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Abstract

Abstract

The aim of this research project was to apply &{saabletert-butyl thiol linker for
the Fmoc SPPS based synthesis of peptide thioestershioacids to be used in
chemical ligation reactions. The first part of thissertation was to develop a base-
stable linker which would provide the means to Bgseize peptide thioesters. The
second part of this work was concerned with applytinis linker strategy for the
synthesis of peptide thioacids. Finally, the newddiscovered ligation reaction
between thioacids and azides was reinvestigatddtingt addition of metal salts.
Thioesters are generally known to be base labiteghvhas previously limited
their use as linkers in Fmoc-based SPPSt-butyl thioesters, however, are special
and distinct from from other thioesters: While lgpistable under under alkaline
conditionsthey are easily cleaved under only slightly basaditions by primary
thiolates. In stability experiments, we have shdiat Boc-Phe-$-butyl has a half
life of 6.5 days when treated with 20 % piperidindMF being 28 times more stable
than Boc-Phe-S-ethyl (half life of 5.5 hours). Aadiagly, atert-butyl linker attached
to an acid sensitive resin might allow a directtbgsis access to peptide thioesters.
We developed 4-srcapto 4-rethylpentanol (MMP) as gert-butyl thiol linker
which was coupled to a standard 2-Cl-tritylchlorigsinvia its hydroxyl function.
Acylation of thetert-butyl thiol with the first amino acid was accongbled using
either Fmoc-Amino acid fluorides or the condensaticeagent combination
EDC/DMAP with yields ranging from 70-90 %. For mogipeptides tested, no
diketopiperazine (DKP) formation was observed aftarpling of the 2nd amino acid.
DKP formation which resulted only in relatively lowield loss, could be fully
avoided by quantitative coupling of dipeptides be first resin bound amino acid
using HATU/HOAt. After standard Fmoc-SPPS synthedise bound peptide
thioesters could be cleaved either with acid toldyiully deprotected or by
nucleophilic displacement with thiolate to furnighly protected peptide thioesters.
The yields and puritiesof the synthesized peptiueesters were good ranging from
50-90 % and could be used directly in further ia Native Chemical Ligation (NCL).
As a final test of the robustness of the linkerl@mer derivative of the cell-
penetrating peptide, Penetratin 1, was synthesigatgy the MMP linker and after

acidic cleavage obtained in a 67 % yield after HRlu@fication.
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In the second part of this dissertation, the sygithef peptide thioacids was
investigated using the MMP linker. By displacing theptide from the resin with [3-
eliminable 2-mercaptopropionitrile followed by baseatment, the method was
extended to the preparation of peptide thioacite thiol is easily obtained from the
commercially available disulfide under reducing @itions. Accordingly, ann-situ
generated pentapeptide thioacid could be transtnreeaddition of tosyl azide to
the corresponding sulfonamide. As a result of thigfonamides could be prepared
from thioester peptides in a two-step one pot react

The final part of this dissertation was concerneth wptimizing the ligation
reaction between thioacids and electron-rich azildéms been shown by the group of
Williams, that electron deficient azides react dipiwith thioacids under basic
conditions to yield sulfonamides in good yields. date, slightly more electron rich
azides, such as peptidyl azides have not founidyutil this method due to their lower
reactivity. This has left room for improvement snthe application of peptide
thioacids would be a considerable achievementhisrligation reaction.

The initial investigation was concerned with théeef that metal salts would
have on increasing the reaction rate between tioadils and azides. Surprisingly,
upon addition of copper (I) and silver () saltstrhation of a thioamide product was
observed. This reaction was found to occur undsatalytic amount of the metal salt
and to be compatible under aqueous conditionstifdithe electronic nature of the
thioacid as well as the azide shifted to a sligkslin chemoselectivity. Nevertheless,
Fmoc-Phe-SH was reacted withazidoglycine methylester to give a thioamide to
amide relationship of 1.6 : 1. This proved to bpramising initial result for a new

chemical transformation between thioacids and azide
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Abstract

Ziel dieser Arbeit war die Etablierung eines basamntentert-butyl Linkers fur die
Fmoc-Festphasenpeptidsynthese von PeptidthioasterPeptidthiosduren. Auf diese
Weise hergestellten Peptide wurden dann weiter eeti@t in unterschiedlichen
Ligationsreaktionen. Der erste Teil dieses Progkteeschaftigt sich mit der
Entwicklung eines basenstabilen Linkers fur die tBgse von Peptidthioestern. Der
zweite Teil der Arbeit widmete sich der Anwendurigseér Linkerkonzeptes auf die
Synthese von Peptidthiosauren und ihren Einsatz digz Thiosaure/Azid-
Ligationsreaktion. Im letzten Teil dieser Arbeit,undle die Bedeutung von
Metalsalzen in der Thiosaure/Azid-Ligation eingethentersucht.

Auf Grund der Basenlabilitit von Thioestern sindsldng wenige
Synthesemethoden bekannt, die mit der Fmoc-SPPSddmel sind. Tert-butyl
Thioester unterscheiden sich grundlegend von andétkyl- und Arylthioestern
hinsichtlich ihrer Stabilitat gegentber Sduren soatich Basen. Trotz dieser erhdhten
Stabilitat lassen sicheéert-butyl-Thioester einfach mit primaren Thiolaten édigen.
Mit einer Halbwertszeit von 6,5 Tagen ist der BdwFSt-butylester gegeniber 20 %
Piperidin in DMF 28mal stabiler als der entsprecteeBoc-Phe-S-ethylester mit 5,5
Stunden. Es wurde festgestellt, dass auf GruncediEgbnisse eitert-butyl-Linker
sehr gut geeignet ist fir die Synthese von Peptidgtern.

Als bestetert-butyl-Thiolinker hat sich 4-Mrcapto-4-Mthylpentanol (MMP)
erwiesen. Nach der Kupplung dieser Linkers aufséimrenlabilen 2-ClI-Tritylchlorid-
Harz, erfolgte die Acylierung mit der ersten Amidoee. Im Acylierungschritt
wurden sowohl mit EDC/DMAP als auch mit Fmoc-Amiaoeefluoriden bis zu 90 %
Ausbeute erreicht. Bei der Entschitzung der zweAemnosaure wurde fur den
Grol3teil der untersuchten Dipeptid keine Diketopagenbildung (DKP) festgestellt.
Ein eventueller Ausbeuteverlust durch DKP-Bilduramite durch die Kupplung von
Dipeptiden mit HATU/HOAt komplett ausgeschlossenrdem. Die immobilisierten
Peptidthioester konnten sowohl durch Abspaltung®éuire als ungeschitze Peptide
als auch nucleophilisch mit Thiolaten als vollgdagete Peptidthioester in guten
Ausbeuten erhalten werden. Die so gewonnenen Tteioksnnten direkt in Nativen
Chemischen Ligationsreaktionen (NCL) angewendetiarer Um die Robustheit des

MMP-Linkers zu testen, wurde ein Analogen von Pextiet 1 synthetiesiert. Nach
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saurer Abspaltung und Aufreinigung, konnte das Ifirdsaure lange Peptid mit
einer Ausbeute von 67 % erhalten werden.

Im Zweiten Teil dieser Arbeit wurde der MMP-Linkauf die Synthese von
Peptidthiosauren angewendet. Bei nucleophiler Abspg der immobilisierten
Peptide mit Thiolen, die zu R-Eliminierung neigearhdlt man geschitzte
Peptidthiosauren. Bei einer Abspaltung eines Peptags mit Aminbasen wurde eine
rasche Zersetzung der Thiosauren beobachtet. Agdkdonnen diesen situ
gebildeten Thiosauren mit Tosylaziden zu den eatsnden Sulfonamiden reagiert
werden. Durch die Kombination von Abspaltung undio$Bure/Azid-Ligation
verkurzt sich das zweistufige Verfahren auf eingt&pfreaktion.

Der letzte Teil der Arbeit beinhaltete eine Optming der Reaktion von
Thiosauren mit elektronenreichen Aziden, die fiwgenlich erhohte Temperaturen
fir die Thiosaure/Azid-Ligation bendtigen. Fir everbesserte Reaktion wurde die
Katalyse von Kupfer(l)- und Silber(l)-Salzen unterist. Dabei wurde eine bislang
unbekannte Reaktion der Thiosaure und des Azidsizem Thioamid festgestellt.
Bei genauerer Untersuchung der Reaktion zeigte siabs sich das Verhaltnis von
Thioamid und Amid weiter auf der Seite das Amidegt| je elektronarmer das Azid
war. Bei der Reaktion von Fmoc-Phe-SH miHAzidoglycinmethylester ergab sich
ein Verhaltnis von Thioamid zu Amid von 1.6:1. Daafanglichen Untersuchungen

bieten dabei eine gute Grundlage fur einen zukgeritiZzugang zu Thioamiden.



1. General Part

1. Chemical Ligation

1.1. Addressing Protein Structure and Functioniia Chemical Methods

In the field of chemical biology and biomedical easch, peptides and
proteins are principal players. They are everywhardiving organisms and are
involved in almost all processes within the celheThuman genome project has
touched off a veritable explosion in the discovefyimmense networks of proteins
involved in the intracellular machinery of livingganisms. There seems to be not a
single aspect of life which is not influenced by tivorkings of proteins. This has
been in large part due to the success of genomeeseing projects. As a result, most
of these proteins have been only characterized fhain predicted sequence data, the

structure and accurate mode of action still renbaine elucidateé!

Post Translational
Modifications (PTMs)

Top-Down

Protein Function

Advances in Ligation
HH and structure

Chemustry

Bottom-Up

Protein synthesis/
semisynthesis

Figure 1-1. Protein structure and function can be ascertained humber of ways. Here
represented are two approaches from either top-@pproach, or bottom-up.

Biology has offered perhaps the most powerful wfathe past three decades
with the recombinant DNA-based expression of pnstdh genetically engineered
cells® However, with an ever-increasing need to undedstaa minutae of protein
function and form, more sophisticated methods egeired. The past decade has seen
a sharp increase within the chemistry communitaddressing important biological



1. Chemical Ligation

questions?™®® There are two directions chemistry has chosentdokling such
complicated questions regarding form and functibproteins. Proteins can either be
addressed with chemical modifications—post traistal modifications (PTMs) in
order to focus on one or multiple types of intei@atd in a top-down type approach, or
their structure can be accessed by hand throughichesynthesis in the laboratory,
in a bottom-up type approach (Figure 1). Each es¢hmethods offer significant
advantages and disadvantes for the study of preteisture and function.

Considering the first path, it is imperative théwattin order to modify the
proteins post-translationally the protein must lamed in an abundant and pure
manner of which there are three well-trodden pd@nsteins may be won by either a)
native protein isolation or extractiéhb) recombinant biological experiments for the
expression of proteins for examplefischerichia colic) chemical synthesi¥.

Extraction of native proteins usually involves hafsuffer conditions which
may lead to denaturation or partial hydrolysis Wasg in the loss of yield and or
purity”! There are a number of modified techniques whickraame many of these
problems, but it is still quite difficult to achievlarge amounts of purified protein
using this technique.

To date, the science of protein expression is vesliablished and the
advantages as well as disadvantages are reasonablyinderstood. For example,
small proteins less than 30 kDa are easier to sggtan large multi-domain proteins;
product heterogeneity is frequently a problem; anerexpression of proteins that are
toxic to the cell, including proteases, can be icift.*” Furthermore, post
translational modifications such as glycosidaticar® not possible in bacterial

cells*tit2

1.2. A Bottom-up Approach for the Study of ProteinStructure and Function

Proteins have also been synthesized chemicallybwttam-up approach using
standard chemical methods. Perhaps the greateantage of this method is the
capability to introduce unnatural amino acids specifically into the protein. This
allows pinpoint examination of individual interamtis within the protein framework
which is not achievable with the other methods.themmore, the large scale

preparation of peptides is readily accessible. Ak the other methods, there are also
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limitations to the science of protein synthesidgtaexists to date. To a great extent,
chemical synthesis requires many laborious andtsdsteps as well as the handling
of often toxic chemicals. Correct folding of thentlyesized peptide is not a trivial
matter, and the existing chemistry does not allomglete control of side reactions
which occur during synthesis. But perhaps most lprohtic of all is the limit to the
size of protein able to be synthesized on the bé&mghEXxisting chemical methods are
normally limited for the synthesis of small proteiand or protein domains (up to ~50
amino acid residue$y** which is not usually sufficient for the completeidy of
complex systems. The protein domain is not enoogklucidate the function of the
fully assembled proteifi® In other words, it is not sufficient then to simpl

synthesize protein domains if one truly intendsttaly its function.

Figure 1-2. Crystal structure of the active site of HIV-I PRiwinhibitor MVT-101 (Ac-Thr-
lle-Nle-¥[CH,-NH]-Nle-GIn-Arg-NH,) resolved at 2.3 A.

In view of this, it is important that new and facimethods for stitching
together large biomacromolecules become avail&ueordingly, large proteins can
be more readily accessed efficiently in large quiastwhere other more classical
attempts to isolate proteins have failed. A cladstxample is the synthesis of HIV-I
PR from the group of Stephen Kent in 1989.The structure of the ligand-free
enzyme updated and corrected erroneous data othtdnoen a low-resolution

structur€”) that had been expressed recombinantly fEorooli
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Further work on the synthetic enzyme illicited gmtal structures of the HIV-
| protease complexed with substrate-derived inbibit(Figure 1-2¥:®' This formed
the bedrock for the further development of strusthased drug desigl that led to

the development of therapeutic agents against Ai{DS.

1.3. Protein Structure and Function by Post-Transléaonal Modification (PTM) a

Top-Down Approach.

The second route in understanding function of theggmn from structure is
post-translational modification of proteins, or @®viously mentioned as the top-
down approach. In this field, a toolbox of knowreotoselective reactions can be
applied for the modification of proteins therebyingag insight towards form and
function. For this reason, more techniques are ireduwhich can introduce
alterations to the post-translational protein. Ergdan of this chemoselective tool box
IS a necessity if one wants to address specifistopres in and surrounding complex
peptides and proteins.

The introduction of natural modifications of prioie is another important
application of protein synthesis. PhosphorylatidnSer, Thr, and Tyr residues of
proteins represent the most often used methodgolae protein activit}” It is
often the case that the kinases, which are redplensiembers for the introduction of
phosphates, are often unkown or not always biooteipiaccessible. Furthermore,
the preparation of homogenous phosphorylated protesing standard approaches is
non-trivial.

The group of Muir has examined transforming grovidictor 3 (TGF-R)
signaling using ligation as well as recombinanthtegues to access proteins which
are otherwise hard to come BY.Briefly, TGF-R signalling is involved in a myriad
cellular signaling processes including cell growdell differentiation, apoptosis,
cellular homeostasis and other cellular functioBpecifically, the Muir group has
investigated the activity of the signaling proteBMAD2. SMAD2 is another
signaling protein which is activated in responséh®binding of TGF-[3 to its cognate

22123 1n an elegant study, the allowed activity of SMAB2be controlled

recepto
with light by preparing through recombinant as veslsynthetic means, an analog of

SMAD2 directly caged on the two activating phostgsrine residuéd” Using
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biochemical and cell biological experiments, theymdnstrated that after
photolytically removing the caged compounds frone thhosphate groups, the

semisynthetic protein became fully activatgd.

Chamical
HS, ﬁ.aﬂ' ||ga1|on

I-ll"ulﬁ:‘|r5

1

Figure 1-3. Semisynthesis of caged SMAD2-MH2. After photoaatiion, SARA-SBD (in
orange) is released and the SMAD-MH2 forms a hometr.

Extrapolated from the concept of synthetic glyctein assembl{?* Ben
Davis has coined the phrase ‘Tag-Modify’ stratégyThe concept is a bit of an off-
shoot of post-translational modification which hes conceptual origins from the
groups of Bend&?"! and Koshlan&® In this strategy, site-selective chemical
protein modification is addressed first by insartmf a tag to the protein which can
then undergo a chemoselective reaction, or ligatitihh some component X. The tag
can in this case be almost any kind of modificatidnch will allow for a subsequent
addition of another component in a bio-orthogonahner?® Ben Davis’ group has
exploited these methods in order to expand the rsiiye of chemical protein

modification.

Introduce Tag — X —La Ot OH {AC)
‘Ligation’

.— \A\/l OH {Ac}

Figure 1-4. The ‘tag-modify’ strategy consisting of (i) sitertrolled introduction of a
chemical tag for subsequent reactions (ii) the asatective formation of the bond Y-X.

In one example of ‘dual tag-modification’, his gpoused a thiol-tag-disulfide

as one ligation reaction, and at a second sitezate functionality was introduced to



1. Chemical Ligation

take part in Cu(l)-catalyzed cycloaddition ‘clickeaction. In this manner, two
different sets of modifications were introdu¢&.In a five step process, the wild-
type protein is first mutated to convert unwantgd @nd Met residues to Ser and lle,
respectively. The second step is then the introoluaf the chemical tags, which are
in this case the thiol and azide. After the mutagjede sequence is expressed in step
3, chemoselective and bioorthogonal introductiontltg wanted components are
introduced in steps 4 and 5 (Figure 128)).

