is increased
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/ SCF-mediated degradation

Nuclear export
KPC-mediated degradation

p27 level

A

Protein expression

>

GO0/G1 phase S phase

Figurg 1-5 p27 levels and regulation durhng GO/G1 to S phase. (Bproducedfrom Hardwick
etal.)

1.1.4.1 The role of p27 inthe GO/G1 transttion

During the GO to early G1 phase, most p27 lEnd the cyclinE-CDK2 complex
andinhibits itsactivity. Duringthe G1 phasethe gowth factors, such as fibroblast
growth factors (FGFs)trigger the phosphorylation of p27 at Serl0 by kinases
interacting stathmin (KIS) or the arginkdérected serine/threonine kinase
Mirk/DYRK (Figure 16 (a))?* 2’ The phosphorylated S1p27 is recognised by
the exportin CRM1which thentargets and interacts with nuclear export signal
(NES). This enablesthe dissociationof p27 fromthe cyclinECDK2 andfor the
nuclear expodtion The exporation begins with the binding of the transport
protein RanGTP tahe exportin CRM1forming aRanGTRexportinp27 complex

8 This ternary compless thentransportedo cytoplasnthrough the nuclear pore
embedded irthe nuclear envelopeln the cytoplasm, RanGTP is hydrolsg to
RanGDP ly Ran GTPase activating proteahanging theexportin’s conformation

to dissociate from p27.

The monomeric p27n the cytoplasmhas twodestinationsthat depend on the
concentration of mitogenic signa{Bigure 16 (b)); In the absence of the signals,
p27 is directy ubiquitinaed by the ubiquitin ligase KPC (kipl ubiquitylation
promoting complex}? This leads to thelegradation of p27 by the 26S proteasome
(see Sectionl.2.3 for detaik). With the presenceof the signals p27 is
phosphoryladd at bah T157 and T198 by AGC kinas@his results inthe
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promotion ofthe assembly thp27-cyclinD-CDK complexesut without activating
it.30, 31
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Figure 1-6 Model of signalling pathway tha regulate p27. (Modifiedfrom Chu etal.)*

1.1.4.2 The role ofthe p27 inthe G1/S transition

The p27-cyclinD-CDK4/6 complexis essentiafor the e&ll progressg from the G1
to S phaseRigure 16 (c)).***® The assembly processtiiggered by extracellular
mitogenvia the RasMEK-MAPK signal pathway’ Generally, theRas signal
firstly promotesthe expression of yclin D. p27 thenbinds to both cyclin D and
CDK4/6,acting as an assefldactor for cyclinDCDK4/6. Howeverthe nature of

this ternarycomplex interactiomemains unclear.

In order toactivate thecyclinD-CDK4/6, the complexs transpored to the nucleus
and thep27 has tobe removedrom the active sites afyclinD-CDK4/6. Studies
have shown thahe phosphorylatioof p27 at the keytyrosine residuat position
88 (Y88)involves wo kinasesthe Srcand Bcrabl kinase®> 2 This results inthe
inhibitory domain 3q-helix of p27 to be ejected from the AFBinding pocket of
CDK4/6 (seeFigure 17).%"38
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Figure 1-7 p27 binding to cyclin D-CDK4/6 complexes(Adapted from Kaldis etal.)*®

To start the importation g@27-cyclinD-CDK4 into the nucleus, the phosphorylated
residues T157, T198 and S10 of p&édto bedephosphorylated={gure 16 (c)),
though themechanism is poorly understodr he p27-cyclinD-CDK4 compkx is
imported to the acleus duringhe late G1lphase(Figure 16 (d)). Similarly to its
exportationn theearly Glphasethe p27 complexs recognised bgnimportin o

andboundto theimportin f through thenuclear localiation signal region (NLSY’

Studies have shown th#ite nucleus p2+tyclinD-CDK4/6 are involved intwo
activites in the G1/S transition(see Figure 18)* The first one isthe
phosphorylation of Rbyhich triggers thetwo-step releasing of E2F after the G1
checkpoints. Thigresult in the E2F transcriptionf cyclin E and cyclin A as
mentioned Section 1.1.2 (see aBgure 18 (a)). The secondactivity involves
transferringp27to cyclineCDK2 for its degradatio(seeFigure 18 (b)). However,

the transferring mechanism is less understood.

-10-
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Figure 1-8 Regulation of the G1/S transition.

As a potent CDK2 inhibitorthe level of p27n the nucleuseeds tde reducedo
enable the transition from the G1 to S phase. UnlikekB&€- mediated proteolysis
in the cytoplasm during the GO to G1 phabe degradation of p27n the nucleus
duringtheG1 to S phase is mediated by the 8€HseeFigure 16 (d)).*?

Specifically, SCFP**? only function in the nucleus andit requires the
phosphorylation of the Thr 187 residue of cyEHEBDK?2-bound p27 The latter
procesgyenerates a binding site for the STis E3 ligasepolyubiquitnates p27
and target it for the further degradation by the 26S proteascth&Recently
Nguyenet al. have alsaepated that even in the absence of cycifRIbK2, the
Y88-phosphorylated p27 castill be phosphorylated otine Thr 187 for the SCF

mediatedubiqutination**

1.1.5 p27andcancer

Following the above discussions, the tumour suppressor p27 is regarded as a

possiblecandidate for chemotheramevelopmensince (1) p27 is not a classic
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tumour suppressor like p58sit is rarely mutated or kb at the gene levéP (2) the
mislocated p27 can be targeted faanslocatiorback to the nucleu§; * (3) p27
can be a powerful diagnostic marker sircedicates the involvement alifferent

pathways in the development of tumotfrs.

In human tumour celldt has been obserdehat p27 levels and its activityare
decreasedecause of the anomalous increase drdégradation anaytoplasnt
mislocalisatiorf® Specifically, studies have shown tleessivdevel of SCFE?
have been observed in human tunsoand correlated with a wide range of
malignancied® On the other hand, the p27 in the cytoplasm of cobmmyrian,
breast and thyroid tumours suggested to be nhigated from its nuclear cychn
CDK targets, though the meatiam is unknown? >' The accelerated proteolysis
ard mislocation lead to theedegulation of its downstreanuistrates, such as
cyclinE-CDK2 and cyclinBCDK4, and consequently promote the cell cycle,

the tumour cell proliferates.

The projectoutlined in this thesis aimed to overcothe overdegradéon of p27.
Typically, it is well known that the ubiqutiproteasome pathway accosifir the
degradation of regulatory proteins. Hence the unregulated degradation of p27 is

believed to baresultof theenhance @& CF mediated proteasome pathway.

1.2 The ubiquitin -proteasomepathway

Cells have robust mechanismsn place to regulatetheir intracellular protein
stability and degradationTwo major routes of protein degradation have been
identified One is throughthe endocytosispathway bylysosomes.This is only
involved in the degradation of membraas®ciated proteins an@xtracellular
proteins. The other channel, through whictarhajority of proteis arede grae@d is

the ubiquitin-proteasoméUP) pathway>?

The ubiquitinproteasomgUP) pathway operating bothn nucleus and cytospl
can be explained in tweequentialsteps (1) A series ofubiquitin moleculesare

attachel successivelyo atarget proteirvia covalent bonding(2) The proteasome
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complex therdegradeghe polyubiquitylated proteimnd recycles thaubiquitins
(seeFigure 19).>?
m.@—%@-

@ ©© Substrate l
E B
@ -— Substrate

Figure 1-9 Overview of the ubiquitin-proteasome pathway.

The UP pathwayis crucially related to theell-cycle regulatios. For example, the
degradationof the key shortlived cellular processes such #® synchronisd
degradation of Ckd are mediatedhroughthe UPpathway'* The turnover of a
broad range of transcription facs that regulate the cell proliferatiach as IkB,
p53 and Bcl2, have also been shown to Ieodulated by the URpathway.
Therefore the idea of disruptinghe UP pahway canprofoundy influencesboth

the aetiology and treatment of cancer.
1.2.1 The ubiquitin system

In the UP pathway, the targeted proteins need to be firstly polyitineted. This
was discovered by Ciechanover, Hershko and Rosbo were awarded the
Chemistry Nobel prize in 2004. Successiveubiquitination occus through the
sequential actienof three enzymegsee Figure 19). Initially, the ubquitin-
activating enzyméE1), consumes one AT&ndforms a thicester bond between its
active sie of cysteineand the carboxyl terminadf ubiqutin. Then, the ubiquitin
conjugating enzyméE?2) takesthe ubiquitin with the higlenergy thiesterfrom
El and transferto an ubiquitinprotein ligase protei(E3) whichis responsible for

-13-
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determining the substrate specificitfhere are twomajor types of E3> the
unboundHECT-type E3,which will subsequentiyind to the target protein, and
the RING-type E3which is already bound with the target proteioth of these
E3swill facilitate the attachment dhe ubiquitin by forming a covalentpeptice
bond withthe Lys residue of the target proteihhe iterativeactionsof E1, E2 and
E3 finally results ina chainof (usually more than fouriibiquitin moietiesi.e. a
polyubiquitin, being attachei the target proteirhis allows he target proteito

be recognied and degraded ltlye proteasomé?

1.2.2 The proteasome:a proteolytic enzyme

Proteasomeare highly conserve@&nd compartmentalised protease complexes that
can befound in the cytoplasm and nuclewd eukaryotic ce$>® The 26S
proteasomeis involved in ubiquitinmediated protein degradation pathway
Specifically, dthough the Xray crystallography of the entire 26S proteasome is
still not available its threedimensional image has been generated byctie-
electron microscopy. As shown in Figure -0, the 26S proteasome consists of a
barretshaped 20S protease core particle (720 kDa) and two 19Sasapgulatory
particles (890 kDa)®

twr /B v
i ﬁ L~
195

Figure 1-10 The proteasome multienzyme complex(Reproducedfrom Adams et al ) *®

The hollow cylindrical shape athe 20S core paitle is comprised of four stacked
heptameric rings, two inner rings of B1-7 subunits and two outer rings of al-7
subunits. Thawo 19S regulatory particlesontaintwo different subunits, the lid
and the base. The lifirstly controls the access of substrateshe 20S core by
recognising and cleavingf the polyubiquitin chains. The bafeenis respongle

-14-
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for unfolding the substrate and opening the tunnethefa-ring. This then allows

the substrate® access into the preolytic pocket of 20S cor¥.

1.2.3 Important proteasome-targeted proteins

The ubiquitin-proteasome system whisst described in 1988 and cyclins weré¢he
substrate of the proteasom. Sincethen, exensive studies havehownthat the

UP pathway is responsibler de gradng intracellularproteins involved in various
cellular functionssuch ascell cycle progession, oncogenesis, apoptosis, regulation

of gene expressiagninflammation and DNAepair(see Table 41). The ubiquitin
proteasome system therefore maintains the hoemeostasis of protein levels for

molecular signalling and cellular suraiv

Table 1-1 Selected substrates of ubiquitifproteasome pathway

Function Substrate
Cell cycle progression p27P p21, cyclins
Oncogenesis p53, p2¥*L bax, kB
Apoptosis Bcl-2, clAP, XIAP

Regulation of gene expression c-Jun, E2F1,4B, B-catenin

Inflammation kB, p105 precursor of NkB

(1) Cell cycle progression

The poteasomamediated proteolysis of cetlycle regulatory proteininctions as
a major regulatory mechanisfior the cell cycleprogressionCyclins A, B, D and
E.°? cyclin-depenent kinase inhibitop27 (as described inl@&pter 1.1.4) and p21,
transciption factor E2F, Rb anthe tumour supg@ssor p53haveall been shown as
the substrates fothe UP pathway®® Inhibiting their degradationprocessesan

sensitsethe cellto apoptosi§?
(2) kB

The nuclear factokB inhibitor (IB) is alsoa substratfor the UP pathway® Its

substratethe nuclear factokB (NF-xB), is atranscription factothatregulates the

-15-
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expressia of numerousgenes involvd in immune responseellular proliferation,

apoptosis and cell migratidh.

Specifically,NF-xB is inactivated and sequesteliacdthe cytoplasm byxB during
the resting statelhe presence of stimulsuch asreactive oxygen species (ROS)
and tumour necrosidactor alpha (TNFa), can activateNF-«xB through the
phosphorylation, ubiquitylation and subsequent proteasomal degradatiem.of |
The ativated NF-«xB is then transpoetd into the nucleus to bintb the specific
sequences in the promaeo regions of the target genddis resultan anincreasd
expression ofthe genes including thantirapoptotic genes (B, IAP), celt

proliferated genes (interleukins) amrdgiogenesigenes’’

The growthpromoting and antapoptoticproperty of NFkB makes it a targetfor
cancerchemdherapy. Sinceéhe UPpathway is responsible ftine IxB de gralation,
perturbing the proteasomal activity makelp stabilise the leved of IkB and

consequentlynhibitsthe transcriptioal activity of NF-xB.

1.2.4 The ubiquitin proteasomepathway in cancer

The proteasomalegjradation of tumour suppressamd preapoptotic proteingre
found to be deregulated in many human malignarf€iésTable 12 showsthe

examples of théJP pathway dysregulation for sonmeportant proteins.

Table 1-2 The UP pathway in cancer

Substrate  Proteolysis Functional effect Biological effect Tumour type
degradation

p27 increased  p27 inactivation tumour lung, colon, prostate,
progression ovary, colorectal
carcinomag’ breast
cancef*

p53 increased  p53 inactivation transformation  ovarian’? gastric cancéf
CyclinD, decrease Cyclin D, B and tumour many common tumout$
BlandE E overexpression  progression 74

kB increase increasing the  resistance to TNF lung cance?

NF-«kB activation a killing

-16-
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As mentioned before, the deregulation pif7 is believed tmccur at thepost-
tranlationalstage It has been found thalhe oncogenic signals can accelerate the
activation of several protein kinases that ubiquitina®g, resulting in thep27
proteolysis’ "It is worth noting thatléhough p21 belong® the same family of

CKI, it is mostly regulatedt the transcriptional level.

Another tumour suppressop53, regulatesthe surveillance of DNA damage,
cellular stress anderegulated oncogenic expressibmtumour cells, p53 tesdo
be excessivelyhiquitinated, because it is targeted by an asgressed oncogenic
E3 ligase, murine double minute 2 (Mdm2). This results in gieteasomal
degradation of p5% Cyclin B1, D1 and E are frequently ovexpressed in many
common tumours. Study have shown tieg results from the reducgdoteasomal

degadation’®

Finally, cancer cells require high levels of tR&-xB to suppress apoptosis and
express theyenes involvedn tumour metastasis drangiogenesisThe increased

levelsis attributel to anincreaseghosphorylation and degradation oBI®°

1.2.5 Targeting the proteasome for cancetherapy

As a promising cancer theraghe UP pathwais difficult to target due to a lack of
specificity. Neverthelessecent experiments hade monstrated that many types of
proliferating malignant cells are more susceptibleh® UP pathway inhibition
than the normal celf&:®* Most malignant cells exploit theP pathwayto promote
proliferation andto suppresshe apoptotic pathwayThe excessive demand for
protein synthesis makethose highly proliferative cellsvulnerableto the UP
pathwayinhibition.

Targeting specific enzymes involved in the UP pathwayakesit possible to
control specific proteinsturnove randthe resultingcellular responses. Thosarget
enzymes can beategorigd into three groupsbased on the sequential steps of the
UP pathway (1) kinases activity,(2) ubiquitination system an@3) proteasome

activities.

-17-
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It has been known that many proteins need tphmsphorylated before they enter
the ubiquitin proteasome athway. These posphorylationsat the serine or
threonine residues of the substsatermthe binding sites fothe ubiquitin ligases
of which the F-box domainscan promote the ubiquitinatior?* Accordingly,
targeting thee kinases involved in the phosphorylationould modulate the
degradation of @ecific proteins suchas p27, p53 andkB and leaveothers
unaltered. Howevestudieshavealso shown thadisruptingthis kinaseactivity can

also stimulateheir degradatios byER stres$®

Developing inhibitors of ubiquitinaton enzymes can benother way for
pharmacological interventigrsincethe ubiquitin proteasome pathwayinitiated
by ubiquitination.The ubiqutin ligation enzym& E2 and E3and deubiquitylation
enzymes (DUBs) areof particular focu$® The specificity of E3s totheir
downstream substrates enables their corresponding inhitoteedectively perturb
ubiquitination ad hencedegradation proces3heseinhibitors can beselectively
designedto target their phosphorylation recognition sites, the prof@iotein
interaction site, EZE3 interaction site and the ligation active skegure 111 (a)
lists some smalimolecule inhibitors of ubiquitin ligases.

(a) (b)

. O-acyloximes
_ Pyridones
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Figure 1-11 Small-molecule inhibitors of UP pathway.(a) Ubiquitin ligases, E2 and E3.
(b) DUBs. (Adapted from Edelmann et al )®

On the other handDUBs that are ubiquitirspecific cantrim the corresponding
ubiquitin from the taggedsubstratesAccordingly, their inhibitors are developed to
promote degradations of tumourigenic proteins such as cyclins from

deubiquitylation®” The two bestharacterisd DUBs are ubiquitispecific
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proteases (USPs) and ubiquitint€@minal hydroylases (UCHs)The design of
these inhibitors have beenchallenging because ahe structural similarities of
DUBs andthe complexity of proteirprotein interaction® In addition, depleting
the ubiquitin pools another sideffect®® Thereforeclinical use of DUB inhibitors
requires further investigatios. Figure 211 (b)lists some smalmolecule inhibitors
of DUBs.

The laststep of theUP pathway isthe proteolytic degradatiohy 26S proteasome.
The26Sproteasomés currentlythe mos promisingtargetin the drug development
and itsprotein degradatiofunction has bea extensivelystudiedin the past 15

years.
1.2.6 Active sites of 20Sroteasome

As mentioned inSection 1.2.2, the 20S proteasome subunit is responsible for
proteolytic activities. The 20S cowdnsistsof four heptameric rings. The outer
rings are composed eéven different o subunits, a;-a;, While the inner rings are
composed of seven different B subunits, p;-p-.2° These four rings form three
continuous proteolyti@ctive sites in the middl¢Figure 112).* The onenearthe

Bs subunis, calledthe “chymotrypsinlike” (CT-L) pocket, cleaves after the C-
terminal of hydrophobic residue3he one near the B, subunis is called the
“trypsin-like” (T-L) pocket thatleaves afterbasic residuge The activesite neathe

B, subunis cleavesafteracidic residues is callgtle “caspasdike” (C-L) pocket.

20S proteasome B subunits

QO —

C-L pocket
-“'“':-, 6 < 4

k. CT-L pocket

T-L pocket

Figure 1-12 Active sites of eukaryotic 20S proteasome
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The three pockei®intly exhibit theoverall proteolytic activityof 20S proteasome
Unlike other cellular proteasdsatutilise an internal residue to cleave amide bonds,
studieshave reealed that the proteasome utilises the sidain of theamino

terminal threoninef the B-subunits as the catalytic nucleophtte’

The proteolytic mechanism gfroteasomewas initially understod by utilising
protease inhibitors. déptide aldehydes arevell-characteried inhibitors on the
hydroxyl groups oferinefor proteasesBy applyingthemto the proteasomehe
X-ray diffractionstudiesshowed similar inhibiting functiong.he hemiacetal bond
formed withthe N-terminal threoninef 3-subunitsof the proteasome resembles its
transition state of the proteolytic react®nFurthermore, the thredl-terminal
threoninesof each of the subunitsvere prove as the active sites of the
proteasomé® Thus, developmertdf proteasome inhibitorthatcan impede actity

of proteasomenakesthe mfeasiblecandidats for therapeutic intervention.

1.3 Proteasomenhibitors

Initially, proteasome inhibitors were used only as biological reseaott tiue to
their high toxicity? Later, several studies showet proliferating malignant cells
are more susceptible to proteasome bldekhan normal cefl when treagd with
proteasome inhibitors PS4), LLnV® and lactacystin(20).>> Other studies
targeting the proteasonfiey using small molecule inhibitsrresuled in positive
therapeutic outconsén 60 different cancer cell lin€§ Moreover, no mutations of
proteasomes in malignancies have been found as cancer cells are shoviseto util
this system?’ In 2003, bortezomib, the first proteasome inhibitor dmas
approvedby FDA for treatmentof multiple myeloma This opens anew window

for cancer therapeuti@nd a sries of proteasome inhibitoase beingleveloped.

In general, developing proteasome inhilors is aimed to stablise several
dysreguated proteins, triggerindurther signal pathay to suppress cell
proliferation® % Many types of synthetic as well as natlyrabccurring

proteasome inhibitors havedredeveloped for clinical and preclinical use.
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1.3.1 Cell deathmechanismsinduced by proteasome inhibitors

Several pathways havbeen proposed to explain the antitumor activity of
proteasome inhibitor®r different types of cancerdost of them serve tstabilise

proapoptoic regulatory proteif® Figure 113illustrates some known mechanisms.

Proteasome inhibition

k=
l NN\

Bcl-2 NF-kB ERstress
J

)y
Lo

|

Apoptosis
Figure 1-13 Mechanisms of induction of ap@tosis by proteasome inhibitors

There are two mosprevailentpathwayg for the proteasome inhiion induced
apoptosis(1) Theaccumulation of bothhumour suppressor proteins (p27, pE8)d

cell death signaproteins(Bcl-2), and(2) theinhibition of survival signal§NF-«kB).

As discussed iné&tion 1.1.5the tumour suppressor proteiase over-degadedin
many cancer celld¥henproteasome inhibitorareusedand hence the UP pathway
is perturbed, theancer cells are observed uadergo apoptosis predominately in
the G1 phas& Proteasome inhikibns are found helpful tostabilise and
accumulate p5and p27-°° The dabilisation of p53enabledcell cyclearrestin the
G1-phase angromotesthe cell apoptosis by inductiripe preapoptotic protein
calledBcl-2 gene family baxThe stabilisation of p27 hadso be en shown to result
in cell apoptosis, thougthis mechanism is still uncledvioreover,as a substrate of
the proteasome, th@ro-apoptosis facte, like Bax and Noxa, can also be

-21-


http://en.wikipedia.org/wiki/Bcl-2�

Chapter 1 Introduction

accumulated by proteasome inhibitidrhis also increasetheir relaive level to
anti-apoptoticBcl-2 proteirs, which help cell apoptosig.o sum up, proteasam
inhibitors cause thetabilisation of p27, p53 andak levels, whicheadsto the cell

cyclearrestand eventuallyhe cancer cekipoptosis.

Another impor tant pdaway is to inhibitthe transriptional activityof NF-xB by
stabilising the level ofdB (seeSection 1.23). Bothin vitro andin vivo studies of
proteasome inhibitors havehown that the growth arrest and apoptosis of
pancreatic and colorectabncer cell lines are NEB dependent.’* *°2 Tumour
metastasis and angiogenes@se suppressed because tile redued gene
expressionsfor the growth factors, adhesion molecules, eaagoptosis and

angiogenesis signals

Clearly, several apoptotfmatiwaysareinduced byproteasome inhibitors. However,
having wide range déffec on cells also malst difficult to identify one specific
pathwayrespondile for their antitumor activitiedHence, thespecificity and exact
mechanismof action of each preasome inhibitorsare still open for further

exploration.

1.3.2 Designof proteasomeinhibitors

As shown inFigure 210, proteasome consists of a 20S core particle and two 19S
regulatory capsBased on Xray crystallography, the crystal structure of the
eukarydic 20S subunit has been elucidatddost proteasome inhibitors are
designed to reversibly or irreversibly block the 20S active ¥te®n the contrary,

the mechanism of recognition, unfolding and translocation cfteats by the 19S
arestill poorly understood.

To measure thpotency of 20S proteasome inhibitors, specific fluorogenic peptide
substrate can bedesignedandintroduced to target on particular active sites of the
proteasomé®® These engineered substrates penetrate cell membranearend
rapidly hydrolysed by theorrespondingctive sites. Specifically, these substrates
are short peptides incorporatiagluorogenic groupat the C-termiral, which can

be selectively cleaveith the active pockets dhe proteasome angleasea highy
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fluorogenic product. Thus, neasuring the intensity dhe resulting fluorescence

enablegquantitative evaluation of th@oteasomal activity.

Studies foundhatthe chymotrypsirike (CT-L) pockets of the 20S proteasoa®
more sensitiveto most inhibitors than the other t4% '® In the following
sections eight major classes of proteasome inhibitors and their inhibitory

mechanisnarediscussed.

1.3.3 Major classes of proteasoménhibitor s

Based on thehemical structure of thpharmacophores, eight major classés
proteasome inhibitorshave beenidentified peptide aldehyde, peptide vinyl
sulfones peptide epoxyketonef;lactones,macrocyclic vinyl ketoned]avonoids,
peptide boronatesand cyclic peptides.The former six classes are covalent
inhibitors, and the later two classes are-oowmalent inhibitors.In general, the
reversible noncovalent inhibitors are pharmacological preferred due to their

greaterspecificityandstability.

Table 1-3 summarise the inhibitory activities ofvarious proteasome inhibitors
Activities are reported fothe threeproteolyticsites of proteasomehe CT-L, T-L
and GL pockets. Lowervalues of Ki, ICsq or higher Kopd[l] indicate higher
effectiveness of a agpound in inhibiting proteolyti¢unctiors. It is worth noting
thatinter-study comparison dhhibitor potency may not be appropriaigce each
study may differ in cell lines, assays, protocols or experimental comgliil he
detailedinhibitory properties antheir mechanismare discussed in the following

sections.
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Table 1-3 Difference classes of proteasome inhibitors and their selective repeesatives®’

Inhibition of 20S active sites”

[}
c_wts Compounds Origin  Ki (uM) or IC 5o (uM) or Kopd[l] (M *sY) 20S source
© CT-L T-L c-L
Leupetin ) Natural - Ki=1.2 - Bovine
product pituitary
Calpain inhibitor Synthetic Ki=5.7 Ki =50 ICs50=205 Bovine
1(2) pituitary
IC50=6.6 IC50=16 ICs0=21 Human
) leukemia
2 Calpain inhibitor Synthetic Ki =33 Ki =186 ICs50=280 Bovine
8 I1(3) pituitary
o PSI @) Synthetic I1Cso = 0.25 - - Bovine
2 pituitary
s MG132 6) Synthetic 1C5, = 0.024 ICs0=9.215 ICso= Human red
o 2.288 blood
Tyropeptin Natural IC50=0.14 IC50=5 IC50=68 Human HL60
product
TP-110 (7) Synthetic 1C5,=0.027 IC50>100 IC50>100 Human HL60
Fellutamide B Natural IC50=0.0094 IC5,=2 IC50=1.2 mammalian
(6) product
— ZLVS (11) Synthetic  K,ud[l] = 29 Kond[l] = 8 Koudlll =  Human
£y 5 U373MG
o § NLVS(10 Synthetic Kyud[l] = 6790 Kyud[l] =5.3 Kyud[ll=  Bovine red
25 6.4 blood
;L"l » Kondll] =5000  Kopdll] =34 Kopdl] =  Bovine
4 reticulocyte
® MG262 (12) Synthetic Ki =0.00003 - - Rabbit muscle
T P341 Synthetic Ki=0.62 - - Rabbit muscle
S (Bortezomib) ICs0=0.0038 - - Human red
8 (13) blood
% MLN9708 (14) SynthetIC |C50: 0.0034 |C50: 3.5 |C50:
= 0.031
& CEP18770(@5) Synthetic IC5,=0.0038 - - Human red
blood
$  Epoxomicin (6) Natural Kond[l] = Kood[l] =80  Kyud[l] = Rabbit muscle
v S product 10000 21
22 Ki = 0.007 Ki=0.35 Ki=26  Bovine red
T blood
- 2 carfilzomib (18 Synthetic Ki,,/Ki= KinadfKi < Ki.dKi < Human red
® 33000° 100 100 blood
Latacystin 20 Natural  Kgd[l] = 1500 Kgud[l] =110 Kyud[l] =  Rabbit muscle
product 17
IC50=0.259 - - Human red
blood
Omuralide 21) Natural Kond[l] = 8530  Kypd[l] =253 Kyud[l] = Bovine red
o product 37 blood
% Salinosporamide Natural IC50=0.0035 IC5,=0.028 IC5p= Human red
S A(22) product 0.43 blood
;‘F_ Antiprotealide Natural  IC5,=0.038 - - yeast
(24) product
Cinnabaramide Natural IC5,=0.001 - - Human red
A (25) product blood
Belactosin A Natural IC50=0.21 - - Rabbit
(23) product  IC5,=0.82 IC50=4.9 IC50=2 Human red
blood
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Table 1-3 Continued

) Compounds Origin Inhibition of 20S active sites” 20S source

g Ki (uM) or ICso (uM) or Kyd[l] (M ™57

O CT-L T-L C-L

a SyringolinA Natural Kond[l] = 863 Kodlll =94  Kyd[ll = Human red

'§ (26) product 6 blood

o Glidobactin A Natural Kondll] = 3377 K[l =141 - Human red

A (27) product blood

) EGCG @8 Natural  IC50=10.68 - - Rabbit

2 product

g Genistein29) Natural  ICs50=26 - - Rabbit

= product

0 TMC-95A (30) Natural IC5,=0.0054 1C5;,=0.2 ICsg = Human

o] product 0.06 leukemia

*§ Ki = 0.0011 Ki=0043 Ki=065 yeast

o Linear TMG Synthetic Ki = 0.85 Ki >>100 Ki =0.98 Rabbit

-(‘_3’ 95A (31) reticulocyte

%) Argyrin A (32) Natural  Ki=0.076 Ki=0.112 Ki = Human red
product 0.081 blood

#Ki (Inhibition constant) is the binding affinity of the proteasome inhibitorgg U&@ue is the 50 %
inhibitory concentration of the proteasome inhibitorg,s KObserved rate gbroteasome inhibition

/I (Inhibitor concentration) is the secomdder rae constant” Kihaa (the rate constant of
proteasome inactivatiorKi (Inhibition constant between proteasome and inhibixssequivalent
to the seconarderrate constankpd[l] .

1.3.3.1 Peptidealdehydes

Peptide aldehydearethe earliestievelopedoroteasome inhibitors, inspired byet
observation that the natural compound leupdijrh@sinhibitory effectson the FL
activity of the proteasom®® Calpain inhibitor| (2) and calpain inhibitofl (3)

werefirst synthesied and showrto inhibit the CT-L pocket®°

Sincethen many
aldehydebased moleculewith higher potency andelectivity,such as PSK) and
MG132 6) have been developedw®d naturally occurring moleculefellutamide
B (6) and tyropetin A analogy (TP110j)(thatwere recentlydentified in this class

have been shown to potentiyhibit the CFL activity with ICsq values below 100
nM.llO' 111

The inhibitory mechanism ofpeptide aldehyde relies onthe formation of a
reversiblehemiacetal adduct. Specificallyhet aldehydecovalently bind to the
hydroxyl group of the Thrin the § subunits of the 20S proteasoméFigure 114),
resulting inthe proteasomenhibition. However, due tothe instability of its
functional group andstinsufficientspecificityto the proteasome, peptide aldehyde

is less considereals a potential therapeutic

-25-



Chapter 1 Introduction

Q HoQ E//O H o Q 0 o o
A A N A AN N ~ S Ao N L oL
H E r N )J Sy g H
O Y NH (e} (e} fe) o)

S
Leupeptin (1) Calpain Inhibitor | (2) Calpain Inhibitor 11 (3)

O

0._0
\i/ OH O |:'Hzo
o e H\)?\ oH /'\)J\N N\)J\N H
N H 919 :
CbzHN,,, N N\.)J\N H CbzHN v H H o z H o
H 5 = H g 0 Y o} /Q

H,N” S0
PSI (4) MG-132 (5) Fellutamide B (6)
I I
(0] (0]
U Ne S
N N\;)J\N H
H o AL H o
TP-110 (7)

Inhibitor

o}
Y S RHN\_)\

H
O,
H S~ - HO//' B‘
Cl) H,N
- B o)
Thrl of Proteasome

Figure 1-14 Mechanism of proteasome inhihition by peptide aldehyde
1.3.3.2 Peptidevinyl sulfones

To address the limitations of the peptide aldehydes,-atdehyde peptide
proteasom@ inhibitors were synthesied. Example include peptide benzamide
(8),™2 peptide a-ketoamide 9)*** and peptide vinyl sulfones. ZLVS {Zu3VS)
(11), avinyl sulfone analogue of MG135), is a synthetic irreversible proteasome

inhibitor firstly reported in 1997 Its inhibition mechargm isvia the formation of
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an irreversible ether Ind, i.e. the hydroxyl group of the Thr&ovalently adds to
the vinyl groupvia a Michael additiorpathway(Figure 115).

Several radioiodineoordinated vinyl sulfones have been described to label
proteasome sincédiis class of inhibitorare relatively esy tosynthesisé™ Their
irreversiblebinding specifidty to the p-subunits of protesomemakes themdeal
proteasome probeSpecifically, theincubation ofradiodiodinated inhibitos with
cellular extractdeads to theircovalent binding with3-subunits of proteasomes.
The resultingradiodabelled proteasome can lheolatedand visuéised in two-
dimensional isoeledt focusing SDS/PAGE For exampleNLVS (10) which is
modified from ZLVS (1) iswidely used as @roteasome probe. However, the low
potency of these inhibitors ia major limitationto be considereds potential

therapeutic drug.
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o) o] H
H N
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N N 6 i H §
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\Z NH
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|
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H (o]

N I
O,N N \:)J\N g
HoL o2 on I
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H 0o
©/\O)J\H/¢\l\)]\” = #/
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Figure 1-15 Mechanism of praeasome inhibition by peptide vinyl sulfones.

1.3.3.3 Peptide boronates

Various aldehyde replacements were examined in attempt to enhance the inhibitory
activity. The breakthrough was achievedthgreplacement of an aldehyde with a
boronic acid, forming the peptide boronat¥s It had been weldocumentedhat
peptidyl boronic acid i potent serine protease inhibitoefore it was applied to
proteasomé’’ The availability of an emptyp-orbital on a boron atom is
appropriate toaccept theone pairfrom the oxygen imserine.Accordingly, the
formation of the stable tetrahedral borane complex with the Thrl of proteasome
was anticipated toncreasedhe binding affinity. With a boron-derived modification,
MG262 (12) was proved to benore than a 10@bld more potent tha its parent
compound MG1325).**° Further structuresimplificatiors of MG262 (12) gave

rise tothe nanomolar dipeptide boronic acid proteasome inhibitor P31 (

PS341 (Bortezomib or Velcalle is the first and has beenso far the only
proteasome inhibitom clinical use.lts mechanism relies on the property tret
peptide boronatés able to form a reversible noftovalent tetrahedt complex.
Specifically, anX-ray diffraction study showed that the boronate group foams
tetrahedral adduct witthe hydroxyl group of the Thrl in the B subunits (Figure &
16). The stable tetrahedral borane compddfectively slows thedissociation rate
of the boronateroteasome adduetnd yields a lowKi value.**® Studies on the
mode of action also showed that the peptide boroeaxtabits a very high

selectivity to proteasome overmany common serine protease Moreover,
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bortezomib,at therapeutic concentrationsas demonstrated to bind exclusively to
B5 and B1 of the S20subuniti.e. it mainly inhibitsthe CFL and GL activities*

OH

2 Ch s
H ]
N 0]
H =z H | H z
o) _B. _ o =
YHO N

MG-262 (12) PS341 (bortezomib) (13)
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C|)H
RHN\;/B\OH
OH

2 i
RHN B.
h A ~ o
H. - HO- Y oH '\ 8
i ot
H ™ --N P H HZ O
H, o

Thrl of Proteasome

Figure 1-16 Mechanism of proteasome inhibition by peptide boronates

Bortezomib initially was approved for the treatmehtmultiple myeloma (MM)
andmantle lymphoma. Later, studies showed that it also has significant aouitum
activities against various other malignancies, such as breast, brain, colorectal, lung,
ovarian and pancreatic cancétSeveral preclinical studiesn bortezomitshowed

that it can induceapoptosis in tumour cellsia the NF-kB pathway® and the
endoplasmic reticulum (ER) stress response patfiiay. described in &ction
1.2.3,inhibiting the former pathwaly stabilising thdkB reduce the expressions

of growthpromoting and amapoptotic genes. On the other hatde protein
aggregation raiseldy proteasome inhibitiooan disrupt protein folding in the ER,
triggering a stress signal pathway known as unfolded protein respmatbevay
(UPR). The activation of UPR induces tlell cycle arrest and eventually
apoptosis?* Since proteasome inhibition by bortezomib can triggaious cell

dedh mechanisms, the effective pathways on different types of cancers still need

furtherclarification
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The adverseeffects®® and theemergenceof drug resistan¢é® notivated the
development osecondgereration peptide boronates. MLN223B4(*** and CEP
18770 (5)** arethe two successful examples under clinical trials for the treatment
of MM. Similarly to bortezomib {3), MLN2238 and CEP18870 interact with the
CT-L and GL active sites.Although the two new generation boronates exihésis
potency than bortezomib, theyhave significantly lower toxicities. Moreover,
MLN2238 and CEP18870 are orally bawailable wherthey areformulated as a

boronic ester prakug?®

OH
Cl O H EH o g (I)H
e N N._ B
o | H =

Cl
MLN2238 (14) CEP-18770 (15)

1.3.3.4 Peptideepoxyketones

The class ofpeptide epoxyketones gsoteasome inhibitorsvereidentified from
microbial antitumar activity screensn the late 1990%’ Two natural products,
epoxomycin (6) and eponemycinly) were found tarreversibly bindthe CTL
active site of the proteasompart from the high selectivity, this specificity is the
unique fedure of peptide epoxyketone inhibitors due to its digtvecinhibition

mechanisnt?®

As revealedoy the epoxomycin carystallisation with the yeast 20S proteasome,
the epoxomycin form a sixmembered morpholino rind9) with the Thrl of the
20S proteasome (Figurell’). This isachievedoy a two-step reactionFirsty, the
carbonyl group of the epoxyketome nucleophilically attackedby the hydroxyl
group ofthe Thrl forminga hemiacetal, similarly tthe mechanism forpeptide
aldehyde. Therthe free amine of the Thrll-terminal attacks the @oxide ringto
afford the morpholino addufigure :17). Consequentlyhe participation of both
the B-hydroxyl and a-amino group of the Thrl residue results ihigh binding
affinity.
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Figure 1-17 Mechanism of proteasome inhibition by peptide epoxyketones

By utilising the specificity of the epoxyketones, hundreds of peptide epoxyketo
analogues have been synthesigethrge proportion othemare devebped as site-
selective proteasome prob8Sin comparisorwith the clinicaly-usedbortezomib,
carfilzomib (18) exhibited higher potency of inhibitingthe CT-L proteolytic
acivity in phase | trialsn patients with the chronic hematologic malignanci8s
In phasell trials, carfilzomib has achieved an extraordina4 % partial response

rate in heavily prareated MM patientsTheir phase Il trial for MM isbeing
undertaken

1.3.3.5 p-Lactones

Unlike the previous class B-lactones ar@on-peptide, small size nature products.
For example, dctacystin 20), originally isolated froma microbial metabolite in

1991, was found to induce nete growth in a mouse neuroblastoma cell fiffe.
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Coreyet al. achievedhe total synthesiand found that iirreversibly blockshe 35
subunit of mammalian proteasoméThus, lactacystiis regardeds aproteasome
inhibitor targeting the C-IL pocket.

O J\
NH 0" “NH
S\\\\“Kfo

HO

O
OH
Lactacystin (20) Omuralide (21) Salinosporamide A (22)

The inhibitionmechanisnof lactacystin can be divided into two consecutive steps
(Figure 118 (a))® Firsty, in the aqueous solution lactacystin is spontaneously
hydrolyed into clastolactacystirB-lactone 21) termed omuralideand N-
acetylcysteine. Secolyd the carbonyl group in thp-lactone ring is opened by the
B-hydroxyl group of Thrl to forna ester bond. However, this ester bond ban
slowly hydrolyed hence reducingthe irhibition potency To overcora this

problem, several alternatiyelactone proteasome inhibitors have been discovered.

Salinosporamide A22), also known as NPI0O052 or marizomik,a secondary
metabolite of marine actinomycet&alinispora tropicd® It is currently
undergoing clinical trials for MM. Sharing similar chemical structure to omuralide
(21), salinosporamide Apossesses a unique chlorine moiety that enhances the
potency.In addition to forming asterbond to the Thrl of proteasombéecarbon
nearcHoride is further nucleophiliattackedoy the neighbouring hydroxyl group
forming a tetrahydrofuran ringFigure 118 (b)).”** This tetrahydrofuran ring
blocks the access sitgf Thrl from deadwation and hencencreases inhibition
stability. Other B-lactone analogues, such as belactos23}, @ntiprotealide 24)

and cinnabaramide2§) also showhigh potencywith ICsqin nanomolar range’
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Inhibitor

Thrl of Proteasome

(b)

Thrl of Proteasome

Figure 1-18 Mechanism of proteasome inhibition by (a) lactacystin, (b) Salineporamide A

Cl
Belactosin A (23) Antiprotealide (24) Cinnabaramide A (25)

Several reports have demonstrated that lactacystin is arounfblfiveess potent
than epoxomycin 16) and it also inhibits other cellular proteas&Moreover,
their complex structuresend to hamperthe development of B-lactonebased

therapeutic agents®

1.3.3.6  Macrocyclic vinyl ketones Eyrbactins)

Syrbactins ard2-membered lactam natural products containing an a,-unsaturated
amide moietyand recently have been shown to be uspfoteasome inhibitors.
Syringolin A 26) and glidobactin A @7), are twoexamplesisolatedrespectively
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from Pseudomonas synringaes [Byringaé>* and Polyangium brachyspomti’
Studieshave shown thathese two compounds and their analogcas inhibit
proliferation and induce apoptosis in neuroblastoma and ovarian*€ellbe
crystal structure ofhe syrbactins in complex with the yeast proteasome showed
that syrbactins covalently bind the B5 subunit of the proteasome, with the
mechanism similar to the peptiginyl sulfones (8ction1.3.3.3."® Specifically,
the hydroxyl group of Thrl undergoes -hddition to the double bond ohd
syrbactins andforms an irreversible ether bond Figure 119).*° Although

syrbactins exhibit proteasome inhibition and apoptotic propeféiesstudiesapply

it asa research tool or a therapeutic agent.
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Figure 1-19 Mechanism of proteasome inhibition bysyrbactins.

1.3.3.7 Flavonoids

The origins of this class are mainly from fod€pidemiological studies suggest that
polyphenols in green teare associated with anticancer effet? In particular,
epigallocatechingallate EGCQ (28), representinghe largest proportioof the
polyphenols has been shown foproteasomenhibition.**° In vitro and in vivo
studies showethatEGCG mainly inhibits the GL active site of the pteasome.
Based on computational docking studies, the inhibition undengadle acylation
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of the hydroxyl group of Thrl bthe ester group of EGC&! EGCGis unstable

under physiological conditions, thus further developments aims to a préednug

Epidemiologica studies also showettiat high soy consumption is associated with
less occurrenceof cances including breast, colon and prostate camscéf
Genistein(29), one of the bioactive isoflavones found in soybdmsbeen shown
mainly to inhibitthe praeasomal CIL activity, though thebinding mode to the
CT-L active site has not yet been elucidated. Moreawevitro andin vivo studies
suggestd that genistein is a weaker proteasome inhibitor than EGOG green

teal43

O

OH

OH

OH
HO O OH O
" OH
C
OH OH HO
(e}
OH
OH

EGCG (28) Genistein (29)

1.3.3.8 Cyclic peptides

Apart from the covalent inhibitorsmentioned abovesome inhibitorsutilise
hydrogen bonds, van der Walilsrces and hydrophilic/hydrophobic interactions
and hence can target @ary specific psitions of the proteasomerom a clinical
perspectivenon-covalent inhibitors aranticipatedio have lss sideeffectdue to

this higher selectivity.

Cyclic peptides are one of the roovalent proteasome inhibitors. TMIBA (30)
and its diastereoisomeric derivatiyesiginally isolated fromApiospora montagnei
SaccTC1093, were proveto be potent proteasne inhibitors with IG, valuesin
the nanomolar rang&* Their macrocyclic structure areharacterised byl) the
cyclic tripeptide array containing tyrosire, and anasparagine andn unusual
oxidised tryptop han residu€2) a ¢)-1-propenylamide suburéind (3)a 3-methyt
2-oxopentanoic acid subunithe btal synthesis and->Xay ccecrystal study have
been reportedespectivelyby Williams et al. and Grollet al** % Both works
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have showrnthat TMG95A interacts with the yeast 20S proteasome by forming
five hydrogen bondsHgure 120). These nortovalent interactions result in
inhibition of CT-L, T-L, C-L proteolyticactivities respectivelwith ICsp0f 1.1 nM

43 nM and 650 nM. Further tests ¢ime linear conformation of TMO5A (31)
suggest that the lineatripeptide only retains 1/100 inhibitory activities, indicating
the necessary structuref constrainedring.**” Therefore, more SAR stigh are
neededo simplify the macrostructure of TMG5A.

AENOUSSES NN

TMC-95A linear analog (31)
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Figure 1-20 Interaction of TMC-95A to the active site ofproteasome B2 subunit. (Taken
from Groll et al)*®
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Since the recent discovery of proteasome inhibitotivities for anothercyclic

148

peptide, argyrin A 32),”"° an increasing number of researches have emerged

focusing orits structural interaction with the proteasome three pockets.

1.4 Argyrins

Argyrins were first isolated by Sass al. in 2002 from a myxobacteriunstrain
Archamgium gephyr&® The two major products isolated frotime fermentation
brothwere named argyrin A3Q) (fermentation yield 6 mgt) and argyrin B 83)

(13 mg LY. Another six derivatives weralso found as minor products, named
argyrin GH. The structures of these eight argyrin analogues were further

elucidated by NMR spectroscopy, chemical degradation ara 4nalysis*

Argyrin A, a cyclic octapeptide, was identified aspeoteasome inhibitor by
Nickeleit et al.in 2008° The study oncludedtwo adva ntagesFrstly, argyrin A
exhibits antitumowuactivity in many cancergy inducing apoptosigiainlyvia p27-
dependent mechaam. Secondly, argyrin A is capabletafgetng the pre-exsting
tumour vessels directly bynhibitingangiogenes.?

The exploitation of thehemotherapeutipotential of argyria and their derivatives
is difficult because it requires laborious efforts to isolate sufficient amounteof
compounds from the microorganism. To overcome this difficulty, dtegl. firstly
describeda total synthesis of rgyrins in 2002*° followed by Bilow et al. in
2010°'and Wuet al.in 2011

1.4.1 Bioactivity of argyrin A

All argyrins exhibit antibacterial activitiesand are ableto inhibit the growth of
mammalian cell culture¥® More recently high-throughput screening of p27
expression in human cancer sdtbund that argyrin Astabiliesthe p27 levels in
many human cancer cells, includihgman colon cancer cells (HCT116yman
colon adenocarcinoma cel{SW480)andcervical cancecells (HeLa)® Sincep27
turnover mechanisiare mediated by the 20S prageane, further functional studies

using purified human S20 proteasorastablished thaargyrin A mediatedose-
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dependeninhibition of CT-L, T-L and GL proteolytic activities (Figue 1-21)3
Furthermorethe apoptosis potency acrog® cancer cell linesrecomparable with
clinically-usedbortezomib {3). The accumulation of other pr@asome substrates

such as p53, & and kB were also observed followirmggyrin A treatment.

Argyrin A
= ! Bortezomib
S 100 —

: —- CT-L
o
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Figure 1-21 argyrin A and bortezomib dosedependent inhibition of CT-L, C-L and T-L
pockets. (Adapted fromNickeleit et al.)®

In addition toapoptosisstablisation of p27 leves also shown to suppregsnour
blood vessel formatioh.Nickeleit and hisco-workers observed thafollowing

treatmentwith argyrin A, tumour tissues exhibit awer rateof endothelial cell
focal adhesionn vitro. This can be explained by the p27 inhtnit of RhoA, a
GTPaseromotingfocal adhesion and stress fibre formatioh.

The antitumar activity of argyrin Ahas also beentestedin vivo in mice with
human coloreancerderived xenografts. The intraperitoneal injection of argyrin A
can inhibit 20S proteasome activjtjeadingto a significant reduction in turoo
size More importantly,comparing withbortezomib, argyrin Atreatment isbetter
toleratedon animals There wereno discomforts and weight lodsang reported in
treatment wittargyrinA.®

1.4.2 Structure analysisof argyrins
From the biosynthetic perspectivegrgyrins are nomibosomally derived cyclic

octapeptidegontainingunusual thiazole and tryptop han residuésstly, the 2-(1-
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amino)-thiazole4-carboxylic acidin all argyrins can bdormed bythe cyclisation
and dehydrogenationf an alanylcysteine depeptide.Thesethiazolecontained
peptidescan be widelyfound in microbial and marine natural produéfsSecondly,
4-methoxytryptophaimn argyrin A,B, F, G, Hcan bederivedfroma tryptophan by
hydroxylation andD-methylation**°

Figure 122 (a) illustrates the structural analysis of argyrin3®)( It can be seen
thatargyrin A is a cyclicoctapeptidecontaining asarcosine (S, a exocyclic
double bond dehydroalanine (Dhaa (R)-alanine (R)-Ala%, a glycine (Gly), a
tryptophan derivative with a methoxy substituentCa4 of the indole 4-MeO-
Trp%, a tryptophan (Trp) and adipeptidethiazole derivative ofR)-alanine (R)-
Alal-ThZ).

(@) (R)-Ala'-Thz2 b)

s o (R)-Ala'-Thz2
§ :W
Sar® “. Ny
o
T HN'
°, .o Hi
Dha? HN NE/U\/NKE
H! ‘o \
0 ' \
oy /4 i (4-Me0)Trp*
(R)-Ala® N , / \ o
(4-MeO)-Trp? A RAR

Figure 1-22 Structure and configuration of the argyrin A. (a) Structure and configuration of
the argyrin A. (b) Intramolecular hydrogen bonds of argyrin A.

The backbo n®f argyrin A adopts a compact conformation wahdimension ofLlO
x 6 x5 A3 andtwo constraintsio minatethe dynamics of ik macrocycle™ One
is that the thiazole ringis coplanarwith the adjacent peptide bonds. This
arrangement results in a planar constrdihe otherconstraint iscreated fronthe
alkenegroup inthe exocyclicalkene(Dha).*® The overall conformation iurther
stabilised by five intramolecular hydrogen bord@sgure 122 (b)), of which three
arewithin the macrayclic ring and twaare between the ring anide (4-MeO)-Trp*

and Trg side chains respectively’
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1.4.3 SAR studiesof argyrins as a potent proteasome inhibitor

Stauchet al. proposed anragyrin A/proteasomamodel by molecular modelling?
The docking mode of argyrin generatedy the programGOLD is based orthe
threeassumptions: (a)rgyrin binds to the canonical catalytically active sda the
proteasoms B subunits, motivated by the observationsrém MG-132 and
borteomib, (b) the bioactive conformation of argyniemainssimilar after its
interaction with the proteasomend(c) thethree binding pocketare inspired by a
yeast proteasomeand bortezomil) with the side chains replaced bljuman
equilents

Three interactions can be found for all the pockets wdrggrin A blocks the
proteasomeHigure 123). Specifically, Thr21 in proteasome forms two hydrogen
bonds between the NH and the carbonyl groaujk their respective carbonyl and
NH of Trp® of the argyrin A. Another group of hydrogen bonds can be formed
between theNH groupin proteasome’sGly47 and the carbonyl in(R)-Ala® of
argyrin. Moreover, he hydroxyl group andhe positivechargedN-terminus of
Thrl canform hydrogen bond and polamteraction withthe carbonyl group of

Gly® and Dhérespectively.
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(a) C-L pocket .

(b) T-L pocket <
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Figure 1-23 Binding poses of argyrin A with three active sites of proteasome(a) A caspase
like binding pocket. (b) Atrypsinlike binding pocket. (c) Achymotrypsin-like binding pocket.
(Reproduced from Stauchet al.)™
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In addition to thoseommon patterns, distinct interactions can be found for each
pocket.At the C-L pocket Figure 123 (a)), argyrinTrp® and Tr( are respectively
sandwichedbetween k5116 Met©94, and betweenHis116 and Tytl4 The
hydroxyl group of S118lsoforms a hydrogen bond to the methoxy group of Trp

At the T-L binding pocket Eigure 123 (b)), Trp* and Trg are both located inside
the hydrophobic side pocket containingul15, $r20, Ala27, G/s31, Cys118 and
Met120.It is worthy to note thathiere isno hydrogen bnd between thgoc ket and
the methoxy group of Tfpwhich is different from the other two poc kets

At the CT-L pocket Figure 123 (c)), Trp' is surrounded bythe side pocket
containing Aspl14, Aa22, Ala27, Lys25 and $r118 The hydroxyl group of
Ser118 forma hydrogen bond to the methoxy group of qrgimilarly to the GL
pocket.

To provide argyrin derivatives f@AR study, Stauchet al. synthesied a series of
argyrin derivatives and measured the activities using purified human
proteasome&® The agyrin B, C, D and H were obtained by fermentatiand
otherderivatives shown in Table4 were synesisedNote that agyrin 6 has no
exocyclicalkene and Dhé& was replaced by Gly. The remaining 20S proteasome
activities after inhibition wereletermined using GL, T-L and GL fluorogenic
substrate. Moreover, the cytotoxidCso valueswere obtaired after incubation of

colon carcinoma cells (SW48@)ith argyrin derivatives.
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Table 1-4 SAR data of argyins and synthetic derivatives'>

7
A Proteasomeem%iningactivity ICs0 (NM) ©
Argyrins R R R R R 9
ay 1 2 3 4 5 (%) SW-480
C-L T-L CT-L
Argyrin A CHg OCH; CHs H H 29+52 45 +£45 30+6.0 3.8+03
(32)
ArgyrinB  CHs OCH; CH,CH; H H 52 +30 55+85 58+6.5 4.6x06
(39
ArgyrinC  CHg OCH; CH; CH; H 38 +83 40+7.0 43+55 15z%11
(34)
ArgyrinD  CH; OCH; CHCH; CH; H 50 +60 62+8.0 64+52 3.6+20
(35)
ArgyrinE CHg H CHs H H 65 +40 70+3.0 70+55 520+270
(36)
ArgyrinF CH,OH OCH; CHs H H 35+7.0 38 £65 28+25 4.2+04
(37)
ArgyrinG  CH,OH OCH; CH,CH; H H 60 +65 75 £30 65+45 6355
(38)
ArgyrinH  H OCH; CH; H H 52 +55 60+7.0 51+8.0 30%2
(39)
Argyrinl  CH,OH H CHCH; H (R- 65+#7.0 70+7.5 5535 1050180
CH,
OH
Argyrin2  CH,OH H CHCH; H H 68 +46 75+27 62+19 3800 +43
Argyrin3  CHg H CHCH; H H 72+133 74+29 92+3.0 >4000
Argyrin4 ~ CH,OH OCH; CH; H (R- 54 £25 72+45 50+3.0 90%0.2
CHs
Argyrin5  CH,OH OCH; CHs H S- 65+3.0 89+25 87+25 2300180
CHs
Argyrin6  CHg OCH; CH; H H 100+65 85+6.5 87+6.5 3600 +400

& Argryin A-H are naturally occurring analogues, and Argyrid dre synthetianalogues.
® Proteasome activity assays were carried out in a 100 pL reaction volume containing 1.2 uM Argyrin,
2 pg human erythrocyte-derived 20S proteasomésis/EDTA: 20mM Tris/HCL; 1mM EDTA ; pH
7.8 and50 puM fluorogenic substrate at 37 °C.
“The cytotoxicity of argyrins was measured by MTT assay after 5 days of imsuab87 °C and 10

% CO,.
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Based on the SAR studyargyrin A and F areapparentlythe most potent
derivatives By comparing thenmwith argyrin E,1, 2and 3, it can be seen thdhe
methoxy groumat R,in Trp®is essential foactivity. Thiscan be gplained by the
hydrogen bonsl of the methoxy group to the hydkgl group of S118 in the @
and CTFL pockets. Moreover, the comparison withrgyrin 6 shows thatthe
absence othe exocalkene group of Dha’ residue inargyrin also significantly
reducethe activity. Thissuggestdhat theremoval of structural constraint increases
the flexibility of the macrocycle which eventually reduseargyrin interaction
capability with the three paiets Thesetwo essential elemengge consistent with

the docking model.

The activity of argyrin F isslightly higher than that of argyrin A, whiotan be
explained by aenhancedtability of the complexSpecifically, he hydroxyl group
of serinein argyrin Fcanform an additional hydrogen bond tiee carbony! group

of the coserved residue Gly23.

By comparingargyrin Bwith argyrin A, elongatinghe methyl side chain qR)-
Ala® by one carbon atom is welblerated. Forargyrin C and D, thexdditioral
methyl group atthe G position of indole side chain of Ttps also tolerable
probably because this additional group can be readily accomnudaithout

changing the conformation of Ttp

By comparingargyrin4 and5 with argyrin F Rs is substitutedoy (R)-Ala and(9)-
Ala respectively The formerstructure(pro-R) is tolerable whilghe later(pro-S) is
detrimental. Onepossibleexplanation isthat the steric hindrance between the
methyl group of(9-Ala and the carbonyl group of Trp would distort the
conformationof the macrocycle, anthis methyl group wouldlso clash withthe
protein backbonat Thr 20nearthe T-L and CFL pockets.

Based oran existingsmalllibrary of argyrin analoguest is unrealistido draw any
definitive SAR conclusion apart from the apparent crucial requirement of MeO
Trp®. To fully identify the optimal binding and proteasomahhibition, unique
analogues of argyrins are required. Thus, establishing a robust syatedggo
argyrins would allow for the construction of a wide range of analogues titede

biological investigations.
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1.5 Aims and objectives

While argyrins have been proveto inhibit proteasomeunction, ts inhibition
mechanisnis still poorly understood.In order to further exore argyrin biological

function chemical syntheses are necessarglfitaining diverse analogues.