(iv) Ligation 1

(ii) SDM: <
¥k -Cys Me0,SS —_/u O OH {AG}

Z: Xxx—(Met) _ ‘m@
(iiii) E. coli Cys SH Cys §—S8 m OH {Ac}
B834(DE3) Aha

(:Met L . - ,
Z:Xxx—Aha Nj ~ L ~ Of

(v) Ligation 2
*HaN Aha

coo Cys '5—g \MOH {Ac}

(i) SDM: N—
NIIEtunwanted4:'IIe N! =

NP g~ w OH {A
Cys-’unwamted_l'ser N

HS N
.‘m@ Tags: Y =thiol=Cys
Z = azide = (Met)

MeS

Figure 1-5. Dual-tag modification. In step (ii) the position$ thiol and azide tag anre
controlled by the triplet codons for Cys and Metspectively. In step (iii) gene expression is
carried out in an auxotroph deficient in Met bioghasis®"

The total synthesis of complex proteins from thé&dy-up in the chemical
laboratory using solid phase methods is more & tes longer done, with some
notable examples. The advent of new ligation teqies however allow access to
larger and larger biomacromolecules and it is beegmuite apparent that with the
implementation of newer and more diverse chemicathods to introduce
modifications to preformed proteins, the goal obtgianslational modification has
led to breakthroughs in other fields. With betteol$ to elucidate structure and
function from proteins and their interactions, threater understanding can also lead

to the discovery of new therapeutic agétfls.
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1.4. Chemical Synthesis of Peptides and Proteinsh&n and Now

The classical synthesis of peptides matured ovaryndecades starting in the
early 20" century from the work of Emil FiscH& and also somewhat to Theodor
Curtius®! Small peptide synthesis was made possible by theduction of
protecting groups such as the benzyloxycarbonyl gggup by Bergmann and
Zerva$™ in 1931 to mask the functionalities of the reaetparts of the molecules. In
19531 the structure and synthesis of oxytocin, an ogtége hormone, was
elucidated by Vincent du Vigneaud, which would tatén him the Nobel PrizE” It
is important to take note that the initial goahtask functionality by using protecting
groups and the concept of orthogonality which hasome essential for organic
chemistry was conceived initially for the synthess$ small peptides. Their
significance in the history of peptide synthesisl @tso chemical protein synthesis
should not be overlooked.

1.4.1. Solid Phase Peptide Synthesis

The introduction of the polymer or solid phase sappevolutionized how
chemists were able to synthesize peptides in therdaory*® For the first time,
access to larger peptides could be realized inrmeraof weeks instead of years. The
method which is ingenious in its simplicity reliea the immobilisation of the first
amino acid of a peptide sequence starting from Ghrminus to an insoluble
polymer support. The amino acid normally carrie® tiypes of protecting groups
which are orthogonal to one another. After selectremoval of the N-terminal
protecting group, a second amino acid which has laeéivated can be added to the
first immobilized amino acid. Since the amino acsdimmobilized on the solid
support, after the deprotection steps and couiegs any excess material can be
simply washed away. Upon completion of the degregtide sequence, the peptide is
normally cleaved from the resin and the side clgagups are deprotected. This may
occur in one step or may be carried out in two stéter precipitation from an
organic solvent like O, the finished peptide is then subjected to chtographic
purification (if necessary) to yield the pure syegtized peptide (Figure 1-6§
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Figure 1-6. Schematic representation of peptide synthesis®sdlid phase.

One of the clear advantages of the solid phaseadeththe ability to remove
side products and extra reagents without time-aomsy work-up procedures and
purification of intermediates. There are, howewenumber of limiting factors which
have to be considered when performing solid phaaetions. The polymer type used
most frequently in the synthesis of peptides is apalymer of polystyrene
crosslinked to 1 % with divinylbenzene. Originatignceived of for the production of
ion-exchange resif®! these polymers can swell to a certain extent igaic
solvents. The degree of swelling of the polymedu® principally to the extent to
which they are crosslinked with higher cross-lirklieading generally to a decrease
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in swelling capability. The solvent is moreoverraajer criterium for the swelling of

the polymer and as a result the rate at which i@axtan take pladé”

=
. .-
Ph Ph Ph Ph
In

styrene

polystyrene

divinylbenzene

Ph  Ph l
Ph  Ph

cross-linked polystyrene

Ulg

Figure 1-7. Structure and schematic of linear and cross-linpagistyrene.

The most ideally suited solvents for copolymerstgfene and divinylbenzene
are are dipolar and aprotic. Since polystyreneydrdphobic, DCM, THF, pyridine,
DMF, NMP, TFA are a few solvents which swell the holymer matrix particularly
well. Poor solvents include alkanes, protic solsent water due to their hydrophilic
nature®® The size of the polymer bead practically expanaset on the solvent
which is used. Further affecting the size of thymer resin is the synthetic material
which is attached to it.

The size of the resin is affected by the amounpeptide attached to it. As
more and more peptidic material is attached tonréise larger the beads become
when swollen in solvent. As the beads become muden@ore filled with the peptidic
material, diffusion of new reactants into the seollbead become more difficult.
Sarin and Kent examined how the accessibility ef iéssin changes, the ‘fuller’ the
resin bead becomé&d They found that with peptides up to a moleculaigive of
5957 g/mol and beads containing up to 81 % petitte 19 % polystyrene that the
efficiency of the resin was still not too limitediel to overcrowding, formation of
secondary structures, or steric effects. Howeuss, larger the peptide, the more
difficult final couplings will become. This may thdead to incomplete couplings and

as a result, fail sequences in the synthesis.igmtlanner, it is common to start with a
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low functionalization (between 0.1 mmol/g and 0.81alVg) when synthesizing large
peptided 2+l

Polystyrene copolymers are functionalized eitherchbgmical transformation
of the unfunctionalized polymer, or by copolymetiaa of functionalized monomers.
Popular functional groups for the synthesis of plgst include modifications of
chlorobenzyl (the Merrifield resin) group includitige amino methyl group. Release
of the completed peptide from the resin is accoshell using HF. Advancement of
protecting group technology has afforded the Fmaomtegting group for amines
which is base labile allowing the construction eppdes on the solid support without
the need for TFA cleavage in between steps. Thadegty then allows release of the
peptide from the solid support with much milder deds toxic acids as HF. More
acid sensitive functional groups including the Rarkidé**I*®l and the 2-
chlorotrityl chloride group?”

The advent of polymer resins with poly(ethylenecgly (PEG) unit§®l*!
grafted to them has introduced aqueous chemistityetgolid phase. As a result of the
PEG units, the polymer is more hydrophilic thaneppolystyrene and has the ability
to swell in aqueous as well as other protic solvehhe use of PEG resins have their
drawbacks as well. The loadings of functionalities PEG resins is quite low
(between 0.15-0.30 mmol/g), and the release of BRG treatment with TFA has
been reporteB”®Y Additionally, because of the high PEG content, hsuesins
become adherent and as a result are difficultyddr

The total synthesis of enzymes was able to clanégchanisms that had either
been incorrectly assigned or only generally speedf2?) The goal of linking the
synthesis of larger biomacromolecules to functioaswhowever only partially
realized. As powerful a method of peptide synthessSPPS is, it still lacks the

necessary scope to accomplish the total synthésigem normal sized proteins.

10
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1.5. Current Methods in Chemical Ligation

There are a number of ligation reactions whiclvesdor either the synthesis,
semisynthesis or modification of proteins. Hackegbe and Schwarzer gave an
excellent overview of different chemical ligatiomategies in a 2008 revielt?! A few
are notable and related to the present work angl ghould be introduced here. They
are divided into two categories, and for each aateg couple of examples are listed.
The first category involves reactions which have steps; a capture step where the
two peptidic fragments are linked followed by arrangement step whereby a native
amide bond is formed. The second category of bgatireactions involve
chemoselective reactions in which the two peptidimponents are linked together in
a single step reaction where an amide bond is itutiest by another type of covalent

interaction.

1.5.1. Chemoselective Ligation Reactions Relying défrior Capture Strategies

1.5.1.1. Native Chemical Ligation

One of the most powerful ligation methods to dasethe so-called native
chemical ligation (NCL). Like many other ligationethods, in NCL there is a
‘capture step’ followed by a rearrangement betwtbentwo peptidic fragments. The
reaction is based upon the>8l acyl rearrangement first described by Wielandlet
in 1953 in which cysteine reacts with a C-termitrabester to give a native amide
bond®" The method came to fruition and was coined nativemical ligation in
1994 with the breakthrough work from the Kent granterleukin 8 (IL-8) a 77-
residue protein was synthesiZ&¥.In the first step, a transthioesterification oscur
between the N-terminal nucleophilic thiol of thestgine of the first unprotected
peptide fragment and the C-terminal thioester & #econd unprotected peptide
fragment. The second step is a rapid intramolecgtaN acyl shift resulting in a
native amide bond at the site of ligatio#>”

The speed of the reaction is dependent upon a ruofibactors including pH
and solvent® The reaction is carried out normally under aqueoasditions,

although it is possible also to perform the reactivorganic solvents In an acidic

11
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environment, the reaction proceeds sluggishly duehe protonated thiol group,
therefore optimal conditions require a slightlyaike milieu. Care must be taken to
avoid too harsh basic conditions as thioesters laldle under strong basic
condition€® and unprotected lysine side chains may also reittt the thioester

leading to aminolysi&™

0 o)
)J\ H l\?) i
peptide 1 Q 3 j)\ peptide 2
Os

chemoselective reaction between
two unprotected peptide fragments

O/—\ O
peptide 1 )\Hyj\ peptide 2
\3

‘ Spontaneous rearrangement

SH

O
peptide 1 )J\HL[( peptide 2

o

Figure 1-7.The native chemical ligation reaction.

Further affecting the speed of the reaction isamno acid present at the C-
terminal thioester end of the first peptide. Dawsaod coworkers investigated this by
examining the reaction rates of 20 different peepdioles containing each of the
proteinogenic amino acids at the C-terminus. Thegeeriments showed that all 20
amino acids could undergo the NCL reaction butdHierent side chains of each
amino acid affected the rate at which the amidedbwas formed. The fastest reaction
rate was observed for the thioester carrying Glyhat C-terminus which reacted
guantitatively in less than four hours. More difficpeptides included thioesters with
3-branched amino acids where quantitative conversi@s not achieved, even after
48 hours (Table 1-1§2

12
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Table 1-1.Influences of C-terminal amino acids on the redtgtiof the NCL.

thioester C-terminal amino acid reaction time
Gly, Cys, His <4 hours
Phe, Met, Tyr, Ala, Trp <9 hours
Asn, Asp, GIn, Glu, Ser, Arg, Lys <12 hours
Leu, Thr, Val, lle, Pro > 48 hours

A final consideration regarding the rate of thacteon is the nature of the
thioester. Alkyl thioesters are generally more kaihan aryl thioesters which is
reflected in their handling and synthe$%.This added stability, however, also
translates to much slower reaction rates in the NRie initial thioester exchange is
the limiting step in the reaction, and it must med as efficiently as possible.
Addition of aryl thiols to alkyl thioesters results an alkyl-aryl thioester exhange to
the more reactive aryl form. As such, peptide thiees are most often synthesized as
their alkyl derivatives and then converted into theresponding aryl thioestearssitu
by addition of either thiophenol or the water-stdul§4-carboxmethyl)thiophenol
(MPAA).'®! The thiol additives also serve to keep the cystéina reduced state

which is essential for the reaction.

Scheme 1-1. Thioester thiol exchange leading tartbee reactive phenylthioester

HS\©
n .0
peptide 1 )J\ S/\)J\o/ peptide 1 )J\s

thiol exchange

NCL proceeds without side reactions in high yieldewever, it requires a
cysteine for the ligation step, which is a bit ohiadrance since Cys residues are
barely present in most proteins if at all. Thisnpipal ‘capture’ and rearrangment
reaction has also been carried out with histidinge N-terminus instead of cysteine
in His-mediated NCI®* This method works to some extent, but still limite
reacting partners. As a result, considerable atteritas been applied to expand the
native chemical ligation reaction to other aminadacand then modify them

afterwards.
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Scheme 1-2.

0 o 0 0
peptide 1 )J\SR + HaN peptide 2 — peptide 1 )J\N peptide 2
) "o
/

Se
(0] (e}
peptide 1 )J\HJ\”/ peptide 2 peptide 1 )J\HJ\”/ peptide 2

0] o

Raney Ni

A list of recent methods are listed in Table InaBfable among them is Sec
native chemical ligation. where ligation occurs hwielenocysteine which is then
followed by deselenization to afford either dehyaamine at the ligation site or

alanine (Scheme 1-5)’

Table 1-2.Chemically modified NCL products.
amino acid used for ligation resulting amino acid  method for modification

penicillamine valine desulfurization
B-mercaptophenylalanine phenylalanine desulfurimatio
homocysteine methionine methyl alkylation
homoselenocysteine selenomethionine methyl alkylation

1.5.1.2. Expressed Protein Ligation

Peptide and protein thioesters are the other ipah@layer in NCL between
peptides, however, their synthesis on the sizeesuigbroteins is not easily accessible.
Expressed protein ligation (EPtY has become one of the most powerful methods
for the recombinant synthesis of protein thioestarsl has its roots in a naturally
occuring process protein spliciffd. Analogous to RNA splicing, protein splicing
occurs where an internal protein domain (an intexgises itself out of a precursor
polypeptide and links the adjacent N and C termfredments (exteins) through a
native amide bonf® The final step in which the intein is excised ilwas an N>S

acyl shift from the N-terminus of the C-extein betC-terminus of the N-extein.
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LK
protein 1 N N Intein chitin binding
H domain

resin or solid support

protein 1
jﬁ( Intein chitin binding

domain

(ex. MESNA)

O

ready for NCL: protein 1 SR

Figure 1-8.The concept of Expressed Protein Ligation (EPL).

For expressed protein ligation, the thioesterbaimed using the machinery of
the intein in the presence of thiols. More spealfic a protein which should be
thioesterified is connected to an intein at theeggerlevel and represents the N-extein.
The C-extein is substituted with a bioaffinity tagch as the chitin binding domain
(CBD). Once the intein has performed the N acyl shift at its N-terminus to give a
thioester linkage, the desired protein is capt@®d thioester through a thiol-thioester
exchange using an excess of thiols (for instanae wlater-soluble sodium 2-
mercaptoethanesulfonate, MESNA). The resultinggonathioester can be isolated by
elution from the resin to which the intein is sbibund, and can be modified further
by NCL with another protein or other marker. Thigthod was used by Muir and

coworkers in order to study the signalling prot8MAD2 (See section 1.3).

1.5.1.3. Traceless Staudinger Ligation

The traceless Staudinger ligation is based uperséme named reacti&hin
which azides are reduced in the presence of phosphiln the first step of the
Staudinger reaction, the phosphine adds to theeamd form an intermediate
phosphazide and after release gffdtkms an aza-ylide that can hydrolize to give the

phosphine oxide and an amine.
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The reaction requires the presence of a methylansghinothioester which in
the ‘capture’ step forms the aza ylide analogoush® Staudinger reaction. In the
second step, or rearrangement, the nucleophilafithhe nitrogen of the aza-ylide is
exploited attacking the ‘electrophilic trap’ of tlisioester in an SN acyl shift to

produce the amide bond.

Staudinger Reaction:

R
|
o & SY M@ R-N oN
R-N-N=N" :PR; — R-N-N=N-PR, — N Q) N
RsP=N RgP—N
phosphazide
Il? ¥
H0 N
R_NH2 + O:PR3 « R_N:PR3 < /// \N
aza-ylide 2 |RsP--
Staudinger Ligation:
‘electrophilic trap' 4-membered ring T.S.
PG o
| )J\’/ he 0
peptide 1 s > Pph, |_ )]\q o aza-ylide
peptide 1 S/\pph2
. p
NS\)J\ peptide 2
Fie o peptide 2

PG /
e o g |
peptide 1 )J\N/kﬂ/ peptide 2 R = side chain of any amino acid
H
o)
Figure 1-9. The Staudinger reaction and modification for thernoselective ligation known
as the Staudinger ligation.

The traceless Staudinger ligation is a modifiedsioer of the originally
conceived Staudinger ligation reaction implemeiteBertozzi's group in 2008% In
introductary work, a modified triphenyl phosphirerying a methyl ester ortho to the
phosphorus serves as the electrophilic trap toilgmlthe aza-ylide bond against
hydrolysis. After hydrolysis, the resulting produst an amide bond carrying the
phosphinoxide in the ligated scaffold. The semeyaplication for this reaction and
the precursor for the traceless Staudinger reaatioolved the selective marking of
sialic acid residues. In their initial contributioBaxon and Bertozzi installed azides

within cell surface glycoconjugates by metabolisaosynthetic azidosugar and
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reacted them with biotinylated triarylphosphineproduce metabolically stable cell-
surface producté®

One of the drawbacks of the Staudinger ligationthe requirement for
producing peptide thioesters carrying triarylphosph due to the reactivity of
phosphines in the presence of other functionalggoAn innovative method from the
group of Hackenberger involves the preparation oftqeted peptide thioester
phosphines carrying an azido group at the N-termmd a borane group to protect
the triaryl phosphine. The peptide phosphine theress recovered as the
phosphonium salt after acidic global deprotectishjch is able to cyclize to the
cyclic peptide under addition of base. The cycl@abccurs in the absence of amino
acid side chain protecting groups and has showmigetowards the application in

biological system&™

1.5.2. Chemoselective Ligation Reactions Not Relygron a Prior Capture Step

1.5.2.1. ‘Click’ Coupling of 1,3 Dipoles Mediated ¥ Copper(l) Species.