The aim of the project ithe total synthesis of argyrin A andnalogueghereof
particularly with regards to the substitutettyptophan (Trp*(X)). A new
methodology by adopting=moc solidphase chemistry and macrocyelisn
strateges is introduced. A new synthetic route providing access to a wide range of

tryptophan derivatives alsoestablished

The overall synthetiplanis outlined inScheme 41. Among those seven amino
acid building blocks, Fmotyptophan derivaties @3), N-Boc-(R)-Ala-ThzOH
(44) and Fmoephenylselenocysteine4?) are not commercially available and

hence synthesised.
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TFA HzN\ﬁ\ ‘>7NH HN
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HN @
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S NH
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N
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1. NalO,4, CHzCN/H,0
2. NaHCOj3, CH3CN/H,0

7/
N
H

Scheme 11 Retrosynthetic analysisof argyrin A and analogues thereof
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Initially, attentionis focused on synthesis of optically pure Frtogptophan
derivatives 43). There are numerouseportson the synthesisof optically pure
tryptophan derivatives. Howevethey are either restricted tosubstitution at
specific positions or requiring reagents that are not affordable. Thereftive,
retrosynthetic strategy for Fmguotected tryptophan derivative43 is illustrated
in Scheme 12. The key step (step cltilising diastereoselective Streckgynthesis
is developedn this thesis The detail of this nevapproachs discussed ilChapter

2.
o H
a H 0]
Rm RE T " RE TN
Z N L~ NN
H H
5 51

N
H
49 0
o}
CN NH,
OH OH
C HN d
Ty 8 Ly @
N Z N
H H
52 53
° NH Q
2
oH NH,
e . N AN f N NH,
= N |/ N
H H
54 55
COOH COOH
NHFmoc
g NH; N
N Z N
H H
56 43

Scheme 12 Synthesisof Fmoctryptophan derivatives (43); Reagents and conditions: (a) PQCI
DMF, 0 °C then 45 °C; (b). PRPCHOCH,, nBulLi; ii. HCI, THF, reflux; (¢) ®)-2-
Phenylglycinol, NaCN, AcOH, MeOH; (d) #D,, NaCQO;, DMSO; (e) Rcrystdlisation or RP-
HPLC; (f) Pd/ C, NHHCO,, MeOH, reflux; (g) 1 M HCI, reflux; (h) Fme®©Su, NaHCGQ,
THF/H,0.

The secondunusualbuilding blocks (R)-Ala’-ThZ-OH (44) is prepared by four
step synthesis, outlined in schem@&.1Tre crucial step (step c) involvéwo-step

modified Hantzsch thiazole formatiom addition, another analogy tie thiazole
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containg dipeptidethe oxazoledipeptide 63), is also synthesisedlhe synthetic
scheme ishown inScheme 4.

e . 4 O X >(O ] S
© N\HJ\OH © N\‘)J\NH g \HJ\NHz
57 58
S S
- N X\( ¢ N X(
(e} N NS OEt 0 N\‘/Q\ OH
N N
XU XU
59

44
Scheme 13 Synthesis ofBoc-(R)-Ala-thiazole @4); Reagents and conditions: (a) DCC, HOB,
NHs, CH,CI, 0 °C; (b) Lawesson’s reagent, THF, O {€);i. BrCH,COCQEt, KHCG;, DME, -15°
C;ii. TFAA, 2,6-lutidine, DME,-15°C; (d) LiOH, THF/HO, room temp.

HO
H 0) oHO
o N a 0 H
\n/ OH + OEt N OEt
HCI H,oN \ﬂ/
o o) Ho o
o}
60
o) o)
N
>< e \‘/kN OEL hil OEt
0 (0]
61 62

(0] (0]
d H N\
— XOTNW/QHH
(@)
63

Scheme 4 Synthesis of Boc-(R)-Ala-oxazole (63); Reagents andonditions: (a) DCC, HOBt,
DIPEA, CHCI,, 0 °C; (b) Burgess reagentjamowave,70 °C (c) CuBr, PhCOO&-Bu, kenzene,
reflux; (d) LiOH, THFMeOH/ H,O, room temp.

As the third unusual building blocklehydroalanine is nstable, thesynthesis
strategy involved the utilisation of a maskegrecursor, phenylselenocysteine,
which is eventually convertecat the final step to the desired dehydroalanine
residue To obtain the phenylselenocysteine, a fstapsynthetic schembased on
a previous reporis utilised,shown inScheme 45. The detail of the thiazoleand
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oxazoleeontaining dipeptide anthe Fmoephenylselenocysteiné?) is discussed
in Chapter3.

0
H 0] 0]
H
XOTN.JJ\OH 2 o._N., ° o NN
: 7 Co N oH
o = :
OH 0 O ~sePh
64 65
0 H O
c TFAHZN\:)J\OH d Fmoc’N\i)LOH
SePh >SePh
66 42

Scheme 15 Synthesis ofFmoc-phenylselenocysteine4?); Reagents and conditions: (a) DEAD,

PPh, THF, -78 'C to room temp (b) PhSeSePh, NaBH(OMg)EtOH room temp (c)
THF/CH,CI,, room temp (d) FmoeOSu, NaHCG@, THF/H,O, room temp

The prevailing methodor chemical assembly @rgyrinis solutionphase peptide
synthesis. It was envisaged thHatmmoc SPPS approach provides a much easier
methodology for assembling the linear peptiibe macrocycle rings installed
using solution phaséieadto-tail intramolecularcyclisationof the linear peptide.
The oxidative removal of the phenylselenocysteine eventually complbées
argyrin synthesis The Fmoc solid phase peptidynthesis, macrocycligtion
strategyand biological evaluation of synthesised argyrin analoguediscassed in
Chapter4.
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Chapter 2
Synthesis ofFmoc-(S)-

try ptophan derivatives

As outlined in Section 1.Bnunusualamino acidoulding block of argyrin A is the
(9-tryptop harderivative 43). In fact, ryptophan is one of the essential amino acid
with less than 1% abundance in natékhough othsteresisomers of tryptophan
can be found in naturally occurring peptidemly the (S)-stereoisomer of
tryptop han isutilised as the source oibosonally-encodedproteins A structural
feature of tryptopan is the indole moiety, whicHargely affects the
physicochemicaproperties of tryptophan. In general, the indole ring provides the
molecule with amphipathity, i.e.its N-H group can fornhydrogen bonds and its
aromaticity enablesonpolar interactions®® Moreover, biological activities of
many tryptopharcontained naftral products, particularlgecond metabolites, are

related to specific substituents ithe indole moiety. For example rhopaladin
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alkaloids containing 5bromo and 6hydroxytryptophan areshown to be
inhibitory to CDK4,*>’ mitragynine alkaloids containing 4methoxytryptophan
derivativeshaveantinociceptive activity>® iotrochamides B containing&omo
tryptop handisplayed antitrypanosomal activity® and rebeccamycimhaving 7
chlorotryptophan derivativeshave anticancer activity®® Hence, tryptophan
derivatives can be considered to be an actiweetyfor these naftral products.

A multitude of synthetic methods has been described in literatures in twrde
provide these building block$n this chapterseven existing methods toward the
synthesis of enanatiomerically pure tryptophare reviewed, followed by

developing of a novealbute to access to a wide range of tryptophan derivatives

2.1 Existing methods

Current methods fosynthesising enantiomerically puf®-tryptop handerivatives

rely on either enzymatic or chemical approaches. There are two types of enzymes
beng employed in the former approach. Oapproach adoptiN-acylase and
generally involved a finastepresolution of the racemates. The acylassolution
releases the desirg@®)-tryptophan in a mixtureontaining the unprocessed
acetyt(R)-tryptophan>® Two examples are presented in Section 2.1.1 and 2.1.2.
The otherapproachadopts pufied tryptophan synthase that can directly ksl
serine with indole derivativesvhich is reviewed in Section 2.1.81 contrast
studies based on chemical syntlsesequired multistep processesand are low
yielding However,these multistep sythetic schemes allowed accessa wider

range of indolesubstituted tryptophanThe key challenges are the stability of
intermediates and stereoselectivity of reactions. Therefore, specialised procedures
and chiral auxiliaries aresually emplogd, as in thosstudies outlined ifsection

2.14 and 2.1.5.
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2.1.1 Ley’s approach tothe synthesis 4methoxy-(S)-tryptophan

In order toprepare thalesired 4methoxytryptop hanfor total synthesis of argyrin
B, Ley et al in 2002 developed a sistep synthetic route tbl-Cbz4-MeO-(S)-

tryptop hant>°
Q Ph
ocH3 OCH, OCH, COzEt
CO,Et
A\
N 99 % 82 %
0
HN/ZK/ NHCbz
OCH, OCHjs
c CO,H CO,H
69 % N\ 44 %, 2 steps
H

69

Scheme 21 Synthesis ofN-Cbz4-MeO-(S)-tryptophan (70) by Ley's group; Reagents and
conditions:(a) CHNMe,'I", CH,CN, room temp (b) (GHs0,C),CHNHCOCHPh, EtONaThen
68 and MeSQ,, EtOH, room temp.; (c) NaOH, MeOH/dioxane, 50 °C; ii. Dioxan&00 °C; iii.
NaOH, MeOHy/dioxane, 50 °C; Ydmmobilised penicillin G acylaseMeOH/H,0O, room temp.; ()
CbzCl, NaHCQ, THF/H,O, room temp.

As shown in Scheme-2, the starting material-fhethoxyindole was subjected to
aminoalkylation reactign.e. Mannich reactioyby treatment oEschenmoser's salt.
The gramine derivative7 underwent alkylation usinthe enolate of malonic ester
to give68. Saponification of the diester followed by further a@d basemediated
decarboxylation of thecarboxylic acid gaveracemic 4-methoxytryptophan
derivatives 69. Finally, chiral resolution was performebdy treatment with
immobilised nicillin G acylaseThis route utili®d enzymatic kinetic resolution
of the racemic precursortn fact, theenzymatic optical resolution usingyégse
was based on the method used by Wetal for the synthesis of-6romo(S)-
tryptophan in 19868°%*

The unreacted substrates removed and thdesiredamino acidwas N-protected
with Cbz to provide opticé} pure N-Cbz4-Me O-(S)-tryptop han70 in 44% yield.

Unfortunately, the enicillin G acylase used in the chiral resolution wasonger
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commercially available Another group reported that sing other immobilied

acylases resulted poor conversion>*

2.1.2 Konda-Yamada’s approach for the synthesisof 7- and 6

bromo-(S)-tryptophans

Another route that involved enzymatic hydrolysis ofN-acyltryptophan was
reported by KndaYamada in 2002 §cheme 22).'°? This synthetic route took
advantage of the elegant construction of racemyigtdphan putforward by the
Yokoyama’s groug® Tryptophan was synthesid directlyfrom indole and serine.
This onestep biemimetic synthesiss not only efficient (> 80 % vyiel), but also
avoidsthe use ofprotection and deprotection steps in the synthetic route. Although
this method is relatively straightforwarthe two resulting isaners(71) requirean
additional chiral separatiorstep. The enantiomeric specific separatiomas
conveniently performed with(S-aminoacylase andR)-aminoacylase to give
opticaly pure (9-tryptophan and (R)-tryptophan, respively. Further
investigation by Sandersat al.in 2008 successfully applied this route to a range
of 5 and 6substituted tryptophan derivativés.However, anumber of factrs
affect the yields, including thesubstituents, rminoacylase sources, pH and
temperaturé® Furthermoreapplying this method ttheindole system wittbulky
substituentssuch as iodo or nittavas found to béessefficient It was envisaged

that the poor efficiency was due to the limited accessilbdignzyme active site.

COOH COOH COOH

NHAC
NH NHACc
N a @E\C( b 2
- . AN + A\
N
82 % N N N
" Br H H H

Br Br Br

71 72 73
39 % 42 %

Scheme 22 Synthesis of 7Br-(S)-try ptophan (72) by Konda-Yamada's group; Reagents and
conditions: (a)(S)-Serine, AcOH/AC,0, 75 °C; (b) (§-Aminoacylase, phosphate buffer pH = 7,
CoClL-6H,0.
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2.1.3 Goss approach for thesynthesis of(S)-halotryptophans

Since tryptophan synthase was firstly used to synthesiuoro-tryptophan,
several groups have utilised this stratégyardsdifferent tryptophan derivatives

from 19742006'% However, this biotransformation method was hampered by

time-consumingpurification of enzymes and thiemited solubility of substrate In
2006, Gosss group reported a scalable procedure to syntees(S)-
halotryptophans®® The procedure utiled the tryptophan synthase from tlgsate
of acommercidly available microorganisnSalmonella entericdScheme2-3(a)).

In fact, his biotransformation was achieved by three sequential reac8chsrfe

2-3(b)).

(@)

COy,
OH Cell lysate containing
A tryptophan synthase NH;*
R_: \ + . i R_' A \
= N HsN™ "CO, 37 C, 3 days (L A~N
9~82% H

H
0,C
ot L T D
+ - N = N -
“20,POH,C oH HN CO; N 0,C

N
N
N
| = T 204POH,C OH B X
N e | x Ny
N 204POH,C ‘ N OH
75 N
76

(0] H

X

7

N\ + 203POH,C OH
N
H N

Scheme 23 Synthesis 0fS)-halotryptophans by Goss’ group (a) Overallenzymatic synthesis of
(9-halotryptophans. (b) Tryptophan synthase mediated conversion of sexdnbaloindole to
tryptophais with PLP.

In the first step, serin@as reactedvith pyridoxal 5-phosphate cofactor (PLPJ4)
to form a $hiff’s basefollowed by dehydration to givéb. In the second stefhe
indole derivative undergoes Michael addition witb to afford 76. Finally,

hydrolysis of 76 releases PLP and the tryptophan derivatives. The vyield
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transformation after one cycle waearly 50%. Although this enzymatic synthesis
wasreadily accessible and environmalht friendly, applying this procedure the
indole ring system witlvarious substitutions a-, 5-, 6-and 7positionswas not
successful, especially with substituis at the4- or 7-positions. The specifity of
the enzyme resultedh poor tolerance fobulky substituentand forsubstitutions at
the4- or 7-positions.

2.1.4 Hengartner's approach to synthesis of @nethyl-(R)-
tryptophan

As illustrated in Scheme-2, to prepag the sweetening agent-réethy-R)-
tryptophan83, Hengartner’'s group successfully introduced asymmetric catalytic
hydrogenation of7/9 to afford 6 methyl(R)-tryptophan83 in high enantiomeric
excess (ee¥f’ The hydrogenation substraf® was prepared fron6-methyindole
77 in three steps. The starting materid@lwassubjected to \lsmeier formylation
to give aldehyd&8, which conde nsatediith ethyl malonate to giva 5:1 mixture
of two isomeric acetamidoacrylic estef@ and 80. Saponification of the estet9
forms 81 which is a better substrate for enantioselective catallyidrogenation.
Various catalysts have been extensiv&tudied, and the results showtwht the
phosphine ligan@4 in combination with [Rh (cod) CGllgavethe bestyield (100 %)
and ee (83 %). The hydrogenation podwasidentified as purdR configuraton.
Finally, N-acetyl group iscarefully removed undemild conditions to afford

enantiomerically pur83.
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OC,Hs NHAC

\_ a NHAC OCH,Hs
N 0 \y o
N 98 % \

H

7

Z-isomer 66 % E-isomer

(@)
OC,H;g
NHAc c NHAc NHAc

\ 0,

N 75 %

H
79

(@]
e .
_— NH,
60 %, 2 steps
o ../

o

Iz __

83
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Scheme 24 Synthesis of emethyl-(R)-tryptophan (83) by Hengartner's group; Reagents and
conditions: (a) POGJ DMF, room temp.(b) Ethyl acetamidomalonate, A8, pyridine, room temp.
(c) NaOH, 70 °C(d) H,, 84, [Rh(cod)Cl}, MeOH, room temp(e) 2.5 M HCI, reflux.

2.1.5 Synthetic approaches to 4methoxy-tryptophan

2.1.5.1 Nickeleit's approach for the synthesis of 4methoxy-(S)-
tryptophan

A similar route using catalytic hydrogenation wascently developed by
Nickeleits group in 2016 In order to prepare -fhethoxy(S-tryptophan

required for the total synthesaf argyrin F,a new catalyst was froduced to
provide 4methoxy(S)-tryptophan89in excellent yield 99 %)andhigh ee (99 %).
The severstep synthesis is illustrated 3theme 5. Theinitial threestep reaction
gavethe hydrogenation substra&. Thus, he staring material 4methyoxyindole
was subjected to Vilsmeier formylation to give aldehygle followed byN-Boc

protection of indole. Nextusing phosphonoglycine and DBUhe Horner
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WadsworthEmmons reactiomwas applied to convertndole-3-carboxaldehyd86
to (2)-dehydrotryptophar87 as a single isomer. It is worth noting that tE® (
geometric selectivitypf this method isuperior toHengartner’s methodutlinedin
Section2.1.4.

(@) (@)
OCH
3 OCHjs H OCHjs4 Y
N a b . N
N 75 % N 89 % \
Boc
85 86
NHCbz
OCH, NHCbz OCH, ~
c N OCH; N 4 OCH;
3 0 o 99 %, 99 % ee N
0 N
Boc Boc
88
87
ocH,  NHCbz O O
H
e :
N\ 4 OH 5
70 %, 2 steps N : HP
H tBu  tBu
89 90
(1S, 1S, 2R, 2R")-DuanPhos

Scheme 5 Synthesis oiN-CBz4-methoxy-(9-tryptophan (89) by Nickeleit's group; Reagents
and conditions: (a) POLIDMF, 45 °C;(b) (BochO, DMAP, DCM, room temp.; (cX2)-a-
Phosphonoglycine trimethyl ester, DBU, DCM, room temp.; (g)Rt(cod)BF;, 90, MeOH, room
temp.; (e)i. TFA, DCM, room temp.; ii. LIOH, THF/ MeOH/ }O, room temp.

The synthesised substra8y was then subjecteid asymmetric hydrogenatiorn
fact, ths specific strategwas first described by Moodat al.in 200428 Using the
catalyst Rh(cogBF,, in combination with DuanPhos liga®® under 10 bar of
hydrogen gae anenantiomerically pure tryptopha8. Finally, the desired product
89 was obtained by TFAnediated acidolysisof the Boc group followed by

saponification othe methyl ester.

2.1.5.2 Cook’s approachfor the synthesis of 4methoxy-(R)-tryptophan

In the course ofa total synthesis of the indole alkaloids mitragynine, Caok
colleagies reported a new route for the synthesid-ofethoxy(R)-tryptophan in
2009 Scheme (b)).**® Unlike other methods which use indole derivatives as
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starting materials, Cook enmted Larock heteroannulation of iodigmibstituted
alanine94 with the internal alkyn®3adirectly to build the stemgenic centre of
the tryptophan The propargylsubstituted Schéllkopf chiral auxiliarg3a was

prepared fronthe reagent91, which can beobtainedfrom (R)-valine and(S-

glycine usingstandardour-step procedureS° Thus, reactiomf 91 with diphenyl

(trimethylisilyl)propargyl phosphat82 gave diastereoselective produc®&3a and

93bin 46 :1 ratio(Scheme &b (a)). It is worth mentioimg that theleaving group
in 92 other than phosphate, such as bromo ©rtosyl, gave poorer
diastereoselectivitie¥!

@)

EtO PO,(OPh), EtO
— —N
" + Z a =N
N= T™S . ™S—— + TMs——
OEt 80 % OEt OEt
91 92 93a 93b
(b) EtO
OCH; EtO =N
| —N b OCH3 .
+ S - - . N=
\H TMS™— = 80 % N\ 1ys OEt
2 OEt N
94 93a H 95
NH
OCH; 2 OCHs NHz
c OEt d
\ 4 S OH
91 % N 84 % N 0
H H
96 97

Scheme % Synthesis of 4methoxy-(R)-tryptophan (97) by Cook's group, Reagents and
conditions: (ay-BuLi, THF,-78 °C; (b) Pd(OAg), K,CG;, LiCl, DMF, 100 °C; (c) 2 MHCI, THF,
room temp.; (d) NaOH, EtOH, room temp.

Internal alkyne93awas therusedfor the Larock heteroannulatig@cheme 26 (b),
step b). Good regicand sterecselectivitywere reported when TMS propargyl
substituted Schéllkopf chiral auxiliaBBawas usedAs shown inFigure 21, this
selectivity was attributed to ehsteric interactions betwe#me methoxy substituent
and the TMS on the alkyn@&he less sterically hinderedtermediate98 is more

favoured than the intermedia8. Thus, the corresponding prod@&was formed.
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Next, the Schollkopf chiral auxiliary and indekesilyl group in 95 were
hydrolysed in 2M aqueoudHCl to afford 4methoxy(R)-tryptophan ethyl este&l6.
Finally, saponification othe ethyl esterafforded 4methoxy(R)-tryptopharnd7. In
general,this methodis a short synthetic process amives good yield, but the
general application is restricted by tlegio-selectivity of annulationvhich relies
on the presence of steric group at the aromatic ring.

N EtO
"B 2:N
L/P sterically favored OCHz .0 N:2—<
OCH3 Cf\gfﬂws OEt
L RL — RS i N
98 95
B H,N T
1, b
R i OCHs TMsS
i sterically unfavored { o
oy —N
3\9\53 N ""//27
| Rs—R. | N -

99 R, =TMS

Figure 2-1 Proposed steric effect for the Larockheteroannulation.
2.1.5.3 Jiang’'s approach for thesynthesis of 4methoxy-(S)-tryptophan

In the course of total synthesis of argyrin A, Jiargg al. successfully adopted
ligand-lesspalladiumeatalygd onepot annulation reactiopreviouslyestablished
by Zhu in 2006:°% *"?The five-step synthesiis outlinedin Scheme Z(a). Similar
to Cook's strategy (&ction 2.1.6), the tryptophan derivatives wetieectly
constructed frona hderoannulation reaction betweam aldehydel00 prepared
from glutamic acidn three step§Scheme 27(b)) and the aryl iodide94.'”® The
glutamic acid was firstly converted to diesi€)3 followed by Boc protection of
the amine. Thendimethyl N,N-di-Boc-glutamate 104 was then reduced with
diisobutylaluminium hydride@IBAL) under mild conditioato form the aldehyde
100in good yield. Withthe aldehydel00 in hand,it was annulated to aryl iodide
94 using Zhu’s conditions [Pd(OAg)DMF, DABCO, 85°C] to afford the desired
tryptophan derivativd 01 Finally, selective deprotection dFBoc and hydrolysis
of the methyl estet02 gaveN-Boc-4-methoxy(S)-tryptophan. So far, among these
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establishedynthetic routes to prepare tryptophan derivatives, Jiang's approach not
only toleratesa wide range of substituent in the indoleg;ibut alscaffordedgood
yields. However, it is envisaged that thepplication of this strategy for the
synthesis of halotryptophans would drastically limitedsincearyl halidescould

interfere withthe annulation reaction.

(@)

N(Boc),
OCH;, OCH; —
| o) o) 3 OCH,
a
+ HJ\/\‘/U\OCHg £0 o \y O
NH, N(Boc), ’ N
94 100 101
NHBoc NHBoc
OCH; OCH; —
5 OCHg . OH
_ \y O —— \y O
93 % N 82 % N
H H
102
(b)
o} 0
. . d e
(S)-Glutamic acid ——— H,CO OCHs
103
o) 0
f
H5CO OCH, 100
N(Boc), 85 %
104

Scheme 27 Synthesis of 4methoxy-(S)-tryptophan by Jiang’s group; Reagents andonditions:
(a) Pd(OAc), DABCO, DMF, 85 °C;(b) BiBr; (10 mol %), MeCN, room temyp(c) LiOH, THF/
MeOH/ HO, room temp.; (dj. TMSCI, MeOH; ii. BogO, EtN, MeOH; (e) BogO, DMAP,
MeCN; (f) DIBAL, Et,0,-78 °C.

2.2 Preparation of tryptophan analogues using new method
exploiting Strecker condensatiorwith (R)-2-phenylglycinol

The literature methods iSection2.1 provide severgbossible methodolgies for

the preparation ofryptophan derivatives. However, most of these methods suffer
from some limitations. Foexample, they might require reagents whigk not
economically viable odack of generality. Therefore,an alternative routeof
accesslg to a wide rangef tryptophan derivativesvas established as shown in

Scheme B. All desired Fmoc-tryptophan deriatives were synthesd from
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corresponding indoles isevensteps.Briefly, inspired by the methodstablished
by Bayston et al. that cyclopropanecarboxaldehyde reacts with an o-
alkylbenzylamine to give a mixture of two diastereomeric aminonitriles ito3L2
ratio, the key stepof the synthesisis the use of chiral auxiliary R)-2-
phenylglycinoland mild conditions for hydrolysis @famino nitriles to a-amino
acids(Scheme B, steps ¢ and df*

A detailed considerationf each stejs disclosedn the following sections

o H
a H (e}
LY N e : R TN
Z >N LA~N Z N
H H H
49 50 51
@]
CN NH,
OH OH
c HN d
B — _I\ N\ - = > I A N HN
R 0 RT
H
52 53
? NH Q
2
OH NH;
HN
: R T — R M
= N | > N
H H
54 55
COOH COOH
NHFmoc
g NH; N
AN Z N
H H
56 43

Scheme 28 Summary of a rew method exploiting Strecker amino acid synthesisf (9)-
tryptophan analogues @3); Reagents and conditions: (a) PQ@MF, 0 °C then 45 °C; (b) i.
PhPCHOCH;, nBuLi; ii. HCI, THF, reflux; (¢) R-2-Phenylglycinol, NaCN, AcOH, MeOH; (d)
H,0,, NaCQO;, DMSO; (e) Rcrystdisation orRP-HPLC; (f) Pd/ C, NFHCO,, MeOH, reflux; (g)
1 M HCI, reflux; (h) FmoeOSu, NaHCQ, THF,/H,0.
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2.2.1 Vilsmeier-Haack formylation

N
H
49d-j 50 d-j
d e f g h i i
R= 6-F 7Et 5-Me 5-MeO 4-MeO 1-Me 2-Me

As shown infScheme 2B, the initial step in this synthesisttsinstall an aldehyde at
the 3-position of the indole ring. Vilsmeiddaack reaction is one dhe most
commonly used forformylation of electrosrich aromatic compound$ yield
aromatic aldehydes> The Vilsmeier reagent is normalyreparedn situ by the
addition of aN,N-disubsituted formamide, such as DMFNsmethyiformanilide to
phosphorus oxychloride or phosgeriéhe heteroaromatic compounds, such as
indole derivéives, undergo formlyations whetneated with Vilsmeier reagents
Good regioselectivity aE-3 indole carbon can be achieved,ebsctronarich C-3 of

the indol e system gives the lowest resonance transition Sketenechanism of the

Vilsmeier formylatiorof indole derivatives is shown Figure 22.
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O Cl |
o) N 105 cl
_P<ClI I +N= —N
Oy T CO/(F'-);TC' JH HH
N9 & - NV N — jC O)
N H N H R Ry 7/
| Cl 0 . 1/ Z~K
| I Z N H
/’L CCI +N/ +N/‘)
~ N—H N "
N H 0
X
R:_/ N #' RIC N\ R:_\ N H
N cl Z N Z N
H H
106
N/+|T| 0
—NFO7H H
H
._ N :_ A
|
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7N N
NHMe;
50 d-j

Figure 2-2 Proposed nechanism of Vilsmeier formylation

The first step is formation dhe electrophilic iminiuni05whichis preparedrom
DMF and POd]. In practice DMF was used as seagent and as a solvent. The
iminium intermediatel05then underwenglectrophilic substitution to the electron
rich position of indole ring. The intermediat®#06 are unstable and can be easily
hydrolysed. Therefore, the next step is torblgbe 106 using NgCO;,q) to gve
indole-3-carboxaldehyde derivativesOg-)).

In theory, regardless of the R group in the indole ring, the formlyatios pd&ee
exclusively atC-3 position under controlled temperature. Initially, 3 equivalents of
Vilsmeier reagenivere usedfollowing theliteratureconditions at 45 °C for 2 1i?

The productiorof aldehyds 50d-j were confirmed by*H NMR analysis, which
revealed the appearance of a distinctaleehyde singlet av 10.02 ppm.Thus,
most of the indole derivatives were successfully converted to the corresponding
indole-3carboxaldehgesin good yields. However, lowepields (5060 %)were
obtained for the methoxyindol€é49g and49h), even though thstarting material
methoxyindoles had been completely consum@&dnsequently, a number of
reaction conditioewere evaluatedncluding chagesin the reaction temperature
and duration. Surprisingly, inasing the reaction temperature from 45,69 °C

resultedn formation of both For mylated and\-formylated products. Presumably,
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the thermodynamic stable produltacylated indole, coulte formed at the high
temperature Moreover,low yields were observedue topoor solubility of the

methoxysubstituted product during the weuk procedure.

2.2.2 Homologation of aldehydevia Wittig reaction

o H
H @)
X
SN R ;
N N
H H
50a-] 5la-j
a b c d e f g h i ]
R= H 5Br 5-Cl 6-F 7Et 5-Me 5MeO 4-MeO 1-Me 2-Me

In order to apply th&trecker amino acid synthesgategy(Section 2.2.3) forthe
synthesis of tryptophan derivatives, the resultant aldehyuest be extended by
onecarbon unit. Thistransformationis commonly known asa homologation
reaction.Homologation of aldehydesas beemxtensivelystudied'’®*"® However,
conventional methods involvintipe reaction of the diazoalkane with aldehyties
produce ketones or alcohdksnot applicable for Strecker amino acid synth&Sis

Y7 Other than diazlkane derived homologation, Wittig reagents are also

employed in aldeyde homologations which produaéhomologous aldehyde.

Here, Wttig reactionwas appliedusing (methoxymetlyl)triphenylphosphonium
chloride 107 to yield enol ethers which easily undergo acatalysed hydrolysis to
the corresponding aldehysfe® The mechanism of this twstep homologationis

shown in Figure 3.
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H3CO, Bph H5CO
(@) \ O H 3 —PPh,
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X + \ —_ X _ N
R D HsCOHC—PPhs R D RIL N
Z N Z N ' N
H H H
50a-j 107 108 109
OCH;
“ ~ OCH,
N R ) ¥ R—!\ D
O=PPh, H H
(2)-110a-j (E)-110a-j
(b) " minor Major He o
H H H (O 3
XY.CH
0-CHs o CoH
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R R R—' N
Z N Z N OH, N
H H H
(E/Z2)-110a-j 111 112
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% R_I\ N\ R_I\ N\
1 / N +H+ U / N
CHZOH H N
113 5la-

Figure 2-3 Mechanism of twostep aldehyde homologation (a) Wittig reaction. (b) Acid-
catalyst hydrolysis of enal ether.

The reaction was initiated by the ylide formati@figure 23(a)). Phosphonium
ylide 107 was preparedn situ asa dark red solutiom dry THF by stirring the
phosphonium salt with a strong basdyutyllithium. Next,50d4 andcommercially
availablealdehyds 50a-c were added dropwise to the mixture undemnitrogen
atmosphereand ylide107 then readily underwent nucleophilic substitution at the
carbonylgroups of the aldehyde to give the diionidetains 108 The betaine
intermediate werethen converted to thewer energystate form, which iknown
as an oxaphosphetard®9 Finally, the formation of stable triphenylphosphine
oxide drivesthe eliminationto give theE- and Z-alkenes. As expected, a major
spot and a minor spot were obserbgdl LC afterwork-up. Although othefactors
could affect theE/Z ratio, stabilised ylidewas established to givéhe E-
configuration 110a-j as the major produgtas the less crowded of trans

oxaphosphetane was formed under thermodynamic control. Indeed,dde&ire
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enol ether formation wasonfirmed by'H NMR analysis, which revealed the
disapearance of the aldehyde protgh= 10.5 ppm s, GHO) in the starting
material50b and the appearance of the tpairs ofalkene protonsd(= 5.58,6.19

ppm d, for E-isomerand o = 5.94, 7.03 ppm, dfor Z-isome) in the enol ether
110b (Figure 24). In addition, although the stereoselectivity outcome is an
important concern for the Wittig reaction, it should not have an effect on the
subsequent enol ether hydrolysis. Therefarejixture oftwo isomes was used

directly inthe next step of the reaction.

1a 3a 1o "
H QCH+ H_(z) H
E'H Br OCH+
Br o 2a  + Y 3b 34
N
N H
(E}-110 (2110
major minar

BIN ;

2b 1b
.
N TR 4

Figure 24 'H NMR spectrum of 5-bromo-3{2-methoxyvinyl)-1H-indole (110b).

I

.0 1.5

The enol ethes 110a-j are relatively unstable compousdConsequentlyl10a-j
following a rapid silica gel chromatographtp avoid decompositionwere
immediately subjected toacid-catalysed hydrolysisto the aldehydes The
mechanism of acidatalysedhydrolysis of enol ethers shown in Figure B(b).
The delocaliation of the oxyge long pairled to the protonatiorof the alkenic

carbon to producexonium intermediate 111 The unstable oxonium ierlll
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were nucleoplhilically attacked by water to forrhemiacetal intermedisgell2
which subsequently yieldetie desired aldehyd®&laj.

Initially, the acid hydrolysis of all enol ether derivativeasexaminedy refluxing
in a mixture ofl M aqueous HC(12 mL)andTHF (18 mL). This condition gave
the homologadd aldehydes in moderate yielthen R = H(1109, haloges (110b,
110c, 1104 and ¢hyl (1106 but less than 10 % yields when R = KL 0f) and
MeO (110gand 110h. Under the standard aewhtalysedhydrolysis conditions,
these indoles witlan electon-donating substituer{tt10f, 110g, 110hresultedin

decomposition.

Table 2-1 Optimisation of enol ether hydrolysis for 5methoxy-(E/Z)-3-(2-methoxyvinyl)-1H-
indole (110g).

Temperature Solvent Acid Conc. Time Observation
(h)

1 Reflux THF/ H,O HCI 01M 2 product (47 % crude yield )
and decomposition

2  Reflux AcetoneH,O HCI 0.1 M 2 product (43 % crude yield)
and decomposition

3  Reflux THF/ H,O HCI 04M 2 product (9 % crude yield)
and decomposition

4 Roomtemp. THF/ H,O HCI 01M 48  no reaction for 3 h,
decomposition over 48 h

5 Roomtemp. THF/ H,O aceticacid 3 eq. 5 starting material and trace
amount of product

6 Reflux THF/ H,O aceticacid 3 eq. 2 decomposition

7 Roomtemp. THF/ H,O formic acid 3 eq. 5 starting material and trace
amount of product

8 Reflux THF/ H,O TsOH 3eq. 3 decomposition

9 Roomtemp. THF/ H,O Hg(OAc), 1eq. 3 decomposition

To avoid decomposition of methoxy substituted analogiid®g, 110k the
hydrolysisof 110gwas studiedundervariouscondtions. A systematic evaluation
of a series of acids ard various concentrations took pladée resulbf this study,
summarised in Table-2, indicates that heating is required since no hydrolysis
occured when the reaction was carried outr@m tempeaiture (entry 4). No
improvement vas obtained using acetonef8 as thereaction solvent (enjr?2).
Moreover, replacing HCI witimilder acid, such as acetic aci@ntry §, formic
acid (entry 7) and toluenesulfonic acidentry 8" also failed to give the product.

Another attempt by treatment with Hg(OAddllowed by Kkinduced elimination
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also failedin this study(entry 9)'*° These disappointingesults led to the
consideration offine balance between the acid concentration and reaction
temperaure. Improved vyield(47 %) was obtained bydecreasing the HCI
concentration (entry 1). Although decompositiminl10g cannot be avoided, the

yield was neverthelesonsideredcceptable.

The results of eight analoguesre summarisedin Table 22. To sum up the
efficiency ofacid hydrolysisof the enol ether110a-j is dependent onhe aryl
substitution of the indole ring. Regardless of the substitution posjtindols with

an electrondonating substitution 110e-h are more labile to acuediated
decomposition thamtheir counterpartsvith electronwithdrawing groug 110b-d
Hence, the twestep homologation reaction was monitored carefully by TLC to
avoid the decomposition of the indole subunit.

Table 2-2 Hydrolysis of (E/Z)-3(2-methoxyvinyl)-1H-indole (110aj)

OCH;8 H H
T\ "~ OCH. HCI, THF/ H,0 X o
—CCC —@E\C T e RIS
Z~N + Z~N refluxing H
H H
) . 5la-j
(E)-110a- | (2)-110a- |
Starting material R Acid conc. Reaction time Crude yield of
(E/2)-110aj (M) (h) 5la (%)
110a H 0.4 25 69
110 5-Br 0.4 2 74
11 5-Cl 0.4 2 74
110d 6-F 0.4 2 73
11Ce 7-Et 0.4 2 65
110f 5-Me 0.4 15 60
11Qy 5-MeO 0.1 15 55
110h 4-MeO 0.1 15 47
110 1-Me 0.4 2 76
110 2-Me 0.4 2 70

It is alsoworth noting thatsla-j are unstable. In fact, the crude homologated
aldehydes were initially yellow in EtOAc / hexane solution, but on remo¥al
solvent the reaction mixtures wegeaduallydecomposed to dark silvhich were
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no longer soluble in EtOAc. Consequently, the crude aldelBikes were directly
subjected to Streckamino acidsynthesis.

2.2.3 Strecker amino acid synthesis

CN
OH
(@] HN
SO rRE T
Z >N Z N
H H
5la-j 52a- j
a b c d e f g h i i
R= H 58r 5-Cl 6-F 7Et 5-Me 5-MeO 4-MeO 1-Me 2-Me

The classical Strecker amino a@yhthesis was developed overOly@arsago by
Adolph Streckef®! This a-amino acid synthesis o#e divided into two successive
steps. The first steis conde nsation of an alde hyde wéh amine in the presence

of a cyanide salt to forran a-amino nitrile. The second step is hydrolysis @f

amino nitrile to carboxylic acid In the classical Strecker msesis, racemic o-

amino acid wagbtained. Hence, several asymmetric synthesis methods have been

developed.

In general chiral auxiliary reagents foasymmetic Strecker synthesis can be
divided into two classes. The firsuses a chiral catalyst to facilitate an
enantioselective product. A number of metabrdnated catalystwhich consist
of chiral ligands attached to metals such as Al, Ti antiaXte beerescribed to
provide enantioselective products in good efd'® In addition to metal
catalyss, several organocatalysts which compris& chiral diketopiperazine,

guanidine or Schiff baskave also been developd.

The second clasasesa chiral inducing agent, such as B-amino alcohot®: &’

amino diols, a-arylethylamine¥®'®® and their derivatives to give a
diastecoselective a-amino nitrile at different level of chiral purity. The najor
advantages of thiclass of chiral auxiliaries are (1) most of them aexpansive
and easily accessible, (2) their removal camadigeved under mild conditions and
(3) they tolerate broad range of substrafélserefore,a chiral inducingauxiliary
was chosefor the tryptophan derivativeynthesis.
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Initially, the simplest chiral inducing ageng{methylbenzylaminell5 was
introducedin the asymmetric Strecker synthess$ a-amino nitriles 117a-j. The
mechanism of the first stegpndensation is shown frigure 25. The reactions
initiated by protonation ofhe carbonyl oxygen of the aldehyde. The intermediate
114is thennucleophilicallyattacked byhe aminel15to form an iminel16. Next,
cyanideion attacks ¢ the iminium carbon to affordminonitriles 117a-j In the
process of nucleophilic addition, the cyano eoghile ismorefavo urableto attack

from the less shided diastereofmc face (reface) thereforepreferentially

affording §S) isomerll7a-j in excess.

6 H\+ H\+ H
B { §/© e
H H* H
RE T —— R{/\EC& o { J&K@
Z~N = N H,oN R (s)
H H 115 N
114

CN (re-face more accessible)

R A\
N
H
116 (si-face more crowded) (S’S).—lﬂa_] (R,S)-117a-
major minor

Figure 2-5 Mechanism of amino nitrile formation.

In practice,anonepot Strecker synthesis of the a-amino nitriles was usedl'hus,
one equivalent of mine 115 was added to a mixture of treddehydes5la-j,
sodium cyanide and acetic acid in methanol at O °C.r€hetion mixture were
allowed towarm to room temperature and wesérred for 16 h. However,
monitoring the progress of the reaction by Tiv@s found to be difficult since
starting materia (51a-j) and produd (117a-j) showed similar R valuesin many
solvent pairs The mixtureswerestirred for 16 h, followed by an aqueous work
The desired prodwet(SS-117a-j and R S-117a-j were obtained ir30-70 %
yield in a ratio of 3 : 1The diastereomeric ratio 06,8 and RS wasestablished
by *H NMR on the basis of the relative integration between two isorfRagste 2

6 illustratesthe *H NMR of crude amino nitrild17a The three to one ratio of the
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two diastereomers was obtained by comparing the integratithe ofethyl signal
ato = 1.35 ppn for (§S-117aando = 1.39 ppm for R S-117a In addition, this
diastereoselectivity was further confirmed by-RPLC analysis whicks shownin

Figure 27.
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Figure 26 'H NMR spectrumof a mixture of amino nitriles (S9)-117aand (R,9)-117a.

B B L e B e e B B B B e e A Rt ey B By e By e
2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Minutes

Name Retention tme Area % Area Height
1 (R9-117a 6.041 7961803 2341 575107
2 (S9-117a 7.177 26041955 76.59 2019790

Figure 2-7 RP-HPLC trace of a mixture of the amino nitriles (S9)-117aand (R,S)-117a. Peaks

were identified using MS. The method used 8230 % B over 10 min at3 mL/min (Onyx
Monolithic Cg, 100 x 4.6mm). Eluent detection was monitored by UV absorbance at 216 nm.

In view of other chiral auxiliaries reported in the literature, which dagber
diastereomeric excess, another chiral auxiliaRy-Z-phenylglycind 118 was

appliedto the asymmetric synthesi@rigure 28 (a)) According to the literature,
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(R)-2-phenylglycinol 118 gave high diastereomeric exceds a broad range of
substrates andthe two diastereoisomers can be separated by column
chromatography®” *°* *%9n principle, thehydroxyl group in R)-2-phenylglycinol

not only stabilies the predominant reactive conforrdé® by forming a hydrogen

bond to the imineRigure 28(b)),**” but alsofacilitates interation to silica gel
leading to bettechromatographiseparation. Hoever, in practice, ndifferences
wereobserved between two chiral auxiliaries. The products were obtained as a 3:1

mixture of two diastereomers.

@

O O
@N BN N
A\ + HNR NaCN, HOAc N N\ HO
H MeOH =

A\
N
N H
51 '
a-j (S,R)-52a- | (R,R)-52a- j
major minor

Figure 2-8 (a) Strecker synthesis usindl18 as achiral auxiliary. (b) Proposed intermediate of
(R)-2-phenyiglycinol induced chiral selectivity.

Unfortunately, confirmtion of the absolute configuration by -bay
crystallographic analysis was not achiegce single crystalsof neitheramino
nitriles 117a-j nor 52a-j could not be obtained. The majogK) configuration
assignedwas based on the literature precedents with simpler substfatég®
Several attempts also have been made to separate the twoediasters by
fractional crystalliation. However, it was observed that otiyomosubstituted
analogy52b barely gave crystal Moreover, these two isomers only stemwne
spd in TLC analysis which suggestedlumn chromatography separation would
be difficult. Therefore it was decided thatthe two diasteresomerswould be

separated at a latetage
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The second step of Strecker amiacid synthesis is to hydrob/s-aminonitriles to
their corresponding a-amino acid. Initial attempts to hydrolyseaminonitriles
117a-j and 52a-j directy to amino acid 120a-j and 121a-j, respectively were
found to be difficulFigure 29).

CN COOH
N Hydrolysi N
rolysis
R AN Y y R N\ H
N
H N
117a-j 120a- j
CN _OH COOH_OH
N Hydrolysis N
N N
H H
52a- | 121a-j

Figure 2-9 Hydrolysis of amino nitriles to amino acids

Specifically, nitial experimentsverefocused on acidor basecatalysechydrolysis
methods 1**!%® The conversion ofthe aromatic nitrile to the corresponding
carboxylic acidis awell-establishedgprocedure, bufor the aliphatic nitrile it was
not always straightforwardTypical acid or basecatalysedhydrolysis methods
require concentrated acid or strong alkali base at high temperafAsewas
expected, thee severe acidic conditions léd the decompositiorof the a-
aminonitriles, andonly trace amount oé-amino acid was detectgdable 23,

entries1-9).

On the other handt was anticipated that basatalysedhydrolysis cold alleviate

this problem. Unfortunately, no desired product was detdetetties10 and 11).
Moreover, alternative mildecondition utilisng sonochemistry in the presence of
low concentration ofaqueousHCl was employed(entry 12)°7 Again, no
satisfactory result was obtained from the ultraseasgistechydrolysis. It can be
concluded from these observations that the harsh acidic or basic conditions were

detrimental to théndolyl subunit.Hence alternative approaches were explored
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Table 2-3 Acid- and basecatalysedhydrolysis of the a-aminonitriles to the amino acids

Acid/ Base Solvent Temp Time Observation
1 3 MHCI H,O/THF 69 °C 2 days trace amount of amino acid
2 3 MHCI H,O/MeOH 70°C 1 day decomposition, recovery tiny
amount of staimg materials
3 4 MHCI H,O/THF 78°C 1 day trace amount of amino acid
2:1
4 6 MHCI H,O/MeOH r.t. 3.5days decomposition, recovery tiny
amount of stamg materials
5 6 MHCI H,O only 80°C 2 days trace amount of amino acid
6 6 MHCI MeOH 70°C 1 day decomposition, recovery mos
of staring materials
7 10 MHCI Dioxane 90°C 17 h decomposition
8 12 MHCI H,O 50°C 3.5days decomposition
9 50 % HSO, H,O /DCM r.t. 3.5 days decomposition
10 NaOH MeOH/ 60°C 20 h decomposition
H,O
11 Ba(OH), 0.6eq THF/H,O 70°C 2 days decomposition
12 2 MHCI THF/H,O 70°C)))*? 8h trace amount of amino acid

& An ultrasonic horn operating at a frequency of 30 kHz was used.

Another feasible method tconvert aminonitriles to amino acids isizgme
catalygd hydrolysis. The major advantage of enzymatlysng the conversion of
nitrile substrate$o its corresponding carboxylic acids is that the decomposition of
labile functional groups in the substratasild be avoided. Enzyme catalysis can
be accomplishedia singlestep reaction by nitrilase ofia two-step reaction by
nitrile hydratase and arndases’® There are several nitrilas®ntained
microorganisms which have been introduced tandform nitrile to its
corresponding acitf® However, there are few reports on producing amino acid by
using nitrilase, and neither even mentioning the usage of indole analogy as
substrateof nitrilasg nitrile hydratase and amidases. The reactivity of these
enzymes depends on factors including ¢themical structure of substraigH and
temperatue. Therefore, to identify a microorganism or a nig@awhich are
capable of hydrolyag aminonitriles117a-j or 52a-j, large scalescreenig of
possible strains arappropriate conditions would be anticipated.
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Kinetic studief acid andbaseeatalysechydrolysisof nitrile showedhat the key
obstacle of conversion of nitrile to carboxylic acid is hydrolysis of nitrile to
amide’®® Thus alternative chemical transformation conditions were investibat

for the preparation of amino aci@i®l1a-jvia amino amide $3a-j (Figure 210).

CN COOH

OH OH
HN HN
R T —F— L )
Z N Z N
H H
52a- ] 121a-j
CONH,
OH
Slow N HN Fast
I A\
Ry
Z >N
H
53a-j

Figure 2-10 Hydrolysis of aminonitriles to acidsvia amino amides

2.2.4 Peroxide hydrolysis ofa-aminonitriles

0
CN NH,
OH OH
HN
rE T RO
= N = N
H H

52a- | 53a-j
a b c d e f g h i ]
R= H 5Br 5-Cl 6-F 7Et 5-Me 5-MeO 4-MeO 1-Me 2-Me

Thus, a peroxidenediated method reported by Katritzky wasmployed?®
Aminonitriles 52a-j were smoothly transformed intieir corresponding amides
53a-j by reactingwith sodium peroxide in the presence of a mild base in dimethyl
sulfoxide at room temperatur€his method not onlysesmild reaction conditios)

but also possesses several advantagelsiding a short reaction time and ease of
purification ofthe desied products.

The mechanismand kineticsof the reaction wastudied by Wiberget al.2*

Although the stoichiometry of the reactia® normally written as an oxidaticn
reduction of hydrogen peroxide with the nitrile, the mechanism of théioeas
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not so simple Kigure 211(a)). Its spesific mechanism can benderstod in four
stepsequencevhichis shownin Figure 211(b). The hydrogen peroxide first reacts

with hydroxide anion to generate HQO he nucleophile HOOis added to the

nitrile to form a peroxycarboximidic acid intermedid®@2 whichis believed to be
the ratedetermining step of the reaction. After a proton transfer, the
peroxycarboximidic acid 123 undergoes oxidatiereduction with dinathyl
sulfoxide (DMSO) to affordhe amide and dimethyl sulfone (DMQOIt is worth
noting that in this reactp adding DMSO asa solvent or as armadditive

significantly increasethe reaction rate by sevetaindred time3®™

(@ RCN + 2H,0, RCONH, + O, + H,0

(b) H,0, + OH HOO + H,O
RCN + HOO —— Rﬁ::N-
OOH
) 122
OOH OOH
122 123
RG=NH . pmso RCONH, + DMSO,
OOH
123

Figure 2-11 (a) Reaction of nitriles with alkaline hydrogen peroxide. (b)Proposedmechanism
of peroxide hydrolysis of nitriles.

In practice, the aminonitrileS2a-j were dissolved im small amount of dimethyl
sulfoxide (DMSO) in the presence of a catalytic amount of potassium carbonate.
The reaction conditions employed an excess of 3y ¥eoudydrogen peroxide at
room temperature for 2 h. A further quantity of hygen peroxidesolutionwas
added to allow the completion of the reaction. The use of DMSO as the reaction
solventwas found to be usefuhs it dissolvesaminonitrilesvery well and is
miscible withhydrogen peroxidsolution.The reaction conversions werkean and

fast. All aminonitriles 52a-j were converted to the corresponding amifiga-j in

50 - 80 % vyields. The hydrolysis itselfvas highly selective, yielding themide

with no detectable further hydrolysis &gid. In addition, the -positionof indole

system was not oxidised during this treatment. Furdipdimisation of the yield

-77-



Chapter 2 Synthesis ofFmoc-(S)-tryptophan derivatives

was achievedy modification of the worup procedureDMSO and byproduct
dimethyl sulfonewererenovedusing a simple aqueous extractiomthout further
purification. This hydrolysis procedure wasbsequentlgarried out with anixture
of two diastereomersR(R)-52a-j and §R)-52a-j to afford corresponding amides
(RR)-53 a-j and (SR)-54a-j. It should be notedhat all aminaitriles 52a-j and
amino amidess3a-j are stable to storeat room temperature without noticeable

decomposition over at least several months.

2.2.5 Separation ofthe two diastereoisomers

O,
NH,
OH
DN HN
H g \ g 0"
n y N
Z N H H
H
53a-j (R,R)-53a- | (S,R)-54a- j
a b c d e f g h i j
R= H 5-Br 5-Cl 6-F 7Et 5-Me 5-MeO 4-MeO 1-Me 2-Me

Havinga mixtureof two diastereomeric amidén hand,separation ofR,R)-53a-j
and (SR)-54a-j was attemptedat this stage. Initially, theliastereomeric amides
were sparated usinglassical recrystikation methodl The recrystdisation was
carried out in many differersolvents and their combinations. Howewvesry few
crystalswereobtained formost analogues. Agaiit,was observed that onbyomo
substituted §R)-53b gave crysta.

However, t was found that two distinct spowere observed whemnalysed by

TLC using CHCI/MeOH = 6:1 was useds themobile phase. This observation
suggested that the two diastereoisomers could be separated by silica gel column
chromatographylindeed, thaninor isomer(R,R)-53a-j eluted first,followed bythe

major isomer(SR)-54a-j from a silicagel column using a chloroformethanol

(10:1) mixture asthe eluent The major §R) amino amide $4a-j wereobtained as

white foams whereagshe minor RR) amino amide $3a-j were obtained as yellow

oils. The ratio of two separated amino amsideas approximatel$:1. In addition,

amino amidesvhich were derivedrom chiral auxiliaryl18 gave better separation

than amino amidethatwere derivated form chiral auxiliadyl5. Thisobservation
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could be explained by hte fact that the hydroxyl groupf (RR)-53a-j and (SR)-
54a{ makes impor tant interactiomgth silica gel.

The 'H NMR of two purified amino amide (R R)-53hand(SR)-54h are shown in
Figures 2-12and 2-13 respectively.lt has beerpbserved in the twdH NMR
specta that the two isomergavedistinct chemical shiftsHowever,confirmation

of the absolute configuration by-pay crystallographic analysisas unsuccessful
since none othe amino amides could be obtainedisinglecrystalform. Hence,
the absolute configuratiomould beconfirmed at the last stage by conversion to

(9-tryptophan which can be used to compait an authentic sample.
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Figure 2-12 'H NMR spectrumof (R,R)-53h.
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Figure 2-13'H NMR spectrumof (SR)-54h

With the diastereomeric pure amino andd§R)-54a-j in hand attentionwas
turnedtowardshydrolysis ofthe amides t@orresponding amino acid1 (Figure
2-14). Several conditionswereattemptedo hydrolyse54a-j to the corresponding
carboxylic acié 121 Besides typical acidic and bas@onditions>°? nitrogen
peroxide has also been examined?® Although all conditions gave thdesired
amino acids, the yieldsere very unsatisfactory (< 10 %)n most casesthe
reaction &d to inevitable decomposition prodsctAgain, these resultsvere
attributed to the high susptibility of the indole moietyo theacid treatmentT hus,

in an attemptio avoid the decomposition problem, instead of converting amino
amides 54a-j to amino acids12l, the chiral auxiliary of 54a-j was first

debenzylated by hydrogenolystsfree amine 55a-j (Figure 214).
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T
[
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Figure 2-14 Hydrolysis of amino amides 54-j to amino acids 56a-j via removal of the chiral
auxiliary .

2.2.6 Removal of the chiral auxiliary

o} o}
NH, NH,
OH
N HN X NH,

RE T - rE T

Z N Z N

H H

54a- | 55a- |
a b c d e f g h i i
R= H 5Br 5Cl 6-F 7Et 5-Me 5-MeO 4-MeO 1-Me 2-Me

It is well know n thaiN-benzyl protecting group can be readily cleaved by catalytic
hydrogemlysis®* The debenzylation is generally achieved in the presence of a
catalytic amount of transition metal catalysts, such as palladium, platinum or
rhodium on activated carbon undehnydrogen atmosphere. Among these catalysts,
5-10 % palladium on charcoal (Pd/C) is the most common catalystnove
benzyl protectig groups?®® In some difficult debenzylatiora more reactive
Pearlman catalyst Pd(OJF can be usetf> The proposed mechanism of
hydrogenolysis is illustrated iRigure 215. With the presence of Pd/C, hydrogen
gas cleaves inttwo hydrogen radicals which aedsorbed on the catalyst surface.
The catalyst surface also coordinates the benzyl avréredectronrich be nzyl ring.
Hydrogen radicals then transfer to ®GeN bond of benzyl amine to for a free

amine and a phenylethyl alcohol.
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Pd/C surface Pd/C surface

Figure 2-15 Mechanism of hydrogenolysis afodified benzyl amine.

In practice, a series dilydrogenol yticconditionswereexamined, and the resulté o
which aresummarisedn Table 24. Initial attemptusing a catalytic amount of 10
% Pd on activated carbon (20 % w/w) in MeOH under a ballodwydrfogen (1
atm, 72 h) did not give thdesiredamine (entry 1). Pd(OH) has been recommended
as a more reack catalyst in the hydrogenolysis Nfbenzyl groug® However,
even using more reactive and larger amount of cataysiled to give desired
amine (entrie®-4).Indeed, it has been reported in the literattieso-substitution

in the benzyl group prevented debgafion under standard conditioffS.
Therefore, more vigorous conditions, sucls anore active catalystor higher

pressue of hydrogen gas required.

Table 2-4 Cataytic hydrogenationremoval of the chiral auxiliary

Time
Catalyst Solvent H, source (h) Result
1 10 % Pd/ C, EtOH Balloonof 72 Recovey of
20 % wWiw H, starting material
2 20 % Pd(OH)/C, EtOH/AcOH=  Balloonof 16 Recovey of
20 % Wiw 1:1 H, starting material
3 20 % Pd(OH)/C, EtOH Balloonof 18 Recovey of
100 % w/w H, starting material
4 20% Pd(OH)/C, EtOH/AcOH=  Balloonof 17 Recovey of
50 % wiw 11 H, starting material
5 10 % Pd/ C, MeOH HCO,NH, 16 65 %yield
100 % w/w 5eq.x2
6 10 % Pd/ C, MeOH HCO,NH, 16 Reaction not
100 % wiw 2eq.x2 complete
7 10 % Pd/ C, MeOH HCO,NH, 16 60 % yield
100 % wiw large excess
8 10 % Pd/ C, MeOH HCO,NH, 20 65 % yield
45 % wiw 5eq.x2
9 10 % Pd/ C, MeOH HCO,NH, 20 Reaction not
10 % wiw 5eq.x2 complete
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Several alternative metal catalysts wéhen considered. However, it has been
reported that in thpresence of certain catalyssuch as platinum, nickel, copper
and palladium hydroxidearium sulfatethe 2,3double bond otthe indole ring
might also be reduced’ Alternatively, catalytic transfer hydrogenatidias been
reported to promotdl-debenylation, in particular to the-substitied benzylamine
(entry 5)%%

Catalytic tansfer hydrogenatiois typicallycarried out with a hydrogen source in

the presence of a Pd/C. A large number of hydrogen donors have been used for
catalytic transfer hydrogenation, including formic a@d, cyclohexene,
cyclohexadieng® and ammonium formaté! Among these hydrogen sources,
ammonium formate ishe most convenient and efficiefit: Thus five equivalents

of ammonium formate and catalytic amount of 10 % Pd/C were added to a solution
of the N-benzyl amino amide54a-j in MeOH. The reaction mixtures wesérred

at refluxing solventfor 4 h. Monitoringthe reactios by TLC after 4 h sually
revealed the presence of some starting maseridtiditional equivalents of
ammonium formate were added and the reaatbture werestirredunder reflux

for a further 16 h, after which time TLC analysis showed the absence of starting
materiak. The reaction mixtures were filterettirough apad of Celite, and the
filtrates wereacidified with a small amount of 1 BilqueoudHCI. The phenylethyl
alcohol by-productwas removed by liquiiquid extractios. All non-halogenr
substitutedndole derivative$4a, 54d 54e 54f, 54g 54h, 54i, 54j were converted

to the corresponding amie®5a 55d 55¢ 55f, 55¢g 55h 55i, 55j in 50-80 %

yields. The identity of the products was confirmed by mass spectrometrgnd

3C NMR analysis.

Studies were also carried out to determine the amount of catalystisydrogen

donor required for optimuriN-debenzylation. The resalshow that adding 5 eq. of
ammonium formate twice in theresence of 45 %/w catalyst wasdeal (Table 2

4, enties 5-7). The rate of the reaction decreasebstantially when only 2 eq. of
ammonium formate was added. On the other hand, a large excess of ammonium
formate does not increase the reaction rate, but made the removal of excess
ammonium formate rather cumberse Similarly, 30- 50 % w/w of Pd/Cis ideal

for the reaction (entrie8 and 9).
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CONH2 CONH2 CONH,
Pd/C
HCO,NH, N
N
H
X=BrorCl 55a
54b, 54¢

Figure 2-16 Competitive dehalogenatiorby hydrogenolysis.

However, limitations were encounteredn the hydrogenol ytidN-debenzylatiorof
halogensubstituted indole®4b and 54c. Hydrogenolysis o54b and 54c led to
concomitantde halogenationresulting in54a as amajor product(Figure 216)22
Only fluoro-substitded analogy54d gave desired produ&5d without causing
dehalogenation. In addition, an interesting observation wlatained during
monitoring the reactio\s shownby 'H NMR and mass analysit)e mixture ofa
dehalogenated starting matertdlaanda dehalogenateproduct55awere formed
during the reactianT his observation suggestatatdehalogenation occurred prior
to debenzylation.Although hydrogenolysis over a heterogeneous palladium
catalyst for theN-a-substituted benzyl grougre wellestablishedselectiveremoval

of the N-o-substituted benzyl group in the presence of browmod chlore

substitution remains unexplorealliteratures.

Consequently, everal attempts othe selective removal di-benzyl group in the
presence of aryl halide were outlined in Tabié.A similar problem has been
reported forthe selective hydrogenolysis @-benzyl groups in the presence of an
aryl chloride. Liet al. found that the use of chloride salt provided the desired

selectivity?*?

The repoted conditbns wereevaluated;unfortunately,no desied
products were observdny addingammonium bromideand ammonium chloride
for the debenzylation d#4band54c respectivelyentries2 and 3). This result was
attributed to thehigher stability of benzyl amine. Moreoveran alternative
approach utilisyg microwave irradiatiorin the presence of,4-cyclohexadiene
with Pd/C was employett? Again, no satisfactory conversion was obtained (entry
4). Another method reported by Srinivastaal. to the hydrogenolysis of benzyl
group tolerating halogen substituents was applied (enty*3)o conversion

occurred during the process. Lasttgplacingthe protic solvent MeOH by an
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aprdic solvent EtOAc to suppress the dehalogenation was also unsuccessful (entry
6). Itwas concluded that the reductive removall-ofsubstituted benzyl group in
the presence odryl halides (Br and Cl)was not feasible. Therefore, alternative

methods for removal dfi-a-substituted be nzyl group netxbe investigated.

Table 2-5 Catalytic transfer hydrogenation of N-a-substituted benzyl group

CONH,

OH _ CONH,
X HN hydrogenolysis
A\ X NH>
N N
N
H H
54b, 54c 55b, 55¢
X Catalyst Solvent H, source Conditiors Observation
1 CI Pd/C(40% MeOH HCOONH, reflux, 26 h Dechlorinated
w/w) product
2 CIl Pd/C(40% MeOH HCOONH, reflux, 20 h Dechlorinated
w/w), NH,CI product
Br Pd/C(40% MeOH HCOONH, reflux, 20 h Debromnated
w/w), NH,Br product
3 Cl Pd/IC(10%  MeOH HCOONH, M.W. (100W), 30 Dechlorinated
w/w), NH,CI min, 100 °C product
4 ClI Pd/C(10 % MeOH 1.4 M.W. (100W), 30 Major spot is
w/w) cyclohexadiene min, 100 °C starting material
Br Zndust 1eq. MeOH HCOONH, reflux, 17 h No reaction
Cl PdC(40% EtOAc HCOONH, reflux, 26 h Major spotis
w/w) starting material

Because othe competing dehalogenation associated with the removal of the chiral

auxiliary 118 an alternativechiral auxiliary (S)-4-methoxya-methylbenzylamine

(124 was employedThis chiral auxiliaryprovides advantages over the benzyl

counterpart, since thg-4-methoxya-methylbenzyl N-PMB) group can be readily

removed by reductive, oxidative, acidolyimd other method$™

HoN

OCH,

124

Initially, it was anticipated thathe higher eleconic density ofthe aromatic ring

would accelerate the reaction rate of debenzylation by hydrogenolysis (Féple 2
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entry 1). However, the result showed that dehalogenation problem remamed th

same Hence an oxidative approach usimgric ammonium nitrateGAN) or 2,3-

dichloro-5,6dicyanal,4-benzoquinongDDQ) would be usefulas an alternative

method (entrie® and 3)?*° Unfortunately, the reaction was not as straightforward
216, 217

as suggestedy the literaturs, since unreacted starting material and
unidentified by-products were obtained.

Table 226 Removal ofthe N-4-methoxy-a-methylbenzyl group

CONH,

CONH,
X HN X
NH
N - . N 2
N
N
H H
X =BrorCl OMe 55b, 55¢
125b, 125c¢
Catalyst H, source Temp./ Tme (h) Observations
.flzj 1 Pd/C HCOONH, reflux/ 23 Dehalogened starting material +
S 20% Wiw dehalogened product
3
04
Oxidative Solvent Temp./ Tme (h) Result
o reagent
£ 2 DDQ DCM/H,0 rt/16 Sarting material
o .
= 51
© 3 CAN MeCN/ H,O r.t./ 16 Sarting material
5:1
Acid Scavenger Temp./Time (h) Observations
4 Neat TFA - rt. /17 No reactionput no decomposition
2 5 Neat TFA - 70°C/ 24 Starting material and tiny product
%‘ 6 Formic acid Et;SiH 90°C/1 Starting material and product
§ 7 Neat TFA iPrsSiH rt./24 Starting material and tiny product
8 Neat TFA iPrsSiH 60 °C/24 Product + tiny amount of starting
material
9 Neat TFA iPr;SiH 60 °C/41 Product

Since both the reductive and oxidative approaches were unsuccessful, the
acidolysis approach was investigatéllInitially, no product was detected by
treatment ofl25bwith trifluoroacetic acicit ambient temperature (entry 4). Hence,
the reaction mixture was heated to 70 °C for 24 h. Gratifyingly, the masswspe

of crude mixture showedormation of the desired product. ®veral reaction
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conditions including the acid reagentgaction time and the use stavengers
were evaluatedentries6 - 9)?*° It was clearthat the best result was obtained by
heatingl25bwith TFA at 60 °C in the presence of triisopropylsilane (TIPS) for 41
h. Natably, the addition of TIPSwvhich is capable ofreversibly scanverginghe
reactive 4methoxya-methylbenzyl cations required After TFA was removeth
vacuo, the byproduct was removed by trituration to afford amino amideaas
trifluoroacetatesalt in more than 90 % crude yieldaving established suitable
reaction conditions, the other halogen analogR®cwas also acidolysed te5c
ESMS and'H NMR revealed the presence of the desired free ariBleand55c.

In summary,catalytic transferhydrogenation has been demonstrated to be an
effective method for the removal df-o-substituted benzyl group. Selective
removal ofN-benzyl groups in the presence of an aryl halide required introducing
4-methoxya-methylbenzylamineas a chiral auxiliary. By employng a TFA-
mediate acidolysis procedure, it was established BB group could be

efficiently deprotected to give the free aminegood yield.

2.2.7 Hydrolysis of a-amino amides to a-amino acids

O]
NH, COOH
NH NH,
X 2
R TN R TN
= N L N
H H
55a- j 56a- j
a b c d e f g h i ]
R = H 5-Br 5-Cl 6-F 7-Et 5-Me 5-MeO 4-MeO 1-Me 2-Me

In order to find theappropriate reaction conditions for the hydrolysisuatmino
amides 55a-j without causing decomposition, the firstteanptwas to usea very
mild conditionin aqueous solution of sodium peroxtd®MS analysis after 3 h
reaction time revealed the presence of desired aming &6at. However, the
reaction only gave the desired produatlow yields. In addition, large amount of
salts produced fromneutralisng the basic reaction mixturesas foundto be

difficult to separate from the produckence, the focus of the studies was returned
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to the classical@d-cataly®d hydrolysis. The reaction mechanism was illustrated
in Figure 217. Strong acid and heating are required for the efficient tranatoym

NH,
+0~
H
\ NH3 OH,
N
H
(@]
OH
Hs
R N Cgl
N
H
56

Figure 2-17 Mechanism of aciecatalysd hydrolysis of amides

Initially, 55a-j weretreatedwith 5 M aqueousHCI under refluxIt was anticipated
that high concentration of acidould result in decomposition othe starting
materials.Surprisingly TLC analysis after 2 h revealdgde absence of starting
materiab (Rr = 0.7) and the presence of the produ@® = 0.5), and some
impurities. It is noteworthyo mention that the reactions wer®nitored byboth
silica TLC and neutral alumina TLC. The plates welged witha mixture of n-
butanol: acetic acid: wateB: 1: 1v/v followed by ninhydrin stainthe amino
amides55a-j appearedyellow colaur whereasthe resulting amino acids6a-j
appeared purple colar on TLC plates Further optimisyg the conditions
gratifyingly establishedthat the hydrolysis of55a-j were accomplished in good
yields (> 95 %) by heating with 1 M hydrochloric acid foril6 The reaction
conversions were clean and no decompositidsbafj wereobserved.

'H and *C NMR (D,O) analysesof 55a-j revealed that no differences were
observed betweeahe amides and carboxylic acidSincethe starting materialand
the producs displayedalmos tidentical chemical shistin NMR spectroscopythe
identity of the desired products was confirmed by mass spectrorvdrgover,
MS analysisof the produd needs to beareful, as then/zof the acids arenly 1

mass less than the amide countegpdrdr example, the successful conversion of
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55eto 56ewas confirmedoy disappearance of the amide/¢= 232.1390) and the
presence of a molecular iahm/z= 233.1174 accounting for theid 56e

2.2.8 Fmoc-protection of tryptophan derivatives

COOH COOH

NH> NHFmoc
N

RT
¥

A\
N
H
a_

56a-k 43a-k

a b c d e f g h i i k
R= H 5Br 5Cl 6-F 7-Et 5-Me 5-MeO 4-MeO 1-Me 2-Me 5-F
The final step in the synthesis of tryptopHezasedouilding blocks is the protection
of the a-amino group with Fmoc. The Fmoc (fluorenylmethoxy carbonyl)
protection group is required for tls®lid-phase peptide synthesi§ argyrin and
analogues thereofTypically, Fmoeprotection is carried out by reaction with a
stoichiometric amount of Fme®Su or FmoeCl under basic conditien The

reaction mechanism is illustratedRigure 218%**

Figure 2-18 Mechanism ofN-Fmoc protection using FmoeOSu.

One major advantage of the Fmoc group is its stability towards acidilitioos
allowing selective remal of acidlabile protection groups like Boand t-butyl

groups®” The advantage of using Fm@Su rather than Fme€l is that Fmoe
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OSueliminates the possibility dhe formation ofundesired anhydride side-product
during the acylation reactioff*

Hence tryptophan hydrochloric salt56a-k were dissolved in THF or acetone
depending ontheir solubility. Two equivalents of aqueous sodium carbonate
solution andone equivalent oFmocOSu in THF were added. The solution was
then stirred vigorously at room temperatuwe 2 -16 h. Subsequently, the reaction
mixtures weresubjected tan aqueous worldp followed by acidification to afford
the final producté3a-k The yields of eleveanaloguegl3ak arelisted inTable 2

7.

Table 2-7 N-Fmoc protection of tryptophan derivatives 43ak.

24

Starting material Product Yield  Meiting point [*lo
(%) (°C) (c1.0,MeOH
56a Trp 43a FmocTrp-OH 64 182185 -29
56b 5-Br-Trp 43b Fmoe5-Br-Trp-OH 20 130132 -23
56¢ 5-Cl-Trp 43c Fmoc5-Cl-Trp-OH 20 9899 -16
56d 6-F-Trp 43d Fmoc6-F-Trp-OH 50 102-104 -19
56e 7-EtTrp 43e Fmoe7-Et-Trp-OH 50 146-148 -26
56f 5-Me-trp 43f Fmoc5-Me-trp-OH 66 178179 -15
56g 5-MeO-Trp 43g Fmoc5-MeO-Trp-OH 82 198200 -23
56h 4-MeO-Trp  43h  Fmoe4-MeO-Trp-OH 62 168171 -27
56i 1-Me-Trp 43i Fmoc1l-Me-Trp-OH 74 92-94 -24
56j 2-Me-Trp 43j Fmoce2-Me-Trp-OH 40 182-185 -15
56k 5-F-(§R)-Trp 43k Fmoc5-F-(ER)-Trp-OH 50 196-197 not applicable

The purity of the final products was established usimglydical RRHPLC. For
example, aone major peak observedt tr = 10.0 minby analytical RP-HPLC
confirmed the purity oFmoc5-Cl-Trp-OH 43c (Figure 219). Additionally, the
identity of the products was confirmed by mass spectrometrythadd °C NMR
analysis The sterechemicalidentity was confirmed by determination of specific
optical rotation [a]p (Table 27). All Fmoctryptophan analogues shed

levorotationswhich corresponsito the ©)-configuration in the literaturé®?
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w

1]
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]

Retentiontime Area % Area Height
1 7.838 546350 4.31 67652
2 10.078 12137618 95.69 1950883

Figure 2-19 Analytical HPLC of Fmoctryptophan derivative 43c. Analysed using 160 % B
over 10 mirat 3 mL/ min on an Onyx Monolithic fgcolumn (100 x 4.6 mm)Eluent detection was
monitored by UV absorbance at 216 nm.

The @tical purity of43a-j was establishelly theirspecific optical rotations The
observedspecific optical rotatios[a]*p-29°, -23 and-19° ( ¢ = 1.0 in methanol)
for N-Fmoc-(S)-tryptop han 43a), N-Fmoc-5-methoxy(S)-tryptop han(43g) andN-
Fmoc-6-fouro-(S)-tryptop han (43d), respectively,are comparable tothe values
reportedin the literature[a]®p -28°, 24.5° and-16.8° € = 1.0 in methanol}®*
The closely matched optical rotations suggest that the obtain-&ypdop han
derivativesare ofgoodenaniomeric purity Moreover, this finding is in agreement
with the hypothesis of thehiral induction describeith Section 22.3could installS
configuration asthe major product. file obtained Fmaeprotected tryptophan
building blocks were used for the Fmoc solid phasdigeeigyntheis which will be
discussed in Gapter4.

2.3 Conclusion

A novel eighistep synthetic routdnas been developed for the construction of
tryptophan analogues with high enantiomeric pufiiyis synthetic route enabled
the synthesi®f N-Fmoc-(S)-tryptophan derivatives from the corresponding indoles.
As a result, the synthesis of tryptophan derivatives with a wide range ofohaicti

groups atarious positions of the indoleoiety was achieved.

-91-



Chapter 2 Synthesis ofFmoc-(S)-tryptophan derivatives

0 H
a H b (0]
A
R@ R TN R N
= N | _ N
N
H H H
49 50 51
(@]
CN NH,
R R
HN d, e A HN
. —de . TN
L A~N Z N
H H
52 R" 54 R*
Q COOH COOH
NH,

NH NHF
f1 or f2 | AN \ NH2 g RCEC 2 h . \ mocC
R Ly PN N

H H H
55 56 43
a b c d e f g h
R = H 5-Br 5-Cl 6-F 7Et 5-Me 5-MeO 4-MeO
R = OH H H OH OH OH OH OH
R” = H OCH; OCH;, H H H H H

Figure 2-20 Synthesis Fmoetryptophan derivatives (43); Reagents and condition&) POC],
DMF, 0 °C then 45 °C; (b) i. RACH,OCH;,, n-BuLi; ii. HCI, THF, reflux; (c) Chiral auxiliary,
NaCN, AcOH, MeOH; (d) kO,, NaCO,;, DMSO; (e) Recrystaliation or HPLC; (f 1) Pd/ C,
NH4HCG,, MeOH, reflux; (f 2) TFA, TIPS, 60 °C; (g) 1 M HCI, reflux; (h) FrR@Su, NaHCQ,
THF,/H,0.

As summerised in Figa 220, commercidly available indole were subjected to
Vilsmeier formylation to give aldehydé0a-j which werethen homologatedia
Wittig reaction followed by acid hydrolysis of enol ether intermedi&deafford
aldehyds 5l1a-j. The diastereoselective Strecker amino acid synthesis was
achieved by using R)-2-phenylglycinol as chiral auxiliary to give a
diastereoisomeric mixture 05R)- and R R)-a-aminonitriles52a,d-jin 3 : 1 ratio.

The mild peroxide hydrolysis condition was employed for the convesiacid
labile a-aminonitriles 52a,d-j to corresponding a-amino amids 53a,d-].
Subsequenteparation of the majorSR) a-aminoamids 54a,d-j were readily
obtained by silicayel column chromatography. The removal of chiral auxiliary was
carried out using theatalytic transfer hydrogenation to affof®)-tryptophan
amide derivative®5a,d-|. In the case of themo halogernndole derivativesb4b

and54c¢ N-debenrylationwasaccompanied by dehydrogenation. This problem was
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overcane by introducing PMB aa chiral auxiliary (Figure 2-20, R’ = H, R” =
OCHy). The removal ofN-PMB was then carried out using THAediated
acidolysis Subsequent hydrolysis afl (S-tryptop hanamide derivativesb5a-j to

the correspondin{fS-tryptop handerivativess6a-j was accomplished by refluxing
in 1 M aqueoushydrochloric acid for 5 h without causing decomposition. Finally,
the N-terminusof amino acid wasprotected with Fmod¢o afford43a-j whichare
suitablefor the Fmoc solid phase peptide synthealsthe intermediates reported
are of good or reasonable purity and are fully charactefl$edspectral data of all

intermediates are in good agreement with the proposed structures.

The charateristic data othe synthetic FmogS)-tryptophan and FmeB-bromo-
(9-tryptophan are consistent with the data rembria the literature The
cumulativeyields ove this eightstep synthesisangel from 2 to 5 % due to the
sensitivity of indole moiety, especially indoles wélectrordonatng grou. In
comparison to literature synthesis, this route can be accessed with inexpensive
commercially available reagents, and avoids using expensive chiral auxiliaries or

resolving reagest
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Chapter 3

Synthesis of two key building
blocks of argyrin A

As outlined in Section &, the other twounusual amino acid building block of
argyrin A arethe dipeptide R)-2(1+tert-butoxycarbonylamino)ethyl)thiazole-4-
carboxylic acidand a,-dehydroalanineThe aim of the research presented in this
chapter is to synthesithiazole and oxazolecontaining dipeptides and the
precursor of the a,f-dehydroalanin@nalogues using exiag procedures.

3.1 Synthesis of (R)-2(1-tert-butoxycarbonylamino)ethyl)thiazole-

4-carboxylic acid

(R)-2(1-tert-butoxycarbonkamino)ethyl)thiazoled-carboxylic acid, or abbreviate
as N-Boc-(R)-Ala-ThzOH (44), is a thiazolecontaining dipeptideThe thiazole
ring, which is amemter ofthe azoleheterocycleshasgreat aromaticitglue to the
conjugatedt electronand a planar ring systefhe thiazole moiety isbundantly
found in secondary metabolic products of algae, fungi and marine orgamisms
particular, a large number of thedeazolecontainingsecondary metabolites are
peptide derivatives, amy of which possess significant biological activified-or
example hectochlorin isolated frora marineorganism showedytotoxic activities

and is able to promote actin polymerisati6hT he g/clic hexapeptide bistratamide
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C and dolastatin 1 also exhibit cytotoxic activif€sHowever, the biological
mode-ofaction of these thiazoleontaining compounds are poorly understood.

t[ aﬂ» %ﬁ;

C fﬁ ﬂw Iiw

hectochlorin bistratamide C dolastatin 1

The biosynthetic pathwayf these thiaole-containingamino acid was believed to

be derived from the condensation of peptide precursors with cysteilasyddiby
cyclisation and oxidatioR?®® Figure 31 shows biosynthetic pathway othe
thiazolecontaining amino acids derived fragsteinecontaining peptidyl moiety
Cysteine side chain was reacted with preceding carbonyl group to generate 5
membered heterocycle ring, followed by dehydration to give threzoOxidation

of thiazoline resulted in the heteroaromatic thiazole system. In cdntoashe
biosynthesisfwo chemical synthetic routes have been establishetl these are
discussedn Sections 3.1and 31.2.

.f
‘J

B/‘\
) HO) S -H,0 £ B
QJ\ . f\)< \/Q\I\T)\(L‘L
H O R @]
5 ( thiazoline
v B

G f”y\/iﬁ\(‘a
S N

R o]
thiazole
Figure 3-1 Proposed biosynthetic pathway of thiazokeontaining amino acids
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3.1.1 Shioiri's approach

In the course oBynthesis of cytotoxic cyclic peptides, Shioiri and colleagoes
1987reported a synthetic route towaraigtically pure thiazole amino aciés.The
five-step synthesis isutlined in Scheme 3l. The synthesis is similar to the
biosynthetic routewhich uses cysteine ali®)-alanine as building blocks. The key
feature of Shimi’'s approach is condensation Nfprotected a-(R)-amino aldehyde
128with cysteine methyl ester formirthiazolidinederivativel29(step d, Scheme

3-1), followed by oxidativedehydrogenation of thmolidine with manganese

dioxide.
0o o) H
H H
a b O N
O o oty o O e
o o ©
126 127
H S
c H
O N g d O__N />\C02CH3
T N
0o ! H
S
H
€ \I/OTNYL\N\ CO,CHs,
o)
130

Scheme 31 Synthesis ofN-Boc(R)-Ala-Thz-OEt (130) by Shioiri's s group; Reagents and
conditions: (a) CKl, KHCO;, DMF; (b) NaBH,, LiCl, THF/EtOH; (c)DMSO, pyridineSGC;, EiN;
(d) (9-Cys-OMe, kenzene; (e) Mn& benzene.

Firstly, in order to prepare the N-protected o-(R)-amino aldehyde 128
commercially available Be¢R)-Ala-OH was converted tdhe corresponding
methyl ested 26, which in turn wasselectively reduced tthe corresponding o-(R)-
amino alcohol127 under standard conditionsThe transformatiorof (R)-amino
alcohol127to N-protected a-(R)-amino aldehydd28wasthenachieved byarikh
Doering oxidation.The subsequentocdensation of aldehyd&28 with cysteine
methyl ester affordethe thiazolidine derivativé29 as a mixture oC-4 epimers.
Finally, oxidation of thiazolidine derivativE29 to theN-Boc-(R)-Ala-ThzOEt130

was accomplished by treatment with manganese dioxide. The cumufieticteof
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this approachvasaround 50 % in high enantiomeric excess (> 99 % peneral,
although this method gay&oducts ingood yield it was later established thede

manganese dioxidexidationstepwas ratheineffective®® %

3.1.2 Modified Hantzschthiazole synthesis

Another route for the preparation ttiiazolecontainingamino acidinvolved a
modified Hantzsch thiaole synthesisThe Hantzsh conde nsation wiast reported

in 1889. Sine then, this reaction has beendely used for the synthesis of
thiazolecontainingamino acid derivativeS? However, this method only yields
racemic thiazole amino acids, even when starting with chiral precursors. Later,
Schmidt et al successfully modified the Hantzsch synthesido produce

enantiomerically purénhiazole amino acids isatisfactory yield!

The fourstep nodified Hantzsch synthesizas becomene of the most reliable
route tothiazoles?° The key feature of Hantzsch thide formation involvedhe
treatment of thioamides with ethyl bmopyruvate, followed by aroma#ison to
afford thiazole amino acid derivativetsteps ¢ and d, Scheme2R The

methodology of eachegp will bedetailedin the following foursections

o“oa OHO b OHS
RO G S S A
o o) O

57 58

S S
- N X( ¢ N M
o _N N OFEt o) N\r@\ OH
N N
O O
59 44

Scheme 2 Synthesisof N-Boc (R)-Ala-Thz-OH (44); Reagents and conditions) DCC, HOB,
NHs;, CH,Cl,, 0 °C; (b) Lawesson’s reagent, THRE@; (c) i. BrCHCOCG,Et, KHCO;, DME, -15°
C;ii.TFAA, 2, 6-lutidine, DME,-15°C; (d) LiOH, THF/ MeOH/ HO, room temp
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3.1.2.1 Preparation of N-Boc-(R)-Ala-NH

O O

H H
DCC,HOBt
o} N\HJ\ ' O. _N
CH,CI 2
o) 2-2 o}
57

The initial stepvastheamidation ofN-Boc-(R)-Ala-OH. a-Carbonylwas activated
by using a mixture of N,N’-dicyclohexylcarbodiimide CC) (131) and 1-

hydoxybenzotriazole HOBY) (132, to yield the reactive acylating agerfbr a

further nucleophilic acyl substitution with ammonia. The mechanisanohation
Is shown in Figure 2.

Figure 3-2 Mechanism of DCC and HOBt maliated amide formation

DCC (131 is one of thecarbodiimide reagentthat hasbeen commonly used in
peptide synthesis since 1955 The auxiliary reagers, such asl-hydroxy-7-
azabenzotriazolgHOAt) and 1-hydroxybenzotriazole HOBt) (132, not only
suppress racemisation, but also enhance the reaétiithe advantageof using
DCC/HOBt coupling reageraretheir relativdy low prices and thé by-product,
urea(133) which isinsoluble in most solventsnd henceeadilyseparable from the

product.
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Hence DCC and HOBt were added to a solutiorfN\eBoc-(R)-Ala-OH in DCM at

0 °C. The solution was warmed to roommperature and stirred for 1 The
solution was cooled to 0 °C again and then was mixel avgolution 0f0.5 M
ammonian dioxane or methanoll he reaction mixture was stirred vigorously for 1
h at room temperatureThe suspension waéltered, and the filtrae was
concentrated and purified to affodtBoc-(R)-Ala-NH; (57) in quantitative yield
This transformation was confirmed Y4 NMR analysis, which revealed the
disappearance of the carboxylic acid pronr (2.01 ppm) in the starting material
and the appearance of the Nptotons § = 6.07 and 6.56 ppnip 57.

3.1.2.2 Thionation of N-Boc-(R)-Ala-NH,

HoO - H
%/O\H/N\‘)J\NH Lawesson's reagent %/O\H/N\HkNH
& > THF 2

57 58

In the second ste@ thionation reaction was carried ethere the carbonyl (C=0)
was converted to a thiocarbonyC=9) functionality. The thionation can be easily
achievel by thionation reagent such Belleau'sreagent Lawesson’s reagefit
and phosphorus pentasulfitfé Among these thionation reagentsawesson's
reagen(134) is one of the most conve nieahd cheap reagefdr the conversion of
ketones, esters, and amidé&s the correspondinghioketones, thioesters and
thioamides® Indeed, better yield was obtained by usimgvesson's eagent(86
%) than Belleau's reagent (36 %d)he mechanism of thionation with Lawesson
reagents shown in Figure -3.
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Figure 3-3 Mechanism of thionation with Lawessohs reagent

In solution, Lawesson’s reage(i34) forms two reactive dithiopfsphine ylides
(135 which carreact with electron rich carboxamittegive athiaoxaphosphetane
intermediate(136). The intermediate theandergoes spontaneoagcloreversion
resulting inthe formation of the P® bondand thethioamide58. It is noteworthy
to mention thathis cycloreversiorstep resemblethe final step of Wittig reaction

which wasdescribed in &ction 2.2.2.

Hence, Lawesson’s reagent (0.6 eq.) was added to a solutiosrBdc-(R)-Ala-

NH, (57) in THF at 0 °C. The mixture was stirred at room temperature for 40 min.
Having largely removed he excess Lawesson's reagent dndproductin an
aqueous wrk-up, further purification afforeld the desiredhioamide58in 56-86 %
yield (mp 94-96 °C,literature 104-105 °C°9. Successful thionation &7 was
further confirmed byFT-IR and *C NMR analysis.Specifically, FFIR with an
absorptiorat1241cm™* accounted for the distinct C=S stretching. Additiondfig,
NMR showed the disappearanof carbonyl group aé = 176.03 ppmin the
starting materiab7 and the appearance thiocarbonyl group at = 210.58 ppmin

58.
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3.1.2.3 Modified Hantzsch thiazole formation

s
H S
1. BrCH,COCOOEt, KHCO H
O\H/N NH, 2 3 fe) N \/\>\[(0Et
2. TFAA, 2,6-lutidine, -15 °C \[f N
5 o)
59

o
58

The modified Hantzsch reactiae the key step forthe thiazole synthesiA
combination of the twstepreacton is required for the formation of tHs-Boc-
(R)-Ala-Thz ethyl ester59 from theN-Boc-(R)-Ala-thioamide58. The mechanism
of the twostep thiazole formation is shownigure 34. The reactiorbeginswith
condensation of thioamidg8 with ethyl bromopyruvatel37 in the presence of
finely powdered KHCQ to give hydroxythiazoline derivativé38. It has been
shown thatsolationor storag of hydroxythiazolinel38 leads to racemiationvia
an imine-enamine equilibratiaf®’ Without isolaing the intermediate138
activation of the hydroxyl group of hydroxythiazoline withifluoroacetic
anhydride TFAA) forms a good leaving grougzhich couldbe eliminatedto give
the thiazole amino acid derivati®®.

p Br,
S v/ H
o H C ~ o - ><O N "\(;'COOEt
hig N—H 137 hig
H o}
0
58
a3
H SA?f = e OEt
><o N A\ *~COOEt ><O\[(N\‘/Q\N
hid I o
0
138 59

Figure 3-4 Mechanism of Hantzsch thiazole formation from thioamide

In order b preventracemisation caused ke imine-enamine equilibratin of
thiazoline intermediate, variols dehydration conditions were tersively
investigated by other groups to suppress thetomerisation Mayers et al.
establitied the best conditierwhich useda bulky base 2:utidine andlowersthe
reaction temperatute -15 °C givinganee > 99 %, in yield of 96 % Hence, the

-101-



Chapter 3 Synthesis oftwo key building blocks of argyrin A

solution of N-Boc-(R)-Ala-thioamide 58 in dry dimethoxyethane (DMEWwas
cooled to-15 ° C and was treated with ethyl bromopyruvate inpfesence of
excess offinely powdered potassium bicarbonat€he mixture was stirred
vigorously for 5 minandthe solution of 2,dutidine and trifluoroacetic anhydride
in DME wasadded in one portion atl5 °C. After stirring at-15 °C for 1 h TLC
analsis revealed the absence of thiazoline intermedi8® The nxture was
subjected tan aqueous worlip and subsequent column chromatogragdwe the
(R)-Ala-Thzethyl este59in an overall yield of 49 %.

The identity of the produatvas confirmed by NMRanalysis mass spectrometry
and melting point Specifically,the distincive singletC5-H signalappearing ad =
8.08 ppm in'H NMR revealed the formation of the thiazole rindS (ESI)
detected a peak ah/z 323.1144 correspondintp the calculated value for the
[M+Na]* species 069. However, the melting point obtained 58 (mp = 8682
°C) wasfive degree lower thathe valuefound in the literatur¢émp = 85-86 °C*9).
The melting point depression can be attributed to amorphous sol&imall
impurities in the samplelhe stereadentity was confirmed bywo independent
methods: [@termination of specific optical rotati¢a]p and usingMosher’s chiral

derivatisng agent The details will be discussed in Sectio®.3

3.1.2.4 Saponification of ester to carboxylic acid

0 O

S ) H S
o NI Y om LiOH o. N \MOH
g N hig N
THF/MeOH/H,O r.t.
5 0
59 44

The final step forthe preparation of thé&oc-(R)-Ala-ThzOH is the hydrolysis of
the ethyl ester.The thiazole amino acid4 is required as &uilding blockin SPPS
of argyrin. Esters can uergo hydrolysis irboth acidc and basic conditions.
However, aciecatalygd hydrolysis is of limited usbecause othe proteatd N-

Boc would also be cleaved in acid conditsorT herefore, hydrolysis unddrasic
conditions also known asaponificationwas chosenrlypically, saponification of

ester is carried out in an aqueous alkalich assodium hydoxide or lithium
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hydroxide,and is usually completed within few houhe mechanism of base
catalygd hydrolysis ofheester is illustrated iRigure 35.

o
OH
. /_\ bt s
XOIH \‘/L\;\i\goa onr“\rk\;\ifétga .
59

S S
H © -
N Al L
(0] ¢ e} (0]
139 44
Figure 3-5 Basecatalysed hydrolysis of ester

Hence (R)-Ala-Thz ethyl ester(59 and lithium hydroxide were dissolved in
MeOH / H,O (1:1) mixture As the thiazole esteb9 waspoorly soluble in water,
addition of MeOH wasequired The solutionwas stirredfor 18 h. TLC analysis
revealed the absence of starting mateairal the presence of product at the baseline.
Unexpectedly, an adiibnal spotwas observed in TLC, which was assumed to be
the solventfacilitated transestdication byproduct. Ths hypothesisvas further
confirmed by ESVS and*H NMR analysis. In order to avoid transesterfication
during the hydrolysisthe MeOH / H,O mixture was replaced by THF H,O.
However, changing thesolvent mixture resulted in lower reaction rate8y
carefully adjusted solvent ratio of THFfB/MeOH to 15:13:10Q the desired
product44 was obtained in 88 % yield.

The purity of the final producivas established using analytical -RIPLC. The
single peak observed in analytical HPLC fooned the purity otthe (R)-Ala-Thz
OEtbuilding block.MS (EST) detected a peak at/z295.0562 thatorresponded
to the calculated value for the [M+Nadpecies of44. Furthermore,'H and **C
NMR analysisconfirmedthe absence of ethyl estagials and no methyl ester
peak wagdetected.Therefore, the obtainedipeptidebuilding block44 wasready
for the Fmoc solid phase peptide sysievhich will be discussed ir@pter4.
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3.2 Determination of chiral purity by Mosher’s reagent

Determination of chiral purity can be achieved by numerous methods. Before 1960,
the chiral purity ofmolecules relied on the measurementaftical rotation of the
sample?®® The valuewhichwas measured by a polarimeter under defined solvent,
concentration and temperature can be compared to the optical rotation of the
known enantiomrically pure sampleToday, measurement aiptical rotation
remains oa of the most conveniembethodsfor the indication of optical purity.
However, there ardwo major limitations of this method. Firstly, the optical
rotation is not perfect linear function of te@antiomeric compositiols a result

no accuratenantiomericcomposition can be observég this methodSecondly

the use of optical rotation for determination of chiral purity is subject to the som
variability, including temperature, concentratiordatontamination. Given these

two limitations, other independent methods have been developed to accurately

determine the chiral purity.

The two major independent methods have been widelyd usedeterminethe
optical purity.One method isemployinganaltical chiral HPLC or GQontaining

the singleenantiomeof achiral compoundn the stationary phasé’ The other
method involves NMRanalysis following derivatisation with chiral reagent**

The principle of both methods is based on the formation of transient oapen
diastereoisomers. However, the former method is more expensive as the type of
column used for separating a class of enantiomer is often speuficogtly. On

the contrary, the ter method is very convenient to determine both the optical
purity andelucidate the absolute configuration of the chiral compokhelsce the
derivatisatiorNMR methodologywas chose to determine the optical purity of
(R)-Ala-ThzOEt (59).

3.2.1 Mosher’s derivatising agents

The determinatio of optical purity by derivatetion of enantiomerwith an
enantiomericallypure reagent, followed by NMR spectroscopy analysiss
introduced by Raban and Mislow in 1985Since then, a wideange of chiral

derivatisng agents have been reporteduch as Pirkle’s reagent 1402*?
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1 243

chlorodioxaphospholari412* and Mosher’s reagei#? (Figure 36).%** Among

these chiralderivatising agents, a-methoxy a-(trifluoromethy)phenyhcetic acid

142 (MTPA), also know as Mosher’s reagenis mos tcommotty used?**

HO CF3
= H
o o HyCO CF3 H,CO, CFs
% OH {_cl
(1) A i I
140 141 142 143

Figure 3-6 Chiral derivatising reagents

The enantiomerically pur@R)-MTPA-CI (143 or (S-MTPA-CI reacts readily with
primary and secomay alcohols or amines to afford diastereomericresieamides,
which can be analysed B and**F NMR. The chiral purity can be determined by
the difference in chemcal shift of the nosequivalent prton or fluorine.
Additionally, the ratio ofenantiomeric compositiorman be establishedby the
integration of thosesignals. Henceto determine the chiral purity d¥-Boc-(R)-
Ala-ThzOEt(59), (R-MTPA-CI was used asd@erivatising reagent

3.2.2 NMR determination of enantiomeric purity of dipeptide
Boc(R)-Ala-Thz-OEt

In order toforming diastereomericR)-MTPA-amide 145, the N-Boc of Boc-(R)-
Ala-ThzOEt 59 was firstly removed by TFAmediatedacidolysis. The fre€R)-
Ala-ThzOEt 144 was subsequently used for the condensation iHMTPA-CI
(143 to afford the diastereomeri®-MTPA-amide 145 (Figure 37).
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S
H \ 50% TFA in CH,CI
><o N \hoa ¢ Ll AN \/\>\H/0Et
\n/ o rt. 1h N
O .
59

o)
144

S Co cF
\ Hs 3 3(:0 CF; H
TFA HyN W/k\ho DIPEA OEt
0 r.t 1h
144

Figure 3-7 Synthesis of diastereomeric)-MTPA-amide (145).

Specifically, differentbatches of synthesd Boc(R)-Ala-ThzOEt were treated
with 50 % v/v TFA in DCM at room tempetare for 1 h to release themine
trifluoroacetate saltl44 The (R)-Ala-ThzOEt 144 was thentreated with a
stoichiometric amount ofR)-MTPA-CI (143 in the presence of DIPEA in dry
DCM. The reaction mixturevasvigorously stirred undea nitrogen atmosphere
for 1 h, after which the solvent was remowedacuoand the residual materialas
subjected taan agueous worlp to afford the diastereomeri®¢(MTPA-amides
145

The 'H and *F NMR assignmentdor the R)-MTPA-amides 145 are listed in
Table 31. Three different batches using modifiethntzschthiazole formation
without isolation of the hydroxythiazoline intermediate were examined (entries 1
3). As expected, the results shemhonly single set of signalin both*H and *°F
NMR analysis(Figures 38 and 3-9). The evidence suggestéioht no racemisation
occurred in thesenodified Hantzsch thiazole conditions and the obtained products
were of high optical purity. The optical rotation obtained NeBoc-(R)-Ala-Thz
OEt59 ([a]*H= +32 (c = 1.0 CHC}) was slightly lower than the value reported
in the literature @] = + 40.8 € = 1.0 CHC} *®9; the variation is postulated to be
due to the effect of temperature on the measurements.
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Figure 3-8 H NMR analysis of (R)-MTPA-amide 145,
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Figure 39 “F NMR spectrumof (R)-MTPA-amide 145,

In contrasttwo well-resolved sets of the chemical shift the *H NMR spectrum
were observed (Ady = 0.06 Hz) when the hydroxythiazoline intermediatevas

isolatedin modified Hantzschthiazole formatioTable 31, entry 4) In addition,
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% NMR spectrum also showed twdistinguished signalat 5= = - 68.94 ppnmand
d== - 68.57 ppmMoreover, the optical rotation observfd]*r= +4 (c = 1.0
CHCLy)) is much lower than the value reported in the liteedth These results
indicate that a racemic mixture was obtaireaj aran agreement with the finding

of the Meyers group:®

Table 31 NMR analysis of diastereoisomeric R)-MTPA-amide 145 and optical rotations of
N-Boc-(R)-Ala-Thz-OEt.

19
ifi F NMR
Modified 1H NMR Diastereoisomeric [w]*s
Hantzsch thiazole ) 5 (-68.94: ratio( RS) _

formation (RR: SR 68.57) (c=1.0 CHC})
1 Step 1 for 2 min >99:1 >99:1 >99:1 +32.0
2 Step 1 for 5 min >99:1 >99:1 >99:1 +32.3
3 Step 1l for10 min >99:1 >99:1 >99:1 +30.3
4 Isolationof 503:497  50.7:493 51:49 +43

intermediate

In conclusion, Hantzsch thiazole formation without isolation of the intermeedia
resultedin desired product with high enantiomeric purifiyherefore, modified
Hantzsch thiazole retion is generallyapplicable fotthe synthesis of optically pure
thiazole amino ackl On the basis of the spectroscopic features and optical rotation
data, the quality of the syntieed N-Boc-(R)-Ala-ThzOH 44 is suitablefor the

Fmoc solid phase peptide synthesis whiaissused in Chapter4.

3.3 Synthesis ofBoc-(R)-Ala-oxazole OH

Having synthesisedhe requireddipeptide Boc-(R)-Ala-ThzOH building block
attention wasthen focused on the synthesis &oc-(R)-Ala-oxazole©OH. Like
thiazole ring, oxazoles also a membeof azoles and abundantly found in marine
organisms,many of which possess significant biological activitiesr example,
taxaline a simple oxazoleontaining alkaloid exhibitedntituberculosis activit§®
Bengazole A, isolatedrom a marinesponge showed antproliferation of many
human cell lined*® Aimazole D, a mtabolte isolated from a red seaweed

displayedani-bacterial activitie$?*’
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OH OH OH HO
Q\Q LA o))
X o o =N HO o~
[ 5 N

o

texaline bengazole A almazole D

Similar to the thiazoleontaining peptide, the biosynthetic pathvedyhe oxazole
containing amino acid waderived from the condensation péptide precursors

with threonine,followed by cyclisition and oxidatioA*® Due to the interest of

many active oxazoleontaining natural products, new oxazole formation
methodologies have been established. The three literature approaches were utilised

anddiscused in the following sections

3.3.1 Classical Hantzsch oxazole approach

The initial strategy was carried ousing the classical Hantzsolxazole synthesis
Followingthe literature procedure outlined Bcheme &, N-Boc-(R)-Ala-OH was
first coupling withammoniaunde standard conditianto give theamide 57.%*°
Subsequentreaction with ethyl bromopyruvatean the presence of 3,4
epoxycyclopentene affordedorresponding -hydroxyoxazoline, followed by
dehydrationto give the desireqR)-Ala-oxazole©OEt 146. It is worthwhileto note
thatthe addition ofa large exess 0f3,4-epoxycyclopentenas an acidscavenger
prevents acigatlysed imineenamine tautomerisation and hersgppresss the

epimerisition of 4hydroxyoxazoline®*

H o a H 0
XOTN\HKOH + NH; —»XO\H/N\HKNHZ
o o)
57

b H C \ OEt
><O\H/N\(Q\N
o) (0]

146

Scheme B Classical Hantzsch synthesis of(R)-Ala-oxazoleOEt (146), Reagents and
conditions (a) DCC, HOBt, DIPEA, DCM,; (b). BrCH,COCGEt, 3,4epoxycyclopentene, DME.
ii.TFAA, 2,6-lutidine, DME,-15 °C
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Specifically, N-Boc-(R)-Ala-OH and ammonia in dioxanevere reacted witibCC
and HOBt in the presence of a slight excess of DIPEA. The urgaodyct was
removed by filtation and the filtrate was subjectedcmlumnchromatograpy to
give the amide 57 in quantitative yield. The synthesisednide 57 was then
employed for theHantzschoxazole synthesis. Similao the thiazole synthesis
described in 8ction 31.2.3 the solution oAmide57 in dry DME was cooled to -
15 ° C and was treated with ethyl bromopyruvate in the presence of finely
powdered potassium bicarbonad@d 3,4-epoxycyclopenteneThe mixture vas
stirred vigorously for 5 min. The solution of 2idine and trifluoroacetic
anhydride in DME was added in one portion &5 ° C. The reetion was left to
stir at-15 °C for 1 h. UnexpectedlIy,LC analysisindicated thaio productwas
formed After an aqueousvork-up, MS and'H NMR analysisshowed only the
starting material. It shdad be noted that nd-hydroxyoxazolinentermediatel47
was detected byLC or in *H NMR analysis It was hypothesisd that the lower
electron desity of oxygen may result imefficiency of nucleophilic attack dhe
ethyl bromopyruvaté37 (Figure 310). Therefore, an alternative oxazagnthesis

strategy was then investigated.

/)\ ;

( Br OEt 0]

jji@ H —— ook o

OH

— ><o Yﬁ&cooa

Figure 3-10Proposed mechanism of Hantzsch oxazoline formation
3.3.2 Mitsunobu approach to synthesis of oxazole

Anotherstrategyfor the constructiomf theoxazole ring wasntrod uced by Wipkt
al. in 1992, exploiting the intramolecular Mitsunobu reacti@h serinecontaining

diepeptide$™® This method was further apted by Yamadat al. for the synthesis

-1106



Chapter 3 Synthesis oftwo key building blocks of argyrin A

of Boc-(R)-Ala-oxazole building block®® As shown inScheme 34, the synhesis
started with the coupling reaction dFBoc-(R)-Ala-OH and serine ethyl ester
using standard peptide coupling reagefte dipeptidel48 wasthencyclised to
oxazoline 149 under Mitsunobu condition, followed by peroxide oxidation to
provide the desied N-Boc-(R)-Ala-oxazole©OEt 146. The detail of Mitsunobu
reaction will be discussed in Secti®4.2.1.

0 HO g
o) H a o) H OEt
+ E
Ty T
0
148

(@]
O’T>\ H /Xy\
H COOEt
b COOEt c o N S
o O
149 146

Scheme 34 Synthesis ofN-Boc(R)-Ala-oxazole OEt (146)via Mitsunobu reaction. Reagents
and conditions(a) DCCG HOBt, DIPEA, DCM; (b) Disopropyl azodicarboxylate, g, THF, O °C.
(c)i. KN(TMS),, THF-toluenethen PhSeCL78 °C.ii 30 % H,0,, DCM, 0 °C.

Thus N-Boc-(R)-Ala-OH and serine ethyl ester were reacted with DCC and HOBt
in the presence of a slight excesDIPEA. The urea byproduct was removed by
filtration and the filtrate was subjected to colunhtomatography tafford the
dipeptide148 in quantitative yield.The resulting dipeptidd48 in dry THF was
treated dropwise with 1.5 eq. of diisopropyl aradboxylate (DIAD) and
triphenylphosphine over 5 min at 0 °C undaritrogen atmosphere. After complete
addition, thereaction mixture wassarmedto room temperature and left torsfor 4

h. Unfortunately, TLC analysis revealed that no product was fhr®ebsequent
work-up and purificationof the crude reaction mixturgave theby-product
triphenylphosphine oxide and the starting material, recovered in 4i&l¢é Vhe
reaction wadound to beunsuccessful wittmore vigorous stirring and increasing

reacton time.
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3.3.3 Burgessapproach to synthesis of oxazole

The keystepof oxazole synthesis ithe formation of oxazolinentermediatel49,

In addition to ntramoleculaMitsunobu cyclistion one alternative metkois
utilising Burgess reagent. Wipf et al later introduced methyl N-
(triethylammoniumsulphonyl)carbamalt&0, also known as Burgess reagent, in the
preparation of oxazoleentaining natwl products>?As shown irScheme &, the
dipeptide148 was cyclised with Burgess reageliO to give the oxazolind 49,
followed by peroxide oxidation to afford oxazole dipeptith6. The reaction

details wil be discussd in the followingsections.

>< \ﬂ/ j)k j\ﬂ/OEt + Et3N //\\ \[( _a

150

XOTHYL\HB > \(L OEt

149 146

Scheme & Synthesis of BogR)-Ala-oxazole OEt (146) using Burgess reagentReagents and
conditions (a) THF, 70 °C(b) PhCOOGt-Bu, CuBr, benzene, reflux.

3.3.3.1 Cyclisation of hydroxyl amino acids withBurgessreagent

dﬂO Y 0 (0]
OEt _ Burgess reagent o. N \/H
THF, MW

O

148 149
Burgess reagert50 is a mild andselective dehydrating agent which has been
widely used for theyclodehydration of hydroxyl amides or thioamides to afford
the corresponding heterocycf@d. The mechanism of this type of oxazoline
formation is outlined inFigure 311. The hydroxyl group of serine attacks the
suffonyl group of Burgess reagent to give the intermediid, followed by
intramolecular cycligtion to affordthe oxazolinel49. According to the literature,
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epimeriation in a-carbon can besuppessedcompared with other cychdion

methods™>?
3
o N\‘)\N OEt + ENN N o -EtN
il N ~ —
o 0

3

151
Figure 311 Mechanism d oxazoline formation by reaction of N-Boc-(R)-Ala-SerOEt with
Burgess reagent.

Initial attempts focused orsing the condition adescribedn the literaturé>*To a
solution of the dipeptid&48in THF was added 1.1 equivalentsBurgress reagent.
The reaction mixture wakenrefluxed for 5 h, after which TLC analysis showed
only starting material and decomposition of Burgress rea§eweral alternative
conditions werealso investigated.Table 32 outlines the conditions used for the
synthesis ofBoc-(R)-Ala-oxazoline 149 The first attempt was to increasket
reaction temperature by the usedbbxaneas a solvent (entry 2). However,on
improvement wasbtainedand 40 % starting material wascovered.Another
attempt to usedry THF gave the desired produmtit in a very low conversion
(entry 3). Itappearedhat no satisfactory yield could be obtained in routine thermal
conditions. Therefore, the reaction was conducted under microwave irracaation
reported by Brainet al. (entry 4)?°> Surprisingly, the yld was drastically
improved to 64- 81 %. No elimination byroduct was detected under these

conditions.
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Table 3-2 Optimisation of oxazoline formation

Equivalentof Solvent Temperature Time Result

Burgess reagent R
g g (°C)

1 1.1 THF 66 5h no reaction
2 1.1 Dioxane 100 5h no reaction
3 1.1 dry THF 66 5h 2 %yield

4 1.1 THF M.W., 70 30 min 64- 81% yield

Thus 1.1 eqg. of Burgess reagent was added to a solution of dipdgi#da dry
THF under a nitrogen atmosphere. The reaction mixtureinediated for 30 min
with a microwave power of 108/. TLC analysis revealed the absence of dipeptide
148 and the presence of the twew products The mixture was subjected &n
agueous wordup and subsequent column chromatogragjaye the (R)-Ala-
oxazolne ethyl ested49in an overall yield of 64 81 %.It was ascertained that
the productl49 was composed of two distinepotsby TLC analysis and it was
proposed that these correspondediistereoisomer of the oxazoline™ NMR
alsoshowedwo sets ofloublet sgnals, assignetb the C-4H of the oxazoline ring
Although there is no stereoselectivity in this oxazoline formation, two
diastereomerimxazolinesshould oxidise toa singleoxazole productn the next
step Therefore, anixture oftwo isomers was used directlytine next step of the

reaction.

3.3.3.2 Peroxide oxidation of oxazoline to oxazole

o) o) o) o)
H M CuBr, PhCOOO-t-Bu o N \M
O N SN > >< N N
\ﬂ/ OEt Benzene \ﬂ/ OFEt
o) o)
149 146

Three methods have been repofftadthe oxidation of oxazolines to oxazoted)
NBS with either benzoyperoxide or light (2) BrCCl/DBU reagent and3)
KharaschSosnovsky reactiofi®?*® The disadvantage of the first method is that a
concomitanta-bromination side product could i@ med using NBS with either
benzoyl peroxide or light as the radical initia?dYBoth of the tworemaining
methodshave been investigatddr the synthesis of 2;disubstituted oxazoles and
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thiazoles®"?* Hence, KharaseBosnovskyoxidation wasfirstly chosenin order
to establish suitable reaction conditi3Ms The proposedcopper iorcatalygd

radicalmechanismis shown in FiguBe12.

Pathway A

Cu2+
H O@ o) H 0\3(‘/(;
XOTN\‘/@N Ot cu®* phcod + tBuoe >< hig j/kN OEt
o]
153

H
H o) H O/<3<OCOPh
—_— O N/ — ><O N SN ookt
hid N OEt g
0 (6]

Figure 3-12 Oxidation of oxazoline(149)to oxazole(146)by two possiblecopper ioncatalysed
mechanisms

The process begnwith decomposition of peroxyester catalgisby Cd, and the
resultingoxidised Ci* then reacts witbxazoline149to generate a carbon radical
which could be either at4- or 5-position ofthe oxazoline ring In mechanistic
pathwayA, the intermediater-oxa radical is further oxidésl by C@" to form
oxonium intermediaté52a which rapidly loses proton to give the oxazol®46.

In pathB, the more favourable captodative radit&Bis oxidised by Ca*to form
oxonium intermediatel 52h2®° 152b is further attacked by benzoic acid anigns

followed bysyneliminationto givethe oxazole1462°°

-115



Chapter 3 Synthesis oftwo key building blocks of argyrin A

Hence 1.5 eq. oftert-butyl perbenzoate was added to a boiling solution of the
oxazoline149 and CuBr in benzene over 1 h. The reaction mixture was further
refluxed for 1 h.TLC analyss revealed the absence of oxazoli#9 and the
presence of the product along with somgurities. The mixture was subjected to
an aqueous worlgp and subsequent column chromatogragdifigrdedthe (R)-Ala-
oxazole ethyl estet46in an overall yield 060-72 %.

Similar to the thiazole analogugescribing inSection3.1.2.3 the distinct singlet
signalappearing ad = 8.18 ppm irthe *H NMR spectrunrevealed the formation
of the oxazole ringAdditionally, stereochemicaidentity was confirmedy using

Mosher’s chiral derivatieg agent(Figure 313).

0o 0
o N \/H 50 % TFA in CH,Cl OMO
* NS
N N og HzNj/kN

OEt
154
/ CF 3CO CF3
- OMO __ DIPEA _ H />\H/0Et
* NS
2 j/kN OEt + O r.t 1h
154 143

Figure 3-13 Synthesis of diastereomericR)-MTPA-amide 155

To determine the chiral purity of tlexazole derivativel46, N-Boc wasfirstly
removed by TFAmediatedacidolysis. The freqR)-Ala-oxazole OEt 154 was
subsequently used for the condensation WRRMITPA-CI (143 to afford the
diastereomeric R)-MTPA-amide 155. *H and ' NMR spectraof (R)-MTPA-
amide 155 are shown inFigures 3-14and 3-15 respectively Surprisingly two
well-resolved sets of the chemical shiift *H and °F NMR were observedThe
results indicated that mixture of RR)-155and R,S-155 was obtainedThese
resuls arein disagreement with the literature reporteckthapli et al.and Brairet
al.?3%®° The evidence from 'H and **F NMR spectrastrongly suggest that
epimerisatiorhad occurred.

-116



Chapter 3 Synthesis oftwo key building blocks of argyrin A
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Figure 3-14 'H NMR spectrum of the diastereomeric R)-MTPA-amide 155

19F Bruker AV400, CDCla
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Figure 3-15 *F NMR spectrum of the diastereomeric R)-MTPA-amide 155.

-6

The epimerisationwas postulated to be due to the isolation of the oxazoline
intermediate. The isolated oxazolinentermediate149 can undergoan imine

enamine taubmerizationresulting in epimerisatiormas shown in Figure -36.
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Therefore, the synthesised raceMiBoc-(R)-Ala-oxazolel46was notsuitablefor

the Fmoc solid phase peptide synthesis.

O =

> P> L)~
H H
= - o__N _ 0 N\/k\
XOWNW*“ —pr%u AN S =
O (@]
149
Figure 3-16 Racemigsation via an imine-enamine type equilibration

3.4 Synthesis of a dehydroalanine precursor

Dehydroamino acids including dehydroalanine and dehydrobutyrine are important
constituents of numerous naturally occurring peptidesnymof which possess
biological activities. For examplea cyclic peptide microcystin i potent
hepatotoxitf® Another cyclic peptide thiostrepton shows antibiotic activity by

inhibiting severabiochemical pathwayat the ribosomal GTPase centfe.

The incorporation of dehydroamino acids into these cyclic peptielest a

conformational constrain, leading &mincreasen the rigidity of structure which

microcystin

thiostrepton

is likely to be essential for the biological activit®s Moreover, owing to the
electrophilicity of dehydroamino acids, it has been shown that dehydnuala
allows access to a wide variety of unusaalino acidsvia nucleophilic Michael

additiorf®® or acid-cataly®d cross-coupling processgs.

On the other hands a Michael acceptor, dehydroalanreadilyreact with a wide

range of nucleophiles, including amines, nitrogen heterocycles and thaksgit
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incompatible with conventionaiethods of peptide synthe3f§ 2" Hence, the
most common approach for the installing of dehydroalanine in peptides isvolve
incorporation of a masked residue, which can be subsequently unmastked to
dehydroalanine at the final stage. In the following sectitm&e major methods

for installing this functional residue into polypeptidee investigated

3.4.1 Previous reports for installing dehydroalanine in peptides

The biosynthetic pathwayf dehydroalanine and dehydrobutyriaue believed to

be predominahy derived from thedehydration of serine and threonine residues,
respectivelyln contrag to the bosynthesis, several chemical synthetiates have
been described to install dehydroamiacid residuesito polypeptides. However,
due to the reactivity of a,-unsaturated alkenes, most reported methodologies relied
on the incorporation of a masked presturat an early stage in peptide synthesis
followed by conversiorno the o,f-unsaturated amino acid after thengletion of

peptide synthesis.