The cycloaddition of alkynes and azides to trhegds a chemistry rich in
history and has been studied extensi¥élyThe triazoles which are formed in this
reaction result in 1,4 and 1,5 substitued triazB6#§he research groups of Meltf@l
and Sharple$s! have shown that addition of a Cu (I) source silelst leads to the
1,4-substituted triazole isomer (Scheme 1-3). Téwmction has gained traction in
ligation chemistry because of its numerous desrafflaracteristics. It has been
shown to be chemoselective to a large number oftimmal groups, the reaction is
fast, with usually excellent yields and perhaps thogortant for biological systems,
it can be carried out in physiological buff&f’

The reaction has been extensively reviewed in iteeature’®® The triazole
has been examined closely and is proposed as a@®ohetic in terms of both
distance and planarity. The reaction has been useal number of applications
including incorporation into biopolymeric materidf<! As mentioned in Section 1.3,
the reaction has been used for the post-transhdtiorodification of proteins and

natural products.
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A)
cat. Cu!'
peptide 1 /\N3 + /\ peptide2 ———  peptide 1 /\l\\]/y\ peptide 2
pH 7-8 N=N
1,4-substituted triazole
B)

Figure 1-10. The ‘Click’ reaction has found application in maageas. A) ligation of two
peptide fragments in the presence of Cu(l) saltye¢ate 1,4-triazole peptidomimetics. B) A
metal-free ‘Click’ reaction between azidopeptide®l goeptidylphosphoranes to yield 1,5-
triazoles.

In a recent report from the group of Jorg Rademaeptidyl phosphoranes
were reacted with azido peptides to yield 1,5 ti@zeptidomimeticsHigure 1-1Q
B).[”® These peptidomimetics are formed in a lockisctonformation without the use
of metal salts to achieve regioselectivity. Funthere, by incorporating the azido
amino acid at the N-terminus of the peptidyl phasphe, this method could be used

to furnish 1,5-triazole cyclic peptidometi¢d.

1.5.2.2. Michael Addition of Thiol Nucleophiles Usig Maleimido Building
Blocks

Finally, another quite powerful ligation method& chemoselective reaction
of sulfur nucleophiles ta,3-unsaturated carbonyl derivatives. This Michalelitton
has been well established as a conjugation metbodliriking fluorophores to
biological materials under physiological conditiomsgation techniques exploit the
nucleophilicity of the masked thiolate (these reext may take place at slightly
acidic pH where the thiol is most likely to be moated) in Cys residues to post-
translationally mark proteins with maleimidocapr¢MIC) peptides or biologically

relevant material§"
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Figure 1-11. MIC strategy for post-translationally modifyinggbeins containing an active
cysteine.

These MIC building blocks can be introduced usi®S in a straightforward
manner and can be used to attach large biomacrootetewith small modifications.
A prominent example is the synthesis of lipidateak FPproteins. Bader et al, have
shown that Ras proteins can be modified with ligiges in large amounts if
necessary such that the hybrid lipid-proteins artesensitive toward degradation and

can insert into artificial and biological membraffés

19



2. Aim of the Work

2. Aim of the Work

Ligation chemistry has received incredible attamtio the last decade as new
technologies emerge which allow more control ofretoal reactions in biological
systems. This new control has translated directlyhe elucidation of structure and
function of many new protein targets. Many of tlgation methods require building
blocks which are not readily accessible using steth@olid phase peptide synthetic
methods.

The native chemical ligation is one of the most pdul ligation methods at
the moment with a broad range of applicationssldépendent upon two parts: a
thioester at the C-terminus of one fragment, angsteine at the N-terminus of the
second fragment. The synthesis of peptide thice$bertheir use in either NCL or in
other ligation reactions is a premium concern, #mete are decades of research
dedicated to their chemical preparation. Thioestezsessentially activated carboxylic
acids and their lowered stability makes them susideptowards degradation and
hydrolysis. Their synthesis using Fmoc SPPS meathedhallenging and requires
optimal handling at best. Futhermore, preparatibfaxme amounts of peptide with
high purity remains difficult problems which havetrbeen completely addressed
and/or solved. Therefore, it is quite desirablelépelop new and alternative methods

for their synthesis.

Scheme 2-1
>< Fmoc SPPS
HS spacer — —O peptlde spacer
2-Cl-trtCl 2- CI trtCl
resin | resin
lacid lnucl. subst.
O PG o
e AL .
PG

20



2. Aim of the Work

The first part of this work was concentrated oralelsshing a new method for
the synthesis of peptide thioesters using stan@@ndc SPPS methodology. The
optimal method is to synthesize peptide thioestera direct manner on the resin
starting from a thiol linker. The main hindrancetiat the formed thioesters are
usually unstable toward base treatment. Modifieshwhge cocktails have provided
good examples and have been cursorily tested impdise by Aimoto and Wade but
failed to develop into very robust methods for #siter preparation. Implementation
of atert butyl thiol linker would add the necessary stapito the thioester and could
then provide a method for the direct synthesisagpitige thiosters on the solid phase
using Fmoc methodology. An additional positive aspt® this would be the
capability of preparing thioesters either as fudly completely deprotected peptide

moieties (Scheme 2-1).

Scheme 2-2
PG
| O >< nucl. subst. TG O
5™ ~(space}-0-Q ———
b 2-Cl-trtCl |
resin PG
deprotection l deprotection /l
direct ligation
O

ONNO)

O
W
- - S
peptide SH peptide N R
 peptide (peptide } N

Peptide thioacids have gained interest in previaass. Their preparation has
been described in detail using standard Boc SPPBoehe however to date, their
reported synthesis using standard Fmoc procedtildeaves room for improvement.
The envisioned linker system was expanded to irckyhthesis of peptide thioacids.
By displacing the peptide from the resin with eithe hydrosulfide equivalent, or a
protected thiol group followed by deprotection skdogive peptide thioacids also in
an elegant manner. Furthermore it may be possiblkeen take the masked thioacids

and unmask them in the presence of electron padesin order to implement these
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types of thioesters as ‘precursors’ for the thidedide amide forming ligation
previously described by Just et al in the 1988s.

The azide/thioacid ligation has received considerattention in the last
years. The reaction between azides and thioaciddivga described as a side reaction
by Just and coworkers in 1980 and then used byrRasE988 for amidation of azido
sugars. The reaction was later reinvestigated engtioup Williams in 2003 and has
been examined by many groups sifi¢€* Williams found that electron poor azides
react rapidly with thioacids to form sulfonamid®.However, less electron poor
azides such as azido glycine react sluggishly awiiit found application as of yet
for peptidic substrates. This interesting ligatrarthod involving thioacids, has only
found utility when electron poor azides such adosil azides are reacted with
thioacids to produce sulfonamides.

The drawbacks mentioned of the thioacid/azidetibgareaction leave room
for improvement. It would be of great interest this ligation method, if conditions
could be found which would accelerate or improwe rdite of reaction such that even
electron rich azides could couple efficiently taodtids. Such improvements would

allow coupling of peptide thioacids to peptide &zidn producing native amide

bonds.
Scheme 2-3
0] 0] S (0]
Metal salts
N + E—— OR OR
(0] (0]
? optimization of reaction

The starting point of the last topic, revolved arduhe optimization and brief
investigation to this reaction. Another facet was help elucidate the proposed
mechanism in order to further understand the s@wpklimitations of the reaction.
The initial goal was to study the effects that rhetdts may have on this reaction

specifically the effects of Cu(l) salts and otrsrdlectronic metals.
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3. Results and Discussion

3. Fmoc Solid Phase Peptide Thioester Synthesis bigia Tert-Butyl Linker

3.1. Current Methodology for the Synthesis of Peptie Thioesters

There are many different existing methods for tlyatlsesis of peptide
thioesters. Classically, peptide thioesters haentsgnthesized using Boc solid phase
peptide chemistry with thioester linkdf8. Boc chemistry requires the use of HF as
well as special glassware for the cleavage of deptirom the solid support. Aside
from this, the Boc method prevents the preparatadnmany other peptide
modifications such as glycosylations due to theslmarature of the HF cleavage step.
Furthermore, with the advent of the Fmoc group dolid phase peptide synthesis
which can be removed with the mild base, piperidmany Boc methodologies are
slowly being fazed out of use. Thioesters are gdlygknown to be base-labile, which
has hampered their direct preparation in Fmoc-baséid phase peptide synthesis.
The few examples which have been cited for thectipeeparation of thioesters using
Fmoc methodology rely on milder deblocking readef§! than piperidine/DMF or
use the more base labile Fmoc(2-F) grBtipin this manner peptide thioesters have
been accomplished, but the milder deblocking resgesquire longer deprotection
times and multiple cycles to quantitatively remdkie Fmoc group. In addition, fail
sequences from incomplete deprotection of the amaaio result in lower yields and
impure product&”

To avoid the presumed lability of the thioesteké&n a number of methods
have been established for the preparation of tteoce®n the solid phase. The most
common approach involves the use of so-called tgafatch linkers’, first introduced
by Kenner in 197%Y incorporate acyl sulfonamide linkers which cartemfthe
completion of the peptide synthesis be alkylateddtivate the sulfonamide bond to
be attacked and released as a thioester (Scheme 3-1

Other examples of safety catch linkers include ayitte§ which can be
oxidized after completion of the peptide for ingtanvith NBS and then removed in a
similar fashion using thiols or amino acid thioestas the nucleophilic displacing
agent®™ Methionine and also Cys residues however are ptibtetoward oxidation

with  this method. Recently, intramolecular diacgat of backbone
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

pyroglutamylamides has provided two examples empipythe ‘safety-catch’
principle for the synthesis of peptide thioesters.

Scheme 3-1
Fl’G
0} 0}
Q //(i/\)?\ Fmoc SPPS . O\\s//(i/\)J\
HZN/S N/\O " . peptide 1 N~ N/\O
H - H H
activation
PG R = CH,CN, CH,TMS
o i. thiol displacement | O oo @)
__ . N
peptide 1 )J\SRz li. deprotection peptide 1 )J\N/S\/\)J\N/\O
I
H

Rl

Blanco-Canosa and Dawson applied a 3,4-diaminob¢ra® the ‘safety-
catch’ linker to which the peptide is assembledeA&cylation of the amino group by
4-nitrophenyl chloroformate, in internal spontaneoung closure occurs resulting in
the formatino of an N-acylbenzimidazolone (Nbz) ethican be converted into the
thioester (Scheme 3-2f! Interestingly, they found that the Nbz-peptide cdso
undergo NCL foregoing the thioesterification stépnfortunately however, even
though the method is robust, yields of larger psitend to dip, with the synthesis of
a 29mer succeeding in only 36 % yield. The lowd/iedflects difficulty in the first
amino acid acylation of the weakly nucleophiliclax@ nitrogen as well as possible
difficulty in removing the entire bound peptiderndhe resin after synthesis.

Similarly, Tofteng et a?® used glutamic acid as the first amino acid anefraft
the completion of the peptide, selective deprotecodf the glutamic acid residue
followed by activation with pyBrop allowed nucledjihattack of the adjacent amide
nitrogen to form the more reactive pyroglutamyl [gpGmide moiety (Scheme 3-2).
Nucleophilic displacement of the peptide from tlesim afforded then the peptide
thioester. Though this method is innovative, atioraof the Glu residue to form the
pGlu imide as well as subsequent thiolytic releakéhe peptide require extended
microwave irradiation to succeed even in moderedlly.

Another prominent example for the synthesis of igepthioesters is the
backbone amide linker (BAL) methodology, originatignceived for the synthesis of
small molecule€® In this method, the-amino group of an Alloc ester C-terminal

amino acid is loaded to the tris(alkoxy)benzaldehyesin by reductive amination.
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3. Results and Discussion

After peptide elongation the alloc group is selesli removed, and the peptide
thioester is recovered after aminolysis with anreoacid thioester. However, as with
the Dawson method, a limitation to this methodtaeelow yields of the coupling of
the second amino acid to the secondary amine oflitker®” Further methods
include exploiting & S°1° acyl shifts as well as new methodologies surraumdi
N->S acyl shiftd!*%U normally these methods are limited to poor yiaéter the

intramolecular rearrangement step.

Scheme 3-2. Benzimidazolones for the synthesiepfige thioesters
PG

PG O,N I R

| R i eptide 1 0

ide 1 o PN s N
peptide ~ (e) Cl H
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Oﬁ<N \ peptide 1 \N/k’//o
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NCL read /
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Tert-butyl thioesters are of exceptional stability agaimucleophilic bases and
strong acid$ %1% which distinguishes them from other alkyl thioest®#* In
some examples, they were resistant against nudleophases or strong acids. At the
same time,tert-butyl thioesters remain smoothly cleavable by ltiEs!’®® This
surprising stability which may result from sterimtterance as well as electronic
effects distinguishetert-butyl thioesters from other alkyl and aryl thicast

We envisioned that grt-butyl thiol linker immobilized on the solid phase
should enable the direct Fmoc-based synthesispifdeethioesters. This would allow
preparation of peptide thioesters in two differematys. Attaching the linker to an acid
sensitive followed by acidic cleavage would affotide peptide thioesters as
completely deprotected moieties. In contrast te,thucleophilic displacement under
basic conditions would afford the peptide thioestes completely protected moities.
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

3.2. Synthesis of Polymer Supported Peptide Thioess

3.2.1. Stability Experiments of Thioesters Under Bsic Conditions

In order to validate the strategy, various thioesteere investigated for their stability
against standard Fmoc SPPS cleavage conditionsmddiyrom the previous research,
focus was initially placed on the stability teft-butyl thioesters in the presence of the
nucleophilic base piperidinelertboc protected phenylalanine was a reasonable
choice as initial substrate with an aromatic sidairc detectable at 254 nm as well as
the carbamate group detectable at 220 nm allowiegcburse of the reaction to be
followed either by standard TLC techniques, or LG Mnalysis. Furthermore, aside
from the amino terminus, there are no other fumetigroups.
Accordingly,tert-Boc-L-Phe-St-Butyl was synthesized according to literature

described protocols from the commercially availablé Boc-L-Phenylalanine.

Scheme 3-1
@)
H CDI, t-BuSH, H J<
\{/O\H/N\E)J\OH THF, rt \{/O\H/N\)J\S

o~: 66 %

1 2

Treatment of the resulting thioester with 20 % pigiee in DMF was carried
out at room temperature under standard Fmoc SPR@tioms and samples were
taken periodically throughout the course of thectiea. The thioeste2 showed high

stabilityas shown in figure 3-1.
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3. Results and Discussion
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Figure 3-1. Stability profile of the Boc-Ph&t-butyl thioester in the presence of 20 % pip. in
DMF.

The major side-product of treatment with piperidime DMF was the
piperidine amide produc2. Also detectable as side products were the hydeoly
thioester as well as a DMF derived side-produce @methylamide side-product is
most likely the result of degradation of DMF ungeolonged basic conditiof”!
By analyzing the degradation of the thioester #® dmide and side products, a half-
life stability was assigned to thert-butyl thioester as being approximately 6.5 days.
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(e}
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Figure 3-2. The half-life of thetert-butyl thioester was determined using LC-MS analyi
220 nm to be greater than 7 days.

Spurred by this encouraging result, other alkyl and thioesters were tested
for their stability. The following thioesters wesynthesized following either the

previously mentioned protocol with CDI, or usingustiard DCC/DMAP methods
furnishing pure products in high yields.

Table 3-1.Half-life stabilities of various thioesters detenad in solution.

entry thioester coupling method yield (%) half-life
1 4so-propyl ) CDI 99 8.1h
2 trityl (6) DCC/DMAP 72 6.5h
3 ethyl ) CDI 68 55h
4 benzyl 8) CDI 79 55 min

The final concentration of the thioesters in theepidine/DMF solution was 62 mM corresponding to a
34 fold excess of base. Half lives were determibgdthe degradation of the thioesters in 20 %
piperidine in DMF identified at 220 nm using LC-M&hniques.

Each thioester was in turn tested against 20 %ridipe in DMF using the
same procedure as for ttegt-butyl thioester. The final concentration of the#sters
in the basic solution was 62 mM which correspontte@ 34 fold excess of base.
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3. Results and Discussion

Based on the results table 3-1.The following stability pattern could be estabédh
tert-butyl >iso-propyl > trityl > ethyl > benzyl.

Stability/Substitution of t-Boc-Phe-S-Esters

steric hindrance o OO
/Lks More stable

N X
xa s
2

most stable

(@]
o I
)ks Less stable

least stable

electron density

Figure 3-3. Graphical representation of thioester stability.

The results indicate that steric hinderance as age#lectronic properties play
crucial roles in the stability of thioesters. Faample, the sterically most demanding
triphenyl methyl (trityl) thioester was cleaved tisthan the smaller but more
electron-rich isopropyl, the more bulky benzyl #ster faster then ethyl. The stability
of the tert-butyl thioester phenylalanine strongly support tleasibility of the
envisaged linker system for the direct synthesisepitide thioesters.

3.2.2. Towards the Synthesis of &ert-Butyl Thiol Linker

Attachment of thetert-butyl thiol to the solid support was proposed ® b
attached as easily as possike an ether linkage. In this manner, the linker stidad
stable to both Fmoc-cleavage as well as standaRSSfoupling conditions. The
simplest method of attachment was to take theittkiet 2-mercapto-2-methylpropan-
1-ol as shown in scheme 3-2 and attach it to a salpport where the number of

spacer methylene groups (n) is equal to 1.
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

Scheme 3-2
Hs><(\/)r? H HS%;) 0
9 10

Due to the greater nucleophilicity of the thiol gpoin the presence of the
hydroxyl group, it was necessary to think of orttwgl protection schemes. To this
end, disulfides can offer ideal orthogonality ire thresence of hydroxyl functional
groups® Starting from the commercially available methybromoisobutyrate, the
thiol group was introduced by reaction with potassthioacetate to give the thioester
12.