A review ofliterature led to the identification of three strategies for the preparation
of dehydroalanine precursorThese strategies include the activation and
elimination of serine derivativé§® oxidative elimination ofSalkyl or S-aryl
protected cysteine derivativ8%and oxidative elimination gfhenylseleocysteine
derivatives?’® The latter two methodologies were applied, one of which resiifted
the successful preparation of dehydroalanine precurfSbe. detail ofthe three

strategiess discused in the following sections

3.4.1.1 Serine approach

The peparation of dehydroalanine residuesviest achieved by Koshlaret al. in
1963. Koshland successfully convertetie serire residue inchymotrypsin to
dehydroalanine in the course of investigatihg catalytic role of Ser19%' As
illustrated inFigure 3-17 (A), the hydroxyl group ofa serine residueeacts readily
with p-toluenesulfonyl chloride to forrihe O-tosylated serine derivativiEs6, and
subsequeng-elimination of O-tosylserinel56 under alkalhe conditiors provides

dehydroalaninel57. However, Sakakt al. reported that the elimination d@-
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tosylated serine deratives does not always produttee desireddehydroalaning
instead aziridine derivatived 58wereobtained in high yield”? Ranganathnetal.
improved this method by reactirsgrine withoxalyl chloride in the presence of
triethylamine Figure 3-17(B)). However, the yield was strongly affected by the
peptide length and the position of the dehydroalanine residue in the peptide
chain®® Therefore, a new approach utiliag cysteine asa dehydroalanine

precursor was studied.

WH@ Mvﬁ

(B) - -

~ sz
ClItN_0
(cocl)
£ %ﬁ oo || g s
EtsN, DCM )ﬁN@}\L Ho T
H (@]

157

Figure 3-17 Synthesis of dehydroalanine from serine (A) Koshland’'s approach. (B)
Ranganathan’s approach.

3.4.1.2 Attempted preparation of dehydroalanine precursor via

cysteine

An alternative method to prepare dehydroalanine is uSadkyl or Saryl
protected cysteine derivatias aprecursor. After ampletion of peptide synthesis
subsequent oxidativimination reactions led to desired dehydroalanine residue.
As shown inFigure 3-18 commercially availableN-Boc protectedS-methyl
cysteine 159 was incorporated during peptide synthesis. After completion of
peptide synthesis, peptidé0was allowed to convett the de hydroalaning62 by
oxidation and eliminationThis conversiorinvolved formation of sdbxide 161

using sodium metapiedate followed by DBU-facilitatedeliminationunder reflux
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condition. This method waseported to be compatible with boBoc and Fmoc
strategies.

0]
o H Peptide synthesis o H o
a
\{/ hig OH \{/ g NHR — 2
o 0
S

159 |
160

o 9 o)
O N NHR b o_N
\ﬂ/ \[( NHR
0 _0
s” o
161 | 162

Figure 3-18 Synthesis of dehydpalanine from Smethyl cysteine; Reagents and conditions: (a)
NalQ,, H,O, doxane (b) DBU, MeOH or ibxane reflux.

However, thetemperature required to effect elimination of B-methysulfinyl
derivatives was found to vary over a wide ra(@®-140°C). In addition, the high
temperature appeardd be too harsh fothe synthesiof larger peptides, which
typically denature at high tempeuaes. Furthermore, the synthesis
dehydroalanine careadily undergo polymerion at this high temperatuf€.
Therebre, a lower temperature, solpthase procedure wasvestigated by
Yamada’s group?”

As shown inFigure 3-19, Yamada’s strategy involved sidechain unpratcted
cysteine linking to the Merrifield resifi63), a commonly used chloromethylated
polystyrene solid suppofor SPPS After completion of peptide synthesis, desired
peptides weraeleasedfrom the solid supporvia an S-oxidative eliminatedto
dehydroalaninewhich is mediated byn-chloroperbenzoic acid{-CPBA) and1,8-
diazabicycloundec-&ne PBU). The resultingde hydroalaninesontaining peptides
couldbe obtained in good yields (75- 89 and purity (9598 %).
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Figure 3-19 Solid-phase synthes of dehydroalanine derivatives;Reagents and conditian&)
DBU, DMF; (b) mCPBA DCM; (c) DBU, DCM.

Thus in order to establish suitable conditions, initial attempt wasechoiit using
Yamada’'s approach. Following the literature procedune, first step in this
synthesis requires attachment of cysteine to Merrifield r€$68) through
nucleophilic substitution by the thiol sidbain functionality to producd64
Hence two equivalentsof DBU was added to a solution of unprotected cysteine in
DMF under a nitrogen atmosphgf@andwas left to stir overnight. Determination
of the loading efficiency was achieved through measuring UV absorbance of Fmoc
attachment to the frel-terminal of cysteine. However, the betttained loading
wasonly 0.03 mmol g*, which was substantially lower tharhat wasreported in

the literature (0.38 mmol §.2”° The observed low loading was postulated to be
due to thepotential compeing reaction of theN-terminal attachment to resin
Therefore, N-Boc-cysteine was used to enhance the loading efficiency.
Unfortunately, the highest loading obtained from this study was 0.052 mifnol g
even though theeaction was performed at higdmperature (60 °C).

Since monitoring the reaction wastrpracticable and the observed efficiency of
the reaction was @ low, a alernative approachfor the synthesis of

dehydroalaine peptidesvas sought
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3.4.2 Preparation of the dehydroalanine precursor,

phenylselenocysteine

Walter and ceworkerfoundin 1971thatselenocysteine derivativesuldbe easily
converted to dehydroalanine derivatives under mild oxidative elimination
conditions’”’ They observed thatreatment with sodium metaperiodateor
hydrogen peroxide, diphenylmethylselenocysteinewas oxidised to the
corresponding selenoxide derivative, which spontaneously eliminates to
dehydroalanine derivative at room temperatfegure 3-20). Hence, such
advantageous have been exploited for the synthesis of selenoe geeivatives as

a dehydroalanine precursor. In particulgihenylselenocysteineias successfully
adopted by Shirahameet al for the synthesis of dehydroamino aciontaining
peptides’® This approach is ampatible with solutionphase and the standard

solid-phase peptide synthesis.

o) H O
H
EENJLN%L o %N.JLNW}":L
Z H Oxidation < H
~ AN
Se

o H O
B-Elimination N '1}.,'1
- Se= T IL“QH N
| - —0 H
R

R
R=H, Ph, Ph,
selenocysteine selenocysteine oxide .
derivat)i/ve derivative dehydroalanine

Figure 3-20 Phenylselenocysteine as a dehydroalanine precar.

Thus, ae of the earliest anthost predominant methods for the preparation of
optically purephenylselenocysteine was developydthe same groug? Van der
Donket al.further modifiedthis strategy by introducinnis mild, chemoselective
method to standardFmoc-SPPS’° This approach for the synthesis of Fraoc
phenylselenocystetn was achieved and outlined in Figure 3-21; these

transformations ardiscussedn the followingsections.
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o_ N a Ho D b Ho
>< \[g g:_iOH XOTNWéO ><O\H/N\é)J\OH
o o ~SePh
64 65
o) o)
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Figure 3-21 Synthesis ofdehydroalanine precursor Fmoc-phenylselenocysteing42). Reagents
and conditions: (a) DEAD, PRHTHF,-78 C to room temp (b) PhSeSePh, NaBH(OMgJEtOH,
room temp (c) TFA/DCM,room temp (d) FmoeOSu, NaHCQ, THF/H,O, room temp.

3.4.2.1 Synthesis of B-lactone ring via Misunobu reaction

0
o. N DEAD, PPhs o. N ?
\n/ Y OH \n/ 7 O

= 70
0 on THF, -78 °C 5
64

The first step is the fo mation o fp-lactone ringvia intramolecularMitsunobu
reaction.Mitsunobuet al. first reported this type afeactionwhich has become a
useful tool in organic synthesis since its discovery in ¥87n general, the
reaction is a mettibfor converting alcohols intearious functional groups such as
esters, aryl ethers and thioethers. The process involves activating avl altmia
good leaving group, whiclthen underges nucleophilic substitution (&) by
nucleophiles, including carloxylic acids, phenols and diolsThe reaction

mechanismis illustrated Figure3-22.
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Figure 3-22 Mechanism of intramolecularMisunobu reactionto form p-lactone ring (64).

Initially, an oxidising azo reagentliethyl azodicarboxylat§ DEAD) (165 or
diisopropyl azodicarboxylatéDIAD), reacts with triphenylphosphine to form
betaine intermediat&66 which is thenprotonated by carboxylic aciof serineto

form the phosphonium salt67. In the alcohol activation step, the resulting
triphenylphosphine group of phosphonium 447 is transferred to the hydroxyl
group of serine. Thus, alkoxyphosphonigalt168and hydrazine byroduct169

are generated. Finally, the carboxylate group of serine undergoes an intramolecular
nucleophilic substitutiorto afford the desired lactone ring4 and byproduct

triphenylphosphine oxide.

Thus triphenylphosphine inlry THF under nitrogen atmosphere-@B8 °C was
treated with a stoichiometric amount DEAD. A solution of Boc-(S)-serinein
THF wasthenadded dropwisdo the mixture over 30 min. After completion of
addition, the mixture as stirred at78 °C for 20 mirand the mixture was slowly
warmedto room temperature over 2.5 h. After wagk-and p urification, the highly
pure B-lactone product4 was obtained in 385 % yield.Another commonly used
oxidising azo reagent DIAD was alsomployed for this reaction. Unfortunately, no

improvementn yields wasobserved.

It was anticipated thathe ring strain of 4membered B-lactoneresults in low

reaction efficiency Indeed, ®rage of the B-lactone results in decomposition.
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Therefore, th@-lactone produc64 after purification was useidnmediatelyin the
next step.The identity of the products was confirmed by mass spectrometry, NMR
analysisand melting pointThe observed datavere in agreement with the values

reportedn the literaturé>°

3.4.2.2 Ring openingof the p-lactone

O

H O H
PhSeSePh, NaBH(OMe O_ _N
O N,,/ ( )3 >< \ﬂ/ \:)J\OH
T o
o)

EtOH r.t. O -ceph

64 65

In the second stephe B-lactone64 was reacted witphenyl selenide anion to form
the phenylselenocysteine derivatives. In general,He benzeneselenolate anisn
generatedin situ viareduction of diphenyl diselenide with two equivalents of
sodium trimethoxyborohydride€® In order toavoid the reuction of the reactive
lactone, reductiorof diphenyl diselenides conductedbefore a solution of the
lactone is added The reaction mechanism is illustrated Figure 3-23 The
reactivity o f the p-lactone ring comes from the ring strain and the masked aldol
functionality. Hencesubstitutiorof B-lactone ringcan proceedia either acyl C=0
bond or alkyl CO bondfission Regoselective ring opening depends on the choice
of nucleophile. In generagmall or highly polarisediard nucleophilesavour a
chage-directed interaction, resulting acyl C=0 cleavageSoft nucleophiles, on
the other hand, favour an orbital interactiover chargeresultingin alkyl C-O
cleavage® As a soft nucleophilgphenyl selenide aniomediateda nucleopitic
substitution ({2) of the carboxylate residue from the thermodynamically stable

product.

NaBH(OMe), O
PhSeSePh —————— = 2PhSe

H O
o on
0]

~SePh

H O
O_ _N., S o)
<O Q@ T X
0O =i
64 65

Figure 3-23 Mechanism of -lactone ring opening by phenyl selenide anion
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Hence sodium trimethoxyborohydridevas added toa solution of diphenyl
diselenidein dry ethanol undea nitrogen atmosphere. The yellow solution was
stirred for 30 minB-Lactone64 in dry ethanol was then added to this soluaow

the reaction mixture was stirreat room temperature for 2 h. After an aqueous
work-up, the product was obtained in quantitative yi#tiNMR spectrunof the
product showedthat only the desired productt5 was formed MS analysis
revealingthe distinctive selenium isotope patterosnted at m/z 368.0377 {’Se)
which was assigned as the [M+Najpecies.The optical rotation of 65 was
determinedandthe obtained valug ¢]p>*=-34 (c = 1.0,MeOH)) is comparablé¢o
thatreportedn the literaturg[o]p>>= -36.8 € = 1.0,MeOH)).**°

3.4.2.3 Deprotection ofN-tert-Butyl carbamates group

0
4 0
o__N TFA/DCM
>< e :J]\OH TFA_HZN\:)]\OH
O  “sePh rt “SePh

65 66

In order to installthe N-Fmoc protecting groupn phenylselenocysteine which can
be used for the Fmoc solid phase peptide synthdegs\-Boc protecting group
must be removed. Several strategies for the selective remoNaBo¢ protecting
group in the presence of other function groups have been studied extensively in the
past few years. In general, cleavag&dBoc protecting group is achieved by using
acidic conditionssuch as HCI in EtOAc or dioxai& TFA in DCM, H,SQ, in t-
BuOAc and p-TsOH in t-BuOAc?®® In some highly activated amisesuch as
aromatic heterocycles, cleavageNBoc protecting group can also be achieved
under basic conditior8* Amongst thesé\-Boc deprotectingnethods acidolysis

by TFA in DCM or HClin dioxanearethe most commonly use®* As shown in
Figure 3-24, the keystepof acidolysis of Boc group ithe cleavageof tert-butyl
carbamateunder acidic conditionandthe generatiomf tert-butyl cation.In some
cases, a scavenger is requitede movethe tert-butyl cation, preventing butylation

of the target molecule.
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0
H
><O\”/N\é)J\OH o\ N\_)J\OHT, YJNJJ\OH
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@ O
H3N\_)J\OH
~SePh

66

-CO,

Figure 3-24 Mechanism ofN-Boc deprotectionvia acidolysis.

Hence the N-Boc-phenylselenocysteings was treated ith a solution of 50 %v/v
TFA in DCM for 1 h.A successful conversion &5 to 66 was confirmed byH
NMR analysis with a loss of a singlet at = 1.43 ppm being observedvhich
corresponded to thebutyl of N-Boc. Further confirmation was provided by-ES
MS revealing a peak at/z246.0019, which was assigned as the [M4dfifecies.

3.4.2.4 Fmoc-protection of phenylselenocysteine

0
TFAH N\)J\ H
? OH NaHCO, N
0/4\ Fmoc™ : OH
“sePh geph

42

In the final step,phenylselenocystein6 was proteted with Fmoc by reacting
with a sbichiometric amount of Fme®©Su under basic conditisrio afford N-
Fmoc phenylselenocysteid® in a yield of 8595 %. The obtained product was
identified by MS and NMR analysts® In addition, the purity of the final product
was established using analytical -RPLC. The major peak (tr = 10.91 min)
observedn analyticalRP-HPLC showed a purity greater than 98 %Figure3-25).
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. 2
3 oo 1
= & |
:::---—"'—ﬂ-— w;{"l | ) Y I
Retentiontime Area % Area Height
1 7.633 414945 1.75 53961
2 10912 23342684 98.25 2006986

Figure 3-25 RP-HPLC analysisof N-Fmoc phenylselenocysteiné2). Analysedusing 1060 %

B over 12 min aBmL/ min method on an Onyx Monolithic,£Zcolumn (100 x 4.6 mm)Eluent
detection was monitored by UV absorbance at 216 nm.

3.5 Conclusion

The synthetic route to thN-Boc-(R)-Ala-ThzOH dipeptide building block44)
was achieved using literature procedures. This-§bep reaction enabled a quick
and efficient process to optically pure product in overall yields eB@8%. The
spectroscopic data of the thiazole dipeptide was identicdldos®e reported in the
literature™® In addition, the optical purity of the dipeptide was confirmed by both

optical rotation and thilosher’smethod.

o] o] S
H a H b H
o._N
XO\H/N\HKOH XO\H/N%NHZ X e \‘)J\NHz
0 0 o)
57 58
S S
H
C XOTN%}YOE‘ — XOTH%XYOH
N
o} 0 o 0
59 44

Figure 3-26 Synthesisof N-Boc-(R)-Ala-Thz-OH (44); Reagents and conditions: (a) DCC, HOBt,
NH,;, CH,Cl,, 0 °C; (b) Lawesson’s reagent, THF, 0°C; (c) i. BEtCBCQOEt, KHCO;, DME, -15°
C;ii.TFAA, 2, 6-lutidine, DME,-15°C; (d) LiOH, THF/ MeOH/ HO, room temp

As summarised in Figure-%5, the key step in constructing the thiazole dipeptide
44 was using a modified Hantzghiazole formation. This involved amitnan of
the N-Boc protected(R)-Ala-OH to the corresponding amino amidd and

thionation with Lawesson’s reagent. The resulting thioarblevas then cyclised
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using ethyl bromopyruvate to afford thiazoline intermediate, followeddagrtient
of TFAA and 2,6-lutidine to give the desired thiazole dipepdidie

In addition, synthesis of N-Boc-(R)-Ala-oxazole dipeptide analogues also
attempted by usingeported methods. The key synthetic in constructing the oxazole
dipeptide 146 was using Burgess reagefallowed by radical oxidation. The
synthesis involved coupling df-Boc-(R)-Ala-OH with serine ethyl ester. The
resulting dipeptide was then reacted with Burgess reagent under microwave
irradiation to afford the oxazoline intermediate. Finally, treatnuéntert-butyl
perbenzoate and CuBr gave the desired oxazole dipeptide analogue in overall
yields of 3538 %. However, extensive epimerisatiohthe o-stereogenic centre

had occurred during the chemical transformation of oxazoline to oxazolse The
resultsindicated that both the thiazoline and oxazoline intermediates are liable to
racemisation. Therefore, in order to provide the optically puigoc-(R)-Ala-

oxazole dipeptide analogue, a reinvestigation of the literatureod®it required.

For the preparation af,-dehydroalanine, Eenylselenocysteine was chosen as a
reliable precursor of the,B-dehydroalanine buildingldck. As summerised in
Figure3-27, tefour-step synthesitor the N-Fmoc-protected phenylselenocysteine
42 was achieved wusing literats procedure. The formation of the
phenylselenocysteine was achieved by tlvemical transformation3 he first step
involves intramolecular Misunobu reaction to convBFBoC-serine into a [-
lactone derivativé4. The use of DEAD or DIAD as oxidisy azoreagents did not
influence the product yield. The second step is diphenglahglemediated ring
opening to affordN-Boc-phenylselenocysteir&bh.
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Figure 3-27 Synthesisof dehydroalanine precursor, Fmoephenylselenocysteine (42Reagents
and conditions: (a) DEAD, PRHTHF,-78 C to room temp.; (b) PhSeSePh, NaBH(O)ME&}IOH,
room temp.; (¢) TFA/DCM, room temp.; (d) Fm@Su, NaHCQ, THF/H,O, room temp. (e) i
NalO,, CH;CN/H,0; ii. Na,CO;, CH;CN/H,O.

N-Boc-deprotection with 50 %/v of TFA/DCM followed byN-Fmoc protection
with FmocOSu afforded the desiredFmoc-phenylselenocystein@?2) which is
suitablefor the Fmoc solid phase peptide synthesis. The oveietd over this
four-step synthesisangal from 35 to 40% which was comparable to the yield
reported in the literature® In comparison to theSaryl protected cysteine
derivatives the phenylselenocysteine methodology provided higher efficiency and
chemoselectivity. Unmasking of the de hydroalanine by oxidative eliminatithein
ultimate step bthe synthesis of argyris discusseth detail inSection4.5.
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Chapter 4
Fmoc solidphase
peptide synthesisand
biological evaluationof

argyrin A and analogues

In the previous threehaptes, three unusual amino acid building bloaksargyrin

A, namely Fmoc methoxy(9-tryptophan (43h), Boc(R)-Ala-ThzOH (44) and
Fmoc-phenylselenocysteingt2) have been preparefs outlined inChapterl.5,

the ultimate aim of this project is the synthesis of cyclic octapeptide argyrin A and
analogueshereof All previous studies into the total synthesis of argyrin analogues
usel traditional solution methods®**? In order to enhance tleynthesis efficiency

and to avoid laboriouspurification procedure after eachpeptide coupling step,
Fmoc solidphase chemistrys exploited for thesynthesis of argyrinA and

analogueshereof
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In this dapter, the three existing solutiephase synthés of argyrin A are
summarisedirst, followed by briefintroduction of FmoeSPPS Next, attention is
focused on establishing solid phase peptide synthedilseditle compound and
analogues thereof. Thus, attachment of the first amino acid residue solithe
suppot is discussedfollowed by coupling of subsequent amino acids in the
peptide chain. Next, cleavage of peptide from the solid suppiditbe described,
followed by solution pase heado-tail cyclisation of linear peptide. Finally,
unmasking the dehydroalanine precursor by oxidative elimination methods

afforded thefinal cyclic peptide argyrin Aand analogues

In addition, as mentioned in Sectidm.4,two independent groups have shown
thatargyrin A displayscytotoxic activity as a resulbf proteasome inhibitionAt
the end of this chaptem orderto furtherascertain the importanoé anamino acid
residue in argyrin withegards tothe antiproliferative effect and tgain more
insight into structurectivity relationship, all synthesd argyrinanalogueswere

evaluatedn cytotoxicity assays.

4.1 Existing solution-phase approaches for the synthesis of

argyrin A

The construction of themide skeleton of aggin A and analogues thereof has been
achieved by traditional solutiephase peptide bond formations. Letyal in 2002
first reported the total synthesis of argyrin B using this stratdggh required the
preparation ofwo tripeptides (170, 172) and thedipeptide 69 fragment ashown

in Figure 4-12°° The tripeptideswere assembledn four stepsby sequential
condensation othe three N-protected amino acigdsand thedipeptide 59 was
prepared using the method describing in Section 3.1.2. With the three fragment
place, removal di-Cbz form170and coupling with the free acid frds® afforded
pentapeptidd 71 Similarly, removal ofN-Boc protectionfrom 172 and coupling
with the free acid froml71 afforded the fully assembled octapeptidé.
Macrocyclisation was achieved by deprotectiod®ft two termini, followed by
intramolecular coupling. Finally, phenylsaocysteine was unmasked to reveal a

dehydroalanine residue yeeld argyrin48.
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This approach was later adopted by Nickeleit's group in 26a0d Jiang’s group

in 2011°?for the total synthesis of 10 argyrin analogues. However, the synthesis of
more analogues wasamperedby the limitation of this approach, including the
time-consuming nature of the lengthy process and extensive purification necessary
after eachpeptide copling step. In this thesis, thEmoc solidphase peptide
synthesis approach is introduced for the total synthesis of argyrid Arslogues
thereof.

N-Boc-(R)-Alal-Thz?-OEt

59 \2&
€ -~ N-Boc-(R)-Alal-Thz2-Trp3-(4-MeO)-Trp?-Gly5-OMe
/ 171

N-Cbz-Trp3-(4-MeO)-Trp*-Gly°-OMe
170 d

N-Boc-(R)-Alab-Ph(Se)’-Sar®-OEt

172 f g

N-Boc-(R)-Alal-Thz?-Trp3-(4-MeO)-Trp*-Gly®-(R)-Alab-Ph(Se)’-Sar®-OH
46

h, i

Cyclo[(R)-Alal-Thz2-Trp3-(4-MeO)-Trp*-Gly°-(R)-Ala®-Ph(Se)’-Sar®]
47

[

Argyrin A 48
Figure 4-1 Solutionphase synthesis of argyrin by Leyet al..*°® Reagents and conditions: (a)
LiOH, THF/MeOH/H,0, room temp.(b) H,, Pd/C, MeOH, roontemp.; (c) EDC, HOBt, DCM,
room temp.; (d) LiOH, THF/MeOH/}D, room temp.; (e) TFA/DCM, room temp.; (f) EDC, HOBt,
DIPEA, DCM; (g) LIOH, THF/MeOH/HO, room temp.; (h) Anisole/TFA, room temp.; (i) TBTU,
HOBt, DIPEA, DCM, room temp.; (j) Nal§) dioxane/HO, room temp.; (k) NaHC¢ CH;CN/H,O,
room temp.

4.2 Principles of solidphase peptide synthesis

Solid phase peptide synthesis (SPPS), first reporteBrbge Merrifield,®° is a
technique for assembling peptide chain on a polymeric support. The primary
advantage of SPPS is high yield for each step of coupling comparediuiilo1s

phase coupling, especially in longer sequences. In addition, excess reagents and by
productscould be easily removed by wasimd filtration,and intermediates are not
purified.
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Fmoc/tBu solidphase peptide synthesis (SPPS) was ffagorted by Shepparet

al. in 1978%° Compared with original Merrifield SPPS approach, Sheppard’s
orthogonal approach allowed reactions to be carried out unidiéer conditiors.

This approach utilises the combinationdted base-lalde Fmoc group for a-amino
group protection and thecid-labile group for sideshain protection of amino acids.
Schemed-1lillustrates the principles of Fmoc SPPS. The synth@siceeds in &-

terminal toN-terminal fashiopwhichis opposite to ribosomegein synthesis.

Fmoc-deprotection
20 % piperidine/ DMF

Repeat Fmoc deprotection Coupling of second

] and ] N-Fmoc protected amino acid
amino acid coupling

/P9
O. O/U\H)\gA
)

Pg

Cleavage from resin
and

O = insoluble polymeric support side-chain deprotection

Pg = Side chain protecting group

O R
S HoN OH
A = Carboxyl activating group H

Scheme4-1 The generalprinciples of solid-phase peptide synthesis.
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The initial step of Fmoc SPPStise attachment oC-terminusamino acid residue

to a solid supportia a linker. The choice of the suitable linkerdiscussed in
detail in ®ction4.2.1.Typically, the C-terminalamino acid is attached toliaker

by forming an ester or an amide bond which can be easily cleaved by acidolysis.
The Fmoc protecting group is then removed with 2@/9piperidine in DMF prior

to coupling with thenext Fmoc-protected amino acid! Amide bondformation is
achieved by activatn of theFmocprotected amino acid. The three major carboxyl
activating reagentare discussed in Sectioh2.2 After coupling,excess reagents

are removed bywimple washing procedwseThis deprotectioitoupling cycle is
repeated until the target peptide sequence is assembled. In the final step, the desired
peptide is cleaved from solid support with the simultaneous removal ofdie s

chain protections.

4.2.1 Linker resins used for the solid phase peptide synthesis

Linker resins, generally refers to the ingale solid support with a linker which
enablethe attachment afhe C-terminal ofa peptide chainThe peptide coupling
reaction carbe carried oubn the surface or inside of the particles. The ideal
properties of the resifor efficient SPPSnclude (1) chemical inertness arability

to swell in solvents used in peptidgnghesis, such as DMF arldCM, and (2)
readily functionalised to allow for the attachment of a lirfRérTo date,
polystyrene (PS) is the most commonly used resin in SBE®me ofthe newer
resins, such as polyethylene glycol (PE&and PEGPS® havebeen developed

for the synthesis of difficult sequences by disruption of aggregation of the growing

peptide chain.

Linkers arechemical functional growgto provide a reversible linkage between the
peptide chain and the solid support, and to protecCtterminal carboxyl group
Ideally, they are designed to be stable throughout the SPPS cycle and to be
selectivéy cleavedat the end of the synthesis without damage to the product. A
serious of linkers have been developed to yield peptide acids, peptides amides or
sulphonamidesupon cleavageFigure 4-2 lists three linker resinswhich are

consideredor theFmoc SPPS of argyrin A and analogues thereof
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HO cl O
Ho/\QO/\Q—O /\©\o AH/O cl Q Q)
° g
173 174

Figure 4-2 Linker resins considered for the Fmoc SPPS of argyrin

175

In order to release peptide acid for the macrocyclisation of linear argyrin precursor,
Wang resin173), 4-hydroxymethylphenoxyacetyl {4) and2-chlorotrityl chloride
resin(175) were consideretf® Among these three linkerd,73and174 using ester
linkage to the peptide require -8 % TFA to release of the assembled peptide. In
contrast, a hyperacikhbile linker 175 permis the release of peptide acid under
very mild conditions, typicallyi-5 % TFAfor 5 min, due to the high stability of

the trityl catior?® Since the peptidesterbond formed with Zhlorotrityl resin has
sufficient stability during theonventional coupling conditions, it was chosen as a

suitable linkerfor the synthesis of linear argyrin precursor.

4.2.2 Carboxyl activating reagents

The carboxylactivation is usually achieved through increasing electrophilicity of
the carbonyl group by replacement of thgdroxyl with electron withdrawing
group. As mentioned in Sectiod.1.2.1] DCCG and HOBtmediated carboxyl
adivation is commonly used in solution amide bond formation. However, th
insolubility of the dicyclohexylureaby-product causes problems during SPPS
procedures Therefore,the onium coupling reagents, including phosphonium and
aminium (or guanidiniun) sals are gradually replacing traditional carbodiimide
reagents in SPPS3

The choice of the carboxyl activating reagemtone of the factors that can
contribute to the success of SPPS. The ideal carboxyl activating reagent requires
the followingproperties: (1) good solubility in numerous organic solvents and can
be used at high concentratjof2) suppresside reactions, such as racemisation
caused by direct enolisationvia oxazolone formatio@Figure4-3 (a) and (b)and

terminates the peptide chacaused by reacting with ti-terminal ofthe peptide
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(Figure4-3(c)),** (3) mt toxic, corrosive and dsenot result irfor mation of toxic
by-products, an(4) commerciallyavailable and chemically stable.

(a) B:
g\ngz R %\(NIR base %(N R
0/510 °% 0/1/0
X =activating moiety Oxazolone
(b) B:
R :\?H R H R
T G g\ujﬁx — Y
0 ok O
enol

{ N H /N—
No ||
N N guanidine side product
0
©
HATU 176

Figure 4-3 (a) Racemisatiorvia oxazolone formation. (b) Racemisatiornvia enolisation. (¢) A

guanidine side product is produced when the aminium coupling reagent isrdctly reacted to
the N-terminal of the peptide.

Phosphonium coupling reagent was the first onium salt used in SPPS iy975
Castroet al.?®* Based on HOAt and HOBt, hgeveloped a new phosphonuam
based coupling reagent namely benzotriazoll-yloxy-tris(dimethylamino)
phosphonium hexafluorop hosphd®OP) 177. More recentlybenzotriazol-1yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOPJ8 and (ethyl
cyano(hydroxyimino)acetatdji-(1-pyrrolidinyl)-phosphonim hexafluore
phosphatgPyOxim) 179 were introduced, wherghe dimethylamine subunit was
replaced by pyrrolidiné®® This change could avoid the generation of highly toxic
hexamethylphosphoramide (HMPA) -pyoduct. The mechanism of carboxyl
activation bythe phosphonium reagent is shown in Figi##(b).
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Figure 4-4 (a) Three phosphoniumreagents for SPPS. (b) Mechanism of carboxyl activation
by the phosphonium reagent PyBOP (178

The carboxylate anion attacks the phosphonium cation generating a highly reactive
acyloxyphosphonium intermediafe80, which is nucleophilically attacked by the
liberated hydroxybenzotriazole anion to afford #eivated benzotriazolyl ester

181 The peptide bond is formed byfurther nucleophilic acyl substitution witim

amine, in asame manner to the DCC/HOBt activation described in Section 3.1.2.1
The major advantage @hosphonium reagent to the aminum reagent is that the
excessunreacted reagent does not guanidate with free amine (Fig8réc)),
resulting in termination of peptide chain elongatiOther advantages, sucheesy
handling,storage,and high efficiert in the coupling of sterically hindered amino

acidshave beeneported in the literaturé®

Aminium coupling reagents, also known as uronium reagantsalso derived
from HOAt and HOBt. Grosset al. introduced HBTU(182) in 1978as thefirst
aminium reagent’’ Since then, a variety of analogumsh as HATU176), TBTU

(183 having higher coupling efficiencyand lower racemisation ratewere
developedIt was established that the choice of counterion have no effect on the
coupling efficiency. However, it has been shown &&8 having tetrafluorobortate

is more soluble thah76, allowing preparation of more concentrated solutfdh.
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Thus, three coimonly used carboxy| activation reagents have been chosen in this
project. HATU (76), a weltknown aminium based reagent, has been shown to
havehigh efficiency in the coupling of sterically hindered amino adidsddition,

itis also effective in avoidg epimerisation under a various coupling conditiofis.
Aminium salts which would yield guanidinium {pyoducts with peptidyl amines

and hence results in termination of peptide elong&ftbn.

PyBOP (78, a phosphonium based reagent, is easy to handle and store. It also
showshigh efficiency in the couplig of sterically hindered amino acid3yOxim
(179, a new PyBOP based reagent, shows superior solubility in solvents employed
in SPPSand achievesigher optical purityof peptide productand efficiency of

reactions in the productiaf both linear andyclic peptide sequencés.

4.3 Synthetic strategies for linear argyrin A

As hown inSchemet-2, Fmoc SPPS was used for the synthesis of the nine linear
argyrin precursors. In the retrosynthetic analysis of argyrin Apdisection site of

the macrostructure is crucial asadbuld ultimately determine the success of the
cyclisation. After carefuly analysis ofthe peptide sequencesthe sarcosine was
chosen as th€-terminal end™®® There areghreemajor advantages in the choice of
sarcosine as th&-terminal end. FKstly, epimeri@tion of C-terminus during
backbone macrocycksion could be avoided as sarcosine is an achiral amino acid.
Secondly, sarcosine is a nesterially hindered residue which gives synthetic
advantage in macrocyclisatiohhirdly, acidlabile N-Boc of the last residue could

be simultaneously removed while the fully assembled pepiiae releasedrom

the solid support.
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O Fmoc-Sar-OH (41)

Fmoc-phenylselenocysteine (42) Fmoc-SPPS
CJ Q Cl  + Fmoc-(R)-Ala-OH o
cl Fmoc-Gly-OH =
O Fmoc-Trp(X)-OH (43)
20 Fmoc-Trp-OH
Boc-(R)-Ala-Thz-OH (44)

X
\
¢ NH
0
O O 2 O O, /
S/\>_< } -, }
NH HN —4 N o
BocHNW)QN HN—/ _>*NH N, -Q
7 o] 7 o]
— Se

45

Scheme4-2Fmoc SPPS of linear argyrin precursorg45).

4.3.1 Condensation of Fmoc-sarcosine with 2-chlorotrityl

chloride polystyrene

Assembly of the linear octapeptigeecursorsstarted with attachment to the solid
support through the carboxylic group of a sarcosine residue. In ordertseael
peptide acid for the cyclisation, 2-chlorogtichloride polystyrene linker res{d0)
was chosen.The coupling of Fmosarcosine(41l) to 2chlorotrityl chloride
polystyreng(40) is illustrated inFigure4-5.

(

o |
NFmoc
— 0y

Fmoc<
N

Figure 4-5 Esterfication of 2-chlorotrityl chloride resin (40).

The coupling proceedsia an 1 mechanism® In DCM, 2-chlorotrityl chloride

undergoedeterolysis to give an equilibrium mixture of the chloride anion and the
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2-chlorotrtyl cation 184 The stabilied tertiary cabocatiori84 undergoes
nucleophilic attack by carboxylate of sarcosine to form an ester Qdnd 2-
chlorotrityl chloride resirwas swollen in DCM for 1 h, followed lgonde nsation
with a stoichiometric amount dfmoc-SarOH in the presence of DIPE® eq.)in
DCM. The reacton mixture was gently stied at room temperature for 2 dfter
whichthe reaction was quenched using a small amount of metfidmaiesin185
was stored andre-swollenin a suitable solvenprior to use The effidency of

loadingwas70%, based otheoretical loadings describeth Section6.5.

4.3.2 Carboxyl activation and peptide assembly

O peptide elongation

I
S)\\/NFmoc ll\l O
. Q o T . Boc-(R)-Alal-Thz%Trp3-Trp*(X)-Gly>-(R)-Alab-Ph(Se)*” \/l(o

A o

185

(G
45

The second stagof FmoeSPPS involves repeatédnoc deprotection and amino
acid coupling. Firstly, removal of Fmoc group is achieved using 20/%

piperidine in DMF. Secondly, the carboxy| groupNsFmoc protected amino acid
is activated to promoteucleophilic attacky the amino group of the peptidyl resin

to form peptide bond.

Thus the resinl85waspreswollen in DMF/DCM forl6 h. The Fmoc group was
then removed using 20 % piperidine in DMF. The resin washed with DMF (10

min 2.6 mL min) and thepeptidesequence wasssembled manuallyFor the
commercialy availableN-Fmoc amino acidsi.e. Fmoc-(R)-Ala-OH, FmocGly-

OH and FmocFrp-OH, each coupling reaction was carried out usingiheure of
N-Fmoc amino acid (2 eq.), activating reagent PyOxim (2 eq.) and DIPEA (4 eq.).
For the synthesexl unusual amino acids, specificallymoc-Ph(Se)OH (42),
FmocTrp(X)-OH (43) ard Boc(R)-Ala-ThzOH (44), each coupling reaction was
carried out using thenixture of N-Fmoc amino acid (1.5 eq.), activating reagent
PyOxim (1.5 eq.) and DIPEA (3 eq.). The coupling efficiencies were monitored by
the effluent of Fmoc deprotections at 280. All acylation reactions were repeated
twice prior to the coupling the nex-Fmoc amino acid. After repeating six
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deprotectioreoupling cycles, the target linear peptides were assembled. The
resultinglinear peptides thewill be cleaved from thlinker-support.

4.3.3 Cleavage of linear peptides and purification

e W

N TFA
Boc-(R)-Ala-Thz-Trp-Trp(X)-Gly-(R)-Ala-Ph(Sey” \/[(O Q. . Q ® 4

45

H-(R)-Ala-Thz-Trp-Trp(X)-Gly-(R)-Ala-
Ph(Se)-Sar-OH

46a-g
a b c e f g
X = H 5-Br 5-Cl 7-Et 5-Me  5-MeO

Release of the linear peptidéa-gfrom the 2chlorotrityl solid support can be
acomplished byacidolysisusing 5% trifluoroacetic acidHowever, in ordeto
simultaneouy deprotect theN-terminus Boc protecting group, 3@ v/v TFA in

DCM was used During the acidolysisstep, the generation dhe tert-butyl
carbocation could undergo undesired butylatioh Trp residues Therefore
scavengers wereequired to trapthe reactivetert-butyl cation. The mixture of
triisopropylsiliane (TIPS) and water are commonly used as scavengers in the

cleavage cocktaf™

Thus resinbound linear peptide$45) were treated with TFA/DCMI/TIPS/A®
(49:49:1:1) for 1 h at room temperature. The crude linear psp{® were
preciptated from icecold diethyl ether. The resulting matesalwere then
suspended in water and lyophilised overnighafford orange powdex All crude
linear peptides were analysised by-RPLC and MSFor example, malysis of the
crude peptide material6e by RRHPLC showed om major peak othe desired
linear peptide ak = 10.7 min Figure4-6 (a)). The eluion profiles of all analogues
are similar in terms ofcomponents and retention time. The identities of all

analogues were confirmed by MS.
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(@) (b)

H-(R)-Ala-Thz-Trp-Trp(X)-Gly-(R)-Ala-Dha-Sar-OH

O phoph ph pa g
BN

186

coe o
H N A

2D 4D &0 &0 10D ©D W0 B0 €0
Ve

Retention time % Area MS
1 8.86 145 841.3278
2 1062 843 999.2575

Figure 4-6 (a) The crude HPLC analysisof the linear peptide 46e. (b) Major by-product at tg
= 9.00min. Sample wasnalysisedising themethod 1 — 35 % Bover 10 min aB mL/min. The
column used was an Onyx Monolithic analytical €lumn (100 x 4.6 mm).

In addition, he minor pealattr = 8.86 min was further analysd by MS. The
observedmolecular ion wasl58 mass ung less than the molakar ion of tke
desired produgtwhich was assignetb the unmasked dehydroalanicentaining
peptidel86 (Figure4-6 (b)). Disappearances of the selenium isotopic patterns were
also observedit was postulated that during repeatéchoc depotection step in
SPPS, thelissolved oxygen in piperidir@eMF mixtureresulted irpartial oxidative

elimination of phenylselenocysteine.

Table 4-1 summarised the purity of crude peptides si®lds. Fortunately, based
on the observation, it seems dehydroalanine tyoig stable t050 % TFA
acidolysis and peptide couplirgnditions The crude linear peptides were used for

the cyclistion step without further purification.
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Table 4-1 Summary of the crude yield, purity and MS for thelinear peptides 46a, 46, 46c,
46e,46f and 46g.

tr MS
(min)®  Calculated Measured
(%) (%) [M+H]"

# Sequence Yield Purity?®

46a H-(R-Ala'-ThZ-Trp>-Trp*-Gly>- 56 90 103  971.2777 9712323
(R)-Ala®-Ph(Se}-Saf-OH

46b H-(R-Ala-Thz Trp-(5-Br)-Trp- 60 69 105 1049.1882 1049.1888
Gly-(R)-Ala-Ph(Se)SarOH

46c  H-(R-Ala-Thz Trp-(5-Cl)-Trp- 56 86 121  1005.2388 1005.2287
Gly-(R)-Ala-Ph(Se)SarOH

46e H-(R-Ala-ThzTrp-(7-Et)-Trp- 54 84 106 999.3090 999.2575
Gly-(R)-Ala-Ph(Se)SarOH

46f H-(R-Ala-ThzTrp-(5-Me)-Trp- 59 79 115 985.2943  985.2867
Gly-(R)-Ala-Ph(Se)SarOH

469 H-(R-Ala-ThzTrp-(5-MeO) 64 78 104  1001.2883 1001.2643
Trp-Gly-(R)-Ala-Ph(Se)SarOH

& Peptide purity determined from integration of-RPLC peak.
> RP-HPLC was performed on Onyx Monolittémalytical Gg column (100 x 4.6 mmEluent was
monitored by UV absorbance at 216 nm. Linear gradient ¥&s% B over 10 min at 3mimin.

Moreover, in order to confirm that the observed single peaks in the HPLC were
opticaly pure, commerci& available racemid\-Fmoc-(5-Br)-(S/R-tryptophan
wasinstalled bySPPS to afford crude linear peptidic mateasla mixture of two
diastereoisomers. The resulting product \&aalysed by RIHPLC and MS. Not
surprisingly, as shown in Figude?7, the two major peaksattr = 10.2 min and 10.5

min in HPLC tracewere welliresolved and affordethe samem/z 1049.18 This
resultprovided the confidenatat46bis exclusively a single component.
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ia
o

23

Retentiontime  Area % Area MS

1 10.260 15530099 27.21 1049.1888
2 10.509 15346703 26.88 1049.1886

Figure 4-7 RP-HPLC analysis of diastereomericlinear peptidesderived from the installation
of (5-Br)-(S/R)-Trp-OH. Sample was analysaging the methgdl-35 % over 10 mirat 3 mL
/min. The column used was an Onyx Monolithic analytigalcGlumn(100 x 4.6 mm).

4.4 Macrocyclisation of argyrin A and analogueghereof

H-(R)-Alal-Thz2-Trp3-Trp*(X)-Gly®-(R)-Ala®-Ph(Se)’-Sar®-OH Se o NH
HN
o}
46 o
! HNW/< J‘I\/N %
N
06H 5 O g X
N
47 H
a b c e f g
X= H 5-Br 5-Cl 7-Et 5-Me 5-MeO

One of the key steps in the synthesis of cyclic octapeptide argyrin A is the
macrocyclisationIn general, there are two major macrocyiian strategiesone

iIs onresin heado-tail cyclisation, and ta other is traditional solutiephase
cyclisation umer high dilution conditions. Oumesin cycligtion requirslinking the

side chain ofthe trifunctional aminoacid to the resin. ¥lisation thuscan be
performed while peptides remain anchored to the r@&$ia.advantage ahe on

resin cycligtion stratgy is that intramolecular reaction is favoured which results in
minimising the formation of cyclodimers and oligomé?s.Although onresin

cyclisation strategy appears to be a good choice for the ring closure, the linear
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argyrin A lackstrifunctional amino acids, such as aspartic acid, lysmeerine
which canbe attacled to the solid support. Therefora traditional solutiorphase

cyclisation wasused.

To avoid cyclodimerisation or oligomerisatiorside reactios during the
macrocycligition, the reaction was performed in high dilution conditions 100
M). In addition, PyBOR178 was chosen athe carboxyactivatingreagent to
avoid the N-guanidylationof the amino terminus. The mechanism of PyBOP

mediated cycligtion isshown in Figuret-8.

O

HzNoe ©) e
B’Q HzN-O’P\éNi:DS

=N

(@]
eI S
HoN o - HN

Figure 4-8 Mechanisum of PyBORmediated cyclistion.

Initially, cyclisation of46 was performed in DCM at a concentration of 0.5 mM in
the presence of PyBOP (2 eq.) and DIPEA (3 eq.). The reaction mixture was stirred
at room temperature for 72 h, amde reaction was monitored by RHPLC.
Subsequence M&nalysis of the major peadbserved by RIHPLC confirmed the
identity of the cyclised peptide. Howevéollowing work-up, the yield was rather
ursatisfactory(< 10 %). The reaain condition wasthen further optimi®d.
Optimum results were obtained wilte mixture of PyBOP (3 eq.), HOBt (3 eq.)
and DIPEA (9 eq.) a0.5 mM peptide concentration. Under thesenditions
HPLC and MS analysis revealed that reactions were almost comfiete48 h
with no evidence of oligomeric side productsigure 4-9 shows thecrude
analytical HPLC of cyclic peptidé7e The two peaks @k = 0.8 min and 1.4 min
were DMSO and coupling reagents, respectively. The major pegk=a8.9 min
wasthedesired cyclic peptide, wherede tminor peak &k = 7.9 min was found to

be thecyclisation of the unmasked dehydroalangwtaining peptidé86.

-147-



Chapter4 Fmoc-SPPS and biological evaluation of argyrin A and analogues

150+
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100 2.00 3.00 400 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00

Minutes
Retentiontime  Area % Area MS
1 7.979 9323561 15.11 823.2346
2 9.913 35425646 56.86 981.2607

Figure 4-9 The crude HPLC trace ofcyclic peptide 47e. Sample was analyseding the mehod
10-60 % B over 12 min & mL /min. The column used was an Onyx Monolithic analyticgl C
column(100 x 4.6 mm).

The major peaksf sixanaloguesvere purified by preparativieP-HPLC to afford
cyclic peptidesi7a 47hb, 47¢ 47e 47f ard 47gin 11-28 % vyield Table4-2). The
impurelinear peptide46 is most likelyattributableto the low yield of cycliation
step. Nevertheless, the purity and yields of the cypBptidesafter preparative

HPLC were suitable for the final step of synikes

Table 4-2 Summary of the purified yield, RR-HPLC retention time and MS for the cyclic
peptides47a,47b, 47¢47e, 47f and 47g.

# Yield @ tg ESMS [M+H]"
Sequence b
(%) (min) calcd measured

47a Cyclo[(R)-Ala'-ThZ-Trp>-Trp'- 30 8.5 9532672 9532571
Gly*-(R-Ala®-Ph(Se}-Saf]

470 Cyclo[(R)-Ala-ThzTrp-(5-Br)- 17 9.9 1031.1777 1033.1757
Trp-Gly-(R)-Ala-Ph(Se)Sar]

47c Cyclo[(R)-Ala-Thz Trp-(5-Cl)-Trp- 20 9.5 987.2282  987.2104
Gly-(R)-Ala-Ph(SejSar]

47e Cyclo[(R)-Ala-Thz Trp-(7-Et)-Trp- 28 9.9 9812985  981.2607
Gly-(R)-Ala-Ph(SejSar]

47t Cyclo[(R)-Ala-ThzTrp-(5-Me)- 27 9.4 967.2828  967.2723
Trp-Gly-(R)-Ala-Ph(Se)Sar]

479 Cyclo[(R)-Ala-Thz Trp-(5-MeO)- 11 8.5 9832777  983.2693

Trp-Gly-(R)-Ala-Ph(Se)Sar]

% Yield refers to purified yields form preparati®-HPLC.

P RP-HPLC was performed on Onyx Monolithic analytical C18 column (100 x 4.6 Eltgnt was
monitored by UV absorbance at 216 nm. Linear gradientl@&® % B over 2 min at 3mL /min.
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Analysis of thasolated products using MS revealedralkvalues corresponded to
the [M+H]" species of cyclic peptides (Table?). In addition, characterisation of
478, 47b, 47¢ 47e 47f and47g was confirmed by'H NMR and by 2D'H-'H
COSY NMRanalysis Figures 4-1@nd4-11show the'H and COSY NMR o#7¢,
respectively.Specifically, the presence of the characteriblit signals avy 7.44
(d,J=3 Hz, 1H),7.58 (d,J= 7 Hz, 1H), 8.11 (dJ = 9 Hz, 1H), 8.35 (s, 1HB.65
(d, J =9 Hz, 1H) and 8.92 () = 5 Hz, H) ppmindicatedthe six secondary
amides In addition, the observed correlation of these six amigeals with their
adjacenta protons in the COSY spectrum confirmed the unambiguouscyclic
skeleton. The remainingupfield proton resonansewere assignedby detailed

inspection of the COSY spectrum

Bruker AV400, DMSO-da

\\\\\\\ z

NONTDONTOORno ma MmN
PR g e R

/. a5

T T T
11 10 9 8 7 4 1 ppm

T

Figure 4-10 'H NMR spectrum of cyclic peptide47e. Amide-NH are labelled red, a-protons
are blue and others are black.
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Bruker AV400, DMSO-ds
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Figure 4-11'H-'H COSY spectrumof cyclic peptide47e.
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4.5 Oxidative elimination of phenylselenocysteine

H S/\>\(O SN\ O
Q T ey SRS
N
Se HN (o) NH HN o \ NH
N
HN\”/<NJJ\/ HN\’(( )_K/N
N~ |
N
47 H 48 H
a b c e f g
X= H 5-Br 5-Cl 7-Et 5-Me 5-MeO

The final step of argyrin synthesis wa® unmask the a,f-unsaturated
dehydroalanine residue. The conversion of the incorporatedylselenocysteine
residue ® dehydroalanine was achieved througkidative eliminatiorf™® As
shown in Figure 4-12, the pheglseleno moiety was firstly oxidesl to the
phenylselenoxidél187) by treatment with anild oxidisng agent, such as hydrogen
peroxide (HO,) or sodium periode (NalQ). Subsequensynelimination of

phenylselenoxidé187) afforded theexa methylene moiety188).

baie
o 0
H H HHO
EEN\.)LN}SH “L»;QN\.)LNH}E ’HENJ%LN b O
_H NalO, : H Na,CO4 _\ H . ﬁ_LkQN N}’Q
= ( Sexq H

Se N\
€=0
O o

S
187

Figure 4-12 Oxidative elimination of phenylselenocysteine to dehydroalanine.

Hence sodium periodte (4 eq.) wasdded dropwisdo the cyclic peptidel7 in
water/acetonitrilemixture at room temperature followed by stirring for 2 h.
Formation of thephenylselenoxideontainingintermediate 187) was seen as a
major component iRP-HPLC and MS analysis. The seint was removed and the
residual materialvas extracted with water and DCM/IPA. Isopropyl alcohol (IPA)
was added due to the low solubility piienylselenoxideontaining intermediate
Subsequently eliminatioreactionof 187 was initially carried out using sarated

agueous NaHCOin acetonitrileas described in the literatur®. However, RP-
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HPLC analysis after three days revealed that the elimination was not cainplete
(Figure4-13a)). In order to reduce the reaction time, the same reaction was carried
out using saturatetla,CO; aqueous solutionGratifyingly, based on RIHPLC
analysis, the eliminatiowas almost completed after 48 Rigure 4-13b)). The

main pealattg =10 min is the eliminated product and the leading shoulder of the
main peak is the unreactptie nylselenoxidentermediate.

(a) (b)

15 ol
2103 -::

oA

o o

N N R

W 40 6 & 0 PO U B 8O D0 TEr T T

r‘m r,h_; 1200 x o o x

Figure 4-13 RP-HPLC analysis of p-elimination of phenylselenoxidel87. (a) Using aqueous
NaHCO; for 3 days. (b) Using aqueous N&O; for 24 h. Samples weranalysedusing the
method 10— 60 % B over 12 min al mL /min. The column used was an Onyx Monolithic
analytical Ggcolumn(100 x 3 mm).

Successful conversion wasnfirmed by MS with disappearance of the selenium
isotopicpatterns and molecular ion peakthe producbeing detected. The major
peals werepurified by preparativeRP-HPLC to afford argyrimlA andanaloguesn
5267 % vyields Table 4-3). Using 47e as an example, e successful
transformation ofi7e to 48e wasconfirmed by'H NMR analysis, which revealed
the disappearance of taeomaticprotons ¢ = 7.17ppm), CH, (6 = 4.33 and 4.37
ppm) and a-proton ¢ = 4.60 ppm)in the phenylselenanoiety (Figure 4-10) and

the appearance of theo singletprotons § = 4.92 and5.16 ppm) inthe alkene
moiety Figure 4-14). A study of the literature for dehydroalae-containing
peptides confirmed that repinspin splittingwas observeébr these?’J germinal

protons?’°

The assignment of proton resonances was established from 2D COSY spectrum.
The backbone of cyclic peptide can be derived from cross signals between amide
protons and their corresponding a-pratons For example, the amide protan=£ 8.12

ppn) of the (R)-Ala® moiety which is labeled 6 in red colour in Figure4-15
showed a cross signal its a-proton ¢ = 4.35 ppn. This a-proton alsadisplays a
correlation with the methyl group ¢R)-Ala.
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Bruker AV400, DMSO-ds
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Figure 4-14 'H NMR spectrumof the argyrin A analogue48e. Amide-NH are labelled red, a-
protons are blue and others are black.
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Bruker Av400, DMSO-ds

£ 10

- 12

12 11 10 9 8 7 6 5 4 3 2 1 0 ppm

Figure 4-15 *H-'H COSY spectrumof the argyrin A analogue48e.

A summary of the retention timegields and MS analysisf the six purified
argyrin analogues iisted in Table 4-3. Although the reactions wergean and
efficient, only moderate yieklwereobtained. Additionally, theumulativeyields
from peptide assembling wenly 411 %. The low cumulative yield mayeb
attributed to the everal workup and purification stepsThe poor solubility of
peptides alseeduced the yield. Therefore, in order to avoid tedious wprkteps

and purification processes, an alternative strategy was investigated.
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Table 4-3 Summary of the yields, RRHPLC retention times and MS for the argyrin
analogues48a,48b, 48c, 48e,48f and48h.

# Yield tr ESMS [M+H]" Cumulative
Sequence oa  (min)® yield
(%) Calculated Measured
(%)
48a Cyclo[(R)-Ala'-ThZ-Trp*- 66 6.8 795.3037 795.2959 11
Trp*-Gly*-(R)-Ala’-Dha-Saf]
48b Cyclo[(R)-Ala-ThzTrp-(5-Br)- 58 8.0 8752122 875.1877 6
Trp-Gly-(R)-Ala-Dha Sar]
48 Cyclo[(R-Ala-ThzTrp-(5-Cl)- 67 7.5 829.2647 829.2347 8
Trp-Gly-(R)-Ala-Dha Sar]
48 Cyclo[(R)-Ala-ThzTrp-(7-Et)- 52 7.9 823.3350 823.3311 8
Trp-Gly-(R)-Ala-Dha Sar]
48t Cyclo[(R)-Ala-ThzTrp-(5- 66 7.3 809.3193 809.3016 11
Me)-Trp-Gly-(R)-Ala-Dha Sar]
48y Cyclo[(R)-Ala-Thz Trp-(5- 58 6.5 825.3143 825.3056 4
MeO)Trp-Gly-(R)-Ala-Dha
Sar]

2 Yield refers to purified yieldsfter the oxidative elimination step

® RP-HPLC was performed on Onyx Monolithic analyticak €olumn (100 x 4.6 mmjEluent was
monitored by UV absorbance at 216 nm. Linear gradient @#® % B over 10 min at 3 mLmin.

¢ Cunrulativeyield refers to the accumulation of individual yields from peptide assembly.

Inspired bythe previous observatiothat dehydroalanine moiety is stable in 50 %
TFA acidolysis andpeptide couplingprocesss (Section4.3.3, it was therefore
anticipated that oxidative elimination could bachievedwhile the linear peptide
was stillattached to theolid-support. In other wordsnstead of releasing the linear
precursor ind solution after peptide assembly,-@sin oxidative elimination was
effected The synthesis ofi8d 48h and 48k is outlined inScheme4-3 and the

purification was only required following the finedaction.
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e

Boc-(R)-Ala-Thz-Trp-Trp(X)-Gly-(R)-Ala-Ph(Sey” A Q )

Cl
45 O

Oxidative elmination

Boc-(R)-Ala-Thz-Trp-Trp(X)-Gly-(R)-Ala-Dha” \/[(O

189 Cl O

TFA

e §
O

H-(R)-Ala-Thz-Trp-Trp(X)-Gly-(R)-Ala-Dha-Sar-OH
186

Cyclised and purification

(R)-A|I a-Thz-Trp-Trp(X)-Gly-(R)-Ala-Dh a—&lar

Argyrins 48
d h k
X= 6-F 4-MeO  (R-Trp

Scheme4-3 Synthetic route for the cyclic peptides argyrind8d, 48h and48k.

After all amino acidresidueswere coupled to the peptidyl resin as described in
Section4.2.2 the resia weresuspended in DMH,O 0.5:0.2 andan agueous
solution of NalQ (4 eq.)were addedto the SPPS columnThe reactions were
stirred at room temperature for 16 h, after whinbre thar@5 % ofthe starting
material were reacte@ds determined biRP-HPLC. Unexpectedlyelimination of
phenylselenoxideoccurred spontaneously without furtheask treatmentThe
reasons for this are unclear, however, analysis BYYfREC and MS revealed the
completion of the eliminatioT he linear peptide$89d 189hand 189k were then
cleavedfrom the resinand cyclised agpreviousdescribed in Sectiod.3.3 ard
Sectiord.4, respectively.