Scheme 3-3
KSAc, DMF, O LiAIH,, Et,0,
0 60 . 15 h , K
Br ~ )J\S>§(o\ ,15h He OH
o) 83 % S 96 %
11 12 13

Subsequent reduction of both ester groups gavedbieedl3, 2-mercapto-2-
methylpropan-1-ol. Oxidation of the sulfhydryl gmto the asymmetric disulfide was
accomplished using KI and in the presence of baS€” The symmetrical disulfide

was also obtained as a side product of the reaction

Scheme 3-4
ethanethiol, K,
NaOH, |2, H20
rt, 3H N ></OH + S. ></OH
HS></OH SONg HO/>< S
13 14 15

52 % 22%

Coupling of the protected linkdd4, led to low coupling yields when reacted
with 2-Cl-trityl chloride resin. It is expected thiaigher yields should be possible for
this type of reaction, but optimization was nottlier investigated. Reduction of the

disulfide was first attempted with thiophenol.
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3. Results and Discussion

Scheme 3-5
></ Cl O Et;N, DMAP, 15 h, rt S ></O‘O
SoSig OH +  2.cITrcl s
resin Loading = 0.17 mmol/g
14 16 (11 %) 17

Coupling of the reduced thiol was effected immealjaafter reduction of the
disulfide bond. The reduction of the disulfide bgmeved to be more challenging
than expected and as a result the coupling of itee dmino acid to the linker was
only marginally successful. The results as showBdheme 3-6 left too much room

for improvement, and this method was finally abaretb

Scheme 3-6

thiophenol, DIPEA, coupling

0]
\/S\S></O—O SULEL HS></O_O oo FmocHN\:)J\S></O—O

17 18 \@

19

coupling method  time vyield (%) loading

DIC 18 h 13 0.02 mmol/g
MSNT/ lutidine 18 h 19 0.03 mmol/g

loadings determined by presence of Fmoc via UV-VIS analysis

Direction was then focused on different protectomgup methods for the
introduction of a thiol-protected linker. Base lalyprotecting groups would allow the
continued use of the 2-Cl-tritylchloride resin, aagplication of such groups with the
ability to follow the acylation to the resin werenceived of as a possible alternative.
The Fm group is orthogonal to weak base couplinglitmns owing to its increased
stability over the Fmoc group2 was selectively deprotected under mild conditions
using sodium thiomethoxid&®!

Scheme 3-7
O NaSMe, MeOH
o) rt, 30min o)
)J\Sx.‘/ ~N HS ~N
0,
12 20
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

Introduction of the Fm group was accomplished gisfmoc-OSu and
triethylamine'™'® After acylation of the Fmoc group to thert-butyl thiol, the
product undergoes an elimination/addition to conttee S-Fmoc to theS-Fm group
as shown in Scheme 3-8. According to West E%@lwhen Fmoc-OSu is used in the
synthesis, free triethylamine is present in thecttea mixture, and the reaction
proceeds to the expected formation of ®&m product2l. If Fmoc-Cl is used
instead, the resulting $NHCI salt is no longer able to give up a proton foe

formation of the S-Fm group.

Scheme 3-8

®
H—NEt;
Fmoc-OSu, Et3N

o Gt Tl
2 \ g

o

69 %

20
Et3N:

The reduction of the S-Fm es&t using LiAlH; was subsequently performed,
to give the desired product 2-H9luoren-9-ylmethyl)thio]-2-methylpropan-1-@2.

Scheme 3-9
LiAIH,, THF,
ety i Qoo
O © 83 % O

21 22

Trityl protection of hydroxyl functionalities reqe extended reaction times.
The Fm group however is not completely stable tdwdhe lengthy treatment with

pyridine. As a result, coupling of the 22 onto a trityl resin resulted in a poor yields

32



3. Results and Discussion

of product23, due to the degredation of the link&2. As such, this semi-base labile
protecting group can be considered not orthogantid acylation conditions required

for coupling primary hydroxyl groups to trityl chides.

Scheme 3-10

S></OH pyridin;e// 36 h O. SKOZ-CA?WCI

O resin

23

Acid-labile protecting groups for thiols are wigetlescribed, however, in
order to attach an acid-labile protecting groupodhte solid phase, a different, more
acid stable solid support had to be introduced.pBytecting the20 with trityl and
switching to the classical Merrifield resin, a newethod had been realized which
afforded a protected thiol linker. Compou2@ was first Stritylated with trityl-
chloride in the presence of potassident-butoxide to give24 which was in turn
reduced with LiAlH, to give 2-methyl-2-(tritylthio)propan-1-d&5 in an 83 % vyield

over 2 steps as shown in Scheme 3-11.

Scheme 3-11

Tr-Cl, KO'Bu O LiAlH,, THF, ! ></
HS><[(O\ MW 130 T, 30 min Q S><f(o\ 1H, it Q N OH
-
24

20
25

The protected thioR5 could be acylated to a standard Merrifield resithw
NaH in THF or with the application of potassident-butoxide in a similar fashion to
solution phase synthesis. In order to assess #wioa and quantify the outcome,
different spectroscopic methods were required.
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Scheme 3-12

NaH, THF,
70 C, 4h

KOtBu THF,
O rt, 3H
Q S></OH Merrifield resin ></O
74-87 % Merrifield
O resin
25

Characterization of polymer-bound compounds sucB6asan be carried out

using AT-IR spectroscopic methods. Carbon-sulfittetshing vibrations are weak
and occur in the region of 700-600 ¢rwhich make it of little value for structural
determination due to similar and much strongeratibns resulting from alkene and
phenyl group absorptions. The ether linkage 26f provides greater structural
information for the system. The characteristic cese of ethers in the IR is
associated with the stretching vibration of the @& Q@ystem. Owing to greater dipole
moment changes than those involving carbon atoras as C-C-C systems, more
intense IR bands are expected for ethers. Strondsbmeasured at 1220 ¢rwhich
correspond to an asymmetric C-O-C stretch as vgelha more characteristic band at
1141 cnt, allowed qualitative determination 26.

Quantitative determination of such trityl boundoithers was more efficiently
characterized by elemental analysis or trityl deteation. Both methods do not give
extremely sensitive determination of loading of lin&er to the solid support, but do
offer further evidence of the synthesized moleclleatment of the resin with a
mixture of TFA/DCM, the trityl cation is releasedhiwsh can be measured
guantitatively via UV-Vis techniques. Photometradibration of the triphenylmethyl
cation using triphenylmethanol as substrate has eviously described in the
literature using concentrated sulphuric atid. The calibration was repeated, using
instead triphenylmethane thiol as substrate to rote the feasibility of this
determination with compourizb.

Although the Lambert-Beer law has been satisfied the entire studied
concentration range, the limiting constraint fomgsthis as a method to quantify the

trityl-cation species for solid-phase reactionsthi® poor swelling character of
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3. Results and Discussion

divinylbenzene crosslinked polystyrene resins inemys media. Using instead a 1:1
mixture of TFA:DCM, the calibration was repeatedfully as shown in figure 3-4.

Photometric calibration of triphenylmethyl cation wi th
TFA/DCM
2.5

y = 0.016x + 0.0439
R’ = 0.9996

Abs (OD)

15 /
1

0.5 1

0 50 100 150
Conc (pg/mL)

Figure 3-4.Calibration of the triphenylmethyl cation fromghenylmethanethiol.

In both solutions, absorption maxima of the trigtion were found to be at
=408 nm and., = 430 nm. Agreement of the calibration curve iitb Lambert-Beer
Law coupled with the better swelling propertiestioé resin in TFA/DCM allowed
implementation of this method to determine morengjtetively the amount of linker
bound to the resin. Using equation 1, with moldmetion coefficients of 37,360 and
36,400 fork; and2,, respectively**? the loading of the resin was determined as an
average of the found molar absorption coefficietits andi, to be 0.73 mmol/g or a
yield of 69 % when compared to the initial subsiia of chlorine of the

commercially available Merrifield resin.

(1)

o mmol | _ 100000E,
g &, lweighedresin)

Elemental analysis of the same compound gave tleviog values: Trial 1,
Found (%) C: 84.88, S: 2.56, H: 7.335 and Trial @ (%) C: 84.91, S: 2.449, H:
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7.219 which corresponded to an average loading. 08 @mol/g or 74 % when
compared to the starting resin. The slight disanepain the loadings may be
attributed to inaccurate weighing of the resin befanalysis.

Cleavage of the trityl group was accomplished WiHA in DCM to give the
tert-butyl thiol which was then directly acylated wiEmoc-Phe-F and DMAP to give
the resin bound Fmoc-Pl&+tertbutyl ester.

Scheme 3-13

O i ’ Fmoc-Phe-F, DMAP (e}

TFA/IDCM/PrSiH BCM. SH. it ></
(Y Ho Q@ = Mo @ 2w A0 Q
Merrifield Merrifield B Merrifield
O resin resin \© resin
26 27 28
0.163 mmol/g

36 %

Amino acid fluorides are reasonably stable at rotemperature, are
synthesized easily from the parent amino acid araldathe in situ geneartion of
amino acid fluorides which involves fluoride ionegpes which may disturb the linker
system upon longer reaction times. Synthesis sflthilding block was performed as
described by Carpino et al (Scheme 3114},

Scheme 3-14

cyanuric fluoride,

(0]

(0]

ridine, DCM, reflux, 3h

FmocHN_JJ\OH by FmocHNQJ\F
z 62 % :

29\© 30\©
B F

O N)\N
via FmocHN Q@)\\NJ\F

T

Handling of the resin was crucial for the optimiaat of the yield. Under

aerobic conditions, thiols can be oxidized to tiéisulfides. On the solid support,
intra-bead disulfide formation has been repoft&¥.Handling of the resin under
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aerobic conditions led to a decrease in free thaslsndicated by a qualitative output
from Ellman’s test*®®M7] This test has been shown to be effective for the
gualitative monitoring of free thiols of solid supp resins. To date, only a reliable
guantitative method has been established with REstas which allow application of
aqueous solutions of 5,5'-Dithio-bis(2-nitrobenzadid) DTNB!!*®!

Scheme 3-15. Ellman’s test using 5,5'-Dithio-bis{f2ebenzoic acid)

NO, _H NO, HOOC s©
HOOC S. R . s +
j@( s COOH rR>s COOH

O,N
O,N
2 32 2-nitro-5-thiobenzoic acid
5,5'-Dithiobis(2-nitrobenzoic acid) brilliant yellow color

31 33

In order to investigate to what extent oxidationttwé sulfhydryl group to the
disulfide might hinder the preparation of peptitioésters on the solid phase, the

analogous trityl protected thiol was synthesizedalution.

Scheme 3-16

O ></ Benzyl-Br, NaH, TBAI O
THF, reflux, 17h
O AT
86 %
25 34

Upon treatment 084 with TFA in DCM (1:1) using ESiH as scavenger the

thiol was obtained which rapidly oxidized under aspheric conditions to the
disulfide 35. The disulfide could be identified via LC-MS gigra m/z value of 391
[M+H]*. Following the reaction onto the solid phase,iahiittempts to reduce the
disulfide was performed with triethylphosphine of Dfollowed by acylation. These
attempts afforded only mediocre results; a maximueid of 25 % after acylation
could be obtained (Table 3-2).

The electron rich nature of thert-butyl disulfide bond makes it more stable

towards reduction than analogous alkyl disulfided®) and as a result, only strong
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reducing agents were able to reduce this disubm®d. For on-resin reductions of the
tert-butyl disulfide bond, a solution of Red-Al in telne was the best reagent. After
reduction, the resin was carefully washed with sbilvents under an inert atmosphere
and the Fmoc amino acid acylation step was caaugdmmediately thereafter giving

much improved yields as shown in Table 3-2.

Table 3-2.Reduction of the disulfide bond followed by acydatiof the first amino acid.

></Oﬁ reducin couplin
S conditior?s cond?tiogs Q
é ﬁ — " HS></O\/O—> FmocHN\)J\S></O\/O
><\O R Merrifield
Merrifield 27 resin
resin R =-CH,Ph 36a
R =H; 36b

yield (%) of
36abased on

reducing

entry reagent/ AA coupling method/ amino loadingina

reaction time rxn time acid  (mmolig) initial loading
1  DTT/1hrt FmOC'Pgeh'F/ DMAP " bhe 0.13 14
2 EtP/1hrt FmOC'Pgﬁ'F/ DMAP " bhe 0.25 25
3 Red-Al / 3h EDC/DMAP Phe 0.63 73
reflux 14 h
Red-Al / 3h EDC/DMAP
4 reflux 14 h Gly 0.53 62

The yields were determined based on the amountafcFcleaved from the acylation step.

Extending the peptide chain fro&6a indicated that the linker was not stable
enough against piperidine. Each coupling afteritiitgal first amino acid acylation
should be quantitative. The Fmoc deprotection siggh subsequent coupling of the
next amino acid as previously described shouldusntitative. As shown in scheme
3-17, this is not the case. A possible explanat@mnthe low yield stems from the
lowered stability of the linker system resultingrfr the proximity of the benzyl ether
moiety to thetert-butyl group. As a result, the linker system is toothe preparation
longer peptides.

It is conceivable that in this system, the oxygenaar enough to thert-butyl
thioester to efficiently withdraw enough electrorendity thereby making the
thiocarbonyl more electropositive and more susbéptoward nucleophilic attack by

the piperidine.

38



3. Results and Discussion

Scheme 3-17. Yields were determined from Fmoc egawanalysis and based upon
the theoretical 100 % yield from step to step.

SPPS:
i. 20 % pip/DMF
1x1min, 2x10 min

0 - o) o)
FmocHN\)kS></O\/O i.Fmoc-Gly-OH/ DIC / HOBt FmocHNQkN/YHQkSKOVQ
H H H
o)

Merrifield U Merrifield
resin resin
X2

36a 37
entry | coupling yield for ? amino acid coupling yield for3amino acid
1 77 % 51 %

The drop in yield from coupling of the second amauwid to the third may be
the result of diketopiperazine (DKP) formation affieprotection of the second amino
acid from the resin as shown in Scheme 3-18. Infitee step, the Fmoc protecting
group is removed from the N-terminus of the dipgptiand in the second step, the
liberated amine attacks the thiocarbonyl of thet famino acid and cyclizes it leading
to the formation of the DKP and the free thiol.

Scheme 3-18
H (0] 20 % pip/DMF H O HS><;7O
FmocHN/ﬁ(N \[ s o Q HzN/ﬁfN S></O\/o
(o] o o +
%NH
38 39 HN

A thiol linker with a longer chain with the numbef spacer methylenes (n >
1, Scheme 3-2) should then provide a system wittugim stability for longer peptide

synthesis.
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

3.2.3. Towards the Synthesis of &ert-Butyl Thiol Linker Using InCl 5 for the

Introduction of the Thiol Functionality

In order to provide greater stability to the linkea longer alkyl spacer between
the tert-butyl thiol functionality and the hydroxzl group svaequired. Nucleophilic
addition of thiols to substituted olefins is angelet and straightforward approach.
There are several examples which report the addifdhioacetic acid to conjugated
Michael systems in basic medt&’ but a more flexible approach would allow site-
specific addition to non-activated olefins.

Addition of thioacetic acid using In(lll) salts hdseen described for the
introduction of thiols to non activated olefifi&! The thioacetic acid is introduced
selectively to the more substituted carbon in a Kdemikov type addition. The
regiochemical outcome is the opposite to that akthiby the radical-type addition
with AIBN.

Scheme 3-19
1
Rl R? In(lll) 5 mol% RR
R
Y~—/+ AcSH
R2 AcS

For the synthesis of a an appropriate linkerré&aetion was first tested for the
production of a thiol linker with two methylene & 2) spacer units, as shown in
Scheme 3-20. However, the desired thioester proslastnot recovered.

Scheme 3-20
0 0 0
InCly //
)\Ao)K DCE, 80 °C//2 h )J\s><ﬁo)K
41 42

The substrate was altered from an acetyl protgdmoup to the benzyl group
using NaH and tetrabutylammonium iodide (TBAI) toeg45. TBAI is an excellent
reagent for the & reaction of O-nucleophiles to benzyl bromidese Bhomine anion

is first nucleophillically replaced by the iodideian which serves as a better leaving
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3. Results and Discussion

group for the attacking alcoholate. The reactioMbfwith thioacetic acid in the
presence of InG)] however did not give the expected benzyl ethereiter46, but
instead benzyl acetat#/. A possible reaction mechanism explanation is shaw
Scheme 3-21 where the Indium(lll) salt coordingteshe olefin and catalyzes the
release of the benzyl oxygen for attack to theatébic acid carbonyl in an allyl-type

rearrangement.

Scheme 3-21

LM
)J\s o)
46
R
w/\/OHJr Br NaH, TBAI )\/\o st InCls )J\
59 % 94 % O/\©
43 44 45 47

via

_ o A _
Q)
L, .
o — (®
':\(\:{‘q A e

The allyl-transfer reaction catalyzed in the pneseof Lewis acids including
In(lll) salts, has been previously postulated by troup of Teck-Peng LEM%2
invoking a 2-oxonia[3,3]-sigmatropic rearrangememechanism proposed by
Samoshin and Nokami (Scheme 3-22).

Scheme 3-22. Reaction pathway postulation of tlytahnsfer reaction.

OH RCHO R ®
-"OH™ ' + "OH™ E
R)\:/\ —_— R@OYR R'M/R
R' Sn(OTf), or H OH
In(OTf)3
48 49 50
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

It was hoped that by adding an extra carbon atonplaceng the protected
allylic alcohol with a protected homoallylic alcdhthe allyl transfer reaction could
be repressed and successful addition to the dedafn would result. Acetyl-
protected 4-methylpent-3-en-1-ol was reacted vhibacetic acid in the presence of
InCl3 to give the thioacid adduct in 57 % yield (Sche3vz3).

Scheme 3-23
AcSH, InCl;
DCE, 80 C, 1.5h
)\/\/O\[( )J\SX/\/
57 %
O
51 52

Characteristic°C signals a® = 196.6 and 171.2 ppm indicating that both
expected carbonyl peaks are present. From thisnrafion the following assumptions
could be verified: 1) the addition of the thioatidd taken place, 2) an allyl-transfer
or elimination had not occurred otherwise the caybpeak of the oxoester would not
be present. Further NMR analysis of the product feasd in the 1D'H NMR and
2D DQF-Cosy experiments (Figure 3-5).
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S
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o
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Figure 3-5.NMR spectra of the thioestép.
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3. Results and Discussion

Selective deprotection of the thioacid in the pneseof the carboxy ester was

carried out with NaSMe as previously described.

Scheme 3-24
* NaSMe, MeOH
)J\SX/\/O\[‘( i i i HS></\/OW‘(
o) o)
52 53

These proof of principle reactions demonstratedutility of the Indium(lll)
salts in developing tertiary thiols from inactivatelefins and their orthogonality
towards base sensitive protecting groups. In timscton, the alcohol was thed-
Fmoc protectéd? and the thiol was introduced using thioacetic agithe presence
of InCls.

Scheme 3-25
Fmoc-Cl, pyridine Dcéczg"{l:n?ss A
=0 Fmoe : — ></\/
: _ o.
Y\/\OH Y\/\O AcS Fmoc
99 % 75%
54 55 56

After deprotection of the Fmoc group, the protdateercapto-methylpentanol
(MMP) linker 57 could be evaluated for further stability tests.

Scheme 3-26
EtzN, pyridine,

; OH
ACS></\/O\Fmoc AcS

quant.
56 57

The addition of the thiol to a non-activated aiafising In(lll) chloride for the
direct synthesis of a thiol linker on the solid pag was then attempted for thioacetic
acid to acid-stable resins. Using a Merrifield mesis the solid supporg4 was
acylated with NaH to give the solid-supported linkeecursor (blue overlay, Figure
3-6).
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

Scheme 3-27
NaH, THF,
70 C, 16 h
54 C'/\O sg  Merrifield
Merrifield

Addition of thioacetic acid t&8 was carried out under similar conditions as
performed in solution. A subequimolar amount ofiumdtrichloride was used with an
excess of thioacetic acid. After heating the reacto 80 °C and reacting overnight
followed by extensive washing of the resin with DMFHF, and DCM, elemental

analysis of the resin showed a significant amodittiol.

Scheme 3-28

AcSH, InCl3
DCE, 80 C,1.5h e}

WO/\O )J\s—

58 Merrifield 59

ATR-IR analysis of the solid supported resin sh@awvdear thioester band at
1690 cmi* (Red overlay, Figure 3-6). After deprotection loé acetate group, the band
at 1690 crit disappears (Green overlay, Figure 3-6). Acylatibthe first amino acid
using EDC/DMAP gave the thioesté&l with a loading of 0.68 mmol/g which
corresponded to a yield of 79 % over 4 steps.

Scheme 3-29

H,N-NH,*Ac
DMF, 60 T, Fmoc-Phe-OH, EDC,

(o] (o]
90 min - DMAP 18 h
A (e Q) —2— s—{iner }-Q 2D emoan Ao (e Q)

0,
59 60 79 % over 4 steps < :

61
loading = 0.68 mmol/g

Coupling of the second amino acid to the resinltedun non quantitative

yield as determined by Fmoc determination (Schef88)3A Kaiser test of the resin

after the second coupling however revealed no poesef free primary amines.
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3. Results and Discussion

Transmittance [%]

1690 cm™, thioester

1265 cm™

d

T T
2000 1800 1600 1400 1200 1000
Wavenumber cm-1

Figure 3-6. Overlay of the resin before (blue), after on-mesttivation with thioacetic acid in
the presence of Ing(red) and after acetyl deprotection (green).

[T=}
[

Despite the complete coupling, there was still @pdin yield. Nucleophilic
cleavage of a single amino acid loaded to the resuid also give an indication
towards the robustness of the linker.

Scheme 3-30

SPPS:
i. 20 % pip/DMF
1x1min, 2x10 min

o) Ho S
FmocHN\:)J\S_ ii. Fmoc-Gly-OH/ DIC / HOBt FmocHN/\n/N\i)J\S
: o =

S 65 % over 2 steps \@

61 62

loading = 0.41 mmol/g
expected = 0.63

The Fmoc group a1 was deblocked as previously described. The freaeam
was then acetylated with acetic anhydride and thm@ acid was cleaved from the
solid support using sodium ethanethiolate as affbprinciple reaction. The desired

Ac-PheS-Et ester was recovered as a pure product, byti¢hstwas much lower than
expected.
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

Scheme 3-31

i. 20 % pip/DMF
ii. Ac,0, DIPEA

O 0
F o\
FmocHN\i)J\S_ lil. Na S FmocHN\;)J\S/\

© ©

61 63

The discrepancy of the yield to the proposed btaluf the linker was then
invetigated. The on-resin linker synthesis was eérath using a solution-phase
method to ascertain whether or not the linker wadeed atert-butyl linker. 4-
methylpent-3-en-1-0l54) was reacted with benzyl bromide in the preserficea
and TBAI as catalyst using the same protocol asiguely described to give the
benzyl etheB5.

Scheme 3-32

NaH, THF,
70C, 16 h

= OH T Br = o)
92 %
54 64 65

The thiol addition to65 was examined in solution to model the analogous
solid-phase reaction. The aim was to determine ldnedir not thioacetic acid addition
to a non-activated olefin would proceed to the mesiproduct. Unfortunately,
addition of the thioacid did not occur as desirestead, an O-C cleavage of the
benzyl-oxoether resulted in the formation benzgkicetate and surprisingly the
double acetylated produs® (Scheme 3-33).

Scheme 3-33
AcSH, InCl;
DCE, 80 <C,15h o) (@]
WO/\Q )J\S + )J\S></\/O\[(
A I
65 66 52
28 % 29 %
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3. Results and Discussion

The analogous reaction on a standard Merrifiesthresould most likely give a
resin bound analog of compoué. Benzyl thiosters are much more labile toward
piperidine base treatment than the other alkyla$iiers (Table 3-1, Entry 4), having a
half life of only 55 minutes. This explanation i agreement with the poor yield
obtained after coupling of the second amino acahége 3-30), and to a lesser extent

the recovered yield of the cleaved acetylated aracid63.

3.2.4. Solution Phase Stability Tests of the MMPriker

The alternative method for immobilizing the teutyd thio group to the solid
phase was to couple the linkgY to a trityl resin. Again, the stability of the ker
system was first tested on a model system in swiliy first protectindg7 with trityl
chloride. The reaction was finished within 18 hoamnsl gave a yield of 89 % (Scheme
3-34).

Scheme 3-34

Tr-Cl, EtzN, DMAP O
></\/OH DCM, rt, 18h ></\/o
AcS AcS

89 %
57 67 ‘

Deprotection of the acetyl group 67 followed, using sodium thiomethoxide

in MeOH to quantitatively give the thi®d8 The product could be obtained as
described without any apparent oxidation of thdusuio the disulfide bond which
could be verified with a singlet at 1.66 ppm copeasding to the lone single proton of
the sulfhydryl group.

Scheme 3-35

O NaSMe, MeOH, l
></\/ O THF’ 1h, : ></\/O O
O >
AcS quant. HS
o
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

The trityl-protectedert-butyl thiol could then be coupled to Fmoc-Phe-GH a
previously described for the synthesis of Fmoc-Pl@esters using DCC and a
catalytic amount of DMAP (Scheme 3-36).

Scheme 3-36
o O DCC, DMAP ° O
DCM, t, 38h
BocHN\)kOH + Mo O ——— Bocin._JL ></\/o O
: HS 32 % yield TS |
1 : 68 69

After work-up, the Fmoc-Phe-MMP-Tr§9 product was obtained in a 32 %
yield. The low yield of this reaction may be theuk of lowered nucleophilicity of
the tertiary thiol.69 was then treated with 20 % piperidine in DMF tdedmine the
stability. As shown in figure 3-7, the produg® had exceptional stability with a
calculated half-life of 215 hours (9.4 days).

O o
H
o f O N
oy A Mo (D) e Sy
o :

J O

1 HalfLife | 215.4
— R2 | 0.9959
S
o 0.754
c
=
I
£ 0.504
g
J]

z 0.25+
Q
=
|_
0.00: T T T 1
0 50 100 150 200

time (h)

Figure 3-7. Stability test of compoun@9in 20 % piperidine/DMF.

In comparison, the glycine thioester was syntlegbin an analogous fashion
to compound9 using Fmoc-Gly-OH in the presence of DCC and DMARe yield
of the reaction was higher than that of the reactwith Fmoc-Phe-OH. This may be
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3. Results and Discussion

due to less sterical hindrance of the activatedharacid when encountering the bulky

attacking thio-nucleophile.

Scheme 3-37

O DCC, DMAP O
0 DCM, rt, 48h \)?\
BocHN + ></\/O O BocHN ></\/O O
\)J\OH HS 61 % yield S
1
68 O 70 O

The increase in yield which may be due to the highere reactive glycine
active ester may explain the marked drop in stgbidf compound70 when treated
with 20 % piperidine in DMF. Although the Fmoc-GBH is carrying theert-butyl
linker, compound’0 has a much lower half-life of 7.5 hours.

o i . X/VO — \{/OYH\)OLN
Yoyt s e

HalfLife
1.00 R2

435.6
0.9985

0.75+

0.50+

0.25+

Thioester remaining (%)

0.00 T T T 1
0 500 1000 1500 2000

Time (min)

Figure 3-8. Stability test of compound0in 20 % piperidine/DMF.

In spite of this observed decrease in stabilityahinay affect the yields of
peptide thioesters carrying glycine at the carbdesminus, tert-butyl thioesters

should be useful as linkers for all C-terminal amnactids with the highest reactivity

for glycine.
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

3.2.5. Synthesis of Peptide Thioestewsa the Tert-butyl Thiol MMP Linker.

The protected thiob7 was coupled to a 2-chloro tritylchloride resinngsi
pyridine in a mixture of dry DCM and dry DMF over days to give the solid
supported Ac-MMP linke72. Elemental analysis of the reaction gave a suibistit
of sulphur as 2.63 % averaged between two measuatsmehich corresponded to a
loading of 0.82 mmol/g and a vyield of 75 %. Theldieeflects the stability of the
acetyl protected thiol when treated over a longgaeof time with pyridine.

Scheme 3-38
gy
,3d,r
ACS></\/OH + C|—O —" ACS></\/O_O —_— HS></\/O_O
57 71 72 73
2-Cl-tritylchloride resin 0.82 mmol/g

subst: 1.3 mmol/g

ATR-IR analysis of the resin showed a carbonyl pek683 crit (Figure 3-
9, blue overlay) for compountR slightly shifted from that of the benzyl thioadeta
at 1690crit. After deprotection with hydrazine acetate, theéboayl band disappeared
as expected (Figure 3-9, red overlay) to give camgd 3.

95 100
1

Transmittance [%]
a0

AN

Thioester at 1683 cm™

a4
1

=

oo T T T T T T T

2000 1800 1800 1700 1600 1500 1400 1300 1200
Wavenumber cm-1

Figure 3-9.Overlay of the solid supported linké2 (blue) and after deacetylati@3 (red)

50



3. Results and Discussion

Acylation of thetert-butyl thiol supported resiii3 with Fmoc-Phe-OH with
EDC in the presence of a catalytic amount of DMARethe solid supported Fmoc-
PheS-tert-butyl thioester.

Scheme 3-39
EDC/DMAP,

DCM, 16 h, rt (0]
HSX/\/OAO r FmocHNEQJ\SX/\/OAO

73 ©

74

loading = 0.23 mmol/g
36 % over 3 steps

Removal of the Fmoc group followed by coupling-afioc-Gly-OH to the free
amine under standard DIC/HOBt conditions gave #snr bound dipeptide in an

almost quantitative yield (Scheme 3-40).

Scheme 3-40

SPPS:
i. 20 % pip/DMF
1x1min, 2x10 min

0 i Fmoc-Gly-OH/ DIC / HO o Q
FmocHN\:)J\S></\/O—O i Fmoc G- Ble THOM FmocHN/\n/N\E)J\S></\/O_O
= O =

& ©

74 5

loading = 0.222 mmol/g
expected = 0.225
yield = 99 %

Deblocking of the second amino acid followed by mlong of the Fmoc-
Tyr(O-tert-Bu)-OH to the free amine resulted, however, in @pdof expected yield
(Scheme 3-41). This drop of yield could be expldioace again by DKP formation
as described in Scheme 3-1&l¢ supra.
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

Scheme 3-41
SPPS:
i. 20 % pip/DMF

1x1min, 2x10 min
ii.Fmoc-Tyr-OH/

o tBu o
DIC / HOBt
NS Y i il Vo 00
Fmoc— Gly Phe)ks Fmoc—Tyr— Gly — phe)ks

loading = 0.14 mmol/g
expected = 0.21
yield = 67 %

Solvent from the filtrate of the deblocking steprfr Scheme 3-41 was
removed under reduced pressure and examirzedC-MS (Figure 3-10). Along with
the Fm-piperidine product expected from the deptair, the diketopiperazine
product was found with a retention time of 1.4 n@su(5-99 % of MeOH for 2.5

minutes).

Figure 3-10.LC-MS analysis of the filtrate reveals presenc®kP.

After deblocking the Fmoc group from the growirgppde, Fmoc-Lys(Boc)-
OH was then coupled again using DIC and HOBt tce dive tetrapeptide Fmoc-
Ser(Otert-Bu)-Tyr(O+tert-Bu)-Gly-Phe-MMP-resin. After a negative Kaiser test
which indicated that the coupling was completedpE&metermination from this step
revealed quantitative coupling demonstrating thetiooed stability of the thioester

linkage towards piperidine.
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3. Results and Discussion

Scheme 3-42

SPPS:
i. 20 % pip/DMF
1x1min, 2x10 min

tBu 1) ii.Fmoc-Ser-OH/ tBu  tBu o
l >4/\/ DIc [ HoBt — | \ ></\/O
Fmoc—Tyr— Gly — phe)ks OO Fmoc—Ser—Tyr— Gly — Phe)ks O

76 7

loading = 0.13 mmol/g
expected = 0.13
quantitative

The fourth amino acid was deblocked again withepgne in DMF and
coupled with a fifth amino acid, Fmoc-LyBpc)-OH. Kaiser test after this coupling
step was negative again, indicating complete cagptif the fifth amino acid. After
deblocking of the Fmoc group of this step the Nrieus was capped with acetic
anhydride, to give the finished resin bound pr&egbeptide Ac-Lys-Ser-Tyr-Gly-
Phe-MMP-resin.

Scheme 3-43
SPPS:
i. 20 % pip/DMF
1x1min, 2x10 min
ii.Fmoc-Lys-OH/

PP S Y cicc A o A AP S T o
Fmoc—Ser—Tyr— Gly — phe S . i, 20 % pip/DME Ac— Lys—Ser—Tyr— Gly — Phe S
- 0
1x1min, 2x10 min
77 iv. Fmoc-Ser-OH/ 78
loading = 0.13 mmol/g DIC / HOBt

expected = 0.13
quantitative

The pentapeptide was then cleaved from the regm WA in DCM to yield
the desired pentapeptide Ac-Lys-Ser-Tyr-Gly-Phe-MMMe product as shown in
Figure 3-11 was not completely deprotected and ltexbuin a mixture of the
completely deprotected peptideand a pentapeptide with tkert-butyl group still in
place on peptid8. Longer cleavage times would prevent this problaaditionally,
there was a small peak which eluted prior to pephid This product, however, did
not have a peptidic mass implying that from thetjokepconstruction and cleavage, no
fail or truncated sequences were observed.

The conditions for attaching the link&7 to the solid phase were optimized.
Applying an excess of three equivalents of thedmknd 6 equivalents of base
reacted for 3 days gave yields of up to 95 % witihhoadings around 1.3 mmol/g as

confirmed by elemental analysis.
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(o]
tBu tBu  tBu o} TEA/DCM I‘BU ></\/
( ) —_— OH
Ac— istSer*nllrf Gly— pheASX/\/O Ac— Lys—Ser—Tyr— Gly — phe )ks
78 79
le) 150~
A )k MOH A [M+H]*
Ac— Lys—Ser—Tyr— Gly— Phe S 100 759.1
40 Bu o Tic
B ‘ )J\ ></\/OH 501
Ac— Lys—Ser—Tyr— Gly — Phe S
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Mz
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Mz
0
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Figure 3-11.Initial test cleavage of the model peptide Ac-KFYi@d TFA.