The resultof the three analogues are summarigedable4-4. Unfortunately,no
improvementof yields was obtained usingthis approach. Nevertheless, this
approach allows an overall reduction of time and purification efforts.
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Table 44 Summary of the yields, RRHPLC retention times and MSanalysisfor the argyrin
analogues48d, 48 h and 4&.

4 Sequence Cumulative  tg ESMS[M+H]"
a yield (mt!n) Calculated Measured
(%) *

48d Cyclo[(R)-Ala-ThzTrp-(6-F)- 4 7.0 813.2943 813.3016
Trp-Gly-(R)-Ala-Dha Sar]

48h Cyclo[(R)-Ala-ThzTrp-(4- 6 6.6 825.3143 825.3092
MeO)Trp-Gly-(R)-Ala-Dha Sar]

48k Cyclo[(R)-Ala-ThzTrp-(R)-Trp- 16 5.9 795.3037 795.3020

Gly-(R)-Ala-Dha Sar]

4 RP-HPLC was performed on Onyx Monolithic analyticak&lumn (100 x 4.6 mmEluent was
monitored by UV absorbance at 216 nm. Linear gradient @#® % B overl2 min at 3 mL/min.
® Cumulativeyield refers to the accumulation of individual yields from peptide assembly.

The structures of alline argyrin analogues weetucidated by NMR spectroscopy.
Analysis usingsolutions of argyrin analogues in DMSi@ by 'H NMR provided
further evidence otheir purity. Assignment of proton chemical shifts in argyrins
was accomplished usintH and 2D COSYNMR analysis It was somewhat
surprising that all nine synthesised argyrin analogues showedspdability in
CDCl,, the solvent used in the reportecediture'> Therefore, DMS@d; was

choseras a suitable solvent.

4.6 Cytotoxicity evaluation of argyrin A and analogues

As described in Chapter 1, argyrin A exhibited potent inhibitioreakaryotic
proteasomeactivity. Based on Nickeleit's studies, the concentratiependent
cytotoxicity effect of argyrin A wasbservedn several cancer cells of different
origins, includingcolon carcinomgHCT116, SW480), lung cancer (A54®reast
adenocarcinomgdMCF7) and cervical cancer (Hefa)n addition, SAR study by
Stauchet al. revealed that argyrin A and F were the most padealogueswith
ICs, valuesagainst SW48Qp to 3.7 andt.2 nM respectivelTable1-6).”>> They
concluded that the presence of methoxy group in tmostion of Trg was
essential fortheir biological activities This hypothesis can b&estedby using
argyrin analogues incorporating various substituents at different gosifi the

Trp* for further indepth study
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In order to establish SABf argyrins, the nine synthesisadyyrin A and analogues
(48a-h and48k) were tested in MTT cell viability assays.detailed description of
MTT assay and a discussion of the biological results obtained for the

aforementioneaine argyrinderivativesare provided in the ensuing sections
4.6.1 MTT cell viability assay

Viability of mammalian cells can be accurately monitored by a variety of viability
assaysMTT is one of the most commaand straightforwardtechniqueused to
assess the cytotoxicity of substand®sYellow 3-(4,5-dimethythiazol2-yl)-2,5-
diphenyl tetrazolium bromide (MTT190is reduced to purple formazda®l by
succinate dehydrogenase in the mitochondria. Since reduction of MTéntgan
occur in metabolically active cells, the viability of the cells can be quantified by

measuring of absorbance of this purple formazan solution.

O "

mitochondrial reductase

W RN |
dN %SI ©)\N¢N \(/\N/Z,
S

Tetrazolium salt (yellow) Formazan salt (purple)

190 191

Colon carcinomacells have previously been reported to be sensitive to argyrin A
treatment’ *°* Therefore, the cytotoxicity of synthetic argyrin A and analogues
reported in this thesiwas performed using an MTT assay against the HOT
human colon cancer cell line. Specifically, HTT6 cells were seeded at a density
of 2.5 x 16 cells per mL in 96well plates and allowed to adhere overnight. The
cells were treated with argyrins \riousconcentratios, fromof 0.1 nM to 100

uM and incubated at 37 °C for 72 h. Proliferation activity was deterninyed
treating the cells with MTT It is anticipated Hat uvable cells with active
mitochondriawould reducethe tetrazolium intopurple formazan. The purple

fo mazan crystals were dissolva in 15 0uL DMSO. Op tcal d asities o fthe
solutions were measured by absorbancg08tnm in an ELISA plate readerhe

Glsg valueswere determined according to an established methodology as described
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in Section6.5. All measurements were performed in triplicate amel tesultsare

reported as mean + standard error of the mean

4.6.2 Results from the MTT cell viability assay

Theresults of the G} values obtained from MTT cell viability assay with argyrin
A and analogues arsummarisedn Table 4-5. The dinically used proteasome
inhibitor bortezomibB® was used as Positive control.Glsg values representhe

concentration of argyrin analogue thahibit the growth of cancer cells by 50. %

Table 4-5 Inhibition of HCT -116 cell proliferation by argyrin analogues

1 2

N NH
Y&O HN® O
7 0o H
HN\”/< T NP
RN
5 4 X
N
48 H
# Argyrin analogues Gl (M) 2
48a Cyclo[(R)-Ala'-ThZ-Trp*-Trp*-Gly>-(R)-Ala®-Dha-Saf] / Argyrin E 227+10.8
48b Cyclo[(R)-Ala-Thz Trp-(5-Br)-Trp-Gly-(R)-Ala-Dha Sar] 26+41
48 Cyclo[(R)-Ala-Thz Trp-(5-Cl)-Trp-Gly-(R)-Ala-Dha Sar] 20113
48 Cyclo[(R)-Ala-Thz Trp-(7-Et)-Trp-Gly-(R)-Ala-Dha Sar] 133 +91
48f Cyclo[(R)-Ala-ThzTrp-(5-Me)-Trp-Gly-(R-Ala-DhaSar] 26+0.2
48y Cyclo[(R)-Ala-ThzTrp-(5-MeO)-Trp-Gly-(R-Ala-Dha Sar] 38127
48d Cyclo[(R)-Ala-ThzTrp-(6-F)-Trp-Gly-(R-Ala-Dha Sar] 40160

48h Cyclo[(R)-Ala-ThzTrp-(4-MeO)-Trp-Gly-(R-Ala-DhaSar] / Argyrin A 18106
48k Cyclo[(R)-Ala-ThzTrp-(R)-Trp-Gly-(R)-Ala-DhaSar] 33517

Bortezomit® 25408

& Concentration needed to inhibit cell growth by 50% as determined frodvsiseesponse curve.

Determinations were made at 6 different concentrations of argysing MTT cell proliferation
assays
® This clinically usedirug was purchased from SigrAkdrich.
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The results show that all nine synthetic argyrin analodisggday atiproliferative
activity in the nanomolar rangelhe potency iscomparablewith thoseresults
reported from the other groups>* Although te Glsovalue determineébr argyrin

A with HCT116 cell line was 1.8&M, which is slightly lower than the literature
ICso value of 2.8 nM this difference is presumably due to the cell line variability

and experimental error.

Argyrin E (48a), which lacksubstitution in Trf) is less potent than othenalogues.
In addition, argyrin A 48h) and48g which contain the methoxy substitution on
Trp* residueare morepotent than otheanaloguesAs was discussed in Chapter
1.4.2 this observation is iragreement with the literaturbypothesis that the
methoxy substution of Trp® is essential for activityln fact to investigate the
influence of the key methoxgubstituent at4osition of Tr{¥ on the potency, the
methoxy groupof argyrin48g was movedfrom the 4 to 5postion The results
indicated that botd8h and 48g showed parly equal potencylo the best of our
knowledge, this is théirst unique synthetic analogue of argyrin A, tdatplayed
such high potency.

In contrastreplacement of the-fhethoxy group 489 with a methyl group48f)
resultedn significantdecreasein potencyby somelO-fold. Previous studies have
suggestd that the4-methoxy groupon Trp’ residueis involved inelectrostatic
interaction with proteasomé? As illustrated in Figure -3, the methoxy oxygen
atom participates ia hydrogen bontb the hydroxyl group of S118 the C-L and
CT-L pockets. Thusthis decrease in activity coulte explaned by tle inability of
the 4Me to participate in a hydrogen bond.

Expectedly, aother argyrin analogud8e with a 7ethyl substituent orrrp*
displayed even poorer activity than tha#8f. It is postulated that, in additida a
lack of hydrogen bondahe introduction of an ethyl group at thep@sition of Tr
would stericallyclash with the proteasome backbone (Figv®6). It is possible
that this protrusion resulta poorer binding affinity to the areas of the proteasome

subunit.
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CT-L pocket

Figure 4-16 Proposed binding pose of argyrin 48e to the GT pocket.

Next, in orderto investigate theslectrostatic effect ofhe methoxy group on the
potency,methoxy group 489 was further replaced with an electnarthdrawing
group. Argyrin48b bearing a brominatom at Sposition of Trpf showed aGlsg
value of 26nM. The result showed 10-foldlessin poterry compared targyrin A.
Incorporation of other halogen groups in theafid 6postion of Trj also resulted
in diminished potencyas showrby argyrind8h, 48cand48d In addition, it seems
that all halogenated argyrin analogous displayed similar degfgtency. This is
presumablydue to hydrophobic characteristic of the halogen gsouomatcles the
hydrophobic side pockeif proteasome active sitélowever, good potency was

maintained which is likely due to pos sible halogen bond interactions.

In fact, studies in the medicinal chemistry field have shown that the inseftion o
halogen atomsould providetwo majorinteractionsto their target protein®® One

of the most recognisedteractionss the attachment of these bulky halogen atoms
could occupy all the active site of target pockets, resulting in superiorngndi
affinities totarget proteins. For example, nemonaprit®?), a chlorobenzamide, is

a potent dpaminergic antagonist. The removal of the chlorine in this drug was
found to be deleterious for the potency aeduceselectivity to the dopaminergic
receptors®* Another effect of halogen atoms is thbility to contribute an
intermolecular halogen bond in a fashion resembling the hydrogen bdhels.
formation of halogen bonds provides favourable electrostatcactions between

ligand and protein. For examplthe activity of4,5,6,7,-tetrabromobenzotriazole
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(193, an ATP competitive inhibitor of cyclin £DK2, was attributed tothe
305

involvement othreehalogen bondgFigure4-17(b)).

() (b)

Br

193

Figure 4-17 (a) Structure of nemonapride (192 and 4,5,§7 ;tetrabromobenzotriazole (193. (b)
The 2.2 A structure of cyclin ACDK2 in complex with the inhibitor 184. The inhibitor is shown
with three bromine halogen bonds to peptide carbonyl oxygens of the pfotein.

On the basis of these experimental results, it can be concluded that the presence of
methoxy groupin the 4position of Trf is essential for biological activity.
However, the methoxy group at-position of Tri is also tolerated Conversely,

Argyrin E which lackedf substitution on Trpshowed considerable lost activity.

Other derivatives lacking the methoxy group on“Tiisplayed less activityThe
activities shown by halogenated compounds8h 48c and 48d were not
significantly different, butveretypically 10fold less potent than that of argyrin A.

In summary, the above results clearly de monstrate that argyrin A which contains 4
methoxy group on Tfpdisplayed the greatest degree of potency within the nine
argyrin analogous. Bottliasteresomers of argyrin E which lack substitution on

Trp* displayed tb lowesiactivity.

4.7 Conclusion

A practical and robussolid-phaseapproach for the synthesis of argyrin A and
analogues thereofias been developed. The described approaehabled the
production oflinear precursors and the target cyclic peptides wahmeek. As a
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result, the synthesis of nine argyrin A derivativesorporatinga widerange of
functional group in anryptophanresiduewas achievedThe high efficiency and
reproducibility of thesynthetic approach coulek appliedor the synthesis of other
argyrin A analogues.

O Fmoc-Sar-OH (41)

Fmoc-Ph(Se)-OH (42) ‘

O O Cl 4 Fmoc-(R)-Ala-OH (@
-Ala-Ph(Sey” \/14 Q ®

Cl Fmoc-Gly-OH — > Boc-(R)-Ala-Thz-Trp-Trp(X)-Gly-(R)-
O Fmoc-Trp(X)-OH (43)
Fmoc-Trp-OH O

Boc-(R)-Ala-Thz-OH (44)

Route B Route A
(b)
/ “NH

NH HN
BocHN _>—NH HN

HN

40

189

‘ (b), (c)

RouteB d h k
X= 6-F 4-MeO (R)-Trp

Route A a b c e f g
X= H 5-Br 5-CI 7-Et 5-Me 5-MeO

Scheme4-4 Synthesis of argryin A and analogues thereof (48Reagents andonditions: (a}.
piperidine/DMF (1:4); ii.Fmoeamino acid, PyOxim or HATU, DIPEA;(b) TFA/DCM, H,O,
TIPS.; (c) PyBOP, HOBt, DIPEA,; (d) NalO,, CH;CN/H,0; ii. Ng,CO;, CH;CN/H,O; (e) NalO,,
DMF/H,0.

In summary, Fmo&ar @1) was chosen as thé-terminusamino acid residue
which was tetheretb the resin linke2-chlorotrityl chloride polystyreng¢40). All
subsequent amino acids, including FARRI{Se)OH (42), Fmoc(R)-Ala-OH,
Fmoc-Gly-OH, FmoeTrp(X)-OH (43), FmocTrp-OH and Boe(R)-Ala-ThzOH
(44) werethen coupled to the peptidyl resin using HAT(@76 or PyOxim
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mediated (179 carboxylactivationto afford resinbound linear peptidesvhich
wereuniversally deprotected and cleaved form the resin by asidolsing 50 %
TFA to affordlinear precurs@46 (Route A, Schemd-4). Cyclisation werethen
undertakeron high diluted solutios by treatment with PyBOP178), HOBt and
DIPEA to afford cyclic peptided7. RP-HPLC and MS cofrmed the success of
the cyclistion without oligomeric sideproducts being obseved. Finally,
conversion ophenylseleno moiety to tlexo methylenewvas achieved by oxidative
elimination. Preparativd&RP-HPLC was used to pifly the argyrin analogues in
purity of > 95% and overall yields of#1 % (Table4-5). As an alternativeon
resin oxidative elimination othe phenylselenocysteineesidue was evaluated
(Route B, Schemet-4). Unfortunately, he results showed that r&ignificant
improvements in yield were obtained in this approddble 4-4). However,this
approacHacilitatedan overall reduction of time and purification efforts required to
obtain the finadesiredproducts.

The purityand identityof nine synthesised argyrin analogues westablishedy
RP-HPLC, MS and NMR. The purity and yiefdllowing RR-HPLC purificaton
for each analogue asaimmaried inTable4-5. The successful synthesis of argyrin

A and eightanalogues therefore allowéat further structureactivity studies

The nine argyrin A and analogues described above were tested in a cell viability
assay. HCT116 human colon cancer cell line was chosen for piteiminary
cytotoxicity study. The cells were treated with nine argyrin analogues for TA2eh.
cytotoxic experiment was carried out using the MTT colorimetric assay. The
results indicated that the synthesised argyrin analogues exhibitgd/aBles in
nanomolar range. The two most potent argyrins, argyria8k)(and argyrind8g
possessed Gl values in 1.8 nM and 3.8 nM, respectively. It was found that
replacing the 4methoxy group witlother groups greatly reduced the potency. Such
results provide valuable evidence that the presence of the methoxy groug &n Trp

crucial for biological activities of argyrin.
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Table4-5 Argyrin derivatives synthesised and purified by RPHPLC with corresponding
isolation yields and purity.

# Sequence Cumullgtlve Puntgl tr GI50d
yie (%) (min)®  (nM)
(%) °
48a Cyclo[(R)-Ala*-ThZ-Trp*-Trp*-Gly*- 11 > 95 6.8 227+10.8
(R)-Ala®-Dhd-Saf]/ Argyrin E
48b Cyclo[(R)-Ala-ThzTrp-(5-Br)-Trp- 6 > 95 8.0 26141

Gly-(R)-Ala-DhaSar]

48 Cyclo[(R)-Ala-ThzTrp-(5-Cl)-Trp- 8 > 95 7.5 2013
Gly-(R)-Ala-Dha Sar]

48 Cyclo[(R)-Ala-ThzTrp-(7-Et)-Trp- 8 > 095 7.9 133191
Gly-(R)-Ala-Dha Sar]

48f Cyclo[(R)-Ala-ThzTrp-(5-Me)-Trp- 11 > 95 7.3 26+0.2
Gly-(R-Ala-Ph(Se)Sar]

48y Cyclo[(R)-Ala-Thz Trp-(5-MeO)-Trp- 4 > 95 6.5 38=*27
Gly-(R)-Ala-Dha Sar]

48d Cyclo[(R)-Ala-ThzTrp-(6-F)-Trp- 4 > 05 7.0 40+6.0
Gly-(R)-Ala-Dha Sar]

48h Cyclo[(R)-Ala-ThzTrp-(4-MeO)-Trp- 6 >90 6.6 1.810.6
Gly-(R)-Ala-Dha-Sar] / Argyrin A

48k Cyclo[(R)-Ala-Thz Trp-(R)-Trp-Gly- 16 >90 5.9 335%7
(R)-Ala-DhaSar]

& Cumulativeyield refers to the accumulation of individual yields from peptide assembly.
> peptide purity was determined from integration of HRPLC peaks.

“ RP-HPLC was performed on Onyx Monolithic analytical&lumn (100 x 4.6 mm)Eluent was
monitored by UV absorbance at 216 nm. Linear gradient w#&® 26 B overl2 min at 3 mL/min.

4 Concentration needed to inhiBtCT-116 cell growth by 50% as determined from the dose
response curve. Determinations were made at 6 different conicasirat argyrinausing MTT cel
proliferation assays
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Chapter 5
General conclusion and

further studies

Argyrin A is a cyclicoctgpeptidecomprisedof four natural amino acids and three
unusual amino acids. To date, the total synthesi@r@jfrin A and is analogues
have been ahieved bythree independentfboratories.n 2002, Ley et al. first
described a total synthesis of argyrin B in 17 sté&fter argyrin A was identified
as a potent proteasome inhibitor by Nicke&i@al.in 2008, this natural @arring
cyclic peptide has attracted the attentiorcbémistsand biologists Preliminary
studies also demonstrated that the dehydroalanine ameétlbxytryptophan
residues in this sequence are essential for their biological activitiesder to
understand the struae-activity relationships othis complex moleculeBbvlow et
al. synthesised argyrin F ari$ eightGly>-modified analogues Wu et al.further

modified the convergent stratedy achieve thdotal synthesis of argyrin A and
E.152
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However,the complexity of these syntheses limits both its availability and the
scope for preparing structural analoguesthis thesis, the synthesis of thresy
unusual amino acid building blocks of argyrin A has been established, in particular
a novel generic route for the synthesis of optically pNrEmoc tryptophan
analogues Additionally, the first soliebhasebased synthesis of the cyclic
octapeptide asgin A and analoguethereofwas alscestablishedThis solidphase
strategyenabled therapid and efficient synthesis of varioasgyrin analogues.
Therefore, egyrin analogues obtained by this strategy provide valuable SAR

concerning the key role playést the methoxy group in Tfp

5.1 Synthesis of(S)-tryptophan and analogues

The development of a novel synthetic route for the synthedis~ohoc tryptophan
analogues provided key building block necessaigr the synthesis of argyrids
outlined inSchemeb-1, a series of Fmoc tryptophan derivativiswere obtained

from the corresponding indold® in eightsteps.

Commercialy available indole 49 were subjected to Vilsmeier formylation to give
aldehydes 50, which werethen homologatedia Wittig reactionfollowed by acid
hydrolysis ofthe enol ether intermediad¢o afford aldehyde51. A practical one
pot diastereoselective Strecker amino acid synthasisga chiral auxiliary amine
in the presence of sodium cyanitled to the straightforward synthesid a
diastereoisomeric mixture oK) and R R) a-aminonitriles52in 3:1 ratio.For the
nonhalogen substituted inddge (R)-2-phenylglycinol (R* = OH, R” = H) was
used as a chiral auxiliary. In contra&iy the chlorine and bromine substituted
indoles, 4methoxya-methylbenzylamine(PMB) (R = H, R”"= OCH;) was

introduced as a chiral auxiliargagent

A number of acict and basic conditionsvere found to be unsuccessful in their
ability to effect hydrolysis oAmino nitriles 52 to amino amide 53; decomposition
was the main observatioihus, he mild peroxide hydrolysis was employed for
the conversion of acid labile a-aminonitriles 52 to the corresponding o-amino
amides 53. Consequeniseparationof the desired(SR) a-aminoamides 54 was

readily achieved bgilica chromatographpr RP-HPLC.
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o H
a H b @]
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R@ N S\ R p
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N
H H H
49 50 51
(@]
CN NH,
R R
d, e A HN
e e _de | N
LA ~N Z N
H H
52 R" 54 R"
Q COOH COOH
NH,

NH NHF
f1 or f2 S\ NH; g9 N 2 h N moc
— R R — R

Z~N Z N N
H H H
55 56 43
a b c d e f g h
R = H 5-Br 5-Cl 6-F 7Et 5-Me 5-MeO 4-MeO
R = OH H H OH OH OH OH OH
R" = H OCH; OCH; H H H H H

Schemeb-1 Synthesis Fmodryptophan derivatives @3); Reagents and condition&) POC),

DMF, 0 °C then 45 °C; (b) i. RACH,OCH;, n-BulLi; ii. HCI, THF, reflux; (c) Chiral auxiliary,
NaCN, AcOH, MeOH; (d) KD, NaCO;, DMSO; (e) Recrystallsationor HPLC; (f1) Pd/ C,
NH,HCO,, MeOH, reflux;(f2) TFA, TIPS, 60 °C; (g) 1 M HCI, reflux; (h) Fme@Su, NaHCGQ,

THF/H,O.

Having obtained the desirediastereomerigure (SR) a-amincamids 54, the
chiral auxiliary wasremoved by two difference conditions: For thenhalogen
substituted aminoamidg$4a, d-h), removal of theN-benzyl group was achieved
by catalytic transfer hydrogenation to affofg-tryptophanamide derivative$5.

In contrast, for thehlorine and bromine substituted aminoa mi@@4b and 540,
removal of the PMB group was achievad TFA-mediated acidolysisSubsequent
hydrolysis of (§-tryptophan amide derivatise55 to the correspondindS)-
tryptop harderivativess6 was accomplished in good yield (> 80 %) by refluxing in
1 M aqueoushydrochloric acid without causing decompositiGinally, the N-
terminal of amino acislwas protected with Fmoc to affoAB whichweresuitable

for the Fmoc solid phase peptide synthesis.
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The method described above was used for the synthesis of eighitfyptop han
derivatives with a broad range sdibstitutions in the indole ring. The overall yields
over this eighstep synthesis rangddom 2 to 5 %. The low yield wadue to
sensitivity of indole moiety, especiallfor the indole with electrodonating

substitutions.

In summary, a new generic methfor the synthesis of optidalpure N-Fmoc-
tryptophan derivatives was established. This method emplogegpensive
commercialy available reagents, and avoidasing expensive chiral auxiliaries or

resolving reageat

5.2 Synthesis oN-Boc-(R)-Ala-Thz-OH

The second unusual building block for the total synthesisargiyrin A is the
thiazolecontaining dipeptide. Therefore N-Boc-(R)-Ala-ThzOH dipeptide
building block @4) was obtained using known procedurAs depicted irscheme
5-2, N-Boc-(R)-Ala-ThzOH (44) was prepared in four steps starting frdlnBoc-

(R)-Ala-OH.

XOIH%OH a XO\H/H\HLNHZ b XOIH%NHZ

0
57 58
S S
H
¢ XOTN\(Q\NOE d ><O\”/H \‘/Q\NOH
) o 0 O
59 44

Schemes-2 Synthesisof N-Boc (R)-Ala-Thz-OH (44); Reagents and conditions: (a) DCC, HOBt,
NHs;, CH,Cl,, 0 °C; (b) Lawesson’s reagent, THF, 0°C; (BrCH,COCQEt, KHCO;, DME, -15°
C;ii.TFAA, 2, 6-lutidine, DME,-15°C; (d) LiOH, THF/ MeOH/ HO, room temp.

The key synthetic strategy of thiazole unit was achieved by using a modified
Hantzshthiazole formation. Thioamide 68 was cyclised using ethyl
bromopyruvate to afford thiazoline intermediate, followed by treatnoétFAA

and 2,6-lutidine to give the desired thiazole dipeptide.
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The overall yields over this fougtep synthesis ranged from 26 to 30 The
characteriation data of the thiazole dipeqi¢i 44 was identical to that reported in
the literaturé™® In addition, the specific rotation obtained &4 indicated that
thiazole formation occurred without racemisation. The optical purfitddowas
further confirmed by théMosher’s method. However, further modification of the
thiazole subunit to oxazelderivative was unsuccessfuljedb the epimerisation

during the cycliation step

5.3 Synthesis of Fmoc-phenylselenocysteine, adehydroalanine

precursor

The third building blocknecessary for the total synthesis afjyrin A is the
dehydroalanine precursorphenylselenocysteinelt has been described that
phenylselenocysteine can be incorporated into growing peptide \ahastandard
Fmoc SPPS proceduf®. Therefore, Fmoc protected phesglenocysteine was
chosen as anasked precursor to the labile dehydroalarbnéding block As
outlined in Scheme5-3, Fmoc-phenylselenocysteined?) was prepared in four
steps starting frorN-Boc-Serine.

0
H o) O
H H
o_nN_M a o. M b
o_ _N
RO o RO <O o
TOH o O  ~seph
64 65
0 H O
C
RN o, Fmoc N~ on
Sseph “SsePh
66 42

Scheme 5-3 Synthesis of a dehydroalanine precursor, Fmoc-phenylselenocysteine(42).
Reagents and conditions: (a) DEAD, RPAHF, -78 C to room temp (b) PhSeSePh,
NaBH(OMe}, EtOH, room temp(c) TFA/DCM, room temp (d) FmocOSu, NaHC@, THF/H,O,
room temp.

N-Boc-Serine was firstly converted to its B-lactone (64) via intramolecular
Misunobu reaction. This was followed by ring opening with phenylselenide anion

which was generated by the reaction of diphenyl diselenide with sodium
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trimethoxyborohydride. The resulting Bacotecteds5 was converted to its Fmoc
derivatives4?2 via standard conditions.

The overall yields over this fowstep synthesis ranged from 35 to 40 %%he
spectroscopic data of tHe-Boc-phenylselenocysteinegg%) was identical to that
reported in the literatur€? It should be notechiat Fmoephenylselenocysteind?)

is stable to storage at room temperature without noticeable decomposition over at
least several month&Jnmasking of the dehydroalanine byidative elimination
would be carried out in the ultimate step of the synthesis of argyrin.

5.4 Fmoc solidphase synthesis of proteasome inhibitors argyrin A

and analogues thereof

Having obtained the thraeniqueamino acid building blocks, the work continued
with the synthesis the cyclic peptide argyrin A. As outlinedsame me5-4, the
strategy involved=moc solid phase peptide synthesis #nd solutionbasedhead

to-tail cyclisation.

Fmoc SPPS was used for the synthesis of the linear argyrin precusm@esite
was chosen as tl@-terminal end to attach tihe resin linker Zhlorotrityl chloride
polystyrene 40). Having determined the resin loadiradl subsequent amino acids
were coupled to the peptidyl resin manually. Sequential acylation reactiores we
carried out using appropridyeN-protected amino acid®|-Fmoc amino acids (3
eq.) and carboxyhctivating reagent PyOxim or HATU-{8eq.)in the presence of
DIPEA (6-8 eq.).RepetitiveN-Fmoc deprotection was achieved by using 20/%o
piperidine in DMF.
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O Fmoc-Sar-OH (41)
Fmoc-Ph(Se)-OH (42) O
® Q Cl 4 Fmoc-(R)-Ala-OH ()
Cl Fmoc-Gly-OH ———— Boc-(R)-Ala-Thz-Trp-Trp(X)-Gly-(R)-Ala-Ph(Sey” \/[( Q Q)
O Fmoc-Trp(X)-OH (43)
Fmoc-Trp-OH O

Boc-(R)-Ala-Thz-OH (44)

Route B Route A
(b)
/ NH
|

40

N \
S/\>—/< J\—NH HN o Q Q 7 NH
BocHN N HN }NH HN % O =
o o]
— O O - 00 /
HN S\/\>—{ }NH HN — J\—N OH
189 TFAHN- SN HN—, }NH HN—

7 (o] '; o]
- Se
HN
‘ ®), © " @

Route A a b c e f g RouteB d h k
X= H 5-Br 5-CI 7-Et 5-Me 5-MeO 6-F 4-MeO (R-Trp
Yield
(%) 11 6 8 8 11 4 4 6 16

Schemeb-4 Synthesis of argryin A andanalogues thereof (48)Reagentsaind conditions: (a)
piperidine /DMF (1:4); ii.Fmocamino acid, PyOxim or HATU, DIPEA;(b) TFA/DCM, H,0,
TIPS.; (c) PyBOP, HOB, DIPEA; (d) NalO,, CH;CN/H,O; ii. Na,COs, CH;CN/H,O; (e) NalO,,
DMF/H,0.

In route A,the assembled5wereuniversal deprotected andeaved form the resin
using 50 %v/v TFA in DCM. Subsequent cychsionin high diluted solutiorfor 3
days results in the cyclic peptglel7. Finally, oxidative elimination of the
phenylselencysteine residugo excmethylene afforded the final argyrin and

analogues thereof in an overall yield e1 4 %.

Alternatively, in route B,mstead of releasing the linear precursar &l ution after
peptide assembly, emesin oxidative eliminatiorwas employed to afford180.
Subsequent cleavagd the resin followed by cyclaionin high diluted solution

resulted in the final argyrin analoguesan overall yield of 4.6 %.
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In summarythe first solidphasebased synthesis of the cyclic octapeptide argyrin
A and analogues was establishétbwewer, both route A and route B gave
relatively low vyields. Nevertheless, the purity and quantity achieved after
preparative HPLC were suitabller preliminary biological test. All synthetic

argyrin analogues were charactedsy MS,'H and 2D COSYNMR spectometry

5.5 SAR study of argyrins

Synthetic argyrin A, argyrin E and seven novel argyrin analogues wegd tast
cell viability assayusing HCF116 human colon cancer cell line. The obtaineg) Gl

values are listed in Tabk 1.

Table 5-1 Inhibition of HCT-116 cell proliferation by argyrins.

# Argyrin analogues Glgo (NM) @
48a Cyclo[(R)-Ala*-ThZ-Trp*-Trp*-Gly>-(R)-Ala®-Dhd-Saf] / Argyrin E 227+10.8
48b Cyclo[(R)-Ala-ThzTrp-(5-Br)-Trp-Gly-(R)-Ala-Dha Sar] 26141
48c Cyclo[(R)-Ala-ThzTrp-(5-Cl)-Trp-Gly-(R)-Ala-Dha Sar] 20%+13
48 Cyclo[(R)-Ala-ThzTrp-(7-Et)-Trp-Gly-(R)-Ala-Dha Sar] 133+91
48f Cyclo[(R)-Ala-ThzTrp-(5-Me)-Trp-Gly-(R-Ala-Dha Sar] 26+0.2
48y Cyclo[(R)-Ala-ThzTrp-(5-MeO)-Trp-Gly-(R-Ala-Dha Sar] 38127
48d Cyclo[(R)-Ala-ThzTrp-(6-F)-Trp-Gly-(R-Ala-Dha Sar] 40+6.0

48h Cyclo[(R)-Ala-ThzTrp-(4-MeO)-Trp-Gly-(R-Ala-Dha Sar] / Argyrin A 1.8t0.6
48k Cyclo[(R)-Ala-ThzTrp-(R)-Trp-Gly-(R-Ala-Dha Sar] 335%7

Bortezomit® 25408

& Concentration needed to inhibit cell growth by 50% as determined from teeesmense curve.
Determinations were made at 6 different concentrations of argysing MTT cell proliferation
assays

® This clinically usedirug was purchased from SigrAkdrich.

The results shoed that most synthe argyrin derivatives displayedrowth
inhibitory effects on HCI116 human colon cancer cell line at nanomolar

concentrations. These results are comparable to that reported by Niekalkit
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has been proposettiat thecytotoxic effect is due to inhibition of proteasomal
activity. Among the nine argyrins, argyrin A whiclomprised 4methoxyTrp*
displayed the greatest activity witslso value at 1.8 nM. Significantly, a
comparable Gy value wasobservedfor argyrin 48g which indicate 4methoxy

group on Trpis tolerated at the-position.

However, other derivatives lacking the methoxy group on' Hipplayed less
activity; the activity shown by halogenated compouaéb, 48c and48dwerenot
significantly different, but waslOfold less potentvhen compared witargyrin A.

Both isomers of argyrin E which lack substitution on*Tdisplayed lowactivities.

In summary, the preliminary cytotoxicity study of argyrin A and analogues
confirmed that a methoxy goup at 4 or 5-position of Trp* showed the best
cytotoxic activity. This finding is in agreement with the hypothesigt the
methoxy moiety of Trbis required to forma hydrogen bonavith the active sitef
proteasome. Such result providealuable infomation with respect to structure
activity relationship studies.

5.6 Further studies

The major goal of this theswas the total synthesis of argyrin A andnalogues
thereof Thishas beemchievel by developing a generic route to the synthesidlof
Fmoc tryptophan analogues whishrequired for the angin synthesis. In addition,
a convenient and efficientnethodology tosynthesiseargyrin A has been
established.

The ultimategoal of this projectvasto derive a library of rationall designed
analgues of argyrin Alt is clear now thaargyrin A and the eight analogues
thereof havalisplayedanti-proliferative effect against HGI16 tumour cell linelt

is envisagedthat these compounds willlso show cytotoxicadivity on other
human tumour cell lines. Thugyrther workin evaluating theébiological properties
would include (1) screeningof a wider panel of human tumour cell lines against
argyrin analogug to determine the sensitivitgf individual cell line to the
treatment of argyrin analogueand (2) ¢sting whethethe cytotoxic effectis due

to proteasome inhibition.
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Besides HCT116,a variety of cell lines, such &WN480 (colon adenocarcinoma),
A549 (lung cancer)MCF7 (breast cancerHela (cervical cancerand human
fibroblastcell lines could be testd against thenine synthetic argyrin analogues.
The preliminaryfindings reported byNickeleit et al. suggested that all these cell
lines are sensitive to argyrinwith ICso values in the low nanomolar rangeAs
revealed bythe measurement of the sibkl DNA fraction in flow cytometry
histograms, Hey suggestedthat argyrin A exhibits two different cellular
phenotypes.Primary human fibroblast and A549 cells ceased to proliferate,
whereas WS480, MDF7 and Hela cells underwent apoptésigher timecourse
experimerd with these cell lines found that argyrin A treatment resulted

stabilisation otellular p27 levels by preventing the turnover of the pratein.

Thus in orderto determine ifproteasome inhibition is responsible for tykotoxic
effect of argyrin A and analoguest is crucial to establish theirproteasome
inhibitory activity. To date, there are two available methodstmitor prateasome
activity. One utilisedpurified human 20S proteasome from cell lysaté<0S
proteasomencubated with the argyrin analogues, ahé CT-L, C-L and T-L
activities of proteasoe could bemeasured using fluorogenic peptide substrates
specific for the three catalytsubunitsThe increase in fluorescence is proportional
to the remaining proteasome activityhe othermethod isto assesgproteasome
activity in whole cells using sitepecific proteasome probé8® Experimentsare
conducted using cefpermeable fluorophorelabelledproteasome inhibitors which
specifically bind to andventuallylabel the active sites of the proteasomée
amount of fluorophore generated is proportional to the remaininggsmine
activity.

In addition to the biological studigesfurther investigation into the structural
modification of tke other amino acid residuesill be undertaken.Having
established the SPPS of argyrintAe mainefforts towards the total synthestd
argyrin analoguesare the preparation of thwree unusual amino acid building
blocks. Thus, a possible avenue for furtheestigation is to simplify the structure

of argyrin Awithout compromising biological activities.

Since the methoxy group in Trpwasfound to be crucial for the biagical activity

of argyrin A, the firstogical pragression igshe synthesis ab-methykTyr*-argyrin
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194and195, in which the 4methoxytrypop harresidues respectively replaceoly
the O-methyl tyrosineand O-methy-m-tyrosine(Figure5-1).

7 %N ﬁ@%

N
H H

R = H, NO,, halogen 195

194

Figure 5-1 Chemical structure of two proposedO-methyl-Tyr %)-argyrin analogues.

It is anticipated that tlsesanabgues would preservehe aryl methoxy group and
physicochemical propertiesf the aromatic sidehain. The use of tyrosine as a
Trp-mimetic residueis not only to avoid laborious preparation ofryptophan
derivatives, but alsto facilitate the derivatisation af-hydroxyphenyl side chain
into a variousdifferent functional subsitutions which are deemedsuitable for
further SAR studies

Having exanmed the structuraimodifications of the unusual amino acid 4
methoxy Trp?, attention coulchow befocused oroptimisation ofthedipeptide R)-
Ala-ThZ-OH. The computational docking studies afgyrin A bound to the
proteasomeevealed thathe threeactive sites oproteasomaverenot involved in
any interactiorwith the dipeptideparticularlywith the thazde moiety> In order
to test this hypothesis and samplify the synthesisanalogue 196 and197 canbe
respectivelyprepared using Afaand Dha’ in place of the THzresidue This
modificationis not expeatddto change the conformation of the argyrin backbone

significantly.
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Based on previous SAR studie®sance of thelehydroalanine residugisplayed
significanty less activity due to reduction of confor mational rigiddfythe peptide
backbone>> Neverthelessas reported in the thesisjehydroalaninemoiety is
stable in 50 % TFA acidolysis and other basic conditions during peptide coupling
processes, it ithereforeenvisionedthatit might not be necessary to prepafFemoc
phenylselenocysteine as mecursor.Thus an efficient method of introducing
dehydroalanine into argyrin could be achieved using F&benzylcysteineX98),
followed by oxidation and elimination to yield tBéna’ residue®’

The proposed methoébr the synthesis of Dhais outlined in Schemes-5.
Sequential coupling of seven amino acid building blocks githld onresin linear
precursorwhich isthensubjectedo oxidationof the side chain oS-benzl-Cys’,
followed by elimination, tojield the linear argyriri99. Subsequent cleavag@m
resin followed by cyclisatiom high diluion affords argyrin AThe advantages of
usingthis strategy arg(1l) FmocS-benzylcysteine(98) is commercially available,
(2) Sbenzylcysteine is stabla standard Fmoc deprotection conditions and (3) itis

less toxic than selengsteine

O
ancHN\/JtOH

BnS/

198
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O Fmoc-Sar-OH
Q Fmoc-S-benylcysteine (198)
) cl O
+ Fmoc-(R)-Ala-OH (a) N ) 3 P 6 N
cl Fmoc-Gly-OH ———— Boc-(R)-Ala*-Thz*-Trp°-4-MeO-Trp*-Gly°-(R)-Ala®>-S-benyl|-Cys \/[40
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Fmoc-Trp-OH
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Scheme5-5 Proposeal schemefor the synthess of argyrin A utilising N-Fmoc-S-benzylcysteine
(198 as a dehydroalanine precursor.Reagents and conditions: (i)Piperidine /DMF (1:4);
ii.Fmoc-amino acid, PyOxim or HATU, DIPEA;(b) i. mCPBA, DCM, 0 °Cii. DBU, MeOH or
dioxane, reflux(c) TFA/DCM, H,O, TIPS;(d) PyBOP, HOBt, DIPEA.

As illustratedin Chapter 33, several attemptsf obtainingthe dipeptide analogue
(R)-Ala-oxazolesuitable for SPPSvere unsuccessful, yielding a racemic mixture
of (R)-Ala-oxazole and $-Ala-oxazole. 1 is deemednecessary either toptimise
the corditions of the describegrocessesr to investigate different approachAs

an alternative approachixazole derivativesould be accessed following a esiep
oxazole synthesisestablished by Williamset al.3® They utlised his(2-
methoxyethyl)aminosulfur trifluoride (DeoxoFluor) (200 for the cycle
dehydrative conversion of B-hydroxy amides to oxazole derivatives with no
evidence ofepimerisatiori’® Optically pure R)-Ala-oxazoleOEt thereforecould

be synthesised followingéhproposed synthetic route shown in Scheme 5-6.
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0 HO g°
o H a o H OEt
+
OEt
Lo IS OED!
0
148
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b OTH\(L\N\ COOEt SFs
. Ny
X S HaCO™ """ 0CHs,
146

Scheme5-6 Synthesis 0fN-Boc(R)-Ala-oxazole OEt (146)via Mitsunobu reaction. Reagents
and conditions{a) DCG HOBt, DIPEA, DCM; (b)200, -20 °C; then BrCC{, DBU, 23°C, 8 h.

As shown aboveN-Boc-(R)-Ala-OH is first coupkedwith serine ethyl ester under
standard conditions to give the amitié8 Subsequenfluorination with Deoxo
Fluor (200) at-20 °C followed by oxidationgivesthe desiredR)-Ala-oxazole OEt
146. The significanceof this approach is the cyclisation and the oxidation
performedunder mild conditionsavoiding the potential epimerisation and hence

giving a high optical purity (e.e. > 97 %) and good vields (> 66%5).

In conclusion,the SPPS strateggstablishd in this thesishas given access to

argyrin A and a wide range ahalogues.
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Chapter 6

Experimental

6.1 Materials and instrumentation

Reagentsvhich were used in the experimemigreobtained from Sigm&ldrich,
Fisher scientific, Acros and TCR-Chlorotrityl chloride resis were purchased
from Novabiochem (10@00 mesh, 1% DVBpading 1.2 mmol /g Thesilica gel
(sorbsif’, Group Rhone Poulene, UK) or ISOLUYTEcaffold (international sorbent
technology, UK) were used fohe column andlash chromatography respectively.
Dried solverd such as DME, ethanol an@HF, were used as suppliedAll

glassware was ovetried overnight prior to usd.LC was carried out on Merck 60
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F254 silica gl plates and visualised byMUrradiation 254 nm or by staining with
KMnQ,4 or ninhydrin solutionf appropriate.

The identification of the prepared compound was doyeusing melting point
apparatus, infrared spectraglarimeter nuclear magnetic resomze spectra and

mass spectroscopy.

Melting poirts were measured on a Gallenkamplting point apparatus and are
uncorrected. Infrared spectra were obtained framAeatar 360Nicolet FT-IR
spectrghotameter in the range of 406800 cm' using KBr discs Absorption
maxima (vma,) are reported iwave numbergcm?). Only signals representing
functional groups are reported. Absorptions from the fingerprinbnegre not
listed. Optical rotations were measured om ADP220 model polarimeter. [a]p

values areeported in 18deg. crif. g%, concentrationd) is in gram per 100 mL.

Proton nuclear magnetic resonanéé’), carbon nuclear magnetic resonang&)(

and fluorine nuclear magnetic resonande™) spectra were obtainedt room
temperatureon a Bruker 400 Ultrashieldoperatingat 400.13 MHz, 101.6XHz

and 40013 MHz, respectively. Deuterated solvents used waaterium oxide
CDCl;, acetoneds;, CD;OD and DMSQGds. Chemical shifts ) were recorded in
ppm relative to TMS and coupling constantd) (were recorded in Hz.
Abbreviatiors used in the description of spectra are: s, singlet; d, doublet; t, triplet;
q, quartet and m, multipletH and**C assignments were typically achieveéhgs
COSY, HSQC, DEPT 90 & 133Vass spectra @&rerecordedon aWaters 259
spectrometer with bottihe positiveand negative electrospray ioat®n.

Analytical reversephase high performance liquid chromatography-tFR.C) was
performed on an Onyx monolithi€,s column (100 x 4.6 mm) at 3.0 mL min
Eluent detection was mdored by UV absorbance at 214 nm. SolvAnivas 100
% water + 0.06 % TFA and solvddtwas 80 % aqueowetonitrile+ 0.06 % TFA.
Preparative RFHPLC was performed on an Onyx monolitigs semtpreparative
column (100 x 10 mm) at 9 mL min

Peptide synthesis was carried out usmdNOVASYN® GEM manual peptide
synthesiser with DMF to remove excess amino acid and coupling redgeats
deprotectiorwasachievedoy 20 % piperidine in DMFE The reaction progressas
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monitored by UV absorbance at 34nm. N-Fmoc deprotection profiles were
recorded usg a LKB Bromma 2210 recorder.

6.2 Experimental for Chapter 2

6.2.1 Preparation of indole-3-carbaldehyde derivatives

General procedure for the preparation of 6-fluoro-1H-indole-3-carbal de hyde
(50d)

Phosphoryl chloride1(2 mL, 13.4 mmol) was added dropwise to dry DMF (10 mL)
at 0 °C. The mixture was stirredrf@0 min. Then the solution offfuoroindole

(1.2 g, 9.0 mmol) in DMF (8 mL) was added dropwise to the mixture. The solution
was heated to 45 °C and was stirred for 2 h. The reaction was poured onto ice water
(50 mL), extracted with BED (2 x 30 mL). The aqueous layer was treated with 1 M
NaOH to pH= 9 and extracted with EtOAc (2 x 50 mL). Theganic layersvere
combined, washed with brine, dried and concentrated to Sk as yellow
crystak (0.9 g, 66 % yield) m.p. 17478 °C; R = 0.2 (Hexane/EtOAc, 2:1); IR
(KBr): v = 2933, 1641, 1530, 1448, 1149°tH NMR (400 MHz, acetone): 0
=7.08 (td,J =8, 2 Hz, 1H, H5 or H7), 7.31 (ddJ =8 ,2 Hz, H5 or H7), 8.22
(dd,J =8, 2 Hz,1H, H4), 8.24 (s, 1H, F2), 10.03 (s, 1H, CHO), 11.28 (br, 1H,
NH) ppm.**C NMR (100 MHz, acetoneg): § = 98.46 (d,J = 26 Hz, CH), 110.41

(d, J = 24 Hz, CH), 119.08 (C), 121.19 (C), 122.42 Jd; 10 Hz, CH), 137.85
(CH), 159.18 (C), 161.54 (C), 184.43 (CHO) ppm; M8/z (+ESI) calcd for
CoH-FNO 164.0512, found 164.0430 [MH

7-Ethyl -1H-indole-3-carbalde hyde (50e)
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Q

A\

Iz

Procedure as described in the general procedure phogphoryl chloride (1 mL,
10.9 mmol), fethylindole (1 mL, 7.3 mmol) and DMF (8 mL) ga%6e as brown
powder (1.1 g, 95 % vyield) m.p. 92-94 °R;;= 0.2 (Hexane/EtOAc, 2:1). IR (KBr):
v = 3166, 3054, 1628, 1456, 1228 &nH NMR (400 MHz, CDC})): 6 = 1.38 (t,J

= 7.5 Hz, 3H, CHCHs), 2.98 (q,J = 7.5 Hz, 2H, CHCH,), 7.18 (d,J = 7 Hz, 1H,
H-5 or H-6), 7.29 (tJ = 7 Hz, 1H, H-5 or H-6), 7.90 (d,= 1 Hz,1H, H-2), 8.19 (d,
J =7 Hz, 1H, H4), 9.95 (br, 1H, NH), 10.05 (s, 1H, CHO) pphC NMR (100
MHz, CDCl): ¢ = 14.11 (CH), 23.97 (CH), 119.33 (C), 119.70 (CH),
123.06(CH), 123.36 (CH), 127.63 (C), 135.91 (C), 136.31 (C), 146.54 (CH),
185.68 (CHO) ppm.MS: m/z (+ESI) calcd ér CH;,NO 174.0919, found
174.0805 [MH].

5-Methyl-1H-indole-3-carbalde hyde (50f)

Q

A\

N
Procedure as described in the general procedure phogphoryl chloride (1 mL,
11.3 mmol), Smethylindole (1 g, 7.58 mmol) and DMF (10 mL) gabd®ef as
yellow crystas (0.8 g, 65 % yield) m.p. 150- 151 °R= 0.2 (Hexane/EtOAc, 2:1).
IR (KBr): v = 3214, 1636, 1437, 1388 ¢m'H NMR (400 MHz, acetoney): J =
2.45 (s, 3H, CH), 7.12 (ddJ = 8, 2 Hz, 1H, H-6 or H-7), 7.44 (dd= 8 ,2 Hz, H-
6 or H7), 8.06 (dJ = 2 Hz, 1H, H4), 8.15 (s, 1H, k), 10.02 (s, 1H, CHO),
11.08 (br, 1H, NH) ppm**C NMR (100 MHz, acetondg): 6 = 20.71 (CH),
111.74 (CH), 118.90 (C), 121.11 (CH), 124.92 (C), 125.12 (CH), 131.47,(CH)
135.72 (C), 137.20 (C), 184.39 (CHO) ppm. Mf¥z (+ESI) calcd for GH;o0NO
160.0762, found 160.0667 [MH
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5-Methoxyl-1H-indole-3-carbalde hyde (509)

o

HsCO
N
H

Procedure as described in the general procedure pkogphorylchloride (2.87

mL, 30.6 mmol), Bmethoxylindole (3 g, 20.4 mmol) and DMF (10 mL) g&8y

as yellow crysta (1.9 g, 54 % vyieldm.p. 179183 °C;R = 0.2 (Hexane/EtOAc,

2:1) IR (KBr):v= 3170, 1641, 1432, 1263, 790 ¢mH NMR (400 MHz, CDC)):
0=3.89 (s, 3H, OCh), 6.95 (ddJ =7, 2 Hz, 1H, H-6), 7.34 (d,= 7 Hz, 1H, H-7),
7.78 (s, 1H, H2), 7.79 (d,J = 2 Hz, 1H, H4), 9.99 (s, 1H, CHO) ppmC NMR

(100 MHz, CDC}): § = 55.81 (OCH), 103.11 (CH), 112.50 (CH), 114.83 (CH),
119.42 (C), 125.23 (C), 131.60 (C), 136.31 (CH), 156.57 (C), 185.23 (CHO) ppm.
MS: m/z(+ESI) calcd for GH10NO,176.0712, found 176.0650 [MH

4-Methoxyl-1H-indole-3-carbalde hyde (50h)

Q
H3CO H

N
N
H

Procedure as described in the general procedure pisasghoryl chloride (0.9 mL,
10.2 mmol), 4dmethoxylindole (1 g, 6.8 mmol) and DMF (10 mL) gédM@h asa
yellow powder (0.8 g, 70 % yield) m.p. 148-150 ¥ 0.2 (Hexane/EtOAc, 2:1).
IR (KBr): v = 3250, 1642, 1361, 1323, 790 ¢nTH NMR (400 MHz, CDC}): 6 =
4.01 (s, 3H, OCh), 6.77 (ddJ =7, 2 Hz, 1H, H6), 7.19 (dJ = 7 Hz, 1H, H7),
7.19 (s, 1H, H-5), 8.04 (s, 1H, H-2), 10.51 (s, 1H, CHO) pP&NMR (100 MHz,
acetoneds): 0 = 54.81(OCH), 102.09 (CH), 105.67 (CH), 116.16 (C), 119.08 (C),
123.73(CH), 128.45 (CH), 138.22 (C), 154.43 (C), 186.72 (CHO) ppm. MZ:
(+ESI) calcd for GgH1oNO, 176.0712, found 176.0672 [MH
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1-Methyl-indole-3-carbaldehyde (50i)

@)

4
4

5 a 1\2

7a N\
Procedure as described in the general procedure pisasgphoryl chloride (2.6nL,
23 mmol), tmethyindole (1 g, 7.4mmol) and DMF (10 mL) gav&0i as purple
crystak (2.07 g, 83% vyield), m.p. 6770 °C; R = 0.2 (Hexane/EtOAc, 2:1); IR
(KBr): v = 3438, 1640, 1535, 1381, 1074tmH NMR (400 MHz, CDC)): ¢ =
3.66 (s, 3 H, Ch), 7.27 (m, 3H, b, 6, 7), 7.46 (s, 1H, 12), 8.27 (ddJ=7.2, 1
Hz, H4), 9.84 (s, 1 H, CHO) ppm®C NMR (100 MHz, CDGJ)): § = 33.51 (CH),
110.04 (C7), 117.78 (€3), 121.78 (&4), 122.82 (€5), 123.93 (G6), 125.07 (€
4a), 137.83 (C7a),139.81 (G2), 184.46 (CHO) ppmMS: m/z (+ESI) calcd for
C,0H10NO 160.0762, found 160.0650 [MH

2-Methyl-1H-indole-3-carbalde hyde (50j)

@)

A\
N
H

Procedure as described in the general procedure using phosphoryl cfidridg.,
22.8 mmol), 2methylindole (2 g, 15.2 mmol) and DMF (10 mL) gab@ as a
brown powder (1.8 g, 7% yield) m.p. 204205 °C;R = 0.2 (Hexane/EtOAc, 2:1);
IR (KBr): v=3267, 1636, 1469, 1378, 1243 ¢rtH NMR (400 MHz, CDC}): 6 =
2.77 (s, 3H, CH), 7.28 (m, 2H, H-5, 6), 7.35 (dd, 18= 7.2, 1 Hz, H-7), 8.27 (dd,
J=7.2,1 Hz, H4), 8.70 (br, 1H, NH), 10.22 (s, 1 H, CHO) ppHC NMR (100
MHz, CDCk): ¢ = 12.28 (CH), 110.65 (CH), 114.83 (C), 120.88 (CH), 122.82
(CH), 123.46 (CH), 126.0{C), 134.91 (@, 146.54 (C), 184.58 (CHO) ppmiS:
m/z(+ESI) calcd for GH1oNO 160.0762, found 160.0592 [MH
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6.2.2 Preparation of 2-(2-hydroxy-1-phenylehtylamino)-3-(1H-

indol-3-yl)propanenitrile derivatives

General procedure for the preparation of 2-(2-hydroxy-1-phenyle htylamino)-
3-(1H-indol-3-yl)propanenitrile (52a)

H CN
OH
\ 0 N HN
51a 52a

A white suspension of (ethoxymethyl)triphenylphosphonium chloride (2.3 g, 6.9
mmol) in dry THF (18 mL) was cooled to 0 i@der nitrogen, antteated with 2.5

M n-butyllithium in hexane(3.3 mL, 8.28 mmol). Theeaction was stirred for 15
min then50a (500 mg, 3.45 mmol) in dry THF (15 mkyas added and stirred at
room temperature for 2 Hexcessbutyllithium was quenchedby addinga few
dropsof MeOH. The mixture was acidified with 3 M HCI to pH7= The solvent
was removedn vacuo The residuavas partitionedetweerEtOAc (100 mL) and
brine (100 mL). The organic layer was dried and concentrated.rdhdtant
residue was subjected to colurmhromatography (hexane/EtOAc, 1:1) to afford
the enol ether intermediate. The enol ether intermediate waseguently treated
with THF (18 mL) and 1M HCI (12 mL). After beg heated at reflufor 3 h, the
solution wascooled angartitioned between ED (80 mL) and brine (80 mL). The
organic layer was dried and concentrated to affdwal

(R)-2-phenylglycinol (449 mg, 3.3 mmol) and acetic acid (372 pL, 6.57 mmol) was

added to aolutionof 51a (435 mg, 2.74 mmol) in MeOH (20 mL) at 0 °C. Sodium
cyanide(160 mg, 3.28 mmol) was added to the solution immediately. The mixture
was allowed to warm to room temperature and stirred for 16 h. The solasnt w
removed under reduced pressure, and the residue was partitioned between DCM (2
X 40 mL) and brine (80 mL). Therganic layes were combineddried and
concentrated. Purification ofthe residue by column chromatography
(CHCIy/MeOH, 30:1) gae 52a as orange amorphow®lid (307 mg, 29 % vyield

from 508); R = 0.3 (Hexane/EtOAc, 1:1); RRPLC 1060 % B in 12 mintg5.7
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min for (R,R isomer and 6.7 min foiS(R isomer; IR (KBr):v = 3413, 2924, 2873,
1455, 1356, 744 cth *H NMR (400 MHz, CDCJ): 6 = 2.58 (br, 1 H, NH), 3.23
(d,J=4Hz, 1H, GlaHg), 3.24 (dJ=4 Hz, 1H, CHHg), 3.52 (ddJ = 12, 8 Hz,

1H, CHAHgOH), 3.67 (ddJ = 4, 4 Hz, 1H, o-H), 3.70 (dd,J = 12, 8 Hz, 1H,
CHaHgOH), 4.05 (dd,) = 8, 4 Hz, 1H, GICH,OH), 7.10- 7.59 (m, 10 H, arom. H),
8.30 (br, 1 H, NH) ppm**C NMR (100 MHz, CDG)): § = 29.47 (CH), 49.02
(CH), 63.03 (CH), 67.22 (CH 109.13, 111.49, 118.60, 119.68, 120.53, 122.27,
123.75, 127.28, 127.63, 128.26, 128.87, 136.17, 138.31Mpmm/z(+ESI) calcd

for CygH,oN50 306.1606, found 306.1680 [MH

3-(5-Bromo-indol-3-yl)-2-[1-(4-methoxy-phenyl)-ethylamino]-propanenitrile
(52)

CN
H
Br HN
Br o) A\
N N
N H
H OCHs
51b 52b

Procedure as described n i the general procedure using
(methoxymethyltriphenylphosphonium chloride (2.14 g, 6.3 mmol), 2.5-M
butyllithium in hexane(3 mL, 7.5 mmol) ancb0b (700 mg, 3.1 mmolxfforded
51b.