The synthesis of the peptide was next performedHtersequence SYRGF.
The arginine moiety makes the peptide very watdnbde, and the neighbouring
glycine and tyrosine moieties make the peptide dylkobic enough to give a good
retention time when the peptide is examin&dLC-MS. This peptide motif serves as

a good candidate to evaluate later NCL reactions.

PG . TFAITIS/H,O/EDT o)
94/1/2.5/2.5 M _on
~ SYRGF )J\s></\/o_o A~ |__SYRGF s
AC yield = 54 %
80 purity ~ 94 % 81

125~
100
75
50-

25°
L J\f\m»‘
257

Figure 3-12. Crude chromatogram of the model peptide Ac-SYRGHRV 81, cleavméd
acidically with a TFA cocktalil.

The peptide Ac-SYRGF-MMP-resirB0, was then prepared in the same
fashion as the KSYGF peptide. The initial loadirighe first amino acid Fmoc-Phe-
OH to the solid support was 0.25 mmol/g which e a 22 % yield of the first
acylation step after loading of the Ac-MMP linkento the resin. As previously
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3. Results and Discussion

described, the peptide was then cleaved from tkmm,r¢his time with a different
cleavage cocktail including water and EDT as nyatélac scavengers for the cleaved
tert-butyl cations.

The main peak elutes at around 3.5 minutes (uairgradient of 5-99 %
MeOH in 2.5 minutes followed by 3 minutes at 99 #)d is of a high purity with the
exception of a small peak which elutes shortly ket 3.25 minutes. The minor peak

has avi/z of 295.1 which does not correspond to any fgjuence.

3.2.6. Optimization of the First Amino Acid Acylation

It was shown that peptides could be cleanly sysifleel using the base stable
MMP linker, however, the yield of the first acylani left room for improvement.
Initial experiments gave loadings of around 0.30atighwhich compares well with
the loadings of many commercially available preded resins. Lower loadings can
be advantageous for the synthesis of very largéideesy*® but in order to optimize
the method, higher initial loadings of the firstiamacid have to be achieved.

The acylation of the first amino acid was investégl taking at first into
consideration the tendency for thiols to undergmaibead oxidative cross-linking.
Deprotection of the acetyl group under reductivaditions was studied using Red-
Al, a reagent which had previously served as a geadent to reduce thert-butyl-
S-Stert butyl bond. After reducing the acetyl group to teg-butyl thiol, Fmoc-Phe-
OH was coupled to the linker was immediately withand DMAP (Scheme 3-44).

Scheme 3-44

i. Red-Al
ii.Fmoc-Phe-OH, EDC,

DMAP, DCM, rt, 18 h o
></\/OAO FmocHN ></\/OAO
AcS Qj\s

35%

” ©

loading = 0.29 mmol/g
74
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

It can be assumed that the thiol is reduced utiee conditions and that it
should react as a free thiol. The problem then #thlow yield might partially have
to do with the nature of thiert-butyl thiols nucleophilicity. In order to increasiee
yield of this reaction, either the nucleophile da made more nucleophilic, or the
electrophile can be made more electropositive. {denisg the first alternative, after
reacting72 with hydrazine acetate to avoid extensive washitigs free thiol/3 was
then treated with NaHMDS to achieve a more reaatiwveleophilic sodium thiolate
salt, 82 which was then reacted with Fmoc-Phe-OH, EDC aiiAP to give the
thioester74.

Scheme 3-45
i. HoN-NHosAC Fmoc-Phe-OH, EDC
ii. NaHMDS ( > DMAP, DCM
O—‘ ) ®O ></\/O » 74
ACS></\/ Na ~S 35 04
72 82 loading = 0.28 mmol/g

Care was taken to wash the redi@ with dry solvent to remove the
hexamethyldisilazide (bis(trimethylsilyl)amide) anifrom the resin without possibly
reprotonating the thiolate. The reaction was alspeated using the amino acid
fluoride instead of pre-activating the amino acidhwEDC. The yield however, did

not improve.
Scheme 3-46
i. HoN-NHxAC Fmoc-Phe-F, DMAP,
ii. NaHMDS DCM, t, 18 h
N o Qihaves oo M _o—Q -
Acs Na =S 19 %
72 82

There are a variety of activating agents which hanen successful for the
Sacylation of the thiols. In principle, acylatiorf even more sterically hindered
thiols, should not be a problem due to their inseglanucleophilicity as shown above
(see the solution phase examples). Different atigaagents were tested on test-
butyl thio llinker with only minimal success sugteg the lowered activity of the

tert-butyl thiol linker.
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Table 3-3: Coupling yields of Fmoc-Phenylalanine to ttest-butyl thiol linker 73 under
different activating conditions.

entry coupling conditions solvent yield (8b)
1 5 equiv DIC, 5 equiv HOBt DMF 13
2 5 equiv MSNT, 4.9 equiv lutidine DCM 3
3 5 equiv HBTU, 5 equiv DIPEA DCM 3
4 5 equiv PyBOP, 5 equiv DIPEA DCM 0
5 5 equiv BTFFH, 5 equiv DIPEA DMF 2
5 equiv HATU, 5 equiv HOAt, 8.3 equiv
6 DIPEA THF 0
" 4 equiv chhlorok_)e_nzoyl-CI, 6.6 equiv DME 16
Pyridine
8 5 equiv EDC, 0.75 equiv DMAP DCM 37
9 5 equiv Fmoc-Phe-F, 0.75 equiv DMAP DCM 19

[a] Coupled with 5 equiv of Fmoc-Phe-OH at room pemature for 18 hours unless noted otherwise.

Coupling different amino acids to the linké8 gave slightly different yields
depending on the amino acid used. For instance,cFrabOH with EDC/DMAP
gave an initial yield of 45 %, with a loading 0f38. mmol/g. Fmoc-Gly-OH also
coupled with a similarly high yield of 37 % (0.32muol/g) compared with Fmoc-Phe-
OH. The initial coupling results of the first amiaoid acylation can be seen in Table
3-4.

Coupling of the linker with Fmoc-Ala-OH (Table 3-#idicated that exclusion
of water is critical for the success of the couplfd® Thiols are normally much more
nucleophilic than hydroxyl groups, however duehe sterically hindered nature of
the tert-butyl thiol group, the thiol in this case is mulgss nucleophilic. Another
factor determining the kinetics of the reactionthe nature of the thiol when it is
attached to the solid support. It has been fouatidbupling rates are quite rapid, but
are generally 2-3 slower than those in soluttéth This may be a result of a decrease
in productive collisions between the activated amaeid derivative and the bound
linker. In contrast, a free-tumbling thiol in sobnt has a much greater probability to
interact with the amino acid derivative. The rasgliowered nucleophilicity of resin-

boundtert-butyl thiols implies that other nucleophiles swashwater can compete for
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

the activated amino acids. Accordingly, removingtevafrom Fmoc-Phe-OH by
azeotropic distillation with toluene increased tlo@pling yield (Table 3-4, Entry 12).

Table 3-4 Primary optimization results of the first amirmdacoupling.

entry Fmoc-amino acid reaction time yiéld

1 Fmoc-Phe-OH 19 h 37
2 Fmoc-Val-OH 21h 45
3 Fmoc-Val-OH 21h 61
4 Fmoc-Gly-OH 18 h 37
5 Fmoc-Trp-OH 18 h 24
6 Fmoc-Pro-OH 16 h 3
7 Fmoc-His-OH 18 h 14
8 Fmoc-GIn-OH 18 h 40
9 Fmoc-Arg-OH 18 h 6
10 Fmoc-Ser-OH 18 h 23
11 Fmoc-Ala-OH<HO 18 h 0
12 Fmoc-Phe-Ol4 18 h 46

[a] The yield was determined by Fmoc analysis udiigVis techniques based upon elemental
analysis of the resiii2. Deprotection of the acetyl group was carried eath time with hydrazine
acetate as previously described. Amino acids weupled with 5 equiv of EDC, 0.75 equiv of DMAP,
DCM, at rt. [b] Coupled in DMF. [c] coupled with @atroped Fmoc-Phe-OH.

The yield of the first acylation step could betligr improved with double
couplings of the first amino acid with water-freméc-Phe-OHto 53 % (Table 3-5,
Entry 1). Each coupling was performed for 21 haitsr which the resin was handled
carefully including avoiding pulling air through éhresin, and washings with dry
solvents. Varying these conditions to double cowdiof 2 hours per coupling gave
approximately the same yield of 55 % (Table 3-5trf£2). The optimal conditions
were found to be double couplings of 2 and 20 hoLings gave a yield of up to 74 %
(Table 3-5, Entry 3).
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3. Results and Discussion

Table 3-5.Optimization of the double coupling times for tleylation of Fmoc-Phe-OH to
the linker73.
Fmoc-Phe-OH

O
HSX/\/OAO R FmOCHN%sMOO

- ©

74
o yield (%) after ' yield (%) after 2°
entry  double coupling times coupling? coupling®
1 2x21h 46 53
2 2x2h 41 55
3 1x2h,1x20h 47 74

[a] Yields were determined from UV-Vis analysisobéaved Fmoc group following treatment with 20
% piperidine in DMF.

Azeotropic distillation of the Fmoc-Phe-OH imprgvihe first coupling to a
certain degree as indicated in Table 3-4. The yiwbdvever, is not quantitative after a
second coupling suggesting possibly a competingtimawhich somehow blocks or
slows the acylation of the free thiol. Entry 3 adble 3-5 indicates a higher degree of
coupling if the second coupling is performed fdoager period of time. This is not
completely consistent with a hypothesis that thenpeting reaction may be due
solely to oxidative cross-linking. Neverthelesssipossible that intra-bead oxidation
may occur and resin handling is crucial for theiroation of the reaction, in
particular washings between coupling steps.

Accordingly, the first acylation for various amiaoids were retested using the
optimized double coupling procedure in order to riowe the original yields. These
results are given in Table 3-6. Amino acids whiatrevnot succesfully azeotropically

distilled, were used in their commercially avaifdrm.
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Table 3-6.Optimization of the first amino acid coupling teetthiol linker73.
loading after coupling

entry Fmoc-amino acid (mmolg) yield (%)

1 Fmoc-Gly-OH 0.50 54
2 Fmoc-GIn-OH 0.33 43
3 Fmoc-Thr-OH 0.45 59
4 Fmoc-Ser-OH 0.32 34
5 Fmoc-Trp-OH 0.13 20
6 Fmoc-His-OH 0.10 14
7 Fmoc-Val-OH 0.66 g3

[a] The reactions were coupled using EDC/DMAP as/jpusly described and carried out in DCM at
room temperarture with double couplings of 1 x&nld 1 x 18 h unless otherwise noted. [b] This yield
was obtained after only one coupling for 17 hours.

For the most part, the yields increased under titanized conditions. The
loadings of the resin after coupling were also ttarge extent acceptable with an
average around 0.3-0.5 mmol/g. Fmoc-Trp-OH faiedduple more efficiently than
under conditions described in Table 3-6. Furtheendhe acylation of histidine
proved to be more difficult. Repeated attempts waitkivated His residues failed to

give completely satisfying yields (Scheme 3-47).

Scheme 3-47
Fmoc-His-OH 0
EDC/DMAP ></\/
—————>  FmocHN 00
Fmoc-His-OPfp, B
72 DIPEA P\
N=/

83
max 14 % yield

The yield of the reaction for Fmoc-Phe-OH could dpimized yet further
with the use of Fmoc amino acid fluorides as theévated amino acid instead of
EDC/DMAP for activation. Double couplings of 1 xhZzand 1 x 18 h with DIPEA as
a base to scavenge the liberated proton gave yoéldp to 92 % with Fmoc-Phe-F
(Scheme 3-48)2°!
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3. Results and Discussion

Scheme 3-48
Fmoc-Phe-F o
DIPEA
></\/00 FmocHN ></\/OAO
HS 1x2h,1x18h ;Qj\s
DCM, rt z
73 92 % \©

74

3.2.7. Coupling Dipeptides to Overcome Loss of Yfrom DKP Formation

The drop in yield after deblocking the Fmoc grotgni the second amino acid
in the sequence SYRGF was examined in order t@aser the final yield. Lowering
the deprotection times after the second coupling merease the final yield slightly,
but this is still not a satisfying solution, sinaelrop in yield would still be expected.
An alternative method was found by coupling a dijpepto the first amino acid,
thereby circumventing the DKP forming step altogethAccordingly, the dipeptide
Fmoc-Arg(Pbf)-Gly-OH,84, was synthesized on a trityl resin. First, Fmogédiie
was coupled to a 2-chlorotrityl chloride resin gsin excess of DIPEA as base to
give a final loading of 0.68 mmol/g. An excess lo¢ amino acid was used for this
reaction since the peptide to be produced is vemglls The synthesis of larger
peptides can become encumbered by the steric angwafi the growing peptide on
the solid support. In those cases, an underscapepifde will help in the attachment
of amino acids to the growing peptide chain andethe increase yield and purity of
the final peptide.

After deblocking the amino group, Fmoc-Arg-OH wagain coupled using
standard Fmoc SPPS coupling conditions. The digeptias cleaved from the resin
using 1 % TFA in DCM for 5 x 30 seconds which senas a milder cleavage
procedure to ensure that the Pbf protecting groaplavalso not be cleaved. Using
this protocol, the dipeptide could be obtained i87a% yield based on the initial
loading of glycine to the resin. The dipept8iewas obtained as a pure product after
removal of solvent and lyophilisation and did netd to be further purified. In order
to find couple the dipeptide to the resin, a varigtcoupling conditions for coupling
to the primary amino acid were attempted.

Table 3-7.Optimization of the dipeptide coupling to the amarcid loaded resin.
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

Fmoc-Arg-Gly-OH

84 Coupling O
conditions ></\/
=T . o]
o " Fmoc-Arg-GIy-Phe)J\S 0
>4/\/0 86
H2N-Phe)J\S 0

85

entry  activating agent (equiv)  base / equiv solventtime yield (%f$

1 DIC (4.9) / HOB (5) - DMF 17 h 18
2 HBTU (3) DIPEA /3 DMF 1h 58
3 HATU (4) Collidine/4  DMF 20 h 28
4  HATU (4.4)/ HOAt (4.4) DIPEA/7.3  THF 3h 89-99

a) Yield based on Fmoc determination after the togstep.

After optimization of the coupling of the dipeptittethe solid supported Phe-
MMP-resin, the peptide was completed as previodebcribed. The peptide was then
cleaved from the resin using the forementioned Tdo&ktail and precipitated in
MTBE to give again a pure product pentapeptide XRGF-MMP, 81 which was
obtained in a yield of 83 % based on initial loadin

The formation of DKP is expected to be pronounced dequences which
contain proline either at the carboxy terminus bthe second position. A partial
explanation to this is the fixed cis amide bondakhproline adopts allowing more
facile attack of the N-terminal amino aété*?® Interestingly, in the work of
Merrifield, DKP formation was observed as a proddctring Boc solid phase
synthesis of the peptide sequence D-Pro-D-Val-L-Pimvever, the loss in yield due
to DKP formation was not described as occurringrdueither the deprotection step
with TFA or the neutralization step with DIPEA. tead, DKP formation has been
shown to be carboxyl catalyzed of the next amind.athe proposed mechanism is
shown in Scheme 3-45°
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Scheme 3-49

H-D-val-L-Pro-O-resin ———————>= + HO—resin

D-Val-L-Pro
(0] :

(0]
o T ho-Q

i NH
Proline N NH, O%)/\ + HOOC-R

Iy
Valine

This may also happen to a slightly lesser degresnvthe proline is coupled as
the second amino acid. Less DKP formation is howexgected due to lower
nucleophilicity of the secondary proline amine tlodiner amino acid primary amines.
Nevertheless, it has been reported that when gradirat the second position, DKP
formation occur$t®® Furthermore, this report showed that the DKP fdioma
occurred under basic conditions during neutraliratf the amino group after acidic
removal of the Boc protecting group. Other studiase shown that the DKP side
reaction can be accelerated by addition of tergamned

Scheme 3-50
EDC, DMAP, O
18 h, rt ></\/
! F HN O
HS></\/OAO moc \;)J\S 0
76 % z
73 PN
87
0.74 mmol/g

The test peptide SYRPV was selected to demongtratextent to which DKP
formation would limit this system where Pro-Val \dal-Pro motifs are found at the

carboxy terminus. Fmoc-Val-OH was coupled to thekdr 73 using EDC and
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DMAP. Removal of the Fmoc group followed by cougliof the next amino acid
Fmoc-Pro-OH gav88 with a loading of 0.59 mmol/g.

Scheme 3-51
i. 20 % pip/DMF
1x1min, 2x10 min o
o ii.Fmoc-Pro-OH/
DIC / HOBt P'S Mo
(0] -Pro-
Fmoc-Val)J\S></\/ 0 26 % Fmoc-Pro-Val S 0
87 88
0.59 mmol/g

After deblocking the dipeptid@8, solvent from the filtrate was removed under
reduced pressure and analyzed via LC-MS. Formatfaime Pro-Val DKP product
could not be detected either by LC-MS techniqudég Fmoc group was once again
removed as previously described and coupling otthird amino acid gave an 89 %

yield as determined by Fmoc analysis.

Scheme 3-52
i. 20 % pip/DMF
1x1min, 2x10 min
fe) ii.Fmoc-Arg-OH/ e}
DIC / HOBt ></\/

0] O
Fmoc-Pro-Val)J\S></\/ _O 89 % Fmoc-Arg-Pro-Val)J\S _O
0

89 90
0.59 mmol/g 0.43 mmol/g

After completion of the solid supported Ac-SYRPWWR 91, peptide as
previously described, the pepti®@ was recovered from the resin using the same
TFA cocktail with greater than 90 % purity and algtiof 88 %. The dipeptide motif
Pro-Val, was proven to not to be present in thettmgis of the pentapeptide Ac-
SYRPV-MMP as the yield indicates.

Scheme 3-53

o TFA O

></\/ cleavage )J\ ></\/OH
(0] _ _Ser-Tvr-Arg-Pro-
Ac-Ser-Tyr-Arg-Pro-Val)J\S _O Ac-Ser-Tyr-Arg-Pro-val™ S

88 % yield based
91 on initial coupling 92
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3. Results and Discussion

It can be concluded that DKP formation using MMRKér is not a general
problem and occurs for only certain peptide segeend-urthermore, the vyield
through application of dipeptides is low, implyirigat the MMP linker provides
suitable yields alone without the aid of circumwegtDKP formation.
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3.2.8. Variation of the Carboxy Terminal Amino Acid for the Synthesis of Model
Thioester Pentapeptides and Their Subsequent Cleaga with TFA

In order to test the applicability of this methodthw varying peptide
sequences, a number of peptides were preparedheitmotif AC-SYRXzMMP (Xaa
= any given natural amino acid). Table 3-8 shovesdg of four test peptides and their

respective yields after global deprotection withATF

Table 3-8 Synthesis of selected test pentapeptides.

entry  compound peptide sequence yield'{oo)
1 81 Ac-SYRGF-MMP 54/93
2 92 Ac-SYRPV-MMP 88
3 93 Ac-SYRGW-MMP oi!
4 94 Ac-SYRGQ-MMP 53

[a] Yields were derived from the isolated produatsl calculated based on the loadings of the first
amino acid to the solid support. Purities of theder products were determined via HPLC at 220 nm
via UV/Vis spectroscopy to be greater > 90 % pliog.The yields given here were obtained after
coupling of the dipeptide Arg(Pbf)-Gly-OH to thesfi amino acid.

For the sequences where DKP formation was obsgceeghling of dipeptides
to the initial peptide succeeded in increasing \iedd (Table 3-8, entries 1 and 3).
Remarkably, the crude peptides that were cleavewh fihe resin using TFA were
obtained as pure peptides without trace of faitroncated sequences. Furthermore,
the purity of the compounds could be assessedah2Pvia UV-Vis spectroscopy to
be> 90 % (Figure 3-13). The vyield for each peptidetsgnis was satisfactory, and

gave quite pure products without need for furthBiLB purification.
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3. Results and Discussion

600 93 SYRGW i  [M+H]" = 826.1.-
[M+2H]?" = 413.6
400-
Al
op 20 L/,__.__——»—— |
0 /IJ I . . | :\ (L
v 2 4 6 7
t / min : ; .
-200- [M+H] " =779.3 -~
600- 92 SYRPV [M+2H]%" = 390.2
4001
Al
oD 2004
c | ] L} ‘ -
2 4 6
t/ min
-200-

Figure 3-13. Crude Spectra of sample compour@®sand 93 with their respective mass
analysis.
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3.2.9. Nucleophilic Displacementia Thiolates of Peptide Thioesters Followed by

TFA Cleavage to Give Model Thioester Pentapeptides

The MMP linker proved to be a robust linker foe tilirect preparation of on-
resin peptide thioesters. It was expected thatehebutyl linker would still remain
labile towards thiolate nucleophiles, which couftbal protected thioester peptides.
Based on the experiments carried out with the presslinker system (Scheme 3-31),
displacement of the pentapeptide Ac-SYRGF from $odéid support was first
attempted with sodium ethanthiolate. This initraltyielded only hydrolyzed product
95 (Scheme 3-54)

Scheme 3-54
PG
PG 0 N9 N 15.crown-5 I Q
></VO_O > SYRGF
| SYRGF S AcC OH
Ac THF, 30 min, rt
80 95

Varying the base and the conditions under whichptyide was cleaved from
the resin also resulted only in the hydrolysis picid Table 3-9). Each cleavage was

performed under an inert atmosphere with dry sakzen

Table 3-9. Initial nucleophilic cleavage attempts yieldindyhydrolyzed material.

20 equiv EtSH, 'le 0]

></\/O‘O cleavage conditions
/ SYRXbeaa T Ac” | SYRXppXaa OH

entry base / equiv additive solvent time (rfiin)
1 NaH / 20 15-crown-5 THF 30
2 Na /100 15-crown-5 DMF 30
3 DBU /20 -- DMF 60
4 DBU /20 -- DCM 45
5 DBU /2 -- DMF 10

[a] time required for complete conversion to th&da®roduct formation was followed using LC-MS
techniques at 220 nm and 254 nm.
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3. Results and Discussion

Examined more carefully, it was found that thenstaioester product was
initially formed and then rapidly hydrolyzed to theid. After 1 minute, there was
already a significant degradation of the thioegtewduct; after 45 minutes, the
product has been completely degraded leaving tite aawd an udidentifiable side-
product with a mass of the product —62. Signifimbunts of the hydrolysis product

may be due in part to excess water which may ajrbéadpresent in the resin before

cleavage.
PG
w oA Q) L
O -
SYRPV
| O
Unidentified Side- AC SYRPV s
product
7EAD1 B, Sig=254,16 Ref=off (F/2000-00-SEFTEMBERIZ00Q_0Q_1NRR-02.27.624.0) /
- After 1 min

e -

74
3 BE\
3.830

4112

4528

T T T T {
o 1 z 3 a4 <] min

DADR B, Sig=254,16 Ref=off (F\2000-00-SEFP TEMBER'2009_00_14RR-02-37-62B.D)

. Hydrolysis product : Unidentified Side-

o

0as

T R S S
i}
0
0726
0.810

g

Figure 3-14. Attempted nucleophilic cleavage of the model pptc-SYRPV-Set96, from
the solid support.

Successful nucleophilic displacement to the peptethylthioester was
accomplished by applying an excess of ethanetimdl wsing sodium thiophenolate
for the transthioesterification in the presenceldtcrown-5. In this manner the
reaction could be controlled such that the kin@iioduct, the thioester could be
obtained as the sole product (Scheme 3-55). It beagonsidered that the reaction
first occursvia two transthioesterifications; at first the thiegsis cleaved from the
resin as the very active peptide thiophenyl estdnchv undergoes a second
thioesterification to yield the peptide ethylthiters
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Scheme 3-55

i. EtSH, NaSEt, 15-crown-5 PG
THF, 2 h, rt | (o)

PG o)
ii. TFA cleavage /-)j\
)J\ ></VO > SYRPV N
A~ L_SYRPV s _O 20 % Ac s
91

> 90 % pure 96

Nucleophlic substitution was also attempted onmalk array of different

pentapeptide substrates and are summarized in Balde

Table 3-10.Synthesized peptides cleaved using thioethanol.

entry  compound peptide sequence yield'{oo)
1 96 Ac-SYRPV-SEt 20
2 97 Ac-SYRGF-SEt 14
3 98 Ac-SYRGQ-SEt 26
4 99 Ac-SYRGS-SEt 18

[a] Yields were derived from the isolated produatsl calculated based on the loadings of the first
amino acid to the solid support. Purities of theder products were determingth HPLC at 220 nm
via UV/Vis spectroscopy to be greater > 90 % p[bkThe yield of this compound was obtained after
HPLC purification [c] The purity of this compouncas/ 77 %.

Lengthening the reaction time in order to incretse yield led instead to a
significant rise in side product formation. Accargly, different thiols were screened
in order to find optimal cleavage conditions. Apply the more reactive
benzylmercaptan to the reaction in place of ethaoleed to a more rapid conversion
of thetert-butyl thioester to the benzyl thioester, but alsth\a significant amount of
hydrolysis product.

Scheme 3-56. TransthioesterificationtBbc-Phe-S-Butyl using benzyl mercaptan.

BzSH, NaSPh, 15-crown-5

\i/o\grn\é)?\sk THF, t, 1 min _ \i/ojorn\é)l\sm(j . \i/o\[orn\é)?\OH
O 0 0

8 1
24 ; 67

Following the protocol of Ingenito et &Y excess 3-mercaptopropionic acid

methyl ester in the presence of sodium thiopheaddst base and the cryptand 15-
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crown-5 was able to furnish the desired thioeseatifproduct without trace of

hydrolysis.

HS(CH,),COOMe, NaSPh, o o

O
\i/O\H/H %Sk 15-crown-5, THF, rt . \{/O\H/H%S/\)J\O/

e e

2

100
Ox. thiol 100 2
| ~ S T—
1 min 15-crown-5 /\ e
g T
L
LA ,x___,-'l L il
DA A Eig=220.4 Retmetf (LI2000_10_DSNRR-00.83-830.0)
b e
15 min /II'L_’_/J ‘

Peecar

Figure 3-15. Initial test nucleophilic displacement with exce®snercaptopropionic acid
methyl ester in the presence of sodium thiopheaolat

E I
| | S 8

The reaction in Figure 3-15 was carried out irugoh and was finished after
15 minutes. When applying this protocol to the miga#ptide system Ac-SYRGF, the
corresponding peptide thioest&f1l was succesfully obtained in a 69 % yield with a
purity > 90 % (Figure 3-16) after TFA cleavage gmnelcipitation from MTBE.
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i. HS(CH,),COOMe, NaSPh,
15-crown-5, THF, rt

PG 9 ></\/ ii. TFA cleavage 0 /\)(1
Q- g
) SYRGF S O
Ac”\__SYRGF S yield = 69 % Ac
80 101

> 90 % purity

(0] (e}
1000- PG (6] /\).i P 600- AC/S/\)kO/
800- A - S o
6004 Ox. thiol 400- /
Al
4004 15-crown-5 \
oD 2004
200 A
c i 1 1 1 c v ) L) |}
2 4 6 2 4 6
-200- t / min 200 t/ min

Figure 3-16. Nucleophilic displacement of the protected peptid@ester from the solid
support and subsequent global deprotection with.TFA

The yield for the nucleophilic cleavage of the jpdptfrom the resin could be
optimized by applying two cycles each for two hodiisis kept the cleaving time to a
minimum ensuring no side reactions could take pktmving for cleaner products.
The viability of nucleophilic cleavage from the Ker was tested using the same

model peptides previously mentioned, and the resut summarized in Table 3-11.

Table 3-11.Nucleophilic displacement yielding a variety of fayeptide thioesters.

entry  compound peptide sequence yield'{oo)
1 101 Ac-SYRGF-S(CH,COOMe 69/84
2 102 Ac-SYRGW-S(CH),COOMe 78!
3 103 Ac-SYRGQ-S(CH.,COOMe 86
4 104 Ac-SYRPV-S(Ch),COOMe 67

[a] Yields were derived from the isolated produatsl calculated based on the loadings of the first
amino acid to the solid support. Purities of theder products were determined via HPLC at 220 nm
via UV/Vis spectroscopy to be greater > 90 % pliog.The yields given here were obtained after
coupling of the dipeptide Fmoc-Arg(Pbf)-Gly-OH teetfirst amino acid.

In some cases, for instance in the sequence AcPSYRhe R-elimination
product of the thioester, the thioacid was obtain€dis side reaction could be
avoided by increasing the amount of thiol addedrradly 100 equivalents were

enough to suppress the side reaction).
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3.2.10 Synthesis of Longer Thioester Peptides

To further test the robustness of the MMP linkederivative of the peptide
Penetratin ™ was chosen Ac-RQIKIWFNRRMKWKKF. Penetratii™.is a cell-
penetrating peptide corresponding to the third xhedf the homeodomain of
Antennapedia protei®?1**3 The peptide is able to translocate across biodbgic
membranes and has been used successfully to iliternavalently attached peptides
and oligonucleotides and to convey them to thepigm and nucleus of many cell
types.

Starting from the deprotected,MPhe-MMP-resin85, the Penetratin "
derivative was synthesized in a standard stepvaskidn using DIC and HOBt as

condensation reagents to give the resin boundgegbi

Scheme 3-57

i.Fmoc-aa-OH/
DIC / HOBt PG PG
ii. 20 % pip/DMF | |

0 0
></\/ 1x1min, 2x10 min ></\/
o b o
HzN-Phe)J\S _O Q ACA| RQIKIWFNRRMKWKKF |)J\S —O
[ I
85 PG

PG

105

Cleavage of the peptide from the resin was accsimd using reagent K
(TFA/thioanisole/water/phenol/EDT 82.5:5:5:5:2.%)vaAnd gave a reasonably pure
product with a small amount of oxidized methionif&ioanisole in some cases has
been known to suppress methionine oxidation duciegvage as well as accelerate
removal of the Pbf grou[ﬂ)s.‘” Observed methionine oxidation (Figure 3-17) most
likely resulted during peptide chain assembly whieais performed under aerobic
conditions.

After HPLC purification, the peptide Ac-RQIKIWFNRREWKKF-MMP
106 was obtained in 67 % vyield. This yield was wasyvsatisfying since it implies
very little loss due to DKP formation. Furthermotieg stability of the linker was well
established and the lack of deletion or fail segasrshows how robust this method

for the preparation of longer peptide thioesters lwa
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PG PG PG PG

I I I I
Ac—]| Arg-Glu-lle-Lys-lle-Trp-Phe-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys-Phe—S

[ I I [
PG PG PG PG
105

Reagent K (TFA/Phenol/H,O/Thioanisole/EDT, 82.5/5/5/2.5)
4h 20 min, rt, 67 % after HPLC purification

Ac-Arg-Glu-lle-Lys-lle-Trp-Phe-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys-Phe—S
106
1.0x10°8+
A . * 2001 B
106 H o e 106

150

AI T n7‘5 [M+Na]+ L

moD | 106-ox e (U

2400 2410 2420 2430 2440 2450 2480 2470 D
Counts vs. Massto-Charge (/2] m

T T T 0 lv i T T I !

2 4 6 8 1 2 3 4 5

t | min -50- t/ min
Figure 3-17. Synthesis and acidic cleavage of the Penetratireftige.A) HPLC with
accompanying mass spectrum of the crude 16mer na¢inederivativel06. A small portion
of the peptide,106-0x was oxidized at the methionine residue to giwe s$hifoxide (+16
mv/z). B) HPLC purification gave the clean prodw66

Likewise, the Penetratin ™ derivative could also be displaced
nucleophilically using the same conditions, 3-mptopropionic acid methyl ester
with sodium thiophenolate as and 15-crown-5. Thatquted peptide was obtained
which was then totally deprotected using Reagentinifler the same conditions
described for the MMP-thioester.
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3. Results and Discussion

Scheme 3-58
i s ° e
Ac— Arg-Glu-lle-Lys-lle-Trp-Phe-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys-Phe—S
| | I |
PG PG PG 105 PG

i. NaSPh, HS(CH,),COOMe, 15-crown-5,
THF, 2 X 2h, rt
ii. Reagent K, 4.5 h, 45 % crude

(0]
Ac-Arg-Glu-lle-Lys-lle-Trp-Phe-Asn-Arg-Arg-Met-Lys-Trp-Lys-Lys-Phe— S/\)J\O/

107

As with the MMP-thioester, the nucleophilically pliaced thioester was
obtained in good overall yield and reasonably hmirity (Figure 3-18). Also
analogous to the MMP-thioester, a small portiorthef peptide was oxidized at the

methionine residue to give the sulfoxide ().

et [M+TFAP"
2.0x105+ 8- 804.1288 +
842.1198
107 e
1.5%1054 6- [M+2TF AT
$80.1349
5] | preanp
Al 1.0x10 107-ox 41 6033468
[M+2H]2"
moD 5.0x10% \ 2- 1262.7009
0 | L I 1 0
2 4 6 8 600 800 1000 1200 1400

M/z

-5.0x104- t/ min
Figure 3-18 Crude chromotgram of the nucleophilically disgiddenetratin 1 peptid®7.

75



3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

3.2.11 Investigation of Epimerization of the Carboy Terminal Amino Acid

For the further development of peptide thioestessng the MMP linker,
epimerization of thex-proton at the carboxy terminal amino acid was stigated.
Detailed high resolution NMR analysis of the peefajple Ac-SYRGF-MMP was
carried out with 1H, TOCSY, HMQC, HMBC.
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Figure 3-19.TOCSY spectrum of the peptide Ac-SYRGF-MME

i

Proton correlation of all peaks from the pentaijgkeptould be assigned from
the TOCSY experiment. The-protons of the amino acids were then assigned as
follows: the “Tyr proton comes at 4.65 ppm, th®er proton comes as a multiplet
between 4.34-4.38 ppm, tharg proton at 4.23 ppm and the tWehe protons at 4.56
and 4.60 ppm. Integration of theprotons in Figure 3-20 via 1H NMR gave almost
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3. Results and Discussion

complete racemization. However, the coupling offttet amino acid to the resin for
the synthesis of the displayed peptide was cawigtdunder racemizing conditions
using EDC/DMAP!!

The synthesis was performed once again coupliaditet amino acid as its
acid fluoride, Fmoc-Phe-F, along with DIPEA as baBeese conditions have been
described by Carpino as being non racemiZifiy.’H NMR analysis of the
pentapeptide under the modified conditions alscegéase to strong racemization at
the“Phe with a ratio of 0.55:0.45 L:D (Figure 3-20).