Procedure as described in the general procedure b$imgi86 mg, 2.1 mmol),
(9-4-methoxya-methylberzylamine 62 pL, 2.5 mmol), acetic acid (277 pL, 4.9

mmol) and sodium cyanide (120 mg, 2.5 mmol) da®kas ayellow oil (442 mg,
39 % yield from50b); R = 0.4 (Hexane/EtOAc, 2:1); RRPLC 1060 % B in 12
min, tr 7.0 min for R R) isomer and 7.6 min folSR) isomer; IR (KBr):v = 3418,
2960, 1459, 1244, 755 ¢m'H NMR (400 MHz, CDC)): 6 = 1.35 (d,J = 6 Hz,

3H, CHy), 1.68 (br, 1H, NH), 3.13 (d,= 6 Hz, 2 H, CH), 3.56 (t,J=6 Hz, 1H, o-

H), 3.85 (s, 3H, OCH), 4.02 (gq,J = 6 Hz, 1H, GICHjy), 6.9G 7.30 (m, 7H, arom.
H), 7.66 (d,J = 2 Hz, 1H, arom. H), 8.43 (br, 1H, NH) ppfC NMR (100 MHz,
CDCly): 6 = 24.85 (CH), 29.52 (CH), 49.27 (CH), 55.36 (OC#§l 56.00 (CH),
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109.19, 112.88, 113.01, 114.20, 120.64, 121.32, 124.76, 125.15, 127.89, 129.15,
134.80, 135.09, 159.10 ppm.

3-(5-Chloro-indol-3-yl)-2-[1-(4-methoxy-phe nyl)-ethylamino] -propanenitrile
(52c)

Y CN
Cl HN
Cl o)

N\ A\

N
N
N H

OCHj,4
51c 52¢
Procedure as described n i the general procedure using

(methoxymethyl)triphenylphosphonium chloride (2.68 g, 7.8 mmol), 2.5-M
butyllithium in hexane(3.7 mL, 9.4 mmol) an&0c (700 mg, 3.9 mmolxafforded
51c.

Procedure as described in the general phaeeusingl1c (54 mg, 3.9 mmol), -
4-methoxya-methylbenzylamine6®0 pL, 4.7 mmol) and acetic acid (530 uL, 9.4
mmol) and sodium cyanide (229 mg, 4.7 mmol) to ¢g%e as ayellow oil (611
mg, 45 % vyield fronb00); R = 0.4 (Hexane/EtOAc, 2:1); RRPLC 1060 % B in
12 min,tg 7.0 min for RR) isomer and 7.6 min forSR) isomer; IR (KBr):v =
3419, 2963, 1609, 1457, 756 tmMH NMR (400 MHz, CDC}): 6 =1.35 (d,J = 6
Hz, 3H, CH), 1.70 (br, 1H, NH), 3.14 (dl = 6 Hz, 2 H, CH), 3.56 (t,J = 6 Hz,
1H, o-H), 3.84 (s, 3H, OC}), 4.02 (q,J = 6 Hz, 1H, GICHj3), 6.90 7.30 (m, 7H,
arom. H), 7.50 (dJ = 2 Hz, 1H, arom. H), 8.41 (br, 1H, NH) ppfC NMR (100
MHz, CDCk): ¢ = 24.82 (CH), 29.51 (CH), 49.26 (CH), 55.330CH;), 55.99
(CH), 109.28, 112.41, 114.17, 118.22, 120.63, 122.63, 124.91, 125.49, 127.90,
128.50, 134.51, 135.10, 159.10 ppm.
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3-(6-Fluoro-1H-indol-3-yl)-2-(2-hydroxy-1-phe nyl-ethya mino)-propanenitrile
(52d)

H CN
OH
A\ 0] N HN
51d 52d

Procedue as described in the general procedure using
(methoxymethyl)triphenylphosphonium chloride (2.9 g, 8.6 mmol), 2.5n-M
butyllithium in hexane(4 mL, 10.2 mmol) an®0d (700 mg, 4.3 mmolxafforded
51d

Procedure as describ&d the general procedure usibdd (759 mg, 4.3 mmol),
(R)-2-phenyglycinol (704 mg, 5.1 mmol)acetic acid (581 pL, 10.3 mmol) and
sodium cyanide (251 mg, 5.1 mmol) g&&xd as yellowamorphoussolid (614 mg,
44 % vyield fromb00); R = 0.3 (Hexane/EtOAc, 1:1); RRPLC 1060 % B in 12
min, tr 6.0 min for R R) isomer and 7.2 min foISR) isomer; IR (KBr):v = 3425,
3025, 2925, 1627, 758 ¢m'H NMR (400 MHz, CDCJ): 6 = 2.58 (br, 1 H, NH),
3.17 (d,J= 4 Hz, 1H, GiaHg), 3.19 (dJ =4 Hz, 1H, CHH5), 3.51 (ddJ =12, 8
Hz, 1H, GHAHgOH), 3.64 (dd,]) = 4, 4 Hz, 1H, o-H), 3.71 (ddJ = 12, 8 Hz, 1H,
CHAHgOH), 4.04 (ddJ = 8, 4 Hz, 1H, EICH,OH), 7.10 7.59(m, 9 H, arom. H),
8.30 (br, 1 H, NH) ppm**C NMR (100 MHz, CDG)): 6 = 29.41 (CH), 48.89
(CH), 63.03 (CH), 67.20 (CH\, 97.69 (dJ = 26 Hz), 108.75 (dJ = 24 Hz), 109.32,
119.39 (dJ =11 Hz), 120.41, 123.87, 123.92 {d; 4 Hz), 127.58, 128.33, 128.89,
136.09 (dJ = 13 Hz), 138.15, 160.0@1, J = 237 Hz) ppmMS: m/z(+ESI) calcd
for CygH1dFN3O 324.1512, found 324.1248 [MH
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3-(7-Ethyl-1H-indol-3-yl)-2-(2-hydroxy-1-phe nyl-e thyamino)-propanenitrile
(52e)

H CN
OH

HN
N\, © \
N
N H

5le 52e

Procedure as described n i the general procedure using

(methoxymethyl)triphenylphosphonium chloride (2.7 g, 8.0 mmol), 2.5n-M
butyllithium in hexang(3.8 mL, 9.7 mmol) an&0e (700 mg, 4.04 mmolafforded
Sle

Procedure as described in the general procedure 53700 mg, 3.74 mmol),
(R)-2-phenyglycinol (613 mg, 4.5 mmol)acetic acid (507 pL, 8.97 mmol) and
sodiun cyanide 219 mg, 4.48 mmol) gave2e as brown amorphowsolid (444 mg,
33 % yield from50e); R = 0.3 (Hexane/EtOAc, 1:1); RRPLC 1060 % B in 12
min, tr 7.0 min for R R) isomer and 8.1 min foiSR) isomer; IR (KBr):v = 3415,
2964, 2930, 1453, 753 ¢in*H NMR (400 MHz, CDC}): § = 1.37 (t,J = 8 Hz, 3H,
CH,CH), 2.52 (br, 1 H, NH), 2.85 (¢}, = 8 Hz, 2H, G1,CH,), 3.26 (d,J = 4 Hz,
1H, CHaHg), 3.27 (d,J = 4 Hz, 1H, CHHjg), 3.57 (dd,J = 12, 8 Hz, 1H,
CHaHgOH), 3.70 (dd,J = 4, 4 Hz, 1H, o-H), 3.74 (dd,J = 12, 8 Hz, 1H,
CHaHgOH), 4.09 (ddJ = 8, 4 Hz, 1H, EICH,OH), 7.10 7.59 (m, 9 H, arom. H),
8.28 (br, 1 H, NH) ppm®™C NMR (100 MHz, CDG)): 6 = 13.84 (CH), 23.96
(CHy), 29.71 (CH), 49.17 (CH), 63.10 (CH), 67.31 (GH109.72, 116.27, 120.03,
120.50,120.81, 123.27, 126.87, 127.05, 127.64, 128.26, 128.87, 135.07, 138.35
pp M.MS: m/z(+ESI) calcd forC,;H»4N5O 334.1919, found 334.1843 [MH
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3-(5-Methyl-1H-indol-3-yl) -2-(2-hydroxy - 1-phe nyl-e thya mino)- propanenitrile
(52f)

H CN
OH
o) HN
A\ A\
N N
H H
51f 52f
Procedure as described n i the general procedure using

(methoxymethyl)triphenylphosphonium chloride (3 g, 8.8 mmol), 2.5nM
butyllithium in hexang4.2 mL, 10.5 mmol) an80f (700 mg, 4 mmol) afforded
51f.

Procedure as described in the general procedure 6&ing00 mg, 3.5 mmol),
(R)-2-phenyblycinol (570 mg, 4.2 mmol)acetic acid (470 pL, 8.3 mmol) and
sodum cyanide (203 mg, 4.2 mmol)\ga52f as abrown oil (496 mg, 35 % vyield
from 50f); R = 0.4 (Hexane/EtOAc, 1:1); RRPLC 1060 % B in 12 mintz 6.5
min for (RR) isomer and 7.2 min folSR) isomer; IR (KBr):v = 3405, 3017, 2922,
1450, 756 cm. 'H NMR (400 MHz, CDCJ): 6 = 2.38 (br, 1 H, NH), 2.44 (s, 3H,
CHy), 3.22 (dJ=4 Hz, 1H, ®iaH3g), 3.23 (s, 1H , CkiHg), 3.55 (ddJ = 12, 8 Hz,
1H, CHAHgOH), 3.68 (dd,J = 8, 8 Hz, 1H, a-H), 3.74 (dd,J = 12, 8 Hz, 1H,
CHaHgOH), 4.08 (dd) = 8, 4 Hz, 1H, BICH,OH), 7.03- 7.36 (m, 9 H, arom. H),
8.12 (br, 1H, NH) ppm**C NMR (100 MHz, CDGC)): § = 21.8 (CHy), 29.70
(CHp), 48.91 (CH), 63.05 (CH), 67.29 (@K 108.77, 111.08, 118.17, 120.51,
123.68, 123.93, 127.41, 127.62, 128.23, 128.83, 128.94, 134.52, 138.3BI1Bpm.
m/z(+ESI) calcd forCyH»,N;0 320.1763, found 320.1711 [MH
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3-(5-Methoxyl-1H-indol-3-yl)-2-(2-hydroxy - 1-phe ny e thya mino)-
propanenitrile (529)

CN
OH
N N
H H
Slg 529
Procedure as described n i the general procedure using

(methoxymethyl)triphenylphosphonium chloride (2.74 g, 8 mmol), 2.5nM
butyllithium in hexane(3.8 mL, 9.6 mmol) and0g (700 mg, 4 mmol)afforded
51g

Procedure as described in the general procedure H&m¢@00 mg, 2.6 mmol),
(R)-2-phenyglycinol (434 mg, 3.1 mmol)acetic acid (359 pL, 6.3 mmol) and
sodum cyanide (155 mg, 3.2 mmol)wgas2gas abrown oil (177 mg, 13 % vyield
from 50¢); R = 0.5 (Hexane/EtOAc, 1:1), RRPLC 1060 % B in 12 mintg5.5
min for (RR) isomer and 6.4 min folSR) isomer; IR (KBr):v = 3405, 3011, 2938,
1480, 757 cm. 'H NMR (400 MHz, CDCJ): § =2.11 (br, 1 H, NH), 3.21 (d} = 4
Hz, 1H , GHaHg), 3.22 (s, 1H, CkHg), 3.55 (ddJ = 12, 8 Hz, 1H, El,HgOH),
3.67 (dd,J =8, 8 Hz, 1H, a-H), 3.75 (ddJ = 12, 8 Hz, 1H, CKHgOH), 3.81 (s,
3H,0CH), 4.08 (ddJ = 8, 4 Hz, 1H, EICH,0OH), 6.86 7.34 (m, 9 H, arom. H),
8.11 (br, 1H, NH) ppm-*C NMR (100 MHz, CDG)): § =29.75 (CH), 48.88 (CH),
55.85 (OCH), 63.05 (CH), 67.33 (C#}, 100.22, 109.09, 112.14, 112.77, 120.42,
124.31, 127.59, 128.24, 128.82, 131.29, 138.32, 154.15MpBmm/z(+ESI) calcd
for C,oH2.N30, 336.1712, found 336.1786 [MH
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3-(4-Methoxyl-1H-indol-3-yl)-2-(2-hydroxy - 1-phe ny e thya mino)-
propanenitrile (52h)

H CN
OCHj, OCHjs OH
@) HN
N\ N\
N
N N
51h 52h
Procedure as described n i the general procedure using

(methoxymethyl)triphenylphosphonium chloride (2.74 g, 8 mmol), 2.5nM
butyllithium in hexane(3.8 mL, 9.6 mmol) and0h (700 mg, 4 mml) afforded
51h

Procedure as described in the general procedure bH$img756 mg, 4.0 mmol),
(R)-2-phenyglycinol (657 mg, 4.8 mmol)acetic acid (543 pL, 9.6 mmol) and
sodum cyanide (235 mg, 4.8 mmol)\ga52has abrown oil (258 mg, 19 % vyield
from 50h); Rr= 0.5 (Hexane/EtOAc, 1:1); RRPLC 1060 % B in 12 min{z5.8
min for (RR) isomer and 6.2 min folSR) isomer; IR (KBr):v = 3401, 2924, 1357,
1255, 733 cm. 'H NMR (400 MHz, CDC)): 6 = 2.51 (br, 1 H, NH), 3.18 (dd}=
14, 8 Hz, 1H, ElaHg), 3.47 (ddJ = 14, 8 Hz,1H , ClHg), 3.58 (ddJ =9, 8 Hz,
1H, CHAHgOH), 3.65 (s, 3H, OC}), 3.77 (ddJ =4, 10 Hz, 1H, a-H), 3.93 (ddJ
=9, 6 Hz, 1H, CHHHgOH), 4.15 (ddJ = 9, 4 Hz, 1H, EICH,OH), 6.42 (dJ=8
Hz, 1 H, arom. H), 6.97- 7.28 (m, 8 H, arom. H), 8.25 (br, 1H, NH) gfenNMR
(100 MHz, CDC}): 6 = 31.60 (CH), 50.39 (CH), 54.75 (OC}\, 63.11 (CH),
67.25 (CH), 99.42, 104.74, 109.86, 116.87, 120.88, 122.67, 123.05, 127.60,
128.00, 128.66, 138.06, 138.63, 154.15 ppm. M&(+ESI) calcd forC,gH N30,
336.1712, found 336.1656 [MH
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2-(2-Hydroxy-1-phenyl-ethylamino)-3-(1-methyl-1H-indol-3-yl) propanenitirle
(52i)

H CN
OH
\ 0o HN
N N
CHs CH,
51i 52i

Procedure as described n i the general procedure using
(methoxymethyl)triphenylphosphonium chloride (3 g, 8.8 mmol), 2.5nM
butyllithium in hexang4.2 mL, 10.5 mmol) an80i (700 mg, 4.4 mmolafforded
51..

Procedure as described in the general procedure B%igl7 mg, 4.1 mmol),R)-
2-phenyglycinol (671 mg, 4.9 mmol)acetic acid (560 uL, 9.9 mmol) and sodium
cyanide (240 mg, 4.9 mmol) ga%@i as abrown oil (430 mg, 31 % yield fro®0i);
Ri= 0.3 (Hexane/EtOAc, 2:1); RRPLC 1060 % B in 12 min{r6.8 min for RR)
isomer and 7.8 min forgR) isomer; IR (KBr):v = 3322, 3020, 2927, 1470, 751
cmi™. '"H NMR (400 MHz, CDCJ): 6 = 2.58 (br, 1 H, NH), 3.25 (dl = 4 Hz, 1H,
CHaHg), 3.26 (d,J =4 Hz, 1H, CHH5), 3.56 (ddJ= 12, 8 Hz, 1H, E,HgOH),
3.67 (dd,J = 4, 4 Hz, 1H, o-H), 3.75 (dd,J = 12, 8 Hz, 1H, CkHzOH), 3.78 (s,
3H, CHy), 4.10 (ddJ = 8, 4 Hz, 1H, GICH,OH), 7.08 7.57 (m, 10 H, arom. H)
ppm. 1C NMR (100 MHz, CDG)): § = 29.55 (CH), 32.78 (CH), 49.29 (CH),
63.10 (CH), 67.33 (Ch, 107.82, 109.45, 118.71, 119.27, 120.42, 121.97, 127.65,
127.83, 128.17, 128.24, 128.84, 136.97, 138.42 ppm; ml3(+ESI) calcd for
CoH2N30 320.1763found320.1357 [MH].
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2-(2-Hydroxy-1-phenyl-ethylamino)-3-(2-methyl-1H-indol-3-yl) propanenitirle
(52))

H CN
OH
HN
N\ N\
N N
H H
51 52

Procedure as described n i the general procedure using
(methoxymethyl)triphenylphosphonium chloride (2.1 g, 6.3 mmol), 2.5n-M
butyllithiumin hexang3 mL, 7.5 mmol) an&0j (500 mg, 3.1 mmolafforded51;.

Procedure as described in the general procedure 6&in¢b00 mg, 2.9 mmol),
(R)-2-phenyglycinol (474 mg, 3.5 mmol)acetic acid (392 pL, 6.9 mmol) and
sodium cyanide (69 mg, 3.5 mmol) gad2j as brown amorphousolid (388 mg,
39 % vyield from50j); R = 0.5 (Hexane/EtOAc, 1:1), RRPLC 1060 % B in 12
min, tr 5.9 min for R R) isomer and 7.2 min folSR) isomer; IR (KBr): v = 3399,
3016, 2923, 1456, 1219, 754 ¢miH NMR (400 MHz, CDCJ): 6 = 2.38 (br, 1 H,
NH), 2.41 (s, 3H, ChH), 3.19 (d,J = 4 Hz, 1H, GiaHg), 3.21 (s, 1H , CkHp),
3.53 (ddJ =12, 8 Hz, 1H, E,HgOH), 3.64 (dd,J =8, 8 Hz, 1H, a-H), 3.73 (ddJ
=12, 8 Hz, 1H, ClHgOH), 4.05 (dd,J = 8, 4 Hz, 1H, GICH,OH), 7.07- 7.42 (m,
9 H, arom. H), 7.99 (br, 1H, NH) pprC NMR (100 MHz, CDG)): 6 = 11.98
(CHy), 28.76 (CH), 49.02 (CH), 62.96 (CH), 67.38 (GH105.22, 110.44, 117.76,
119.57, 120.62, 121.36, 127.45, 128.22, 128.48, 128.84, 133.62, 135.22, 138.33
pp M.MS: m/z(+ESI) calcd forC,gH»,NsO 320.1763, found 320.1670 [MH
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6.2.3 Preparation of (§)-2-(R)-2-Hydroxy-1-phenylethylamino)-3-

(1H-indol-3-yl)-propanamide derivatives

General procedure for the preparation of (S)-2-((R)-2-Hydroxy-1-
phenylethylamino)-3-(1H-indol-3-yl)-propanamide, (S,R)-54a

CONH, CONH,

e OH OH
5 of G
N N
(R,R)-53a (S,R)-54a

To a solution of a-aminonitrile 52a (257 mg, 0.8mmol) in DMSO (35 mL),
K,COs; (138 mg, 1.3mmol) and 30 %aqueousH,O, (0.6 mL, 6.3mmol) were
added at 20 °C. After stirring at room temperature for 2 h, another portion of 30 %
aqueousH,0, (0.4 mL, 4.7mmol) was added and stirred for a furtharur. The
resultantmixture was extracted with 2 (50 mL x 3) ancbrine (50 mL). The
organic layers wereombined,dried and concentrated. Purification of residue by
column chromatography (CHgMeOH, 10:) gave (RR)-53aas ayellow oil (first
eluting diastereoisomer, 35 mg, ¥3yield) and(SR)-54aas a white foarfsecond
eluting diastereoisomet01 mg, 38 % yield).

(RR)-53aR; = 0.5 (CHCYMeOH, 6 :3, IR (KBr): v= 3412, 2917, 1662, 744 ¢n

'H NMR (400 MHz,acetoneds): o = 3.13 (br, 1 H, NH), 3.24 (dd,= 12, 8Hz, 1H,
CHaHg), 3.32 (ddJ =12, 8 Hz, 1IHCH\Hp), 3.36 (ddJ =8, 8Hz, 1H, a-H), 3.52

(dd,J = 12, 8Hz, 1H CHsHgOH), 3.60(dd, J = 12, 8 Hz, 1H, CliHgOH), 3.96

(dd,J =8, 4 Hz, 1H, GICH,0OH), 6.40 (br, 1H, NH), 6.98 (t, 1H, arom. H), 7.01 (t,
1H, arom. H), 7.087.68 (m, 7H, arom. H), 7.70 (d, 1Htom. H), 10.18 (br, 1H,

NH) ppm.**C NMR (100 MHz,acetoneds): 6 = 26.62 (CH), 59.46 (CH), 63.63
(CH), 66.74 (CH), 110.39, 111.14, 118.53, 119.17, 121.16, 124.28, 127.30, 127.95,
128.02, 128.23, 136.76, 141.25, 176.26 ppta: m/z(+ESI) calcd forC;gH N30,
324.1712, found 324.16381H ).

(SR)-54aR; = 0.4 (CHCYMeOH, 61), IR (KBr): v = 3412, 2917, 1662, 74eni".
H NMR (400 MHz,acetoneds): 6 = 2.97 (dd,] = 16, 8 Hz, 1H, CkHg), 3.22 (dd,
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J =16, 8Hz, 1H,CHaHp), 3.31(dd,J =8, 4 Hz, 1H,a-H), 3.46 (ddJ= 12, 8Hz,
1H, CHAHEOH), 3.60 (ddJ =12, 8 Hz, 1H, CkHgOH), 3.77 (ddJ =8, 4 Hz, 1H,
CHCH,OH), 6.71 (br, 1H, NH), 6.927.15 (m, 7H, arom. H), 7.427.48 (m, 3H,
arom. H), 10.17 (br, 1H, NH) ppm*C NMR (100 MHz,acetonedg): 5 = 30.00
(CHy), 60.36 (CH), 63.50 (CH), 67.18 (GH 111.06, 111.27118.61 121.25,
123.64, 126.82, 127.22, 127.81, 127.94, 136.84, 140.93, 177.15Npmm/z
(+ESI) calcd forCygH»,Nz0, 324.1712, found 324.13G%H *].

(S)-3-+(5-Bromo-indol-3-yl)-2-[( S)-1-(4-methoxy-phe nyl)ethylamino]-
propanamide, (S,5)-125b

CONH,

Br HN
N

N
H

OCHs
(S.,S)-125b

Procedure as described in the general procedureorgetnonitrile 52b (356 mg,
0.9 mmol) in DMSO (3.5mL), K,CO; (172 mg, 1.2mmol) and 30 % kD, (0.8
mL, 7.3mmoal), 30 % HO, (0.4 mL, 2.3mmoal). Purification of residue by cofan
chromatography (Hexane/EtOAc, 1 : 4) followed by-IRPLC (Onyx Monolithic
Cig 100 x 10 mm gave (§9-12% as yellow foam(196 mg, 53 %); Rr= 0.2
(Hexane/EtOAc, 1 : 4) IR (KBry = 3267, 3006, 2961, 1669, 1244, 755 tiH
NMR (400 MHz, CDC}): 6 = 1.24 (d,J = 6 Hz, 3H, CH), 1.83 (br, 1H, NH), 2.79
(dd,J = 14, 9 Hz, 1H, ClgHg), 3.22 (m, 2H, ClHsg, a-H), 3.55 (gq,J = 6 Hz, 1H,
CHCHy), 3.76 (s, 3H, OCH}, 6.10 (br, 1H, NH), 6.53d( J = 8 Hz, 2H, arom. H),
6.63 (d,J =8 Hz, 2H, arom. H), 6.90 (d,= 2 Hz, 1H, arom. H), 7.21 (s, 1H, arom.
H), 7.23 (d,J = 2 Hz, 1H, arom.H), 7.48 (d,= 2 Hz, 1H, arom. H), 8.75 (br, 1H,
NH) ppm. **C NMR (100 MHz CDC)): § = 24.14 (CH), 29.55 (CH), 55.18
(OCHs), 56.38 (CH), 59.82 (CH), 110.86, 112.69, 112.77, 113.53, 121.45, 124.34,
125.00, 127.03, 128.92, 135.11, 135.73, 158.42, 178.18 ppmmM&tESI) calcd
for C,0H»aBrNsO, 416.0974, found 416.0773 [MH
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(S)-3-(5-Chloro-indol-3-yl)-2-[( S)-1-(4-methoxy-{he nyl)-e thylamino] -
propanamide, (S,S)-125¢

CONH,

Cl HN
AN

N
H

OCH;
(S,S)-125¢

Procedure as described in the general procedurectaednonitrile52c (542 mg,
1.5 mmol) in DMSO (3.5 mL), ¥CO; (275 mg, 2.0 mmol) and 30 %.,6, (1.1
mL, 11.6 mmol), 30 % kD, (0.4 mL, 2.3 mmol). Purification of residue by
column chromatography (Hexane/EtOAc, 1 : 4) followed byHFR.C (Onyx
Monolithic Cg, 100 x 10 mmgave(S,3-125cas yellow foam (406 mg, 71 %R

= 0.4 (Hexane/EtOAc, 2:1RI (KBr): v = 3269, 2961, 2928, 1670, 1279, 755%cm
'H NMR (400 MHz, CDC)): ¢ = 1.24 (d,J = 6 Hz, 3H, CH), 1.85 (br, 1H, NH),
2.79 (ddJ =14, 9 Hz, 1H, ClKHg), 3.22 (m, 2H, ClHg, a-H), 3.54 (qJ = 6 Hz,
1H, CHCHy), 3.75 (s, 3H, OCH}, 6.12 (br, 1H, NH), 6.52 (dl = 8 Hz, 2H, arom.
H), 6.62 (dJ =8 Hz, 2H, arom. H), 6.91 (d,= 2 Hz, 1H, arom. H), 7.09- 7.31 (m,
3H, arom. H), 8.75 (br, 1H, NH) pprtC NMR (100 MHz CDC)): ¢ = 24.12
(CHs), 29.57 (CH), 55.14 (OCH), 56.38 (CH), 59.82 (CH), 110.93, 112.23,
113.51, 118.38, 121.45, 124.51, 125.17, 127.04, 128.26, 134.83, 135.76, 158.42,
178.24 ppm. MSm/z (+ESI) calcd forCyoH»3CIN3O, 372.1479 found 372.1255
[MH™].

(S)-3-(6-Fuoro-1H-indol-3-yl)-2-((R)-2-hydroxy-1-phenylethyamino)-
propanamide, (S,R)-54d

CONH, CONH,
ol oH < OH
N
F N F H

(R,R)-53d (S,R)-54d

Procedure as descrithén the general procedure usigminonitrile52d (557 mg,
1.7 mmol) in DMSO (4mL), K,CO3; (308 mg, 2.2mmol) and 30 % kD, (1.3 mL,
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13 mmol), 30 % HO, (0.4 mL, 4.7mmol) gave (RR)-53d as yellowfoam (first
eluting diastereoisomer, 71 mg, ¥ yield) and (SR)-54d as whitefoam(second

eluting diastereoisome207 mg, 35 % yield).

(RR)-53dR= 0.5 (CHCl/MeOH, 61), IR (KBr): v=23423, 3311, 2919, 1664, 759
cm. 'H NMR (400 MHz,acetoneds): § = 3.24 (dd,J = 12, 8Hz, 1H, CHHpg),
3.34 (dd,J =12, 8Hz, 1H,CHaHg), 3.35(dd,J =8, 8Hz, 1H, o-H), 3.52 (ddJ =
12, 8Hz, 1H CHpHgOH), 3.62 (ddJ = 12, 8 Hz, 1H, CkHgOH), 3.97 (ddJ = 8,
4 Hz, 1H, GHCH,0OH), 6.58 (br, 1H, NH), 6.80 (td, = 4, 2 Hz, 1H, arom. H), 7.14
(dd,J =8, 2 Hz, 1H, arom. H), 7.2%.66 (m, 6H, arom. H), 7.66 (dd,= 8, 4 Hz,
1H, arom. H), 10.29 (br, 1H, NH) ppntC NMR (100 MHz, acetonedg): § =
26.50 (CH), 59.32 (CH), 63.60 (CH), 66.89 (GK197.13 (dJ = 26 Hz), 106.92 (d,
J = 24 Hz), 110.65, 120.24 (d,= 10 Hz), 124.78, 124.90 (d,= 3 Hz), 127.34,
127.92, 128.28, 136.65 (d= 13 Hz), 140.30, 159.66 (d= 233 Hz), 176.83 ppm.
MS: m/z(+ESI) calcd forC,¢H,:FN3O, 342.1618 found342.1321[MH ™.

(SR)-54d R = 0.4 (CHCYMeOH, 61), IR (KBr): v=3423, 3311, 2919, 1664, 759
cm™. 'H NMR (400 MHz,acetoneds): 6 = 2.96 (dd,J = 16, 8Hz, 1H, CHHp),
3.22 (dd,J = 16, 8Hz, 1H,CHaHg), 3.31(dd,J =8, 4Hz, 1H, a-H), 3.48 (ddJ =
12, 8Hz, 1H CHAHgOH), 3.62 (ddJ = 12, 8 Hz, 1H, CkHgOH), 3.77 (dd,J = 8,

4 Hz, 1H, GICH,0OH), 6.73 (td,d = 4, 2 Hz, 1H, arom. H), 6.76 (br, 1H, NH),
6.76- 7.17 (m, 7H, arom. H), 7.40 (ttl= 4, 2 Hz, 1H, arom. H), 8.02 (br, 1H, NH),
10.29 (br, 1H, NH) ppmt*C NMR (100 MHz, acetondg): § = 29.97(CH,), 60.23
(CH), 63.53 (CH), 67.12CH,), 97.24 (d,J = 26 Hz), 106.96 (d] = 24 Hz), 111.32,
119.59 (dJ = 10 Hz), 124.27 (d] = 3 Hz), 124.53, 126.88, 127.21, 127.95, 136.73
(d,J = 13 Hz), 140.93, 159.68 (d,= 233 Hz), 177.37 ppnMS: m/z(+ESI) calcd
for CidH»1FN;0, 342.1618 found342.129gMH].
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(S)-3«7-Ethyl -1H-indol-3-yl)-2-((R)-2-hydroxy -1-phenylethyamino)-
propanamide, (S,R)-54e

CONH; CONH,
'< OH OH
HN
"D -
N N
(R,R)-53e (S,R)-54e

Procedure as described in the general procedure wsingnonitrile 52e (396 mg,
1.1 mmol) in DMSO (3mL), K,CO3; (172 mg, 1.4mmol) and 30 % kD, (0.8 mL,
8.4 mmoal), 30 % HO, (0.4 mL, 4.7mmol) gave (R R)-53e as ayellow oil (first
eluting diastereoisomer, 71 mg, %’ yield) and (SR)-54e as yellowfoam(second
eluting diastereoisomet96 mg, 47 % yield).

(RR)-53eR:= 0.5 (CHCYMeOH, 1), IR (KBr): v=3417, 3311, 2929, 1665, 749
cm™. *H NMR (400 MHz,acetonedg): 6 = 1.32 (tJ = 8 Hz, 3H, CHCHy), 2.91 (q,
J=8Hz, 2H, G1,CH;), 3.24 (dd,J = 12, 8Hz, 1H, CHHg), 3.34 (ddJ =12, 8
Hz, 1H, CHaHg), 3.35(dd, J = 8, 8 Hz, 1H, o-H), 3.51 (dd,J = 12, 8Hz, 1H
CHaHgOH), 3.61(dd, J = 12, 8 Hz, 1H, CkHgOH), 3.98(dd, J = 8, 4 Hz, 1H,
CHCH,OH), 6.49 (br, 1H, NH), 6.96 (d,= 4 Hz, 2H, arom. H), 7.24- 7.40 (m, 6H,
arom. H), 7.55 (ddJ) = 4, 4 Hz, 1H, arom. H), 10.18 (br, 1H, NH) ppHC NMR
(100 MHz, acetonedg): 6 = 13.80 (CH), 23.88 (CH), 26.71 (CH), 59.51(CH),
63.61 (CH), 66.85 (Ch, 110.81, 116.94, 118.95, 119.90, 123.94, 126.61, 127.28,
127.95, 127.98, 128.23, 135.39, 141.42, 176.60 p@81. m/z (+ESI) calcd for
Co1H26N30, 352.1947, found 352.1681H .

(SR)-54eR= 0.4 (CHCYMeOH, 61), IR (KBr): v=23417, 3311, 2929, 1665, 749
cm™. *H NMR (400 MHz,acetonedg): 6 = 1.35 (t,J = 8 Hz, 3H, CHCHy), 2.93 (q,

J =8 Hz, 2H, ®,CH,), 2.96 (dd,) = 16, 8 Hz, 1H, ClHg), 3.23 (dd,J = 16, 8Hz,
1H, CHaHg), 3.30(dd, J = 8, 4 Hz, 1H, o-H), 3.45 (dd,J = 12, 8 Hz, 1H
CHaHgOH), 3.61(dd, J = 12, 8 Hz, 1H, ClRHgOH), 3.76 (dd J = 8, 4 Hz, 1H,
CHCH,OH), 6.73 (br, 1H, NH), 6.89- 7.12 (m, 8H, arom. H), 7.32)(d 8 Hz, 1H,
arom. H), 7.45 (br, 1H, NH), 10.15 (br, 1H, NH) pptfC NMR (100 MHz,
acetonedg): 6 = 13.93 (CH), 23.96 (CH), 30.09 (CH), 60.49 (CH), 63.56 (CH),
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67.21 (CH), 111.52, 116.37, 119.03, 120.04, 123.22, 126.80, 127.19, 127.75,
127.92, 135.45, 140.96, 177.24 ppMS: m/z (+ESI) calcd for C,iH6N3O,
352.1947, found 352.159H ).

(S)-3+(5-Methyl-1H-indol-3-yl)-2-((R)-2-hydroxy-1-phe nylethya mino)-
propanamide, (S,R)-54f

ONH2 (:ONH2

HN
N
H
(R,R)-53f (S,R)-54f
Procedure as described in the general procedure asingnonitrile 52f (468 mg,
1.5 mmol) in DMSO (3mL), K,CO; (261 mg, 1.9mmol) and 30 % kD, (1.3 mL,
11.1 mmol), 30 % HO, (0.4 mL, 4.7mmol) gave (RR)-53f as ayellow oil (first

eluting diastereoisomer, 12 mg2R yield) and (SR)-54f as yellow foam(second
eluting diastereoisome48 mg, 10 % yield).

(RR)-53f R=0.6(CHCIl/MeOH, 61), IR (KBr): v= 3310, 2919, 1662, 756 ¢m

'H NMR (400 MHz,acetonedg): 6 = 2.39 (s, 3H, Ch), 3.20 (ddJ = 12, 8Hz, 1H,
CHaHg), 3.22 (ddJ =12, 8 Hz, 1IHCHxHp), 3.32 (ddJ =8, 8Hz, 1H, a-H), 3.49

(dd,J = 12, 8Hz, 1H CHaHgOH), 3.58(dd, J = 12, 8 Hz, 1H, CWHgOH), 3.93

(dd,J =8, 4 Hz, 1H, GBiICH,0OH), 6.32 (br, 1H, NH), 6.94 (dd, 1H, arom. H), 7.22-
7.44 (m, 8H, arom. H), 9.95 (br, 1H, NH) ppC NMR (100 MHz,acetoneds): J
=20.82 (CH), 26.83 (CH), 59.49 (CH), 63.56 (CH), 66.84 (GK110.10, 110.82,
118.75, 122.78, 124.22, 127.20, 127.22, 127.94, 128.19, 128.26, 135.15, 141.49,
176.27 ppm.MS: m/z (+ESI) calcd forC,gH,4N30, 338.1869 found 338.1823
[MH™].

(SR)-54f Ri= 0.5 (CHCYMeOH, 61), IR (KBr): v = 3310, 2919, 1662, 756 ¢m
'H NMR (400 MHz,acetoneds): 6 = 2.33 (s, 3H, Ch), 2.91 (dd,J = 16, 8Hz, 1H,
CHaHg), 3.18 (dd,J = 16, 8 Hz, IHCHaHg), 3.29 (dd,J = 8, 4Hz, 1H, o-H), 3.45
(dd,J = 12, 8Hz, 1H CHsHgOH), 3.59(dd, J = 12, 8 Hz, 1H, ClHHgOH), 3.75
(dd,J =8, 4 Hz, 1H, EICH,OH), 6.63 (br, 1H, NH), 6.907.30 (m, 9H, arom. H),
7.36 (br, 1H, NH), 10.02 (br, 1H, NH) ppfiC NMR (100 MHz,acetoneds): 6 =
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20.79(CH), 30.08 (CH), 60.22 (CH), 63.51 (CH), 67.12 (G 110.53, 110.95,
118.29, 122.90123.71, 126.77, 127.24, 127.29, 127.88, 127.98, 135.26, 140.98,
176.97 ppm.MS: m/z (+ESI) calcd forC,gH,4Nz0, 338.1869 found 338.1942
[MH™].

(S)-3-(5-Methoxyl-1H-indol -3-yl)-2-((R)-2-hydroxy-1-phe nyle thya mino)-
propanamide, (S,R)-549g

CONHz (:ONH2
HsCO HN HsCO
A\
N
H
(R,R)-53g (S,R)-54g

Procedure as described in the general procedure asingnonitrile52g (266 mg,
0.8 mmol) in DMSO (3mL), K,CO5 (141 mg, 1.0mmol) and 30 % kD, (0.6 mL,
5.9 mmoal), 30 % HO, (0.4 mL, 4.7mmol) gave (RR)-53g as ayellow oil (first
eluting diastereoisomer, 17 mg%b yield) and(SR)-54g as yellowfoam (second

eluting diastereoisome80 mg, 10 % yield).

(RR)-53g R = 0.6 (CHClMeOH, 61), IR (KBr): v = 3331, 2931, 1661, 1481,
1216, 756 cm. 'H NMR (400 MHz,acetoneds): 6 = 2.93 (br, 1H, NH), 3.18 (dd,
J=16, 8Hz, 1H, CHHg), 3.29 (ddJ = 16, 8Hz, 1H,CH,Hg), 3.30(dd,J =8, 8

Hz, 1H, o-H), 3.50 (ddJ = 8, 8Hz, 1H CHAHgOH), 3.60(dd, J = 12, 4Hz, 1H,
CHaHOH), 3.78 (s, 3H, OCkJ, 3.98 (ddJ = 8, 4 Hz, 1H, €EICH,OH), 6.31 (br,

1H, NH), 6.74 (dd, 1H, arom. H), 7.28.40 (m, 8H, arom. H), 9.95 (br, 1H, NH)
ppm. *C NMR (100 MHz,acetoneds): 6 = 26.52 (CH), 54.92 (OCH), 59.20
(CH), 63.54 (CH), 66.89 (CH 100.84, 110.21, 111.65, 111.67, 124.99, 127.27,
127.92, 128.21, 128.35, 131.86, 141.41, 153.77, 176.22Mpmm/z(+ES]I) calcd

for C,0H24N303 354.1818, found 354.18§B1H *].

(SR)-54g R = 0.4 (CHCYMeOH, 61), IR (KBr): v = 3331, 2931, 1661, 1481,
1216, 756 cm. *H NMR (400 MHz,acetonedy): J = 2.93 (dd,J = 16, 8Hz, 1H,
CHaHg), 3.15 (dd,J = 16, 8 Hz, 1HCHaHg), 3.28 (ddJ = 8, 4Hz, 1H, o-H), 3.45
(dd,J = 12, 8 Hz, 1H, E,HgOH), 3.59 (ddJ = 12, 8 Hz, 1H, CkHgOH), 3.70 (s,
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3H, OCH) 3.76 (ddJ = 8, 4 Hz, 1H, EICH,OH), 6.56 (br, 1H, NH), 6.76 (dd,=

8, 4Hz, 1H, arom. H), 6.76-7.30 (m, 8H, arom. H), 7.33 (br, 1H, NH), 9.98 (br, 1H,
NH) ppm.**C NMR (100 MHz,acetonedg): 6 = 30.09 (CH)), 54.92 (OCH), 60.14
(CH), 63.55 (CH), 67.16 (ChH 100.30, 110.83, 111.72, 111.86, 124.27, 126.80,
127.26, 127.91, 128.01, 131.95, 141.06, 153.77, 176.80 Mpmm/z(+ES]I) calcd

for CogH24N305 354.1818 found 354.19MH 1.

(S)-3+(4-Methoxyl-1H-indol -3-yl)-2-((R)-2-hydroxy-1-phe nyle thya mino)-
propanamide, (S,R)-54h

CONHZ CONHz
CH3 . OCHj
HN
N
H
(R,R) -53h (S,R)-54h

Procedure as described in the general procedure wsingnonitrile52h (213 mg,
0.6 mmol) in DMSO (3nL), K,CO5 (113 mg, 0.8mmol) and 30 % kD, (0.5 mL,
4.7 mmal), 30 % HO, (0.4 mL, 4.7mmol) gave (RR)-53h asa yellow oil (first
eluting diastereoisomer, 16 mg%7 yield) and (SR)-54h as yellow foan{second

eluting diastereoisome25 mg, 11 % yield).

(RR)-53h R = 0.6 (CHCKMeOH, 6 :J, IR (KBr): v = 3317, 2932, 1665, 1086,

755 cntt. *H NMR (400 MHz, acetoneds): 6 = 2.90 (br, 2H, NH), 3.16 (ddd, =

12, 8, 8Hz, 1H, CHH5g), 4.16 (m, 4 H,CHayHg, o-H, CHsHgOH, CHAHgOH),

3.69 (dd, J =8, 4 Hz, 1H), 3.86 (s, 3H, OG} 6.22 (br, 1H, NH), 6.49 (dd, 6,1

Hz, 1H, arom. H), 7.00- 7.06 (m, 3H, arom. H), 7.11 (br, 1H, NH), 7.21- 7.27 (m, 5
H, arom. H), 10.07 (br, 1H, NH) ppriC NMR (100 MHz,acetonedy): J = 29.91

(CH,), 54.34 (CH), 60.97 (OC}j, 63.59 (CH), 66.44 (Ch)l, 98.83, 104.85, 111.57,
117.74, 122.01, 122.53, 126.97, 127.88, 128.00, 138.44, 141.90, 154.66, 176.52
pp M.MS: m/z(+ESI) calcd forC,gH»4N305 354.1818, found 354.159B1H™].

(SR)-54h R = 0.5 (CHCKYMeOH, 6 :, IR (KBr): v = 3317, 2932, 1665, 1086,
755 cnt. 'H NMR (400 MHz,acetonedg): 6 = 2.90 (br, 1H, NH), 3.01 (dd,= 12,
8 Hz, 1H, CHHg), 3.29 (dd,J = 16, 8Hz, 1H,CHaHg), 3.32 (dd,) = 16,4 Hz, 1H,
o-H), 3.44 (dd,J = 12, 8 Hz, 1H CHaHgOH), 3.59 (dd, J = 12, 8 Hz, 1H,
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CHyHgOH), 3.70 (s, 3H, OCkJ, 3.71 (dd J = 8, 4 Hz, 1H, GICH,0OH), 6.40 (dd,
J=4,1 Hz, 1H, arom. H), 6.51 (br, 1NH), 6.04 7.09 (m, 8 H, arom. H), 7.22
(br, 1H, NH), 10.10 (br, 1H, NH) ppmiiC NMR (100 MHz,acetonedg): 6 = 31.39
(CH,), 54.24 (CH), 61.15 (CH), 63.60 (OG}167.20 (CH), 98.97, 104.78, 111.45,
117.65, 122.09, 122.57, 126.66, 127.23, 127.83, 1384%.27, 154.56, 177.22
pp M.MS: m/z(+ESI) calcd forC,gH»4N305 354.1818, found 354.144MH™).

(S)-24((R)-2-Hydroxy-1-phenylethylamino)-3-(1-methylindol-3-yl) -
propanamide, (S,R)-54i

CONH; CONH,

w( y—OH oH
HN
N N
CHs CHg
(R,R)-53i (S,R)-54i

Procedure as described in the general procedure asangnonitrile 52i (391 mg,
1.2 mmol) in DMSO (3.5mL), K,CGO; (220 mg, 1.6mmol) and 30 % KD, (1.0
mL, 9.3mmol), 30 % HO, (0.4 mL, 4.7mmol) gave (RR)-53i as ayellow oil (first
eluting diastereoisomer, 48 mg, W yield) and (SR)-54i as whitefoam (second

eluting diastereoisomet22 mg, 29 % yield).

(RR)-53i R = 0.5 (CHCiMeOH, 20 :}, IR (KBr): v = 3424, 3314, 2925, 1673,
752 cnt. 'H NMR (400 MHz,acetonedg): 6 = 2.98 (br, 1 H, NH), 3.21 (dd,= 12,

8 Hz, 1H, CHHpg), 3.29 (dd,J = 12, 8Hz, 1H,CHaHg), 3.31 (ddJ =8, 8 Hz, 1H,
a-H), 3.50 (dd,J = 12, 8 Hz, 1H CHAHgOH), 3.60 (dd, J = 12, 8 Hz, 1H,
CHaHgOH), 3.75 (s, 3H, CH}, 3.96 (ddJ =8, 4 Hz, 1H, GICH,0OH), 6.40 (br, 1H,
NH), 7.01 (t, 1H, arom. H), 7.04 (t, 1H, arom. H), 72.X468 (m, 7H, arom. H),
7.70 (d, 1H, arom. H) ppm®C NMR (100 MHz,acetonedy): ¢ = 26.28 (CH),
31.84 (CH), 59.34 (CH), 63.56 (CH), 66.92 (GK1109.05, 109.59, 118.44, 119.46,
12115, 127.27, 127.91, 128.23, 128.48, 128.69, 137.17, 141.42, 176.33/8pm.
m/z(+ESI) calcd forCyH24N30, 338.1869, found 338.184B1H .

(SR)-54i Ri= 0.4 (CHCYMeOH, 20 :2, IR (KBr): v = 3424, 3314, 2925, 1673,
752 cnt. *H NMR (400 MHz,acetonedg): 6 = 2.93 (ddJ = 16, 8 Hz, 1H, CliHg),
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3.17 (dd,J = 16, 8Hz, 1H,CHpHg), 3.27(dd,J= 8, 4Hz, 1H, a-H), 3.47 (ddJ =

12, 8Hz, 1H CHAHOH), 3.59 (ddJ = 12, 8 Hz, 1H, CRHgOH), 3.73 (ddJ = 8,

4 Hz, 1H, GHCH,0OH), 3.75 (s, 3H, Ch, 6.63 (br, 1H, NH), 6.956.69 (m, 4H,

arom. H), 7.057.18 (m, 4H, arom. H), 7.36 (d,= 8 Hz, 1H, arom. H), 7.40 (br,

1H, NH), 7.48 (dJ = 8 Hz, 1H, arom. H) ppm®C NMR (100 MHz,acetonedy): &
=29.75 (CH), 31.85 (CH), 60.54 (CH), 63.64 (CH), 67.09 (GK109.17, 110.34,
118.51, 118.80, 121.22, 126.86, 127.29, 127.84, 127.93, 128.29, 137.20, 141.09,
176.95 ppm.MS: m/z (+ESI) calcd forC,gH,4Nz0, 338.1869 found 338.1441
[MH"].

(9)-2«(R)-2-Hydroxy-1-phenylethylamino)-3-(2-methyl-1H-indol-3-yl)-
propanamide, (S,R)-54j

CONH, CONH,

e OH OH
HN
S SR eSS
N N
H H
(RR)-53] (S,R)-54j

Procedure as described in the general procedure aisingnonitrile 52j (355 mg,
1.1 mmol) in DMSO (3mL), K,CO; (199 mg, 1.4mmol) and 30 % kD, (0.9 mL,
8.4 mmol), 30 % HO, (0.4 mL, 4.7mmol) to give (R,R-53] as a yellow foam
(first eluting diastereoisomer, 18 mg,% yield) and (SR)-54j as ayellow foam

(second eluting diastereoisom&B0 mg, 40 % vyield).

(R,R-53] Rr=0.6 (CHCYMeOH, 6 :1, IR (KBr): v= 3311, 2926, 1667, 1453, 752
cm. *H NMR (400 MHz,acetonedg): § = 2.44 (s, 3H, Ch), 2.98 (br, 1 H, NH),
3.10 (ddJ =12, 8 Hz, 1H, ChHg), 3.22 (dd, = 12, 8Hz, 1H,CH,Hg), 3.35 (dd,
J =8, 8Hz, 1H, o-H), 3.45 (ddJ = 12, 8Hz, 1H CHAHgOH), 3.48(dd,J = 12, 8
Hz, 1H, CHHgOH), 3.75 (dd J = 8, 4 Hz, 1H, GICH,OH), 6.38 (br, 1H, NH),
6.93 (t, 1H, arom. H), 7.02 (t, 1H, arom. H), 7.14- 7.68 (m, 6H, arom. H), 7.49 (d,
=8 Hz,1H, arom. H), 9.95 (br, 1H, NH) ppriC NMR (100 MHz,acetoneds): ¢
=11.00 (CH), 27.60 (CH), 60.01 (CH), 63.69 (CH), 66.54 (GK106.99, 110.17,
118.10, 118.39, 120.25, 127.11, 127.88, 128.09, 128.99, 133.26, 135.85, 141.59,
176.64 ppm.MS: m/z (+ESI) calcd forC,gH,4Nz0, 338.1869 found 338.1766
[MH"].
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(SR)-54j Rr= 0.5 (CHCYMeOH, 6 :3, IR (KBr): v = 3311, 2926, 1667, 1453,
752 cnt. 'H NMR (400 MHz,acetonedg): 6 = 2.31 (s, 3H, Ch), 2.95 (dd,J = 186,

8 Hz, 1H, CHHg), 3.17 (dd,J = 16, 8Hz, 1H,CHaHg), 3.24 (ddJ =8, 4 Hz, 1H,

a-H), 3.39 (dd,J = 12, 8 Hz, 1H CH\HgOH), 3.58 (dd, J = 12, 8 Hz, 1H,
CHxHgOH), 3.74 (dd J = 8, 4 Hz, 1H, GICH,0OH), 6.76 (br, 1H, NH), 6.847.09

(m, 6H, arom. H), 7.31- 7.40 (m, 3H, arom. H), 10.02 (br, 1H, NH) gfenNMR

(100 MHz, acetonedy): 6 = 10.86 (CH), 29.62 (CH), 60.64 (CH), 63.47 (CH),
67.33 (CH,), 106.87, 110.30, 117.65, 118.55, 120.34, 126.76, 127.10, 127.93,
129.15, 133.08, 135.76, 140.96, 177.00 ppi8: m/z(+ESI) calcd forC,gH»4N50,
338.1869, found 338.19QBIH "].

6.2.4 Preparation of (S)}2-Amino-3-(indol-3-yl)-propanamide

derivatives

General procedure for the preparation of (S}2-Amino-3-(indol-3-yl)-

propanamide, (55a)

(@) NH,
NH,HCI
A\
N
H
55a

To a stirredsolutionof 54a (101 mg, 0.3 mmol), 10 % Pd/C (&g, 50 %w/w) in
MeOH (10mL) andammonium formate98 mg, 1.56 mmol) wereadded under
nitrogen. The resulting mixture was stirred at reflux for 4 h. ThHalyst was
removed by filtrationthrough a celitepad and washed with MeOH (5 mL)he
filtrate was dried and concentrated. Purification tbé residue by column
chromatograpy (CH,CI,/MeOH, 4:1) gave amino amid&he anino amidewas
acidifiedwith 1M HCI to give55a hydrochloric salas awhite solid (30 mg, 426)
m.p. 256257 °C;R = 0.2 (CHCHMeOH, 4:1). IR (KBr):v = 3388, 3247, 2914,
1693, 1492, 751 ¢ 'H NMR (400MHz, D,O): ¢ = 3.23 (dd,J = 14, 7 Hz, 1H,
CHaHg), 3.30 (ddJ = 14, 7 Hz, 1H, CkHg), 4.20 (tJ =7 Hz, 1H, a-H), 7.10 (td,
J=28, 1Hz 1H, arom. H), 7.22 (s, 1H, C2H), 7.18 {te;, 8, 1 Hz, 1H, arom. H),
7.44 (d,J = 8 Hz, 1H, arom. H), 7.60 (d,= 8 Hz, 1H, arom. H) ppm-C NMR
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(100 MHz, DO): § = 26.83 (CH), 53.21 (CH), 106.26, 111.99, 118.24, 119.50,
122.15, 125.36, 126.53, 136.22, 171.84 ppm. M&(+ESI) calcd for GHN50
204.1137, found 204.1016 [MH

(S)-2-Amino-3-(5-bromo-indol-3-yl)propanamide, (55b)

O NH,
NH, HCI
Br
A\
N
H
55b

A solution of 125b (510 mg, 1.2 mmol) anttiisopropylsilane(252uL, 1.2 mmo)
in trifluoroacetic acid4 mL) was stirred at 60C for 42 h. Thecrude mixture was

triturated with cold etherThe crude55b was use used directly to the acid
hydrolysis.

(S)-2-Amino-3-(5-chloro-indol-3-yl)propanamide, (55c)

@) NH,
NH, HCI
Cl
A\
N
H
55¢c

A solution 0f125c¢c(446 mg, 1.2 mmol) anttiisopropyisilane(246 uL, 1.2 mmo)
in trifluoroacetic acid4 mL) was stirred at 60C for 40 h. Thecrude mixture was

triturated with cold etherThe crude55c was use used directly to the acid
hydrolysis.

-207



Chapter 6 Experimental

(S)-2-Amino-3-(6-fluoro -indol-3-yl) - propanamide, (55d)

Os_NH,
NH, HCI
A\
55d

Procedure as described in the general procedure 2$th@07 mg, 0.6 mmol), 10
% Pd/C (62 mg, 35 %/w) in MeOH (8 mL), ammonim formate (190 mg, 3.0
mmol) gave 55d hydrochloric sals apale orange solid (102 mg, 65 %). m.p. 232-
233 °C; R= 0.2 (CHCYMeOH, 4:1), IR (KBr):v = 3472, 3271, 2983, 1658, 1451
cm™. *H NMR (400 MHz, DO): 6 = 3.13 (dd,) = 14, 7 Hz, 1H, EsHg), 3.20 (dd,
J=14,7 Hz, 1H, CkHg), 4.17 (tJ =7 Hz, 1H, o-H), 6.81 (m, 1H, arom. H), 7.04
(dd,J =10, 4 Hz, 1H, arom. H), 7.12 (s, 1H, C2H), 7.43 (dd, 10, 4 Hz, 1H, arom. H)
ppm.**C NMR (100 MHz, RO): § = 26.75 (CH), 53.12 (CH), 97.76 (d] = 26
Hz), 106.34, 107.91 (dl= 25 Hz), 118.97 (d) = 10 Hz), 123.19, 125.54 (=3
Hz), 136.10 (dJ = 12 Hz), 159.58 (d) = 233 Hz), 171.76 ppm. MSn/z(+ESI)
calcd for GyH1FN3;O 222.1043, found 222.0912 [MH

(S)-2-Amino-3-(7-ethyl-indol-3-yl) propanamide, (55€)

O NH,
NH, HCI
A\
N
H
55e

Procedure as described in the general procedure b¥e@75 mg, 0.8 mmol), 10
% Pd/C (90 mg, 35 %/w) in MeOH (10 mL), ammonim formate (246 mg, 3.9
mmol) gave 55e hydrochloric saltas apale purple solid (102 mg, 65 %). m.p. 160-
161°C; R= 0.2 (CHCYMeOH, 4:1), IR (KBr):v = 3411, 3154, 3045, 1687413
cm™. *H NMR (400 MHz, DO): 6 = 1.12 (t,J = 8 Hz, 3H, CHCHy), 2.68 (g.J= 8
Hz, 2H, (H,CHy), 3.15 (dd, = 14, 7 Hz, 1H, El\Hg), 3.20 (dd.) =14, 7 Hz, 1H,
CHaHg), 4.17 (t,J=7 Hz, 1H, o-H), 6.88 (dJ = 6 Hz, 1H, arom. H), 6.98 @,=7
Hz, 1H, arom. H), 7.18 (s, 1H, C2H), 7.40 (&= 8 Hz, 1H, arom. H) ppn>C
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NMR (100 MHz, B,O): 6 = 13.45 (CH), 23.64 (CH), 26.93 (CH), 53.21 (CH),
106.68, 115.98, 119.90, 120.51, 125.01, 126.50, 128.22, 134.86, 171.76 ppm. MS:
m/z(+ESI) calcd br C;3H1gN3;0 232.1450, found 232.1390 [MH

(S)-2-Amino-3-(5-indol-3-yl) propanamide, (55f)

OsNH,

NH, HCI

A\

N

55f
Procedure as described in the general procedure 84fri§4 mg, 0.3 mmol), 10 %
Pd/C (32 mg, 35 %/w) in MeOH (6 mL), ammoinm formate (88 mg, 1.4 mmol)
gave 55f hydrochloric saltas acolourless film (26 mg, 37 %) m.p. & °C; R =
0.2 (CHCKMeOH, 4:1). IR (KBr):v = 3402, 2916, 1668, 1431 &nH NMR (400
MHz, D,O): 6 = 2.33 (s, 3H, Ch), 3.04 (ddJ =15, 6 Hz, 1H, GHg), 3.12 (ddJ
= 15, 6 Hz, 1H, ClgHg), 3.83 (t,J = 6 Hz, 1H, a-H), 7.00 (dd,J = 8, 1 Hz, 1H,
arom. H), 7.12 (s, 1H, C-2H), 7.30 07 8 Hz, 1H, arom. H), 7.38 (s, 1H, arom. H)
ppm. °C NMR (100 MHz, BO): 6 = 20.41 (CH), 28.64 (CH), 54.05 (CH),

107.9, 111.69, 117.71, 123.46, 125.01, 127.03, 129.00, 134.45, 176.44 ppm. MS:
m/z(+ESI) calcd for GH1gN;O 218.1293, found 218.1220 [MH

(S)-2-amino-3-(5-methoxyl-indol-3-yl)propanamide, (559)

OsNH,

NH, HCI
H,CO

N
55¢

Procedure as described in the general procedure 54m@0 mg, 0.2 mmol), 10

% Pd/C (30 mg, 35 %w/w) in MeOH (8 mL), ammoinm formate (71 mg, 1.1

mmol) gave 55g hydrochloric saltasapale purple solid (38 mg, 64 %). m.p. 247

249 °C;R = 0.2 (CHCHYMeOH, 4:1). IR (KBr):v = 3354, 3167, 2954, 1687, 1462

cm™. *H NMR (400 MHz, DO): 6 = 3.17 (ddJ = 15, 7 Hz, 1H, E,Hg), 3.23 (dd,
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J =15, 7 Hz, 1H, CliHg), 3.75 (s, 3H, OCHJ, 4.18 (t,J= 7 Hz, 1H, a-H), 6.78

(dd,J =8, 2 Hz, 1H, C6H), 7.05 (d,= 2 Hz, 1H, C4H), 7.17 (s, 1H, C2H), 7.29 (d,
J=8Hz, 1H, C7H) ppnt®C NMR (100 MHz, DO): 6 = 26.80 (CH), 53.08 (CH),
56.03 (OCH), 100.59, 106.02, 111.74, 112.78, 126.19, 126.93, 131.62, 152.90,
171.88 ppm. MS:m/z (+ESI) calcd for GHgNsO, 234.123 found 234.1187
[MH™].

(S)-2-Amino-3-(4-methoxyl-indol-3-yl) propanamide, (55h)

Os_NH,
OCHj NH, HCI
A\
N
H
55h

Procedure as described in the general procedure 3$mp5 mg, 0.2 mmol), 10
% Pd/C (20 mg, 35 %w/w) in MeOH (8 mL), ammonium formate (49 mg, 0.8
mmol) gave 55h hydrochloric saltas apale yelow solid (28 mg, 68 %) m.p. 231
233 °C;R = 0.2 (CHCHYMeOH, 4:1). IR (KBr):v = 3354, 3168, 2955, 1687, 1463
cmi™. *H NMR (400 MHz, BO): § = 3.22 (dd,J = 15,7 Hz, 1H, Gi,Hg), 3.35 (dd,

J =15, 7 Hz, 1H, CliHg), 3.84 (s, 3H, OCHJ, 4.24 (t,J= 7 Hz, 1H, a-H), 6.53
(dd,J = 8, 1 Hz, 1H, arom. H), 7.02 (dd,= 8, 1 Hz, 1H, arom. H), 7.04 (s, 1H,
C2H), 7.06 (d,J = 8 Hz, 1H, arom. H) ppmC NMR (100 MHz, DO): § =
28.21(CH), 54.37 (CH), 55.12 (OC¥i, 99.74, 105.41, 106.26, 116.19, 123.11,
124.24, 138.02, 153.51, 171.88 ppm. M&iz (+ESI) calcd for GHeN3O,
234.1243 found 234.1096 [MH

(S)-2-Amino-3-(1-methyl-indol-3-yl) propanamide, (55i)

OsNH,
NH, HCI
A\
N
CHs
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To a stirredsolutionof 54i (122 mg, 0.3 mmol) and 10 % Pd/C (42 mg, 35vA4)

in MeOH (8 mL), ammonium formate (113 mg, 1.8 mmwig¢re added under
nitrogen. The resulting mixture wasirred at refluxfor 4 h. Another 10 % Pd/C
(42 mg, 35 %w/w) and ammonium formate (113 mg, 1.8 mmol) were added and
stirred for 16 h.The catalyst was removed by filtratidslrough a celitepad and
washed with MeOH (5 mL)The filtrate was dried and concentrated. Pwatfon

of theresidue by column chromatography (§{&/MeOH, 4:1) gave amino amide.
The anino amidewas acidifiedwith 1M HCI to give 55i hydrochloric salt ag
white solid (46 mg, 53 %) m.p. 260-261 °®& = 0.4 (CHC}MeOH, 9:1) IR (KBr):

v = 3376, 31751687, 1480, 742 cm*H NMR (400 MHz, acetoney): J = 2.93
(dd,J = 14, 9 Hz, 1H, EiHg), 3.37 (ddJ = 14, 3 Hz, 1H, ClHg), 3.77 (s, 3H,
CHy), 4.10 (ddJ=9, 3 Hz, 1H, a-H), 6.65 (br, 1H, NH), 6.97 (s, 1H, C2H), 7.04
(td,J =8, 1 Hz, 1H, arom. H), 7.15 (tdl= 8, 1 Hz, 1H, arom. H), 7.33 (d= 8 Hz,
1H, arom. H), 7.60 (dJ = 8 Hz, 1H, arom. H) ppm*C NMR (100 MHz, acetone
de): 0 = 29.97 (CH), 31.77 (CH), 65.68 (CH), 109.13, 110.95, 118.40, 118.99,
121.14, 127.96, 128.39, 137.02, 175.22 ppm. M&(+ESI) calcd for GH;dNzO
218.1293, found 218.1318 [MH

(S)-2-Amino-3-(2-methyl-indol-3-yl) propanamide, (55j)

Os__NH,
NH, HCI

A\

N

H

55

To a stirredsolutionof 54§ (150 mg, 0.4 mmol) and 10 % Pd/C (52 mg, 3%vA4)

in MeOH (8 mL)andammonium formate (138 mg, 2.2 mmol) weaelded under
nitrogen. The esulting mixture was stirred at reflufor 4 h. Another 10 % Pd/C
(32 mg, 20 %w/w) and ammonium formate (138 mg, 2.2 mmol) were added and
stirred for 16 h.The caalyst was removed by filtratiothrough a celitepad and
washed with MeOH (5 mL)The filtrate was dried and concentrated. Purification
of theresidue by column chromatography (§{L/MeOH, 4:1) gave amino amide.
The anino amidewas acidifiedwith 1M HCI to give 55 hydrochloric saltas a
purple solid (90 mg, 81 %). m.p. 2PA1°C; R = 0.4 (CHC{MeOH, 4:1), IR
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(KBr): v = 3397, 3174, 1687, 1461, 749°tmH NMR (400 MHz, BO): 6 = 2.18
(s, 3H, CH), 3.02 (dd,J = 11, 7 Hz, 1H, EHg), 3.06 (dd,J = 11, 7 Hz, 1H,
CHaHg), 4.04 (tJ=7 Hz, 1H, o-H), 7.01 (tdJ = 8, 1 Hz, 1H, arom. H), 7.05 (i,
=8, 1 Hz, 1H, arom. H), 7.27 (d,= 8 Hz, 1H, arom. H), 7.41 (d,= 8 Hz, 1H,
arom. H) ppmC NMR (100 MHz, BO): ¢ = 10.47 (CH), 25.87 (CH), 53.0®
(CH), 102.22, 110.98, 117.25, 119.26, 121.10, 127.60, 135.17, 135.42, p{pin76
MS: m/z(+ESI) calcd for @H1gN5sO 218.1293, found 218.1079 [MH

6.2.5 Preparation of (S)-2-Amino-3-(indol-3-yl)propanic acid

derivatives

General procedure for the preparation of (S)-2-Amino-3-(indol-3-yl) propanic
acid, (56a)

(@] OH
NH, HCI
A\
N
H
56a

To a two neck round bottom flask containithg a-aminoamide55a (86 mg, 0.4
mmol) was added a solution of 1M H@ (nL). The reactiomixture was heatedt
reflux for 5 h andvas cooled to r@m temperature. The residue wgsphilisedto
give 56a as awhite solid (100 mg, 83 % vyield). m.p. 2287 °C; IR (KBr):v =
3386, 2941, 1735 cm*H NMR (400 MHz, DO): 6 = 3.23 (dd,J = 15, 7 Hz, 1H,
CHaHg), 3.32 (ddJ = 15, 5 Hz, 1H, CkHg), 4.13 (ddJ= 7, 5 Hz, 1H, a-H), 7.04
(td, J=8, 1 Hz, 1H, arom. H), 7.13 (td,= 8, 1 Hz, 1H, arom. H), 7.16 (s, 1H; C
2H), 7.39 (d,J = 8 Hz, 1H, arom. H), 7.51 (d,= 8 Hz, 1H, arom. H) ppnt*C
NMR (100 MHz, DO): § = 25.65 (CH), 53.19 (CH), 106.17, 111.97, 118.16,
119.48, 122.12, 125.31, 126.44, 136.24, 171.80 p@8. m/z (+ESI) calcd for
C11H13N,0, 205.0977, found 205.0953 [MH
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(S)-2-Amino-3-(5-bromo-indol-3-yl)propanic acid, (56b)

O~__OH
NH, HCI
Br
A\
N
H
56b

To a two neck round bottom flask containing a-aminoamides5b (90 mg, 0.2 mmol)
was added a solution of 1M HCI (5 mOjhe reaction mixture was heatatreflux
for 18 h andwvas cooled to rem temperatur€el he residue wabyophilisedto give
56b as ayellow solid (78 mg, 99 % yield). m.p. 2221 °C;'H NMR (400 MHz,
D,0): 0 =3.20 (ddJ =15, 7 Hz, 1H, ElxHg), 3.28 (ddJ = 15, 5 Hz, 1H, CkHp),
4.18 (ddJ=7, 5 Hz, 1H, o-H), 7.17 (ddJ =8, 2 Hz, 1H, arom. H), 7.17 (s, 1H, C-
2H), 7.25 (d,J = 8 Hz, 1H, arom. H), 7.63 (d,= 2 Hz, 1H, arom. H) ppnt’C
NMR (100 MHz, BO): 6 = 25.64 (CH), 53.31 (CH), 106.03, 112.01, 113.46,
120.52, 124.55, 126.46, 128.19, 134.91, 172.00 ppm. mI(+ESI) calcd for
C,1H1,BrN,O, 283.0082, found 283.0150 [MH

(S)-2-Amino-3-(5-chloro-indol-3-yl)propanic acid, (56c¢)

O~_-OH

NH, HCI
cl

A\
M
56¢

To a two neck round bottom flask confaining a-aminoa mide55c¢ (62 mg, 0.3 mmol)
was added a solution of 1MCI (5 mL). The reaction mixture was heatatireflux
for 18 h andwvas cooled to rem temperatur€el he residue wabophilisedto give
56c¢ as ayellow solid (3 mg, 95 % vyield). m.p. 23233 °C;IR (KBr): v = 3456,
3138, 3037, 1730, 1407 ¢m'H NMR (400MHz, D,0): 6 = 3.16 (dd,J = 15, 7 Hz,
1H, CHaHg), 3.23 (ddJ = 15, 5 Hz, 1H, ClHg), 4.16 (ddJ=7, 5 Hz, 1H, a-H),
7.00 (dd,J = 8, 2 Hz, 1H, arom. H), 7.16 (s, 1H;28), 7.25 (d,J = 8 Hz, 1H,
arom. H), 7.41 (d) = 2 Hz, 1H, arom. H) pprt3C NMR (100 MHz, BO): § =
25.59 (CH), 53.24 (CH), 106.02, 113.00, 117.34, 121.95, 124.41, 126.59, 127.49,
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134.61, 171.88 ppm. MSn/z (+ESI) calcd for ¢H;,CIN,O, 239.0587, found
239.0587 [MH].

(S)-2-Amino-3-(6-fluoro -indol-3-yl) propanic acid, (56d)

O~_OH

NH, HCI
A\

56d
To a two neck round bottom flask containing a-aminoamide55d (102 mg, 0.4
mmol) was added a solution of 1M HCI (6 mLhe reaction mixture was heatat
reflux for 5 h andvas cooled to ram temperaturel he residue wal/ophilisedto
give 56d as awhite solid (92 mg, 90 % yield). m.p. 2P20 °C;IR (KBr): v =
3458, 3015, 1732, 1412 &m'H NMR (400 MHz, BO): 0 = 3.26 (ddJ = 15, 7 Hz,
1H, CHaHg), 3.33 (ddJ = 15, 5 Hz, 1H, ClHg), 4.13 (ddJ=7, 5 Hz, 1H, a-H),
6.84 (dddJ =10, 9, 2 Hz, 1H, arom. H), 7.10 (dbs 10, 2 Hz, 1H, arom. H), 7.15
(s, 1H, C-2H), 7.45 (ddl = 9, 5 Hz, 1H, arom. H) pprtC NMR (100 MHz, DO):
0 = 25.66 (CH), 53.24 (CH), 97.81 (d] = 26 Hz), 106.43, 108.00 (d,= 25 Hz),
118.95 (dJ =10 Hz), 123.11, 125.54 (d,= 3 Hz), 136.17 (dJ = 13 Hz), 159.64

(d, J = 234 Hz), 171.92 ppm. MSn/z (+ESI) calcd for GH1.FN,O, 223.0883,
found 223.0752 [MF].

(S)-2-Amino-3-(7-ethyl-indol-3-yl) propanic acid, (56e)

Os__OH
NH,HCI
A\
N
H
56e

To a two neck round bottom flask containing a-aminoamide55e (151 mg, 0.6
mmol) was added a solution of 1M HCI (8 mLhe reaction mixture was heatat
reflux for 5 h andvas cooled to ram temperaturel he residue wal/ophilisedto
give 56e as awhite solid (151 mg, 99 % vyield). m.p. 2248 °C;IR (KBr): v =
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3393, 3137, 3041, 1728, 1407 ¢mH NMR (400 MHz, BQO): 6 = 1.14 (t,J= 8

Hz, 3H, CHCH3), 2.71 (q,J = 8 Hz, 2H, ®&4,CHy), 3.22 (dd,J = 15, 7 Hz, 1H,
CHaHg), 3.31 (ddJ = 15, 5 Hz, IHCHaHg), 4.20 (ddJ= 7, 5 Hz, 1H, o-H), 6.93

(t, J=8 Hz, 1H, arom. H), 6.98 3,= 8 Hz, 1H, arom. H), 7.17 (s, 1H, C-2H), 7.36
(d, J = 8 Hz, 1H, arom. H) ppnt*C NMR (100 MHz, DO): ¢ = 13.44 (CH),
23.65 (CH), 25.81 (CH), 53.28 (CH), 106.68, 115.91, 119.91, 120.55, 125.02,
126.42, 128.29, 134.90, 171.88 ppm. M%/z (+ESI) calcd for GHy;N,O,
233.1290, found 233.1174 [MH

(S)-2-Amino-3-(5-methoxyl-indol-3-yl) propanic acid, (56f)

Osx_OH

NH, HCI

Iz __

56f

To atwo neck round bottom flask containing a-aminoa mides5f (28 mg, 0.1 mmol)
was added a solution of 1M HCI (5 mO)he reaction mixture was heatatireflux
for 16 h andwvas cooled to rom temperatur€erl he residue wakyophilisedto give
56f as awhite solid (27 mg, 96 % yield). m.p. 1124 °C;IR (KBr): v = 3406,
2918, 1736, 1485 ch*H NMR (400 MHz, BO): 6 =2.32 (s, 3H, Ch), 3.25 (dd,

J =15, 7 Hz, 1H, EsHpg), 3.35 (ddJ = 15, 5 Hz, 1H, CRHg), 4.21 (ddJ=7,5
Hz, 1H, o-H), 7.00 (ddJ =8, 1 Hz, 1H, arom. H), 7.16 (s, 1H, arom. H), 7.3QJ(d,
= 8 Hz, 1H, arom. H), 7.36 (s, 1H, arom. H) pgf& NMR (100 MHz, RO): 6 =
20.42 (CH), 25.76 (CH), 53.25 (CH), 105.74, 111.79, 117.60, 123.65, 125.45,
126.70, 129.21, 134.57, 171.96 ppm. M8z (+ESI) calcd for GH15N,0O,
219.1134, found 219.1036 [MH

-215



Chapter 6 Experimental

(S)-2-Amino-3-(5-methoxyl-indol-3-yl) propanic acid, (569)

Os_OH
NH, HCI
H;CO
A\
N
H
569

To a two neck round bottom flask containing a-aminoa mide55g (38 mg, 0.1 mmol)
was added a solution of 1M HCI (4 mO)he reaction mixture was heatatreflux
for 5 h andwas cooled to ram temperatureThe residue wal/ophilisedto give
56g as awhite solid (38 mg, 99 % yield). m.p. 2225 °C;IR (KBr): v = 3358,
2909, 1728, 1478, 1214 ¢m'H NMR (400 MHz, BO): 0 =3.22 (ddJ =15, 7 Hz,
1H, CHaHg), 3.30 (ddJ = 15, 5 Hz, 1H, CliHg), 3.74 (s, 3H, OCH), 4.21 (ddJ
=7, 5 Hz, 1H, a-H), 6.78 (dd,J =8, 2 Hz, 1H, arom. H), 7.02 (d,= 2 Hz, 1H,
arom. H), 7.15 (s, 1H, @H), 7.28 (d,J = 8 Hz arom. H)ppm.**C NMR (100
MHz, D,0): § = 25.81 (CH), 53.28 (CH), 55.97 (OCJ 100.44, 106.04, 111.82,
112.81, 126.14, 126.82, 131.67, 152.91, 171.97 ppm. mI3(+ESI) calcd for
CyH15N,03 235.1083, found 235.1068 [MH

(S)-2-Amino-3-(4-methoxyl-indol-3-yl) propanic acid, (56h)

O«__OH
OCHj NH, HCI
A\
N
H
56h

To a two neck round bottom flask containing a-aminoamides5h (28 mg, 0.1 mmol)
was added a solution of 1M HCI (4 mO)he reaction mixture was heatatireflux
for 5 h andwas cooled to ram temperatureThe residue wakyophilised to give
56h as awhite solid (36 mg, 99 % vyield). m.p. 2222 °C;IR (KBr): v = 3358,
2906, 1728, 1480, 1215 ¢m'H NMR (400 MHz, BO): 6 = 3.24 (dd,J = 15, 7 Hz,
1H, CHaHg), 3.37 (dd,J = 15, 7 Hz, 1H, ChHg), 3.86 (s, 3H, OCH), 4.28 (t,J =
7 Hz, 1H, o-H), 6.55 (dd,J = 8, 1 Hz, 1H, arom. H), 7.04 (dd,= 8, 1 Hz, 1H,
arom. H), 7.06 (s, 1H, C2H), 7.09 @z= 8 Hz, 1H, arom. H) ppnt*C NMR (100
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MHz, D,0): § = 28.21(CH), 54.37 (CH), 55.13 (OC§} 99.74, 105.41, 106.26,
116.20, 123.09, 124.24, 138.02, 153.56, 171.84 ppm. MIS{+ESI) calcd for
C1H1N,0; 235.1083, found 235.1068 [MH

(S)-2-Amino-3-(1-methyl-indol-3-yl) propanic acid, (56i)

Os__OH
NH, HCI
A\
\
CHj
56i

To a two neck round bottom flask containing a-aminoamides5i (42 mg, 0.2 mmol)
was added a solution of 1M HCI (6 m)he reaction mixture was heatatreflux
for 5 h andwas cooled to ram temperatureThe residue walb/ophilised to give
56i as awhite lid (41 mg, 97 % vyield). m.p. 21212 °C; IR (KBr): v = 3420,
3127, 3047, 1731, 1412 ¢m'H NMR (400 MHz, O): 6 = 3.25 (dd,J = 16, 7 Hz,
1H, CHaHg), 3.32 (ddJ = 16, 5 Hz, 1H, CkHsg), 3.62 (s, 3H, Ch}, 4.20 (ddJ =
7,5 Hz, 1H, a-H), 7.06 (s, 1H, C-2H), 7.08 (dd~= 8, 1 Hz, 1H, arom. H), 7.19 (td,
J =28, 1Hz, 1H, arom. H), 7.33 (d,= 8 Hz, 1H, arom. H), 7.53 (d,= 8 Hz, 1H,
arom. H) ppm*C NMR (100 MHz, RO): § = 25.54 (CH), 32.10 (CH), 53.34
(CH), 105.12, 110.05, 118.36, 119.31, 121.94, 126.90, 129.55, 136.92, 171.92 ppm.
MS: m/z(+ESI) calcd for GH1sN-0, 219.1134, found 219.1115 [MH

(§)-2-amino-3-(2-methyl-indol-3-yl)propanic acid, (56j)

Os__OH
NH, HCI
A\
N
H
56

To a two neck round bottom flask containing a-aminoa mideb5j (68 mg, 0.4 mmol)
was added a solution of 1M HCI (6 m)he reaction mixture was heatatreflux

for 5 h andwas cooled to ram temperatureThe residue wakyophilizedto give
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56j as apurplesolid (68 mg, 99 % vyield). m.p. 202 °C;IR (KBr): v = 3397,
3033, 1730, 1422 ch*H NMR (400 MHz, BO): 6 =2.19 (s, 3H, Ch), 3.08 (dd,
J =16, 7 Hz, 1H, EGlxHg), 3.19 (ddJ = 16, 6 Hz, 1H, CRKHg), 4.13 (t,J = 6 Hz,
1H, a-H), 7.00 (td,J =7, 1 Hz, 1H, arom. H), 7.05 (td,= 7, 1 Hz, 1H, arom.),
7.27 (d,J = 8 Hz, 1H, arom. H), 7.38 (d,= 8 Hz, 1H, arom. H) ppnm>C NMR
(100 MHz, DO): 6 = 10.49 (CH), 24.85 (CH), 53.29 (CH), 102.10, 111.01,
117.17, 119.29, 121.15, 127.53, 135.23, 135.37, 171.65 ppnmMGtESI) calcd
for C;H1N,0, 219.1134, found 219.1122 [MH

6.2.6 Preparation of N-[(fluoren-9-

ylmethoxy)carbonyl]tryptophan derivatives

General procedure for the preparation of  N-[(fluoren-9-

ylmethoxy) carbonyl]tryptophan, (43a)

O~__OH
NHFmoc
A\
N
H
43a

Tryptophan hydrochloric sai6a (100 mg, 0.42nmol) was added to an agueous
solution of sodium carbonate (89 mg, 0.84 mmol) 10 miEludrenylmethyl
succinimidyl carbonate (141 mg, 0.42mol) in THF (3 mL) was added to the
solution. The mixture was stirred for 2 h at room temperature. THR&movedn
vacuoand the crude was poured into water (15 mL) and extracted vyith (ES
mL x 2). The P of the agueous layer was adjusted to 2 using @ and was
extracted with DCM (20 mL x 2). The organic layer were combineghed with
brine, dried and concentrated to gi#8a asa pale yellow solid (114 mg, 44 %
yield). m.p. 182185 °C; [a]*» = -29 (c 1, MeOH); IR (KBr): v = 3416, 3057,
2950, 1710, 743 ¢ 'H NMR (400 MHz, acetones): 6 = 3.31 (dd,J = 15, 8 Hz,
1H, CHaHg), 3.46 (dd, = 15, 5 Hz, 1H, El4Hg), 4.20 (tJ = 8 Hz, 1H, Fmoc CH),
4.31 (m, 2H, Fmoc CH, 4.69 (m, 1H, a-H), 6.68 (d,J = 8 Hz, 1H, NH), 7.07 (tJ
=7 Hz, 1H, arom. H), 7.14 @,= 7 Hz, 1H, arom. H), 7.28 (s, 1H, C-2H), 7.30 (m,
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2H, arom. H), 7.41 (m, 3H, arom. H), 7.69 (m, 3H, arom. H), 7.844d] Hz, 2H.

arom. H), 10.10 (br, 1H, NH) ppm*C NMR (100 MHz, acetondy): 6 = 27.52

(CHy), 47.09 (CH), 54.83 (CH), 66.36 (GH 110.30, 111.41, 118.39, 118.88,
119.91, 121.38, 123.63, 125.29, 125.33, 127.08, 127.64, 127.79, 136.75, 141.18,
144.11, 144.15, 156.07, 173.04 ppm. MS: m/z (+ESI) calcd feHEN,0,
427.1658, found 427.1743 [MH

N-[(fluore n-9-yImethoxy)carbonyl]-5-bromo-tryptophan, (43b)

Ox_OH

NHFmoc
Br

Iz

43b

Procedure as described in the general procedure B§img66 mg, 0.21 mmol),
sodium carbonate (65 mg, 0.62 mmol) andludrenylmethyl succinimidyl
carbonate (71 mg, 0.21 mmol)vgad3b as awhite sdid (23 mg, 20 % yield). m.p.
130-132°C; [a]* = -23 (€ 1, MeOH); IR (KBr): v = 3411, 3060, 2950, 1709, 737
cm. 'H NMR (400 MHz, acetonel): § = 3.25 (dd,J = 16, 8 Hz, 1H, ElxHpg),

3.41 (ddJ = 16, 5 Hz, 1H, BxHg), 4.20 (tJ = 8 Hz, 1H, Fmoc CH), 4.31 (m, 2H,
Fmoc CH), 4.60 (m, 1H, a-H), 6.70 (d,J = 8 Hz, 1H, NH), 7.23 (dd] = 8, 2 Hz,

1H, arom. H), 7.30 (m, 3H, arom. H), 7.40 (m, 3H, arom. H), 7.66Jd®, 2 Hz,

2H, arom. H), 7.86 (m, 3H, arom. H), 10.34 (br, 1H, NH) ppiG. NMR (100

MHz, acetoneds): 6 = 27.13 (CH), 47.07 (CH), 54.67 (CH), 66.32 (GH110.25,
111.77, 113.15, 119.87, 120.96, 123.92, 125.14, 125.25, 125.33, 127.05, 127.60,
129.66, 135.17, 141.15, 141.17, 144.11, 144.15, 155.94, 172.64 ppm. MS: nm/z
(+ESI) cald for G¢H»,BrN,O4 505.0763, found 505.0978 [MH

N-[(fluoren-9-yImethoxy)carbonyl]-5-chloro-tryptophan, (43c)

Os__OH
NHFmoc
Cl
A\
N
H
43c
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Procedure as described in the general procedure &6m{9 mg, 0.25 mmol),
sodium carbonate (79 mg, 0.7Bimol) and 9fluorenylmethyl succinimidyl
carbonate (84 mg, 0.25 mmol)vgad3c asawhite solid (23 mg, 20 % yield). m.p.
98-99°C; [0]**, =-16 (¢ 1, MeOH); IR (KBr): v = 3414, 3058, 2953, 1710, 748 cm

! 'H NMR (400 MHz, acetoney): J = 3.27 (dd,J = 15, 8 Hz, 1H, ElsHg), 3.42

(dd,J = 15, 5 Hz, 1H, ElsHg), 4.20 (t,J = 8 Hz, 1H, Fmoc CH), 4.31 (m, 2H,
Fmoc CH), 4.63 (m, 1H, a-H), 6.73 (d,J = 8 Hz, 1H, NH), 7.12 (dd] = 8, 2 Hz,

1H, arom. H), 7.2¥7.42 (m, 6H, arom. H), 7.66 (dd,= 8, 4 Hz, 2H, arom. H),

7.71 (m, 1H, arom. H), 7.85 (d,= 8 Hz, 2H, arom. H), 10.31 (br, 1H, NH) ppm.

3C NMR (100 MHz, acetondg): § = 27.17 (CH), 47.07 (CH), 54.65 (CH), 66.32
(CHp), 100.30, 112.69, 117.84, 119.87, 119.88, 121.36, 124.19, 125.24, 125.31,
127.05,127.60, 128.95, 134.93, 141.15, 141.17, 144.11, 144.14, 155.95, 172.65
ppm. MS: m/z (+ESI) calcd for/gH,,CIN,O, 461.1268, found 461.1317 [MH

N-[(fluoren-9-yImethoxy)carbonyl]-6fluoro -tryptophan, (43d)

O~_OH
NHFmoc
A\
43d

Procedure as described in the general procedure B6oh@0 mg, 0.35 mmol),
sodium carbonate (74 mg, 0.70 mmol) andludrenylmethyl succinimidyl
carbonate (117 mg, 0.35 mmol) gad&d as awhite solid (77 mg, 50 % yield). m.p.
102-104 °C; [0]* = -19 (€ 1, MeOH); IR (KBr): v =3419, 3064, 2952, 1710, 745
cm. 'H NMR (400 MHz, acetonel): § = 3.26 (dd,J = 14, 8 Hz, 1H, ElxHpg),
3.41 (ddJ= 14, 5 Hz, 1H, ClHg), 4.20 (tJ = 8 Hz, 1H, Fmoc CH), 4.31 (m, 2H,
Fmoc CH), 4.6 (m, 1H, a-H), 6.68 (d,J =8 Hz, NH), 6.89 (td,) = 10, 2 Hz, 1H,
arom. H), 7.15 (dd) = 10, 2 Hz, 1H, arom. H), 7.27 (s, 1H;2E), 7.30 (m, 2H,
arom.H), 7.41 (t) =7 Hz, 2H, arom. H), 7.66 (m, 3H, arom. H), 7.85)4,8 Hz,
2H, arom. H), 10.19 (br, 1H, NH) ppntC NMR (100 MHz, acetonek): 6 =
27.41 (CH), 47.08 (CH), 54.74 (CH), 66.30 (GK197.33 (dJ = 26 Hz), 107.22 (d,
J = 25 Hz), 110.63, 119.89, 119.35 = 10 Hz), 124.16(dJ) = 3 Hz), 124.56,
125.26, 125.29, 127.04, 127.62, 136.60J¢; 13 Hz), 141.18, 144.11, 144.15,
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156.00, 159.70 (dJ = 233 Hz), 172.82 ppm. MS: m/z (+ESI) calcd for
CZGH22FN204 445.1564, found 445.1790 [Ml'.l

N-[(fluoren-9-yImethoxy)carbonyl]-7-ethyl-tryptophan, (43e)

(@) OH
NHFmoc
A\
N
H
43e

Procedure as described in the general procedure 56s@L02 mg, 0.38 mmol),
sodium carbonate (80 mg, 0.76 mmol) andludrenylmethyl succinimidyl
carbonate (128 mg, 0.38 mmol) gal&e as awhite solid (83 mg, 50 % yield). m.p.
146-148°C; [0]* = -26 (¢ 1, MeOH);IR (KBr): v = 3422, 3057, 2964, 1711, 746
cm™. *H NMR (400 MHz, acetonegt 6 = 1.31 (t,J = 8 Hz, 3H, CHCHy), 2.91 (q,
J=8Hz, 2H, ®,CHjy), 3.27 (ddJ = 15, 8 Hz, 1H, EisHg), 3.43 (ddJ =15, 5 Hz,
1H, CHaHg), 4.20 (t,J = 7 Hz, 1H, Fmoc CH), 4.29 (m, 2H, Fmoc §H4.66 (m,
1H, a-H), 6.65 (d,J = 8 Hz, 1H, NH), 7.01 (m, 2H, arom. H), 7.27 (s, 1H218),
7.30 (m, 2H, arom. H), 7.40 @,= 7 Hz, 2H, arom. H), 7.54 (d,= 7 Hz, 1H, arom.
H), 7.66 (m, 2H, arom. H), 7.85 (d,= 7 Hz, 2H, arom. H), 10.08 (br, 1H, NH)
ppm.*C NMR (100 MHz, acetoneglt § = 13.72 (CH), 23.85 (CH), 27.62 (CH),
47.07 (CH), 54.79 (CH), 66.34 (GH 110.73, 116.16, 119.26, 119.88, 120.13,
123.19, 125.29, 125.33, 126.87, 127.05, 127.61, 135.37, 141.16, 144.14, 156.01,
172.95 ppm. MS: m/z (+ESI) calcd for,dE,/N,O, 455.1971, found 455.2142
[MH™].
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N-[(fluore n-9-yImethoxy)carbonyl]-5-methyi-tryptophan, (43f)

O~_-OH

NHFmoc

Iz _

43f

Procedure as described in the general procedure B6in@8 mg, 0.19 mmol),
sodium carbonate (40 mg, 0.38 mmol) andlu@renylmethyl succinimidyl
carbonate (64 mg, 0.19 mmol)vged43f asa colourless film (55 mg, 66 % yield).
m.p. 178 °C; [a]*®s = -15 (c 1, MeOH):IR (KBr): v = 3424, 3038, 2920, 1708,
1448 crit. *H NMR (400 MHz, acetoneglt 6 = 2.42 (s, 3H, CH), 3.25 (dd,J = 15,

8 Hz, 1H, GiaHg), 3.43 (dd,J = 15, 5 Hz, 1H, ElaHg), 4.20 (t,J = 7 Hz, 1H,
Fmoc CH), 4.29 (m, 2H, Fmoc GK 4.65 (m, 1H, a-H), 6.65 (d,J = 8 Hz, 1H,
NH), 6.97 (ddJ = 8, 1Hz, 1H, arom. H), 7.23 (d} = 2 Hz, 1H, arom. H), 7.28 (s,
1H, G2H), 7.30 (m, 2H, arom. H), 7.40 @,= 7 Hz, 2H, arom. H), 7.48 (s, 1H,
arom. H), 7.66 (dJ = 7 Hz, 2H, arom. H), 7.85 (d,= 7 Hz, 2H, arom. H), 9.97 (br,
1H, NH) ppm.®*C NMR (100 MHz, acetonel): 6 = 20.88 (CH), 27.47 (CH),
47.08 (CH), 54.80 (CH), 66.34 (GH 109.75, 111.11, 117.98, 119.89, 122.99,
123.69, 125.27, 127.06, 127.59, 127.62, 128.03, 135.13, 141.16, 144.14, 156.03,
173.02 ppm. MS: m/z (+ESI) calcd for,8,sN,O, 441.1814, found 441.2083
[MH™].

N-[(fluore n-9-yImethoxy)carbonyl]-5-methoxylryptophan, (43g)

O+_OH

NHFmoc
H,CO
N
H
439

Procedure as described in the general procedure 56mE00 mg, 1.28 mmol),
sodium carbonate (271 mg, 2.56 mmand 9-fluorenylmethyl succinimidyl
carbonate (431 mg, 1.28 mmol)vgat3g as awhite powder (479 mg, 82 % yield).
m.p. 198 °C; [a]*% =-23 (c 1, MeOH):IR (KBr): v = 3415, 2949, 1703, 1493,
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1218 cmt. *H NMR (400 MHz, acetonek): J = 3.25 (dd,J = 15, 8 Hz, 1H,
CHaHpg), 3.39 (ddJ =15, 5 Hz, 1H, BsHg), 3.82 (s, 3H, OCH}, 4.20 (tJ =7 Hz,

1H, Fmoc CH), 4.29 (m, 2H, Fmoc @t4.61 (m, 1H, o-H), 6.63 (dJ =8 Hz, 1H,

NH), 6.79 (dd,J = 8, 1 Hz, 1H, arom. H), 7.21 (m, 1H, arom. H), 7.30 (m, 4H
arom. H), 7.40 (t) = 7 Hz, 2H, arom. H), 7.66 (d,= 7 Hz, 2H, arom. H), 7.85 (d,

J =7 Hz, 2H, arom. H), 9.96 (br, 1H, NH) ppiiC NMR (100 MHz, acetondy):

0 = 27.45 (CH), 47.07 (CH), 54.65 (CH), 54.97 (O@k66.32 (CH), 100.18,
110.01, 111.60111.92, 119.87, 124.06, 125.28, 125.32, 127.05, 127.60, 128.14,
131.66, 141.15, 144.12, 144.15, 153.98, 155.93, 172.83 pIBn.m/z (+ESI)
calcd for G/H,sN,05 457.1763, found 457.1913 [MH

N-[(fluore n-9-yImethoxy)carbonyl]-4-methoxylry ptophan, (43 h)

Os_OH

OCH; NHFmoc
A\
N
H
43h

Procedure as described in the general procedure B§img38 mg, 0.14 mmol),
sodium carbonate (29 mg, 0.28 mmol) andludrenylmethyl succinimidyl
carbonate (47 mg, 0.14 mmol)vged3h as awhite powder (39 mg, 62 % yid).

m.p. 168°C; [a]*p = -27 (c 1, MeOH);IR (KBr): v = 3415, 2949, 1703, 1494,
1218 cnt. 'H NMR (400 MHz, acetonek): J = 3.26 (dd,J = 15, 8 Hz, 1H,
CHaHg), 3.41 (ddJ = 15, 5 Hz, 1H, E,Hg), 3.82 (s, 3H, OCH}, 4.20 (tJ = 7 Hz,

1H, Fmoc CH), 4.29 (m, 2H, Fmoc Gt4.62 (m, 1H, o-H), 6.59 (d,J =8 Hz, 1H,

NH), 6.56 (dd,J = 8, 1 Hz, 1H, arom. H), 7.25 (m, 1H, arom. H), 7.26 (m, 4H,
arom. H), 7.41 (tJ= 7 Hz, 2H, arom. H), 7.66 (d,= 7 Hz, 2H, arom. H), 7.85 (d,

J =7 Hz, 2H, arom. H), 9.96 (br, 1H, NH) pphC NMR (100 MHz, acetondy):

0 = 27.45 (CH), 47.07 (CH), 54.63 (CH), 54.95 (OGK 66.33 (CH), 99.76,
110.11, 111.65, 116.20, 119.85, 121.34, 123.41, 125.26, 125.29, 127.06, 127.61,
137.94, 141.15, 144.12, 144.15, 154.98, 156.02, 172.83 ppm. MS: m/z (+ESI)
calcd for G/H,sN,05 457.1763, found 457.1781 [MH
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N-[(fluore n-9-yImethoxy)carbonyl]-1-methyi-tryptophan, (43i)

(@) OH
NHFmoc
A\
N
CH;
43j

Procedure as described in the general procedure G6i@00 mg, 1.37mmol),
sodium carbonate (290 mg, 2.75 mmol) andluBrenylnethyl succinimidyl
carbonate (461 mg, 1.3Wmol) gave 43i as awhite powder (447 mg, 74 % yield).
m.p. 9294 °C; [a]*, = -24 (¢ 1, MeOH):IR (KBr): v = 3416, 3058, 2937, 1708,
741 cm®. '"H NMR (400 MHz, DMSQdg): 6 = 3.04 (dd,J = 14, 10 Hz, 1H,
CHaHg), 3.20 (ddJ =14, 5 Hz, 1H, ClHg), 3.71 (s, 3H, Ch), 4.22 (m, 4H, a-H,
Fmoc CH, CH), 7.03 (t,J = 6 Hz, 1H, arom. H), 7.14 (s, 1H;ZH), 7.14 (tJ=8
Hz, arom. H), 7.257.43 (m, 5H, arom. H), 7.60 (d,= 8 Hz, 1H, arom. H), 7.69
(m, 2H, arom. H), 7.89 (d] = 8 Hz, 2H, arom. H), 12.7 (br, 1H, NH) ppmcC
NMR (100 MHz, DMSQdg): ¢ = 27.25 (CH), 32.75 (CH), 40.05 (Ch), 55.47
(CH), 66.12 (CH), 110.06, 118.89, 118.98, 120.57, 121.52, 125.76, 127.51, 127.93,
128.09, 128.47, 137.01, 141.15, 144.24, 156.46, 174.11@prmm/z(+ESI) calcd
for C,7H,5N,0, 441.1814, found 441.1994 [MH

N-[(fluore n-9-yImethoxy)carbonyl]-2-methyi-tryptophan, (43j)

(@) OH
NHFmoc
A\
N
H
43

Procedure as described in the general procedure B6jn@8 mg, 0.31 mmol),
sodium carbonate (65 mg, 0.62 mmol) andludrenylmethyl succinimidyl
carbonate (104 mg, 0.31 mmol) gad&j as awhite solid (53 mg, 40 % yield). m.p.
182-185 °C; [0]* = -15 (¢ 1, MeOH)IR (KBr): v =3412, 3057, 2924, 1712, 743
cm. 1H NMR (400 MHz, acetonrdg): § = 2.43 (s, 3H, Ch), 3.26 (ddJ = 14, 7
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Hz, 1H, (HaHg), 3.37 (dd,J) = 14, 6 Hz, 1H, ExHg), 4.19 (t,J = 8 Hz, 1H, Fmoc

CH), 4.29 (d,J = 8 Hz, 2H, Fmoc CH), 4.62 (m, 1H, a-H), 6.57 (d,J = 8 Hz, NH),

7.03 (m, 2H, arom. H), 7.30 (m, 3H, arom. H), 7.40 &,7 Hz, 2H, arom. H), 7.62
(d,J=7 Hz, 1H, arom. H), 7.67 (m, 2H, arom. H), 7.85)d,8 Hz, 2H, arom. H),

9.91 (br, 1H, NH) ppm™C NMR (100 MHz, acetondg): J = 10.88 (CH), 26.88

(CHy), 47.06 (CH), 54.92 (CH), 66.39 (GH 106.11, 110.35, 117.68, 118.71,
119.89, 120.41, 125.32, 125.33, 127.06, 127.62, 129.02, 133.31, 135.81, 141.17,
144.10, 144.19, 155.92, 172.97 ppm. M8z (+ESI) calcd for gHN,O4
441.1814, found 441.2033 [MH

6.3 Experimental for Chapter 3

6.3.1 Synthesis of(R)-Ala-Thz-OH

(R)-tert-Butyl 1-amino-1-oxopropan2-ylcarbamate, (57)

L O
O N
O j*
O
57

DCC (6.57 g, 31.9 mmol) was added to a suspension ofBealanine (5.03 g,
26.6 mmol)and1-hydroxybenzotriazole (4.3 g, 31.9 mmol) in &k, (80 mL) at
0°C. The solution was warmed to room temperature and stirred for 1 h. The
solution was cooled to 0 °C again and 0.5 M ammonia in diog@®anlL) was
added into the solutiorThe reaction mixture was warmed to room temperature,
stirredfor 1 h and then filteredThe mother liguowas concentrated and purified
by column chromatography (CHLMeOH, 96:4) togive the amide57 as awhite
solid (4.81 g, 96 % yield); m.p. 16004 °C (ref% m.p. 120121 °C);R = 0.25
(CHCIy MeOH, 96:4). IR (KBr):v = 3390, 3353, 3200, 1682, 1644, 1522, 1325,
1251, 1167 ci *H NMR (400 MHz, CDCJ): 6 = 1.37 (dJ = 7 Hz, 3H, CHEl5),

1.43 (s, 9H, C(83)3), 4.23 (br, 1H, EICH3), 5.29(br, 1H, a-NH), 6.07 (br, 1H,
NHAHg), 6.56 (br, 1H, NHHg) ppm. *C NMR (100 MHz, CDC)): 6 = 18.45
(CHCH,3), 28.31 (CCHay)), 49.71 CHCHs), 80.14 C(CHs)), 155.62 (CO), 176.03

-225



Chapter 6 Experimental

(CO) ppm. MS: m/z (+ESI) calcd for @H;gN,Os;Na®™ 211.1161, found
211.1191[MN4].

tert-Butyl -(R)-(1-thiocarbamoylethyl)carbamate, (58)

LS
O N
ROy
O
58

Lawesson’s reagent (3.1 g, 7.6 mmol) was added to a soluttbe aimide57 (2.4

g, 12.7 mmol) in THF (50 mLrooledat 0 °C. The mixturevasstirred at room
temperature for 40 minThe solutionwas poured inta separatingunnel which
contains ice (50 mL) and saturated aqueous NaH{&®DmL),andthe mixture was
extracted with BEO (50 mL x 3). The organic layers were combined, washed with
brine (100 mL), dried with MgS®and concentrated. The residue was purified by
column chromatographin-hexane/EtOAc) tagive 58 as awhite solid (1.71 g, 66

% yield); m.p. 64 66 °C (ref™° m.p. 104 105 °C);R = 0.30 (nhexane/EtOAc,
3:2). IR (KBr): v= 3378, 3288, 3181, 1675, 1523, 1241, 1158.¢iH NMR (400
MHz, CDCk): 6 = 1.44 (s, 9HC(CH53)3), 1.47 (dJ =7 Hz, 3H, CHEl5), 4.58 (br,

1H, CHCHs,), 5.45 (br, 1H, o-NH), 7.85 (br, 1H, MiaHg), 8.23 (br, 1H, NHHg)
ppm. **C NMR (100 MHz, CDC)): 6 = 21.73 (CHCH3), 28.34 (CCHy)), 55.14
(CHCHg), 80.56 C(CHs3)), 155.57 (CO), 210.58 (CS) ppm.

Ethyl-2-(1-(tert-butoxycaronylamino)ethyl)-4-hydroxy-4,5-dihydrothiazole-4-
carboxylate, (138)

OH

H S/>4
XOTN\(&N COOEt
o)
138

Thioamide58 (100 mg, 0.5 mmol) was dissolved in DME (5mL)ftek stirring
vigorously for 10 min at -15 °GhegroundKHCO; (400 mg, 4 mmol) fine powder
was added to a suspension solution. The mixtwasstirred for 30 minand then

ethyl bromopyruvate (0.2 mL, 1.5 mmol) was added. The solution was poured into
water (10 mL) and was extracted with&t(10 mL x 3) The combined dry with
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MgSO, and concentrated. The residue was purifieddymn chromatographin
hexane/EtOAc1:1) togive hydroxythiazolinel38 as acolourless oil (60 mg, 38 %
yield), R = 0.10 (rhexane/EtOAc, 3:1)H NMR (400 MHz, CDC}, isomer atio

= 1.1, te asterisk denotes isomer peak=1.33 and 1.34* (tJ = 7 Hz, 3H,
OCH,CH), 1.46 (d,J = 7 Hz, 3H, CHEl3) 1.47 (s, 9H, C(H5),), 3.41 (dJ = 12
Hz, SCHaHg), 3.87 (d,J = 12 Hz, SCHHg), 4.31 and 4.32* (q) = 7.2 Hz, 2H,
OCH,CHs), 4.63 (br, 1H, €ICH,), 5.31 (br, 1H, a-NH) ppm.*C NMR (100 MHz,
CDCly): 0 = 14.04 (CHCH3), 20.24 and 20.61* (CEH3), 28.23 and 28.31*
(C(CHa)3), 40.8 (C5H), 49.06 and 49.29* (a-CH), 62.90 and 62.99*QH,CH,),
79.92 (C(®3)3), 105.35 (COH), 154.83 (C=0), 170.71 (C=0), 179.90 (C=N)

pp m.

Ethyl (R)-2-(1-tert-butoxycarbonylaminoethyl)thiazole-4-carboxylatg (59)
S
b N
le) @)
59

Thioamide58 (500 mg, 2.45 mmol) was dissolved in DME (i). After stirring
vigorously at-15 °C for 10 minfinely groundKHCO;(1.96 g, 19.6 mmoljvas
added to a suspension solution. The mixture was stirred for 30amalrethyl
bromopyruvate (0.2 mL, 1.Bbmol) was added. After 5 min, the solution of-2,6
lutidine (2.43 mL, 20.8 mmol) and trifluoroacetic anhydride (Ir87 9.8 mmol)
in DME (2 mL) was added at5 °C. After stirring at15 °C for 1 h, the mixture
was poured into water (20 mL) and extracted wifOEtLO mL x 3). The organic
layers were combinediried (MgSQ) and concentrated. The residue was purified
by column chromatography {lnexane/EtOAc, 4:1) to give thiazob® as a light
yellow solid (361 mg, 49 % yield), m.B0-82°C (ref’*° 8586 °C):R = 0.5 (n
hexane/EtOAc, 3:2). [a]p?*= +32 € =1.0, CHC}). IR (KBr): v = 3368, 3114, 1717,
1687, 1494, 1229, 1059 ¢m'H NMR (400 MHz, CDC}): d = 1.40 (t,J = 7 Hz
3H, CH,CHjy), 1.44 (s, 9HC(CH3)3), 1.62 (dJ = 6.4 Hz, 3H, CHEl3), 4.40 (qJ =

7 Hz, 2H, H,CHjy), 5.10 (br, s, 1H, a-CH), 5.30 (br, s, 1H, a-NH), 8.08 (s, 1H,
C°H) ppm.**C NMR (100 MHz, CDCJ): § = 14.36 (CHCHs), 21.79 (CHCHy),
28.31 (C(®3)3), 48.93 (a-CH), 61.43 CH,CHj3), 80.25 (C(C3)3), 127.14 (CEH),
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147.21 (C=C), 154.88 (C=0), 161.35 (C=0), 174.90 (C=N) ppm. MS(+ESI)
calcd for GsHodN,0,SNa 323.1144found 323.0970 [MN3.

(R)-2-(1-tert-Butoxycarbonylaminoethyl)thiazole-4-carboxylic acig (44)
S
hil N
O o
44

Boc-(R)-Ala-ThzOEt (59) (1.24 g, 4.1 mmol) was dissolved in solution of THF/
MeOH/ HO 9:6:6 mL Lithium hydroxide (118 mg, 4.9 mmol) in water (2 mL)
was added at 0 °C. The mixture was weadno room temperature andirséd
overnight. The solventwas removedn vacuo The residue as dissolved itH,0
(40 mL) and extracted with EtOAc (20 miL2). The aqueous layer was acidified
with saturated aqueous KH$® pH = 2 and extracted with DCM (40 mi_3).
The organic layers weneasled with brine, dried and concentest. The residue
was recrystallied with DCM/ Hexane tajive the carboxylic acidd4 asa pale
yellow solid (986 mg, 886 yield), m.p. 581 °C;[a]p°= + 31 (c = 1.0, CHC}).

IR (Solid): v = 3362, 3105, 2979, 1692, 1517, 1366, 1242, 1058 &h NMR
(400 MHz, CDC}): 0 = 1.47 (s, 9H, C(H5)3), 1.66 (d,J=6 Hz,3H, CHCH5), 5.10
(br, s, 1H, a-CH), 5.30 (br, s, 1H, a-NH), 8.23 (s, 1H, &) ppm.**C NMR (100
MHz, CDCk): 21.7 (CH), 28.4 (CCHa3)3), 60.5 (a-CH), 80.2 C(CHg)3), 128.7
(Cs-H), 146.6 (C=C), 155.0 (C=0), 164.1 (C=0), 171.4 (C=N) ppfs: m/z
(+ESI) calcd for GH17N,O,SNa” 295.0562, found 295.0352 [MNa
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Ethyl-2-((R)-14(9)-3,3,34rifluoro -2-methoxy-2phenylpropanamido)ethyl)-
thiaz ole-4-carboxylate, R,S)-145

Ethyl-2-((9)-1-((9-3,3,3trifluoro -2-methoxy-2phenylpropanamido)ethyl)-
thiaz ole-4-carboxylate, §,S)-145

o
HsCO, HyCO, CFan H
O W Mk
(R,S)-145 (S,9)-145

Recemic Boc-(R)-Ala-ThzOEt (59) (20 mg, 0.06 mmol) was treated with
TFA/DCM (1 mL/ 1 mL). The reaction mixture was stirred at room temperature for
1 h. The solvent was removadvacuo The residue oil was treated w{tR)-(—)-a-
Methoxy-a-(trifluoromethyl)phenylacetyl chloride (12.5 pL, 0.06 mmol) and
DIPEA (23 uL, 0.12 mmol) in DCM (1 mL) and was stirred at room temperature
for 1 h. The solvent was removadvacuw to give the Mosher’s derivativéR,S)-
145and(RR)-145ascolourless o (27 mg, 96 % vyield).

(R9-145 'H NMR (400 MHz, CDC})): d = 1.41 (tJ = 7 Hz, 3H, OCHCH), 1.75
(d, J =8 Hz, 3H, a-CHy), 3.41 (t,J = 1 Hz, 3H, OCH), 4.43 (q,J = 7 Hz, 3H,
OCH,CHy), 5.49 (tdJ=2,8 Hz, 1 H, a-H ), 7.38-7.53 (m, 5 H, arom. H), 8.09 (s,
1H, C-5H) ppm*F NMR (375MHz, CDClL): 6 = - 68.94 ppm.

(RR)-145 'H NMR (400 MHz,CDCly): § = 1.41 (tJ = 7 Hz, 3H, OCHCH,), 1.69
(d, J = 8 Hz, 3H, 0-CH,), 3.47 (tJ = 1 Hz, 3H, OCH), 4.42 (q,J = 7 Hz, 3H,
OCH,CHy), 5.49 (tdJ =2, 8 Hz, 1 H, a-H), 7.387.53 (m, 5 H, arom. H), 8.13 (s,
1H, C-5H) ppm2°F NMR (375MHz, CDCL): 6 = - 68.57 ppm.
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6.3.2 Synthesis of(R)-Ala-oxazole OH

(S)-Ethyl 2-((R)-2-(tert-butoxycarbonylamino) propanamido)-3-
hydropropanoate, (148)

HO
L O
o._N OEt
T TN
o) o)
148

Boc-(R)-Alanine (1.23 g, 6.5 mmol) and serine ethyl ester hydrochloride were
dissolved in CHCI, (15 mL).N,N-diisopropylethylamine (1.70 mL, 9.7 mmol) was
added into the solution and cooled to 0 °C. Then hydroxybenzotriazole (0.878 g,
6.5 mmol) and\,N-dicyclohexylcabodiimide (1.34 g, 6.5 mmol) were addedheT
reaction mixturevas warmed to room temperature atidred for 2 h The solution

was partitioned with 0.IN HCI (10 mL) and CHCI, (10 mL x 3). The organic
layer was washed with saturated NaHCQ@O mL), dried (MgS® and
concentrated. The residue was purifieccblumn chromatograph§CHCly/MeOH,

96:4) togive Boc-(R)-Ala-SerOEt(148) as awhite solid (1.37 g, 69 % yield); m.p.
86-87 °C;Rs = 0.25 CHCIy/MeOH, 96:4). IR KBr): v = 3510, 3363, 3263, 1706,
1678, 1530, 1327 cm*H NMR (400 MHz, CDCJ): 6 = 1.30 (t,J = 7 Hz, 3H,
CH,CH,), 1.40 (dJ =7 Hz, 3H, CHQH5), 1.45 (s, 9H, C(El)3), 2.82(t, J= 6 Hz,

1H, OH), 3.96 (br, 1H, E,HgOH), 4.04 (br, 1H, CHHgOH), 4.18 (t,J = 6 Hz,

1H, CHCHy), 4.26 (q,J = 7 Hz, 2H, G1,CHy), 4.61 (br, 1H, €ICHjy), 5.04 (d,J =

4 Hz, 1H,NH), 7.08 (d,J = 4 Hz, 1H, NH. **C NMR (100 MHz, CDC}): § =
14.10 (CHCHjy), 18.23 (CHCH3), 28.28 (CCH3)), 50.69 (a-CH), 54.86 (a-CH),
61.80 (OCH), 62.70 (OCH), 80.48 C(CHz)), 155.81 (CO), 170.38 (CO), 172.92
(CO) ppm. MS:m/z (+ESI) calcd for GH,N,0gNa" 305.(634, found 305.0638
[MNa™].
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Ethyl 2-((R)-1-(tert-butoxycarbonylamino)ethyl)-4,5-dihydrooxazole-4-
carboxylate, (149)

><O\[.!/H\‘/CL/N>\/(OOH

149

Burgess reagent (methoxycarbo nylsulphanrtagthylammoniumm hydroxide)
was added to solution of Boe(R)-Ala-SerOEt (148 (200 mg, 0.66 mmol) in dry
THF (5 mL) in 7 mL microwave tubeThe tube was capped; the mixture was
stirred for 10 min and was microwaved (100 W) for 30 min at 70 °C under 250 psi
pressure. The solution was allowed to cool to room temperature. The gaie yel
solution was concentrated and purified by column chrognaphy (A
Hexane/EtOAc, 2:3) tgive Boc-(R)-Ala-dehydrooxazold 49 as ayellow oil (145
mg, 77 % vield)R= 0.5 (-Hexane/EtOAc, 2:8 *H NMR (400 MHz, CDC)): 6
=1.32 (t,J= 7 Hz, 3H, OCHCH3), 1.41 (d,J =7 Hz, 3H, CHCH3), 1.45 (s, 9H,
C(CH,)3), 4.25 (q,J = 7 Hz, 2H, O®i,CHy), 4.47 (br, 1H, €ICH,), 4.48 (t,J = 8

Hz, 1H, O@HaHg), 4.57 (t,J = 8 Hz, 1H, OCHHpg), 4.74 (dd,J = 4, 8 Hz, 1H,
NCH), 5.21 (br, 1H, NH)}*C NMR (100 MHz, CDGJ, isomer ratio = 1:1, the
asterisk denotes isomer peak): 6 = 14.12 (OCHCH3), 19.57 and 19.63* (C&H5),
28.31 (CCHy)), 44.78 CHCHjy), 61.76 (C@CH,CHs), 67.98 (NCH), 70.21 CH,CH),
79.73 C(CHy)), 154.89 (CO), 170.8 (CO), 170.78 (CN) ppm.

(R)-Ethyl 2-(1-(tert-butoxycarbonylamino)ethyl)oxazole-4-carboxylatg(150)
>< hil \KKN Ot
@]
150

tert-Butyl perbenzoate (74.6 pL, 0.65 mmol) was added dropwise to a boiling
solution, which is a mixture of thBoc-(R)-Ala-dehydrooxazole(149 and CuBr
(74.6 mg, 0.52 mmol) in benzene (4 mL) over 1 h. The solution wakef
refluxed for 1 h. Then the reaction mixture was poured into saturated aqueous
NaHCQG (10 mL) and extracted with ether (10 mL x 2), dried with Mg%@d
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concentrated. The residue oil was purified by column chromatography (
Hexane/EtOAc, 7:Bto give oxazold50as a colourlessil (86 mg, 72 % yield)R

= 0.4 f-Hexane/EtOAc, 7:8 [o]p™= + 13 (c = 1.0, CHC}). IR (KBr): v =33486,
3016, 1716, 1683, 1523, 1110, 1063citd NMR (400 MHz, CDC)): § = 1.39 (t,

J =7 Hz, 3H, CHCH,), 1.46 (s9H, C(CH5)3), 1.60 (dJ = 7.2 Hz, 3H, CHE5),
4.41 (9, =7 Hz, 2H, G,CHs), 5.03 (br, 1H, GICHy), 5.23 (br, 1H, NH), 8.18 (s,
1H, C=CH). ¥*C NMR (100 MHz, CDC)): § = 14.32 (OCHCH3), 20.25 (CHCH5),
28.30 (CCHs)), 44.80 CHCHs), 61.30 (@H.CH,), 80.17 C(CHs)), 133.48
(C=CH), 143.86 (CE€H), 161.14 (CO), 165.87 (CO) ppm. MBvz (+ESI) calcd
for CiaH,0N,OsNa” 307.1372, found 307.1220 [MNa

Ethyl-2-((R)-14(9)-3,3,34rifluoro -2-methoxy-2phenylpropanamido)ethyl)-
oxazole-4-carboxylate, R,S)-155

Ethyl-2-((5)-1-((9-3,3,3¢rifluoro -2-methoxy-2phenylpropanamido)ethyl)-
oxazole-4-carboxylate, §,5)-155

W,

O

iCOA/ iCOACFfHM
(R,S)-155 (S,5)-155

Boc-Ala-oxazole©OEt (150) (4 mg, 0.014 mmol) was treated with TFA/DCM (1
mL/ 1mL). The reaction mixture was stirred room temperature for 1 h. The
solvent was removedn vacao The residue oil was treated witR)-(—)-a-
Methoxy-a-(trifluoromethyl)phenylacetylchloride (2.6 upL, 0.014 mmol) and
DIPEA (4.8 uL, 0.028 mmol) in DCM (1 mL) and was stirred at room temperature
for 1 h. The solvent was removatdvacaoto give the Mosher’s derivativéR,S)-
155 and (S9-155 as acolourless oil (5 mg, 90 % yieldfH NMR (400 MHz,
CDCls, isomer ratio = 2:1, the asterisk denotes isomer peak X.39 and 1.40* (t,
J=7 Hz, 3H, OCHCHjy), 1.61* and 1.67 (d] =8 Hz, 3H, a-CH3), 3.93* and 3.48
(t, J=1 Hz, 3H, OCH), 4.42 (qJ = 7 Hz, 3H, OG®I,CHy), 5.39 (m,, 1 H, o-H ),
7.417.45 (m, 5 H, arom. H), 8.17and 8.20(s, 1H, GH) ppm.**F NMR (375
MHz, CDCL): 6 = -68.99 and -68.74* ppm.
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6.3.3 Synthesis ofN-Fmoc-phenylselenocystine

N-(tert-Butoxycarbonyl)-(S)-serine p-lactone, (64)

H O
o._N.,
RO,
O
64

Two-Neckroundbottom flask was equipped with a stir bar, nitrogen bubbler and a
rubber septum. The flask was charged with dry THF (8 mL) and
triphenylphosphine (257 mg, 0.98 mmol). The triphenylphosphine was dissolved
by stirring and was cooled to -78 °C. Diethybdicarboxylate (445 uL, 0.98 mmol)

was addedo the solutionThe result pale solutiomasstirred at78 °C for 10 min.

The rubber septumas quickly replacetly adropping funnel containing a solution

of Boc-(§-serine (200 mg, 0.98 mmol) in THF (2 mighich was further added
dropwiseto the mixture over more than 30 min. After completion of additiba, t
mixture wasstirred at-78 °C for 20 min. The cooling bath was removed, and the
mixture was slowly wared to room temperature over 2.5 thenconcentrated.
The vyellow residual oil was suspended irhaxane/EtOAc (1:120 mL) and
fillered. The filtrate was concentrated and further purified by column
chromatography fhexane/EtOAc, 7:3) to give4 as a white solid (76 mg, 42 %
yield). Ri= 0.25 f-Hexane/EtOAc, 7:8 [o]p>>=-17 (€ 1.0, CHC}). IR (KBr): v =
3358, 3011, 2977, 1842, 1680, 1531, 1289'ctH NMR (400 MHz, CDC}): & =

1.45 (s, 9H, C(B3)3), 4.43 (br, 2H, El,), 5.09 (br, 1H, N@®), 5.58 (d,J = 8 Hz,

1H, NH) ppm. **C NMR (100 MHz, CITls): 6 = 28.18 (CCHy)), 59.44 CH),
66.55 CH,), 81.30 C(CHjy)), 154.66 (CO), 169.71 (CO) ppm.

N-(tert-Butoxycarbonyl)-(R)-phenylsekenocysteing (65)

o)
H
O N\)J\
>< T OH
O  ~~seph
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Sodium trimethylborohydride (358 mg, 2.8 mmol) was added to a solution of
diphenyl diselenide (437 mg, 1.4 mmol) in dry ethanol (12 mL) at room
temperature under nitrogen. Thesultingyellow solution was stirred for 30 min
then a solution of B-lactone(64) (374 mg, 2 mmol) in dry ethanol (5 mL) was
added. The reaction mixture was stirred for 2 h and concentrated. The reaglue
partitioned betweesaturated NaHC&(20 mL) and EO (20 mL). The agueous
layer was washetly EL,O (5 mL x 2) to remove excess diphenyl diselenide. The
agueous layer weeidified with 3Maqueous HCI to pH = 2xtracted with EtOAc

(20 mL x 3). The organic layers were combined, washed with brine, dried (1gSO
and concentrated to giVeb as awhite sdid (685 mg, 99 % yield). m.p. 8390 °C
(ref®° m.p. 9495 °C);R; = 0.4 (CHClyMeOH, 91 with 1 drop AcOH. [o]p>= -

34 (c = 1.0,MeOH). 'H NMR (400 MHz, CDC)): 6 = 1.43 (s, 9H, C(8,)), 3.38

(br, 2H, CH), 4.66 (br, 1H, a-CH), 5.37 (br, 1H, NH), 7.28 (br, 3H, arom. CH),
7.57 (br, 2H, arom. CH) ppm>C NMR (100 MHz, CDCJ): § = 28.27 C(CHy)),
30.16 (CH), 53.57 (0-CH), 80.43 C(CHy)), 127.61 (arom. CH), 129.02 (arom. C),
133.62 (arom. CH), 155.27 (CO), 175.43 (CO) ppa%S: m/z (+ESI) calcd for
C14H19NNaO,Se" 368.0377, found 368.0130 [MNa

(R)-p-Phenylselenocysteing(66)

O

TN
2" oH

~~SePh
66

Trifluroroacetic acid (15 mL) was added dropwise to a solution Bbc-
phenyselenocycstein€g5) (3.65 g, 10.6 mmol) in C}Cl, (15 mL) at room
temperature. The reaction mixture was stirred for 1 hcamdentrated. The white
solid was wash with-hexane taggive 66 trifluoroacetatesaltas awhite solid (3.7 g,
97 % yield). m.p. 166-170 °CH NMR (400 MHz, MeOD)9 = 3.11 (dd,J = 16, 4
Hz, 1H, CHaHg), 3.29 (ddJ =16, 4 Hz, 1H, Cli{Hg), 3.91 (ddJ=4, 4 Hz, 1H, a-
H), 7.13 (m, 3H, arom. CH), 7.42 (m, 3H, arom. CH) ppm. k& (+ESI) calcd
for CoH1,NO,S€ 246.0033, found 246.0019 [MH
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N-(9-Fluorenylmethoxyc arbonyl)-(R)-p-phenylselenocysteing(67)

Q o :/SePh
' OJLH:AH/OH
O o]

N-(9-Fluorenylmethyoxycarbonyloxy) succinimide (2.77 g, 8.2 mmol) was
dissolved in THF (20 mL) and was added to a stirred solution of
phenyselenocycsteing6) (2.87 g, 8 mmol) and NaHG(Q2.3 g, 28 mmol) in
water (25 mL) over 10 min. The reaction mixture was stirred overnight at roo
temperature. The solvent was removedacuo The residue was dissolved in®

(40 mL), acidified with saturated aqueous KHIB80 mL), extracted with ethyl
acetate (3 x 40 mL), wasti with brine, dried and concentrated. Thé residue

was purified bycolumn chromatographyCHCly/MeOH, 19:1) togive Fmoc
phenylselenocysteing®7) asawhite solid (3.49 g, 93 % vyield); m.p. ¥® °C; R

= 0.5 CHCly MeOH, 9:1 + 1 % AcOM IR (KBr): v = 3358, 3063, 1727, 1711,
1682, 1522, 1449, 1248 and 758ciH NMR (400MHz, CDC})): ¢ = 3.37 (dd,J

= 4,16 Hz, 1H, ElxHg), 3.45 (ddJ =4, 16 Hz, 1H, ExHg), 4.20 (tJ =8 Hz, 1H,
OCH,CH), 4.36 (m, 2H, O8,CH), 4.77 (br, 1H, a-H), 5.58 (d,J = 8 Hz, 1H, NH),

7.26 (m, 4H, arom. CH), 7.34 (m, 2H, arom. CH), 7.43 (m, 2H, arom. CH), 7.54 (m,
3H, arom. CH), 7.79 (m, 2H, arom. CH) pphHiC NMR (100MHz, CDC)): ¢ =

29.73 (S€H,), 47.05 (a-CH), 53.91 CHCH,), 67.38 (CHCH,), [120.03, 125.14,
127.12, 127.79, 127.86, 128.58, 129.30, 133.79, 141.31, 143.66, 143.71]
(arom.CH), 155.75 (CO), 174.93 (CO)pm MS: m/z (+ESI) calcd for
Co4H2:NO,S€ 468.0636 found 468.0135 [MH
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6.4 Experimental for Chapter 4

(S)-2-Chlorotrityl] N-(fluoren-9-ylmethoxycarbonyl) methyl-amino]-acetic acid
polystyrene, (185)

CI (@)
® O Of'}'J\O .O
g @

2-Chlorotrityl chloride resin (1 g, 1.2 mmol, theoretical loading 1.2 mrilveas
swollenin DCM (6 mL) for 1 h. Fmogsarcosine (373 mg, 1.2 mmol) and DIPEA
(418 uL, 2.4 mmol) in DCM (2 mL) then added to the resin suspension. The
reaction mixture was gently stirred at room temperature for 2 h. MeOH (500 pL)
was added and the suspension was stirred for another 15 min. The detivedis
was collected in a Buchner funpglashed with DMF, DCM and hexane and dried
in vacuoto give the desired produt85 (1.363 g, Fmoc substitution 0.84 mmat, g
70 %).

Determination of resin substation based on the Fmesubstitution.

An accurately weighted sample of the dry Freabstituted resinc@.1-2 mg) was
exposed to a solution of 20 v peperidine in DMF (3 mL) for 1 h, with
occasional agitation. Te UV absorbance reading at 290 nm was taken and used in

the BeerLamber’s law.

Aogpp=ccl

A = absorbance wavelength at 209 nm

& = molar extinction coefficient (5253 mol™ cni' for Fmoc piperidine add uct)
c = concentration (md)

| = path length (1 cm)
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Since 1 and ¢ are known and A can be measured, the concentration of the Fmoc

piperidein adduct released from the resin can be determined.

The theoretical loadgcan ke calculated using the follow equation
Theoretical loading = x /(1+( xy / 1000)) mmot g

X = initial loading of resifmmol)

Y = molecular weight added on to resin

The percentage efficiency of resin loading can then be evaluated from the

following equation:
% loading efficiency = (actual loading / theoretical loading) x 100

Standard Protocal A for linear peptide synthesis

The derivatisedesin185 (1 eq.) was @ad in a reaction columigwollenwith
DMF/DCM (1 mL) for 12 h, and Fmedeprotection was carried out on a
continuous flow of 20 %v/v piperideinin DMF (2.8 mL min', 10 min) using
NOVA SYN® GEM manual peptide synthesis@he reactiorwas monitored post
column at 355 nm. The resin wd®eh washed with DMF (2.8 mL min5 min),
and the peptide sequen@®-Ala*-ThZ-Trp>-Trp*(X)-Gly>-(R)-Ala’®-Ph(Se}-Saf-
OHwas assembled manually using NOVA SYSEM manual peptide synthesis

Sequential acylation reactions were carried out at ambient temperature for 4 h
using appropriaté&N“-Fmoc-protected amino acids (4 eq.) [FrrBb(Se)OH (42),
Fmoc-(R)-Ala-OH, FmocGly-OH, FmoeTrp(X)-OH (43), FmocTrp-OH, Boc
(R)-Ala-ThzOH (44)] and carboylatedactivatingreagent PyOxim (4 eq.) or
HATU (3.9 eq.) and DIPEA (8 eq.) in DMF (0.5 mL)Sequential Fmoc
deprotection was achieved using 20v% piperidinein DMF (2.8 mL mirt', 10

min).

After final acylation reaction, the peptidggsin was filtered, washed successively
with DMF, DCM and hexane, and dri@dvacuo
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The resin product was suspended in a mixture of waté2%0mL), TIPS (0.025
mL) and DCM (1 mL), followed by the addition ofFA (1 mL). The reaction
mixture was allowed to stand at ambient temperature for 1 h. Thensimp&vas

filtered, washed with DCM (3 mL), and the fillsewas evaporateih vacuo

The residual material was tnited with diethyl ether (2 mL) to resah offwhite
sold. The desired linear peptide was dissolved in water (2 mL) and leghil

overnight.
(R)-Ala’-Thz%-Trp3-Trp*-Gly>-(R)-Ala®-Ph(SeY-Sar’-OH, (46a)

Using Standard protocol A and the Fmbp-OH (438 the title peptide was
assembled as white solid (54 mgb6 %, yield, 90 % purity). The linear peptide

was used directly in the nesyclisationstep without further purification.
RP-HPLC 1-:35 % B in 10 minigr 10.3 min

ES-MS m/zcalcd for GsHsiN100sSSe 971.2777, found 971.2313 [MH
(R)-Ala-Thz-Trp-(5-Br)-Trp-Gly-(R)-Ala-Ph(Se}Sar-OH, (46b)

Using Standard protocol A and the Fr{&eBr)-Trp-OH (43b) the title peptide
was assembled as white solid (63 mg, 60 % yieldg9 % purity). The linear

peptide wasised directly in the next cyclisation step without further purification.
RP-HPLC 1-:35 % B in 10 mintg 10.6min.

ES-MS m/zcalcd for GsHsdBrN10OsSSe 1049.1882, found 1049.1888 [NIH
(R)-Ala-Thz-Trp-(5-Cl)-Trp-Gly-(R)-Ala-Ph(Se}Sar-OH, (46c¢)

Using Sandard protocol A and the Fm@s-CI)-Trp-OH (430 the title peptide was
assembled as a white solid (56 mg, 56 % yield, 86 % purity). The linear peptide
was used directly in the necgclisationstep without further purification.

RP-HPLC 1-35% B in 10min, tg12.1 min

ESMS m/zcalcd br CusHs¢CIN100sS Se 1005.2388, found 1005.2287 [KIH
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(R)-Ala-Thz-Trp-(5-Et)-Trp-Gly-(R)-Ala-Ph(Se}Sar-OH, (46e)

Using Standard protoc@ and the Fmog5-Et)-Trp-OH (43¢ the title peptide was
assembled as a white solid (53 g% yield,84 % purity). The linear peptide was
used directly in the next cyclisation step without further purification.

RP-HPLC 1-35 % B in 10 mintg10.6 min
ES-MS m/zcalcd for GHssN100sSSe 999.3090, found 999.2575 [MH
(R)-Ala-Thz-Trp-(5-Me)-Trp-Gly-(R)-Ala-Ph(Se}Sar-OH, (46f)

Using Sandard protocol A and the Fm@s-Me)-Trp-OH (43f), the title peptide
was assembled as a white solid (58 mg, 59 % yiedd% purity). The linear

peptide wasised directly in the next cyclisation step without furtherfimation.
RP-HPLC 1-35 % B in 10 minfr 11.5 min.

ES-MS m/zcalcd for GgHs3N100sSSe 985.2934, found 985.2867 [MH
(R)-Ala-Thz-Trp-(5-OMe)-Trp-Gly-(R)-Ala-Ph(Se}Sar-OH, (469)

Using Sandard protocol Aand the Fmog5-Me)-Trp-OH (439 the title peptide
was assembled as a white solid (64 @4, % vyield, 78 % purity). The linear

peptide wasised directly in the next cyclisation step without further purification.
RP-HPLC 1-35 % B in 10 minfr 10.4 min

ES-MS m/zcalcd for GgHsaN100sSSe1001.2883, found 1001.2643 [NH
(R)-Ala-Thz-Trp-(1-Me)-Trp-Gly-(R)-Ala-Ph(Se}Sar-OH, (46i)

Using Standard protocol A and the Fnri{deMe)-Trp-OH (43i) the title peptide
was assembled as white solid (84 mg, 86 % yield36 % purity). The linear

peptidewas used directly in the next cyclisation step without further purification.
RP-HPLC 1-:35 % B in 10min,tg 10.8 min

ES-MS m/zcalcd for GgHsaN100sSSe 985.2934, found 985.2985 [MH
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Standard Protocol B for linear peptide synthesis

The deivatisedresin185 (1 eq.) was placed in a reaction column, swollen with
DMF/DCM (1 mL) for 12 h, and Fmedeprotection was carried out on a
continuous flow of 20% v/v piperidinein DMF (2.8 mL mint, 10 min) using
NOVA SYN® GEM manual pefde synthesizerThe reactionwas monitored post
column at 355 nm. The resin was then washed with DMF (2.8 mL, reimin),
and the peptide sequen(®-Ala’-ThZ-Trp>-Trp*(X)-Gly*-(R)-Ala®-Ph(Se}-Saf-

OH was assembled manually using NOVA SYNGEM manual peptide

synthesizer.

Sequential acylation reactions were carried out at ambient temperature for 4 h
using appropriaté&\N®-Fmoc-protected amino acids (4 eq.) [FrBb(Se)OH (42),
Fmoc(R)-Ala-OH, FmoecGly-OH, FmoeTrp(X)-OH (43), FmocTrp-OH, Boc
(R-Ala-ThzOH (44)] and carboylatedactivating reagent PyOxin(4 eq.) or
HATU (3.9 eq.) and DIPEA (8 eq.) in DMF (0.5 mL). Repetitive Fmoc
deprotection was achieved using 0v/v piperidinein DMF (2.8 mL mirt, 10

min).

After final acylation reaction, the peptidgésin directlytreated with NalQ (4 eq.)
in DMF/H,O (0.5:0.2 mL) and stirred at room temperature for 6rtre final
assembled peptidylesin was filtered, washed successively witoHDMF, DCM

and hexane, and driéd vacuo

The resin product was suspended in a mixtdneater (0.1 mL) and DCM (1 mL),
followed by the addition of TFA (1 mL). The reaction mixture was allowed to
stand at ambient temperature for 1 h. The suspension was filteastieadvwith

DCM (3 mL), and the filtetewas evaporateish vacuo

The residuamaterial was triturated with diethyl ether (2 mL) to result anndiite
sold. The desired linear peptide was dissolved in water (2 mL) and leghil

overnight.
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(R)-Ala-Thz-Trp-(6-F)-Trp-Gly-(R)-Ala-Dha-Sar-OH, (46d)

Using Standard protocol B amde Fmoe(6-F)-Trp-OH (43d) the title peptide was
assembled aa red solid (54 mg, 65 %). The linear peptide was used directly in the
next cyclisation step without further purification.

RP-HPLC 1-35 % B in 10 mintg8.2 min.
ES-MS m/zcalcd for GgH44FN;0sS 831.3048, found 831.2910 [MH
(R)-Ala-Thz-Trp-(4-MeO)-Trp-Gly-(R)-Ala-Dha-Sar-OH, (46h)

Using Standard protocol B and the Fr{deMeO)-Trp-OH (43h) the title peptide
was assembled as a brown solid (63 mg, 75 %). The linear peptide was used

directly in the next cyclisation step without further purification.
RP-HPLC 1-35 % B in 10 minfr 7.9 min.

ES-MS m/zcalcd for GoHaN100sS 843.3248, found 843.3193 [MH
(R)-Ala-Thz-Trp-(R)-Trp-Gly-(R)-Ala-Dha-Sar-OH, (46k)

Using Standard protocol B and the Fr{®}-Trp-OH, the title peptide was
assembled as a brown solid (39 mg, 48 %). The linear peptide was used directly in

the next cyclisation step without further purification.

RP-HPLC 1-35 % B in 10 minfr8.3 min

ES-MS m/zcalcd for GgHasN100sS 813.3143, found 813.3288 [MH
Cyclo[(R)-Ala’-Thz2-Trp3-Trp*-Gly>-(R)-Ala®-Ph(Se)-Sar’], (47a)

Diisopropylethylamine (75 pL, 0.4 mmol) and PyBOP (112 mg, 0.2 mmol) were
added successively to a solution of the linear pepide(70 mg, 0.07 mmol) and
HOBt (29 mg, 0.2 mmol) in CKCI, (144 mL) at room temperature. The reaction
mixture was stirred for 1 day, concentrated and purified byHREPC (Onyx
Monolithic Cig, 100 x 10 mm) to afford the cyclic peptidéaas a white powder
(20 mg, 30 % vyield).

RP-HPLC 1060 % B in 12 mintg 8.5 min.
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ES-MS m/zcalcd for GsHadN100;SSe 953.2672, found 953.2571 [MH

Cyclo[(R)-Ala’-Thz2-Trp3-(5-Br) - Trp*-Gly>-(R)-Ala®-Ph(Se)-Sar’], (47b)

2
H1 S/\>\(O
0] NT‘QN
3
<:2 Sj/ HN
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HN™ O
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NH

HN
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6 N
H O
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47b H
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Diisopropylehylamine (92 pL, 0.53 mmol), PyBOP (88 mg, 0.17 mmadénd HOBt
(22 mg, 0.1 mmolere added successively to a solution of the linear peg@te
(62 mg, 0.06 mmol) in CHCl, (120 mL) at room temperature. The reaction
mixture was stirred for 3 days, concentrated and purifiedregaative RP-HPLC
(Onyx Monolithic Gg, 100 x 10 mm) to afford the cyclic peptid@b as a white
powder (10 mg, 17 % vyield).

RP-HPLC 1060 % B in 12 mintg 9.9 min.

'H NMR (400 MHz, DMSQde): 6 = 0.65 (d,J = 7 Hz, 3H, 6CHs), 1.56 (d,J = 7
Hz, 3H, 2CHy), 3.13 (dd,J = 14, 8 Hz, 1H, 4CHxH5g), 3.22 (s, 3H. &Hy), 3.24
(m, 1H, 4CHpHg), 3.31 (m, 1H, BCHaHg), 3.34 (m, 1H, TCHAHg), 3.45 (M, 1H,
7-CHaHg), 3.49 (m, 1H, 8CHaHg), 3.50 (m, 1H, 8CHHg), 3.67 (m, 1H, 3
CHaHg), 3.74 (m, 1H, 5sHxHg), 4.13 (qJ = 7 Hz, 1H,6-0-CH), 4.18 (tJ = 8 Hz,
1H, 4-0-CH), 4.35 (dJ =17 Hz, 1H, 8H,Hg), 4.60 (tdJ =7, 4 Hz, 1H, 7&-CH),
4.78 (td,J = 12, 4 Hz, 1H, &-CH), 5.32 (m, 1H, 4-CH), 7.027.32 (m, 12H,
arom. H), 7.43 (dJ = 3 Hz, #NH), 7.56 (m, 2H, arom. H), 7.58 (d,=7 Hz, 1H,
1-NH), 7.95 (s, 1H, 2H), 8.06 (dJ = 9 Hz, 1H, 6NH), 8.30 (s, 1H, A\H), 8.64
(d, J=9 Hz, 1H, 3NH), 8.88 (t,J =5 Hz, 1H, 5NH), 10.81 (dJ = 2 Hz, indole
NH), 11.16 (dJ = 2 Hz, indoleNH) ppm.

ES-MS m/zcalcd for GsHagN10O;SSe 1031.1777, found 1033.1757 [NH
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Cyclo[(R)-Ala-Thz-Trp-(5-CI)-Trp-Gly-(R)-Ala-Ph(Se}Sar], (47c)

2
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Diisopropylethylamine (87 uL, 0.50 mmol), PyBOP (86 mg, 0.17 mmaindHOBt
(22 mg, 0.17 mmolyvere added successively to a solution of the linear pepfide
(56 mg, 0.05 mmol) in CHCl, (120 mL) at room temperature. The reaction
mixture was stirred for 3 days, concentrated and purifiedrbgarativeRP-HPLC
(Onyx Monolithic Gg, 100 x 10 mm) to afford the cyclic peptid€c as a white
powder (11 mg, 20 % vyield).

RP-HPLC 1060 % B in 12 mintg 9.5 min.

'H NMR (400 MHz, DMSQde): 6 = 0.65 (d,J = 7 Hz, 3H, 6CHs), 1.56 (d,J =7
Hz, 3H, :CH,), 3.12 (ddJ = 14, 8 Hz, 1H, 4CHxHg), 3.22 (s, 3H. &H,), 3.24
(m, 1H, 4CHpHg), 3.31 (m, 1H, BCHaHg), 3.34 (m, 1H, TCHAHg), 3.45 (M, 1H,
7-CHaHg), 3.49 (m, 1H, 8CHaHg), 3.50 (m, 1H, 3CHaHg), 3.67 (m, 1H, 3
CHaHg), 3.74 (m, 1H, 5sH,Hg), 4.13 (qJ = 7 Hz, 1H, 66-CH), 4.18 (tJ = 8 Hz,
1H, 4-0-CH), 4.35 (dJ = 17 Hz, 1H, 8€HaHg), 4.60 (tdJ = 7, 4 Hz, 1H, 7a-CH),
4.78 (td,J = 12, 4 Hz, 1H, &-CH), 5.32 (m, 1H, 4-CH), 6.9%27.32 (m, 12H,
arom. H), 7.43 (dJ = 3 Hz, #NH), 7.56 (m, 2H, arom. H), 7.58 (d,=7 Hz, 1H,
1-NH), 7.95 (s, 1H, 2H), 8.06 (dJ = 9 Hz, 1H, 6NH), 8.30 (s, 1H, A\H), 8.64
(d, J=9 Hz, 1H, 3NH), 8.88 (t,J = 5 Hz, 1H, 5NH), 10.81 (dJ = 2 Hz, indole
NH), 11.17 (dJ = 2 Hz, indoleNH) ppm.

ESMS m/zcalcd for GsHygN100;SSe 987.2282, found 987.2104 [MH
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Cyclo[(R)-Ala-Thz-Trp-(7-Et)-Trp-Gly-(R)-Ala-Ph(Se}Sar], (47e)

2
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Diisopropylehylamine (80 pL, 0.46 mmol), PyBOP (81 mg, 0.17 mmoindHOBt
(21 mg, 0.16 mmolyvere added successively to a solution of the linear pepde
(52 mg, 0.05 mmol) in CKCl, (120 mL) at room temperature. The reaction
mixture was stirred for 3 days, concentrated and purifiedregarativeRP-HPLC
(Onyx Monolithic Gg, 100 x 10 mm) to afford the cyclic peptid&e as a white
powder (14 mg, 28 % vyield).

RP-HPLC 1060 % B in 12 minfg 9.9 min.

'H NMR (400 MHz, DMSQd): 6 = 0.65 (d,J = 7 Hz, 3H, 6CHs), 1.26 (t,J=7
Hz, 3H, 4CH,CH3), 1.56 (d,J = 7 Hz, 3H, 1CHy), 2.86 (q,J = 7 Hz, 2H, 4
CH,CH,), 3.12 (dd,) = 14, 8 Hz, 1H, 4-8,Hg), 3.22 (s3H, 8-CHy), 3.24 (m, 1H,
4-CHaHg), 3.31 (m, 1H, 8CHaHg), 3.34 (m, 1H, FCHaHg), 3.45 (m, 1H, 7
CHaHg), 3.49 (m,1H, 8CHaHg), 3.50 (m, 1H, 3CHsHg), 3.67 (m, 1H, 3
CHaHg), 3.74 (m, 1H, 82HaHg), 4.14 (9J = 7 Hz, 1H, 6e-CH), 4.22 (tJ = 8 Hz,
1H, 4-0-CH), 4.35 (dJ = 17 Hz, 1H, 8€HaHg), 4.60 (tdJ = 7, 4 Hz, 1H, 7a-CH),
4.78 (td,J = 12, 4 Hz, 1H, %-CH), 5.32 (m, 1H, %-CH), 6.977.32 (m, 12H,
arom. H), 7.44 (dJ = 3 Hz, #NH), 7.56 (m, 2H, arom. H), 7.58 (d,=7 Hz, 1H,
1-NH), 7.95 (s, 1H, Z2H), 8.11 (dJ = 9 Hz, 1H, 6NH), 8.35 (s, 1H, «H), 8.65
(d, J=9 Hz, 1H, 3NH), 8.92 (t,J = 5 Hz, 1H, 5NH), 10.83 (dJ = 2 Hz, indole
NH), 10.95 (dJ = 2 Hz, indoleNH) ppm.

ES-MS m/zcalcd for GHsaN100,SSe 981.2985, found 981.2607 [MH
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Cyclo[(R)-Ala-Thz-Trp-(5-Me)-Trp-Gly-(R)-Ala-Ph(Se}Sar], (471)
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Diisopropylehylamine (89 pL, 0.51 mmol), PyBOP (90 mg, 0.17 mmoindHOBt
(22 mg, 0.17 mmoljvere added successively to a solution of the linear pegp@tie
(57 mg, 0.06 mmol) and in GBI, (120 mL) at room temperature. The reaction
mixture was stirred for 3 days, concentrated and purifiedregarativeRP-HPLC
(Onyx Monolithic Gg, 100 x 10 mm) to afford the cyclic peptid&f as a white
powder (15 mg, 27 %ield).

RP-HPLC 1060 % B in 12 minfg 9.4 min.

'H NMR (400 MHz, DMSQde): J = 0.65 (d,J = 7 Hz, 3H, 6CHs), 1.56 (d,J = 7
Hz, 3H, 1CHy), 2.41 (s, 3H, 42H5), 3.11 (dd,] = 14, 8 Hz, 1H, 4-B,Hg), 3.22 (s,
3H, 8CH,), 3.27 (m, 1H, 4CHaHg), 3.31 (m,1H, 5CHxHg), 3.34 (m, 1H, 7
CHaHg), 3.45 (M, 1H, TCHaHg), 3.49 (M, 1H, 8CHAHg), 3.67 (dd,J = 14, 4 Hz,
1H, 3-QHaHg), 3.75 (ddJ = 17, 4 Hz,1H, 8HaHg), 3.76 (M, 1H, ECHaHg),
4.13 (9, = 7 Hz, 1H, 6e-CH), 4.20 (tJ = 8 Hz, 1H, 4a-CH), 4.35 (dJ = 17 Hz,
1H, 8 CHaHg), 4.60 (td,J = 7, 4 Hz, 1H, 7a-CH), 4.78 (tdJ = 12, 4 Hz, 1H, -
CH), 5.32 (m, 1H, X-CH), 6.94-7.56 (m, 12H, arom. H), 7.44 (ds 3 Hz, 7NH),
7.56 (m, 2H, arom. H), 7.58 (d,= 7 Hz, 1H, 1-NH), 7.95 (s, 1H, 2-CH), 8.09 {d,
= 9 Hz, 1H, 6-NH), 8.28 (s, 1H, 4-NH), 8.64 (s 9 Hz, 1H, 3-NH), 8.85 (=5
Hz, 1H, 5NH), 10.78 (d,J = 2 Hz, indoleNH), 10.81 (d,J = 2 Hz, indoleNH)
ppm.

ES-MS m/zcalcd for GgHs:N100;SSe 967.2828, found 967.2723 [MH
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Cyclo[(R)-Ala-Thz-Trp-(5-OMe)-Trp-Gly-(R)-Ala-Ph(Se}Sar], (479)
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Diisopropylehylamine (186 pL, 1.0 mmol), PyBOP and (185 mg, 0.36 mmol)
HOBt (48 mg, 0.36 mmolwere added successively to a solution of the linear
peptide46g (119 mg, 0.12 mmol) and in GBI, (220 mL) at room temperature.
The reaction mixture was stirred for 3 days, concentrated and purified by
preparativeRP-HPLC (Onyx Monolithic Gg, 100 x 10 mm) to afford the cyclic
peptided7gas a white powder (12 mg, 11 % yield).

RP-HPLC 1060 % B in 12 mintg 8.5 min.

'H NMR (400 MHz, DMSQde): 6 = 0.65 (d,J = 7 Hz, 3H, 6CHs), 1.56 (d,J =7
Hz, 3H, 2CHjy), 3.13 (dd,J = 14, 8 Hz, 1H, 4CHxH5g), 3.22 (s, 3H. &Hy), 3.24
(m, 1H, 4CHpHg), 3.31 (m, 1H, BCHAHg), 3.34 (m, 1H, TCHAHg), 3.45 (M, 1H,
7-CHaHg), 3.49 (m, 1H, 8CHaHg), 3.50 (m, 1H, 8CHaHg), 3.67 (m, 1H, 3
CHaHg), 3.74 (m, 1H, BCHaHg), 3.80 (s, 3H, 49OCHs), 4.13 (q,J = 7 Hz, 1H, 6
a-CH), 4.20 (tJ = 8 Hz, 1H, 4e-CH), 4.40 (dJ = 17 Hz, 1H, 8€HxHg), 4.60 (td,
J=7,4 Hz, 1H, 70-CH), 4.79 (tdJ = 12, 4 Hz, 1H, &-CH), 5.32 (m, 1H, 4-
CH), 6.757.28 (m, 12H, arom. H), 7.42 (d,= 3 Hz, #NH), 7.56 (m, 2H, arom.
H), 7.58 (dJ = 7 Hz, 1H, 1-NH), 7.95 (s, 1H, 2-CH), 8.11 {d5 9 Hz, 1H, 6NH),
8.36 (s, 1H, 4A\H), 8.65 (d,J = 9 Hz, 1H, 3NH), 8.85 (t,J = 5 Hz, 1H, 5NH),
10.79 (dJ = 2 Hz, indole-NH), 10.82 (d, = 2 Hz, indoleNH) ppm.

ES-MS m/zcalcd for GgHs:N100sSSe 983.2777, found 983.2693 [MH
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Cyclo[(R)-Ala-Thz-Trp-(1-Me)-Trp-Gly-(R)-Ala-Ph(Se}Sar], (47i)
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Diisopropylehylamine (133 pL, 0.77 mmol), PyBOP (130 mg, 0.25 mmognd
HOBt (33 mg, 0.25 mmolwere added successively to a solution of the linear
peptide46i (84 mg, 0.08 mmol) and in GBI, (120mL) at room temperature. The
reaction mixture was stirred for 3 days, concentrated and purified ByFRE
(Onyx Monolithic Gg, 100 x 10 mm) to afford the cyclic peptid@i as a white
powder (14 mg, 17 % vyield).

RP-HPLC 1060 % B in 12 mintg 8.0 min.

'H NMR (400 MHz, DMSQde): 6 = 0.65 (d,J = 7 Hz, 3H, 6CHs), 1.56 (d,J = 7
Hz, 3H, :CHs,), 3.13 (ddJ = 14, 8 Hz, 1H, 4CHxHg), 3.22 (s, 3H. &H,), 3.24
(m, 1H, 4CHpHg), 3.31 (m, 1H, BCHaHg), 3.34 (m, 1H, TCHAHg), 3.45 (M, 1H,
7-CHaHg), 3.49 (m, 1H,8-CHaHg), 3.50 (m, 1H, 3CHaHg), 3.67 (m, 1H, 3
CHaHg), 3.74 (m, 1H5-CHaHg), 3.77 (s, 3H, 4CHy), 4.14 (q,J = 7 Hz, 1H, 60-
CH), 4.19 (tJ = 8 Hz, 1H, 4e-CH), 4.33 (d,J) = 17 Hz, 1H, 8SHaHz), 4.61 (td,J
=7,4 Hz, 1H, 7a-CH), 4.79 (tdJ =12, 4 Hz, 1H, 3-CH), 5.32 (m, 1H, J-CH),
6.75-7.32 (m, 13H, arom. H), 7.42 (d,= 3 Hz, #NH), 7.56 (m, 2H, arom. H),
7.58 (d,J =7 Hz, 1H, XNH), 7.96 (s, 1H, Z°H), 8.07 (d,J = 9 Hz, 1H, 6NH),
8.19 (s, 1H, ANH), 8.66 (d,J = 9 Hz, 1H, 3NH), 8.91 (t,J = 5 Hz, 1H, 5NH),
10.86 (d,J = 2 Hz, indoleNH) ppm.

ES-MS m/zcalcd for GgHs:N100;SSe 967.2828, found 967.2866 [MH
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General procedure for the preparation of Cyclo[(R)-Ala’-Thz?Trp3-Trp*-
Gly®-(R)-Ala®-Dha’-Sar®], Argyrin E, (48a)
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Sodium periodate (3.5 mg, 16 umol) was added to a solution of cyclic peptide 47a
(4 mg, 4 pmol) in water (2 mL) and acetonitrile (2 mL) at room temperature. The
solution was stirred for 2 h. The solvent was removed ancesingue was extracted
with water (2 mL)and DCM/IPA (7 mL /2 mL x 2). The organic laysrwere
combined and concentratefihe residue wadissolvedin acetonitiles (4 mL) then
water (2 mL) andsaturated aqueous pMeOs(2 mL) were added successivelljhe
reactionmixture was stirred for 2 days, diluted with water (4nalnd extracted
with DCM/IPA (7 mL/2 mL x2). The organic layers were combined, washed with
water (5 mL),dried (MgSQ) and concentrated. The residueas purified by
preparativeRP-HPLC (OnyxMonolithic Cig, 100 x 10 mm) to afford the argyrin
48aas a pale yellow powder (2 mg, 66 % yield).

RP-HPLC 1060 % B in 12 mintg 6.8 min.

'H NMR (400 MHz, DMSGdy): J = 0.87 (d,J = 7 Hz, 3H, 6€H5), 1.54 (d, = 7 Hz,
3H, 1-CHy), 3.08 (s, B, 8CH,), 3.15(m, 2H, 4CH,), 3.21 (m, 1H, 8CHAHg),
3.22(m, 1H, 8CHaHg), 3.39 (M, 1H, ECHaHg), 3.44 (M, 1H, 8CHxHg), 3.80 (d,
J =16 Hz, 1H, 8CHaHs), 3.88 (dd,J = 16, 8 Hz, 5CHaHg), 4.24 (m, 1H, 4u-
CH), 4.35 (m, 1H, &-CH), 4.78 (td,J = 12, 4 Hz, 1H, 3+-CH), 4.89 (s, 1H, 7
CHaHg), 5.20 (s, 1H, TTHaHg), 5.39 (M, 1H, 40-CH), 6.907.75 (m, 10H, armo.
H), 8.03 (s, 1H, 2-CH), 8.12 (d,= 9 Hz, 1H, 6-NH), 8.29 (d] = 9 Hz, 1H, INH),
8.52 (d,J = 9 Hz, 1H, 3NH), 8.57 (s, 1H, NH), 8.79 (t,J = 4 Hz, 1H, 5NH),
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9.39 (s, 1H, 7-NH), 10.84 (d,= 2 Hz, indole-NH), 11.05 (d, = 2 Hz, indoleNH)
pp m.

ES-MS m/zcalcd for GgHdN100;S 795.3037, found 795.2959 [MH

Cyclo[(R)-Ala-Thz-Trp-(5-Br)-Trp-Gly-(R)-Ala-Dha-Satr], (48b)

Br

48b

Procedure as described in the general procedure using cyclic péptige mg, 4
umol) to afford argyrin 48bas asticky solid (2 mg, 58 % yield).

RP-HPLC 1060 % B in 12 mintg 8.0 min.

'H NMR (400 MHz, DMSQde): J = 0.87 (d,J = 7 Hz, 3H, 6CHs), 1.54 (d,J =7
Hz, 3H, 1CHy), 3.13 (s, B, 8-CHy), 3.15 (m, 2H, 4SH,), 3.21 (m, 1H, 3-B,Hg),
3.22 (m, 1H, 8CHaHg), 3.39 (M, 1H, ECHaHg), 3.44 (m, 1H, 3CHAHg), 3.80 (d,
J =16 Hz, 1H, 8CHaHs), 3.88 (dd,J = 16, 8 Hz, 5CHaHg), 4.24 (m, 1H, 4u-
CH), 4.35 (m, 1H, &-CH), 4.78 (td,J = 12, 4 Hz, 1H, &-CH), 4.92 (s, 1H, 7
CHaHg), 5.16 (s, 1H, TTHaHg), 5.39 (m, 1H, 1o-CH), 6.957.77 (m, 9H, arom.
H), 8.00 (s, 1H, 2-CH), 8.09 (d,= 9 Hz, 1H, 6-NH), 8.27 (dl = 9 Hz, 1H, INH),
8.40 (s, 1H, ANH), 8.56 (d,J = 9 Hz, 1H, 3NH), 8.73 (t,J = 4 Hz, 1H, 5NH),
9.22 (s, 1H, 7-NH), 10.76 (d,= 2 Hz, indole-NH), 11.15 (d, = 2 Hz, indoleNH)
ppm.

ES-MS m/zcalcd for GgHN1oBrO;S 875.2122, found 875.1877 [NH
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Cyclo[(R)-Ala-Thz-Trp-(5-CI)-Trp-Gly-(R)-Ala-Dha-Sar], (48c)

6 N Cl
H
48c

Procedure as described in the general procedure using cyclic p€ptite mg, 5

umol) to afford argyrin 48cas asticky solid (3 mg, 67 % yield).
RP-HPLC 1060 % B in 12 minfg 7.5 min

'H NMR (400 MHz, DMSQdy): 6 = 0.87 (d,J = 7 Hz, 3H, 6CHs), 1.54 (d,J =7
Hz, 3H, £CHjy), 3.13 (s, 8, 8CHy), 3.15 (m, 2H, 42H,), 3.21 (m, 1H, 3-BxHp),
3.22(m, 1H, 8CHaHg), 3.39 (m, 1H, 8CHaHg), 3.44 (m, 1H3-CHxH5), 3.80 (d,
J = 16 Hz, 1H, 8CHxHpg), 3.88 (dd,J = 16, 8 Hz, 5CHaHg), 4.24 (m, 1H, 4-
CH), 4.35 (m, 1H, &-CH), 4.78 (td,J = 12, 4 Hz, 1H, &-CH), 4.92 (s, 1H, 7
CHaHg), 5.16 (s, 1H, FTHHg), 5.39 (m, 1H, 4a-CH), 6.957.77 (m, 9H, arom.
H), 8.00 (s, 1H, 2-CH), 8.09 (d,= 9 Hz, 1H, 6-NH), 8.27 (d] = 9 Hz, 1H, 1NH),
8.40 (s, 1H, ANH), 8.56 (d,J = 9 Hz, 1H, 3NH), 8.73 (t,J = 4 Hz, 1H, 5NH),
9.22 (s, 1H, 7-NH), 10.76 (d,= 2 Hz, indole-NH), 11.15 (d, = 2 Hz, indoleNH)

pp m.

ES-MS m/z calcd for GgH.-CIN100;S 829.2647, found 829.2347 [MH
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Cyclo[(R)-Ala-Thz-Trp-(6-F)-Trp-Gly-(R)-Ala-Dha-Sar], (48d)
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Diisopropylethylamine (10LL, 0.58 mmol), PyBOP (101 mg, 0.19 mmognd
HOBt (26 mg, 0.19 mmolwere added successively to a solution of the linear
peptide46d (54 mg, 0.06 mmol) in CKCl, (120 mL) at room temperature. The
reaction mixture was stirred for 3 days, concentrated and purifiqadparative
RP-HPLC (Onyx Monolithic Gg, 100 x 10 mm) to fford argyrin48das a orange
solid (2 mg, 4 % vyield).

RP-HPLC 1060 % B in 12 mintg 7.0 min.

'H NMR (400 MHz, DMSQdy): 6 = 0.87 (d,J = 7 Hz, 3H, 6CHs), 1.54 (d,J =7
Hz, 3H, £CHjy), 3.13 (s, 8, 8CHy), 3.15 (m, 2H, 42H,), 3.21 (m, 1H, 3-BxHp),
3.22 (m, 1H, 8CHaHg), 3.39 (m, 1H, 8CHaHg), 3.44 (m, 1H, 3CHxH5), 3.80 (d,
J = 16 Hz, 1H, 8CHxHg), 3.88 (dd,J = 16, 8 Hz, 5CHaHg), 4.24 (m, 1H, 4-
CH), 4.35 (m, 1H, &-CH), 4.78 (td,J = 12, 4 Hz, 1H, &-CH), 4.92 (s, 1H, 7
CHaHg), 5.16 (s, 1H, FTHHg), 5.39 (m, 1H, 4a-CH), 6.957.77 (m, 9H, arom.
H), 8.00 (s, 1H, 2-CH), 8.09 (d,= 9 Hz, 1H, 6-NH), 8.27 (d] = 9 Hz, 1H, 1NH),
8.40 (s, 1H, ANH), 8.56 (d,J = 9 Hz, 1H, 3NH), 8.69 (t,J = 4 Hz, 1H, 5NH),
9.21 (s, 1H, 7-NH), 10.74 (d,= 2 Hz, indole-NH), 10.99 (d] = 2 Hz, indoleNH)

pp m.

ESMS m/zcalcd for GgH42FN;0O;S 813.2943, found 813.3016 [MH
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Cyclo[(R)-Ala-Thz-Trp-(7-Et)-Trp-Gly-(R)-Ala-Dha-Sar], (48e)

N
NH

; HN™ O

(@] 0) H 4

HNY( J_N
6 N
o H 5> 0 Vi
48e H

Procedure as described in the general procedure using cyclic p&pai(e mg, 4
umol) to afford argyrin 48eas asticky solid (2 mg, 52 % yield).

RP-HPLC 1060 % B in 12 mintg 7.9 min.

'H NMR (400 MHz, DMSQdg): 6 = 0.87 (d,J =7 Hz, 3H, 6CHy), 1.27 (t,J=7
Hz, 3H, 4CH,CH3), 1.55 (d,J = 7 Hz, 3H, 1CHy), 2.85 (q,J = 7 Hz, 2H, 4
CH,CHjy), 3.12 (s, 81, 8CHjy), 3.15 (m, 2H, 4CH,), 3.21 (m, 1H, 3CHxH5g), 3.22
(m, 1H, 8CHaHg), 3.39 (m, 1H, 8CHxHg), 3.44 (m, 1H, 3CH\Hg), 3.80 (d,J =
16 Hz, 1H, 8CHaHg), 3.88 (dd,J = 16, 8 Hz, 5SCHxHg), 4.24 (td,J = 12, 4 Hz,
1H, 40-CH), 4.35 (m, 1H, &-CH), 4.78 (tdJ = 12, 4 Hz, 1H, 3u-CH), 4.92 (s,
1H, 7-CHaHg), 5.16 (s, 1H, LTHAHg), 5.39 (m, 1H, 40-CH), 6.937.76 (m, 9H,
arom. H), 8.00 (s, 1H,-ZH), 8.12 (dJ= 9 Hz, 1H, 6NH), 8.27 (dJ = 9 Hz, 1H,
1-NH), 8.41 (dJ = 2Hz, 1H, 4NH), 8.55 (d,J = 9 Hz, 1H, 3NH), 8.72 (tJ = 4
Hz, 1H, 5NH), 9.23 (s, 1H, 7-NH), 10.74 (d,= 2 Hz, indole-NH), 10.89 (d,= 2
Hz, indoleNH) ppm.

ESMS m/zcdcd for G;H47N100;S 823.3350, found 823.3311 [MH
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Cyclo[(R)-Ala-Thz-Trp-(5-Me)-Trp-Gly-(R)-Ala-Dha-Sar], (48f)

48f

Procedure as described in the general procedure using cyclic péptidemg, 5

umol) to afford argyrin 48f as asticky solid (3 mg, 66 % yield).
RP-HPLC 1060 % B in 12 mintg 7.3 min

'H NMR (400 MHz, DMSQde): 6 = 0.87 (d,J = 7 Hz, 3H, 6CHy), 1.54 (dJ=7
Hz, 3H, tCHy), 2.43 (s, 3H, 4CHy), 3.13 (s, B, 8CHjy), 3.15 (m, 2H, 4CH,),
3.21 (m, 1H, 3CHaHg), 3.22(m, 1H, 8CHaHg), 3.39 (m, 1H, BCHaHg), 3.44 (m,
1H, 3CHaHsg), 3.80 (d,J = 16 Hz, 1H, 8CHxHg), 3.88 (dd,J = 16, 8 Hz, 5
CHaHg), 4.24 (m, 1H, 4-CH), 4.35 (m, 1H, &-CH), 4.78 (td,J = 12, 4 Hz, 1H,
3-0-CH), 4.92 (s, 1H, TCHaHg), 5.16 (s, 1H, TTHaHg), 5.39 (m, 1H, 1a-CH),
6.93-7.74 (m, 9H, arom. H), 8.00 (s, 1H, 2-CH), 8.09(d,9 Hz, 1H, 6-NH), 8.27
(d,J=9 Hz, 1H, 1-NH), 8.37 (s, 1H, 4-NH), 8.56 (b= 9 Hz, 1H, 3-NH), 8.70 (t,
J=4 Hz, 1H, 5NH), 9.22 (s, 1H, 7-NH), 10.75 (d,= 2 Hz, indole-NH), 10.76 (d,
J =2 Hz, indoleNH) ppm.

ES-MS m/zcalcd for GgHsN100sS 809.3193, found 809.3016 [MH
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Cyclo[(R)-Ala-Thz-Trp-(5-OMe)-Trp-Gly-(R)-Ala-Dha-Sar], (489)

2
o) Hls\/,}\/(o
\Sj/ \‘)\ HNS \
N

NH

4

7%0 o H
HN L N
6N 5 O
O H

48¢g

HN™ O
OCH,
4

N
H

Procedure as described in the general procedure using cyclic p€pgi(e mg, 4

umol) to afford argyrin 48gas asticky solid (2 mg, 58 % yield).
RP-HPLC 1060 % B in 12 mintg 6.5 min.

'H NMR (400 MHz, DMSQde): 6 = 0.87 (d,J = 7 Hz, 3H, 6CHy), 1.54(d,J =7
Hz, 3H, £CHjy), 3.08 (s, B, 8CHy), 3.15 (m, 2H, 42H,), 3.21 (m, 1H, 3-BxHp),
3.22 (m, 1H, 8CHaHg), 3.39 (m, 1H, 5CHaHg), 3.44 (m, 1H, SCHAHg), 3.79 (s,
3H, 4-OCH;), 3.80 (dJ = 16 Hz, 1H, 8SHxHg), 3.88 (ddJ = 16, 8 Hz, 5cHaH5),
4.22(m, 1H, 40-CH), 4.34 (m, 1H, @-CH), 4.78 (tdJ= 12, 4 Hz, 1H, 3-CH),
4.93 (s, 1H, TCHAHB), 5.16 (s, 1H, FTHHE), 5.39 (m, 1H, d0-CH), 6.907.75
(m, 9H, arom. H), 8.00 (s, 1H;Q@H), 8.12 (dJ = 9 Hz, 1H, 6NH), 8.27 (d,J =9
Hz, 1H, £NH), 8.42 (s, 1H, 4-NH), 8.56 (d,= 9 Hz, 1H, 3-NH), 8.69 (] = 4 Hz,
1H, 5-NH), 9.24 (s, 1H, 7-NH), 10.75 (@= 2 Hz, indole-NH), 10.76 (d, = 2 Hz,
indole-NH) ppm.

ES-MS m/zcalcd for GgHsN100sS 825.3143, found 825.3056 [MH
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Cyclo[(R)-Ala-Thz-Trp-(4-OMe)-Trp-Gly-(R)-Ala-Dha-Sar], Argyrin A (48h)

2
H SWO
o) N\l/‘QN
j/ HN
8
\N 3 \

NH
O

7 HN
O e H 4
HN\”/< N HsCO
6 N
e} H 5 O Y

N
48h H

Diisopropylehylamine (94 pL, 0.54 mmol) , PyBOP (93 mg, 0.18 mmolknd
HOBt (24 mg, 0.18 mmolwere added successively to a solution of the linear
peptide46h (60 mg, 0.06 mmol)in CH,CI, (120 mL) at room temperature. The
reaction mixture was stirred for 3 days, concentrated and purifigadparative
RP-HPLC (Onyx Monolithic Gg, 100 x 10 mm) to affor@rgyrin48has a sticky
solid (2 mg, 6 % vyield).

RP-HPLC 1060 % B in 12 mintg 6.6 min

'H NMR (400 MHz, DMSQdy): 6 = 0.87 (d,J = 7 Hz, 3H, 6CHs), 1.54 (d,J = 7
Hz, 3H, £CHjy), 3.08 (s, B, 8CHy), 3.18 (m, 2H, 42H,), 3.22 (m, 1H, 3-BxHp),
3.22(m, 1H, 8CHaH3g), 3.39 (m, 1H, 8CHaHg), 3.44 (m, 1H, 3CHAHg), 3.77 (s,
3H, 4-OCHg), 3.80 (dJ =16 Hz, 1H, 8SHxHg), 3.88 (ddJ = 16, 8 Hz, 5cHaH3),
4.22 (m, 1H, 4a-CH), 4.34 (m, 1H, &-CH), 4.78 (tdJ = 12, 4 Hz, 1H, 3-CH),
4.93 (s, 1H, TCHAHB), 5.16 (s, 1H, FTHHE), 5.39 (m, 1H, 40-CH), 6.887.70
(m, 9H,arom. H), 8.00 (s, 1H,-€H), 8.12 (dJ = 9 Hz, 1H, 6NH), 8.28 (d,J =9
Hz, 1H, :NH), 8.42 (s, 1H, 4-NH), 8.56 (d,= 9 Hz, 1H, 3-NH), 8.70 (] = 4 Hz,
1H, 5-NH), 9.24 (s, 1H, 7-NH), 10.75 (@7 2 Hz, indole-NH), 10.78 (d}, = 2 Hz,
indole-NH) ppm.

ES-MS m/zcalcd for GoHasN100sS 825.3143, found 825.3092 [MH
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Cyclo[(R)-Ala-Thz-Tr p-(R)-Trp-Gly-(R)-Ala-Dha-Sar], (48k)

2
H SWO
0 N 1 \N
) j/ HN
\N 3

\NH
7 HN™ O
O @) H4
i L LA
N
6
N
H

48k

Diisopropylehylamine (75 pL, 0.43 mmol), PyBOP (49 mg, 0.09 mmoindHOBt
(12 mg, 0.09 mmolyvere added successively to a solution of the linear pepdkie
(39 mg, 0.05 mmolj)n CH,CI, (80 mL) at room temperature. The reaction mixture
was stirred for 3 days, concentrated and purifiegpt®parativeRP-HPLC (Onyx
Monolithic C;g, 100 x 10 mm) to affordrgyrin48k as a sticky solid (5 mg, 14 %
yield).

RP-HPLC 1060 % B in 12 minfg 5.9 min.

'H NMR (400 MHz, DMSQde): 6 = 0.73 (d,J = 7 Hz, 3H, 6CHy), 1.48 (dJ =7
Hz, 3H, :CH,), 3.08 (s, Bl, 8CHjy), 3.10 (m, 4H, ZCH,, 4-CH,), 3.19 (m, 1H, 8
CHaHg), 3.40 (m, 1H, BCHaHg), 3.95 (ddJ = 16, 8 Hz, 5CHxHg), 4.06 (m, 1H,
4-0-CH), 4.49 (m, 1H, &HaHg), 4.61 (s, 1H, *THAHgE), 5.00 (s, 1H, LTHAHR),
5.11 (m, 1H, 3s-CH), 5.43 (m, 1H, Xx-CH), 6.13-7.46 (m, 8H, arom. H), 7.48),
1H, 6NH), 7.71 (d,J= 9 Hz, 1H, 3NH), 7.77 (d,J = 8 Hz, arom. H), 8.27 (s, 1H,
2-CH), 8.32 (d,J =9 Hz, 1H, tNH), 8.85 (m, 2H, 4/\H, 5-NH), 9.75 (s, 1H, 7
NH), 10.67 (dJ = 2 Hz, indole-NH), 11.00 (d, = 2 Hz, indoleNH) ppm.

ESMS m/zcalcd fa CagH4aN100;S 795.3037, found 795.3020 [MH

Methodology Of The In Vitro Cytotoxicity Screen

HCT-116 human colon carcinoma cellwere grownin RPMI 1640 medium
containing 106 fetal bovine serum and mM glutamine For the cytotoxicity
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screening experiment, cells were inoculated into 96 well microtiter plates in 180 pL
at plating densities at 2500 cells per well. Additionally two rows of wells on a
separate microtiter plate (‘Time 0’ plate) received cells as alddtez.inoc ulation,

both plates were incubated at 37° C, 5 % ,C@ % air and 100 % relative
humidity for 24 h prior to 9zero determination and addition of experimental

compounds.

At 24 h, MTT assay was performed on the ‘Time O plate to represent a
measurement of the cell pdation for the cell line at the time of compound
addition (Tz). This was done haddition of 50 uL of MTT solution (2 mg/mL in
PBS). After incubation for 2 the supernatant was aspired fraach well and the
resultant formazan crystals were dissolvedMSO (150 pL). The absorbance
intensity was mesured by a micrglate readeat 550 nm.

Experimental compounds were solubilised in DMSO to achieve a stock
concentration of 10 mM and stored frozen prior to use. At the time of comhpoun
addition, 20 pL aliquot of frozn solution was thawed and diuted with 180puL
media to achievea 10 fold the desired final maximum test concentration.
Additional five, 10fold serial dilutions were made to provide a total of six drug
concentrations plus control. Aliquots of ROof these differentompoundlilutions

were added to the appropriate microtiter wells already containing 180 pl of
medium in quadruplicate, resulting in the required final drug concentrations
ranging from 0.1 nM- 10 uM. The final concentration of DMS@ each well is

not more than 1%.

Following compound addition, the plates were incubated for an additional 72 h at
37°C, 5 % CQ, 95 % air, and 100 % relative humidity. The assay was terminated
by the addition 060 puL of MTT solution (2 mg/mL in PBS). After incubation for

2 hthe supernatant was aspired fr@ach well and the resultant formazan crystals
were dissolved in DMSO (150 pL). The absorbance intensity was measured by a

micro-plate readeat 550 nm.

Determination of Glsg

Using the eight absorbance measurements [time zero, (Tz), comwihgr(C),
and test growth in the presence of compounds at the six concentration levels (Ti)],
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the percentage growth was calculated at each of the drug concentration levels.
Percentage gwth inhibition was calculated as:

[(Ti-T2)/(C-Tz)] x 100 for concentrations for which Fi/=Tz
[(Ti-T2)/TZ] x 100 for concentrations for which ¥iTz.

50 % Growth inhibition (GI50) was calculated from [(Tz)/(C-Tz)] x 100 = 50.
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