4.8 4.7

046 &

w0
L
-]

0.55
070
0.92

Figure 3-20.NMR racemization studies of the synthesized pamage Ac-SYRGF after
cleavage from the solid support.

It can be inferred from this data that the racetivmaoccurs during peptide
assembly. Thioesters undergo racemization of dhmosition during prolonged
exposure to base. It is evident from this reswt fhperidine in DMF represent strong
enough basic conditions to induce racemizationhefotposition. This result also
confirms previously described reports of simildoésterd!=®!

In order to confirm these results, Boc-Fhtert-Butyl 2, prepared from

commercially available Boc-Phe-OH using CDI, and thioester was obtained in a
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3. Fmoc SPPS of Peptide Thioesters Usinglart-Butyl Thiol Linker

reasonable optically pure yieldy = -16.1°). The thioester was then treated with 20
% piperidine in DMF for 20 hours under standard SEBnditions. After removal of
the piperidine and DMF, the compound was analyza@ptical rotation and found to
be almost completely racemized withan=-1.8°.

These results indicated that tirgproton of the thioester is considerably more
acidic than those of their analogous carboxy estikrdeed these results are in
accordance with dynamic kinetic resolution expentaecarried out in the group of
Drueckhammel:*”! Regarding the mechanism, upon base treatmenteoththester,
the a-proton is deprotonated yielding the enolate whiplbn reprotonation yields the

racemized product (Scheme 3-59).

Scheme 3-59
o} . o}
20 % pip/DMF H
o M AL mmmowe o K X L
s T
(@) _\©

ap = -16.1° op =-1.8°

almost complete racemization

via the following possible mechanism:

o ©
(o) H\)J\ base H 9 + H i
\k \([)( T SR ——— \ko\[o(NT/ ESR " \ko\g“\{ ESR

Complete racemization of the carboxy terminal amacid will result upon
repeated exposure of the growing peptide thioesfigh piperidine. A possible
solution to this problem is to use milder deblogkirragents to remove the Fmoc
group without disturbing the carboxy terminal amiaod. The group of Saburo
Aimoto®®*38! has reported that racemization levels are redwdeen applying a
cocktail of 1-methylpyrrolidine, hexamethyleneimiaed HOBt in a DMSO-DMF
(2:1, v/v) solution. Due to their more mild natusjch cocktails do not always
quantitatively remove the Fmoc grolipi**¥8” As a result, longer exposure to the
deblocking cocktails are required coupled with téje deprotection cycles in order
to prevent loss of yield due to deletion sequendesreduce racemization of the
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3. Results and Discussion

carboxy terminal amino acid using these milder dekihg conditions, Aimoto and
his group had to implement the highly base sersiitnoc(2-F) group foa-amino
protection® This also limits this method since the establisketbc-SPPS applies
the standard Fmoc group f@eramino protection.

3.2.12. Investigation of & O Transesterification at the Carboxy Terminus

Conservation of the thioester after acidic cleavfrigm the resin was analyzed
by high resolution NMR 1H, HMBC, and HMQC experineenThe methylene
phenylalanine proton gave a cross signal to a stéoearbonyt*C peak appearing at
205 ppm, indicating retention of the thioester. Taeemizeda-protons, however,
give a set of extra carbonyl cross peaks indicativeg presence of another species
(Figure 3-21).

HMQC experiments reveal (Figure 3-21) that the mazed a-protons of the
phenylalanine residue couple to a single carbomatbis therefore unlikely that a
second peptide is present in the sample, for instam truncated peptide, or the
thioacid. This also supports the HPLC trace andsmageriments which show a
single isolated product. It is reasonable thathi@ester undergoes to a certain degree
a transesterification at the C-terminus.
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Figure 3-21. Overlapped HMBC and HMQC experiments. 600 MHz sjpeof peptide81:
overlay of HMBC (red) and HMQC (blue) spectra. Diagtic signals include the cross-signal
of the Phe&3-proton at 3.02 ppm coupling to the thiocarbonygugr at 205.5 ppm.
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3. Results and Discussion

3.3. NCL reactions

3.3.1. NCL of the Nucleophilically Substituted Peptle Thioesters

The nucleophilically displaced peptide thieosigese obtained in good yields
as previously shown. In order to fortify the MMIRKer method for the synthesis of
peptide thioesters, the nucleophilically displaceeptide thioester Ac-SYRGF-
S(CH,),COOMe 101 was applied in the NCL reaction. As a test pepsdbstrate,
CGRFLAVR-NH, 110was synthesized using a rink amide resin undedsatal Fmoc
SPPS conditions (Scheme 3-60).

Scheme 3-60
i.Fmoc-aa-OH/
DIC / HOBt
ii. 20 % pip/DMF
1x1min, 2x10 min TFA cocktail

HzN‘O CGRFLAVR o CGRFLAVR (—NH;,

0
rink amide r|nk amide 110
108

The crude model peptid01 was taken as prepared without purification and
then reacted with the cysteine peptid® in a sodium phosphate buffer solution (pH
= 7.5) mixture with dioxane to completely effecssbltion of both peptides.

Scheme 3-61

0.1MNaPipH=7.5

O (0]
H,O / dioxane
P SYRGF S/\/Lko/ + CGRFLAVR NH2 _— A 1 SYRGFCGRFLAVR NH
Ac 49 % ¢ ?
101

110 111

The reaction went to completion, but only afternpahours which is in
accordance with the slow nature of ligation of pthioester with phenylalanine at
the carboxy terminud*¥ After purification over a semi-preparative colunthe
ligated peptide was obtained in 49 % yield (FigBh22).
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Figure 3-22:-NCL ligation product111 of the nucleophilically displaced Ac-SYRGF peptide
101and cysteine peptidELQ, after HPLC purification.

3.3.2. NCL of the MMP Peptide Thioesters

It was demonstrated that MMP peptide thioesters loa achieved in high
yields and purities after acidic cleavage from #uodid support. Furthermore, the
crude peptides were clean enough for use in othesfiormations. In this manner, the
utility of the MMP peptide thieosters was then éesin the Native Chemical ligation.
The ligation between the MMP thioesters was attechpvith the model cysteine
peptide 110. Initial attempts of the MMP thioester Ac-SYRGF-NAVB1 with the
cysteine peptidé10 were unsuccessful; even after 24 hours of reatioe, only the

starting material was recovered.

Scheme 3-62

) 0.1 M NaPipH=7.5

></\/OH H,O / dioxane )
Ac” L__SYRGF S + | CGRFLAVR [—NH, no reaction

81 110

Even with addition of thiophenol as catalyst, tle@aation also did not take
place. The aquous milieu at pH 7.5 was not basicugm to effect the first
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3. Results and Discussion

transthioesterification step to the activated #mgdester. From this experiment, it was
apparent that theert-butyl group which afforded the stability to thdaibster, was

also responsible for its low reactivity in the ts#moesterification step of the NCL
reaction. This result also further reinforces tleerdased reactivity of alkyl thioesters

in comparison to aryl thioesters for the NCL reactdemonstrated by Dawson et al.
in 199752

S-g

??--the LC column has a lot of mess which makes it

|
Ac-SYRGFCGRFLAVR-NH , ; : " as ! > 1 .
impossible to identify signals with this retention time

Ac- SYRGF MMP
Ac-SYRGFCGRFLAVR-NH , 4«?

CGRFLAVR-NH, <

Figure 3-23.Crude spectrum of the NCL reaction between the mpeptide Ac-SYRGF-
MMP and cysteine peptide CGRFLAVR-MHcarried out in dry THF with sodium
thiophenolate as activating agent.

In order to make the MMP thioester more active, shme principle for the
nucleophilic displacement reaction discussed preshowas utilized for this reaction.
Using sodium thiophenolate and 15-crown-5 in THke MMP thioesterB81 was
activatedin-situ to the more reactive phenyl thioester. After addiof an excess of
the cysteine peptidel0the ligation product was obtained after 48 howsra anixture
of the cysteine oxidized ligation and the nativgation product. Reduction of the
assymetric disulfide bond with R-mercaptoeth&ffdl and subsequent HPLC
purification gave the ligation produtfilin a 44 % yield.
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Scheme 3-63

) NaSPh, 15-crown-5 o)
AC/ SYRGF S Ac/ SYRGE S

81

L formed in situ .

© 110, 1t, 48 h

.S
S

red.

111 -

AC/‘ SYRGFCGRFLAVR ’\NHZ + Ac/‘ SYRGFCGRFLAVR ’\NHZ

111-Ox 111
In summary, tert-butyl thioesters show a remarkable stability insiba
conditions. Extrapolating this idea to the syntheadia linker, the MMP-linker could
be obtained quickly and efficiently in three stémsn the commercially available 4-
methylpent-3-en-1-ol. The MMP linker proved to ldabde in solution when treated
with 20 % piperidine/DMF having a half-life whentathed to Boc-Phe-OH of
greater than 9 days. It could then be used for greparation of protected and
unprotected peptide thioesters displaying a br@adje of sequences. The products
could be directly used in native chemical ligationkis approach for the synthesis of
peptide thioesters may also find utility for bundi blocks used in other chemical

ligation reactions including auxiliary methods dhd traceless Staudinger reaction.
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4. Results and Discussion

4. Solid Phase Synthesis of Peptide Thioacids usitige MMP linker

4.1. Current methods for the synthesis of thioacids

Thioacids are an interesting and overlooked cldsgompounds with a unique
reactivity. This stems from the pronounced nucléapty of their conjugate base
partners which tend to react selectively withaloacetic acid derivatives in aqueous
media at pH 3-8*Y Preparation of thioacids has been achieved clibsiby
activating a carboxylic acid to the active estdiofeed by nucleophilic displacement
with H,S or some other hydrosulfide equivalent such asusogulfide, NaS. Fmoc
protected thioacids have also been prepared bgrthg of Williams via formation of
asymmetric  anhydrides followed by nucleophilic désgement  with

trimethylsilylthiolate (Scheme 4-1).

Scheme 4-1

/
Os-si—

Q BU-chlorof. o O i. \ 0
FmocHN\_)J\OH IBu-chloroformate FmocHN\)J\O)J\O/Y i. work-up_ FmocHN SH

Q O S

29 113
112

Peptide thioacids did not really come into voguél uheir implementation as
useful building blocks for the ligation between wrtpcted peptides with the goal of
larger peptide and protein synthesis. In the eE9B0s, Blake et al. devised a method
for obtaining peptide thioacids by first convertiBgc-Gly-OH into its corresponding
thioacid and coupling it to an acid labile linkex: (4-carboxymethylphenyl)-
benzenemethanol using concentrated HCI followedadaypling with triethyl amine.
The in-solution synthesized amino acid-linker waant attached to an amino methyl
resin (Scheme 4-2) giving the d-(Boc-Gly-S)benzyllphenoxyacetamidomethyl

resinl4?

85



Solid Phase Synthesis of Peptide thioacids usinggttMMP linker

Scheme 4-2

NO, i. H,S, DIPEA Ho§ g
o i i Oo._N Hs
\~/O\H/H\)J\O/©/ ii. cyclohexylamine \1/ \n/ \)J\S@
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HaN, £ ) | Lo

amino methyl resin \~/O\H/N\)J\S
N 0

Standard Boc-SPPS methodology followed, and thpapegion of a peptide
thioacid fragment of an analog of human R-endorgRHEP) was attained. Final
synthesis of the endorphin analog was accomplisisitg Ag mediated coupling
with N-hydroxysuccinimide to link two segments bktendorphin peptide together.
The problem, however, with this route is the needdvelop a linker resin for each
individual amino acid at the carboxyl terminus (8tie 4-2) which is time
consuming and not optimal. This problem was soluedhe group of Kent, by
introducing the thiol functionality with thiourealfowed by hydrolysis with NaOH.
After optimizing the linker, the method culminatedthe synthesis of an analog of
HIV-1 PR by ligating two unprotected peptide fragnse HIV-1 PR (1-50,
GlyaCOSH) with [BrCHCO(53-99)HIV-1 PR forming a thioester bond where
normally a Gly-Gly linkage would be in the nativetease (Scheme 4-8§!

The ligation reaction between a thioacid peptidgrinent and the bromoacetyl
peptide fragment was conducted in a sodium phospbiaffer of pH 4.3 with 6M
guanidine hydrochloride (GuHCI). The ligation reantwas carried out at room
temperature and was essentially complete afteru8sh®espite this slight alteration,
the HIV-1 PR analog showed the same activity asvileetype enzymé>?
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4. Results and Discussion

Scheme 4-3

H
H-Prot v IIeSO-GIySlS-04©7 OCH,NH-resin - BrCH,CO-Phe5%annmnnnn Phe®-OCH,-Pam-Resin

e -

53
H-Protasan [leS0-NHCH,COSH BrCH,CO-Phe Phe-OH

HIV-1 PR(1-50, Gly-aCOSH) Bromoacetyl(53-99)HIV-1 PR
| NaPipH=4.3,3h, rt |

H-Protamans [1€59-NHCH,COS — CH,-CO-Phe53wnnn Phe®®-OH

[(NHCH,COSCH,CO)°5?]HIV-1 PR

Another method of circumventing the problem of ihgwto prepare different
resins for each C-terminal amino acid involvesuke of the Kaiser Oxime redft’!
This approach showed for the first time preparatdrsmall peptide thioacids by
nucleophilic displacement from the solid supporhgsn HS equivalent, specifically
lithium trimethylsilylsulfide in THF developed byrius!**¥ Based on earlier work of
Kaiser, Schwabacher and Maynard synthesized atyanie single and dipeptide
thioacids (Scheme 4-5Y® Racemziation studies for the preparation of thobac

peptides using this method has not been established

Scheme 4-4

Os__Peptide
Y

O i (CH3)3S| -S- S|(CH3)3
nBuyN* "F-nH,0 0
i. NaHSO,
Ema
NO,

Preparation of peptide thioacids has also beeropeed by first synthesizing

the peptide with a carboxylic acid at the C-termsiusing standard Fmoc methods,
and then transforming the carboxylic acid into thieester which can be hydrolyzed
with sodium sulfide to the thioacitf®! Other novel approaches to the synthesis of

peptide thioacids include the application of an Erioker combined with Boc-SPPS
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which allows release of peptide thioacids fromsbkd support by piperidine thereby
avoiding the more toxic HF cleavage approach.

Among the many applications for thioacids, the wmdu of azides in the
presence of thioacids regained attention in thevipps years. In 1980 while
investigating the reactivity of potassium thioatetalust and Hakimelahi found that
upon prolonged exposure of potassium thioacetatehen presence of azides,
acetamides were produced as a by-profitictThe reaction was more closely
examined eight years later when Rosen et al stutiededuction of azides with an
excess of thioacetic acid. Finally, in 2003, theugr of Williams and coworkers
reinvestigated the reaction of thioacids and azatekfound that the formation of the
amide results from an anion-accelerated [3+2] @abfiition followed by a retro-

[3+2] cycloaddition.

Scheme 4-5
)SJ\
R™ 0P
~N
o] -H* N;—R! ST Ll o
)]\ @O7|\N/N - )]\ /Rl +S
R™ “SH R \ R
Rl H +N2

Since this reexamination and the discovery thataitids react very rapidly
with sulfonylazides to give sulfonamides the reatthas been exploited by many
groups interested in using this chemistry for aietgrof different ligationde>11147]
Accordingly, it has been given its own ligation némology ranging from
‘thioacid/azide ligation (TAL)’ to ‘Sulfo-click’.

Thetert-butyl thiolinker proved to be a reliable system floe preparation of
peptide thioesters which could be cleaved from $lodid supportvida supra
Following this reasoning, théert-butyl thiolinker should be applicable for the
efficient prepparation of peptide thioacids usitapsgard Fmoc SPPS methods.
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4.2. Synthesis of peptide thioacids

4.2.1. Initial thiodisplacement experiments

The nucleophilically displaced thioesters from theevious chapter gave
encouraging preliminary results implicating thattothiolysis of thdert-butyl linker
should also be a plausible route towards the syttt peptide thioacids. The initial
conditions for the experiment were adapted fromthi@ester synthesis in which the
sodium thiophenolate and 15-crown-5 are added tdectef the initial
transthioesterification product. However, the afierto capture the model peptide
thioacid from the activated Ac-SYRGF-MMP-(resinttivhexamethyldisilathiane (as
shown for the preparation of peptide thioacids gisive Kaiser Oxime resin) did not

yield the desired peptide thioacid as shown in 8&hé-6.

Scheme 4-6
i. NaSPh, 15-crown-5,
(CH3)3Si-S-Si(CHy),
PG O ></\/ _NBUyN"F PG O
o ii. MeOH //
Ac” | SYRGF[” S 0 /I~ Ac”|SYRGF[” SH
80 114

Analogous to previous experiments, in-solutioristegere carried out with the
model Boc-Phe&stert-butyl compound and did not give the corregfog thioacid

when treated with hexamethyldisilathiane.

Scheme 4-7

i. NaSPh, 15-crown-5,
(CH3)3Si-S-Si(CH3)5

) NBuN* F
\{/O\[]/ng\sk ii. I\%Ie(;\IHF /7 O\H/H\)J\SH

e

2 115
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Other BS equivalents as mentioned were used in order factethe thio
hydrolysis of thioester$*®! Na,S, or NaHS however are not suitable for standard
SPPS conditions owing the poor swelling nature aygtyrene in water or alcohols.
Instead, a less direct method for preparing pepgha®cids was considered whereby
the peptide thioacid could be generated from ae8tar. In this route (Scheme 4-8),
the C-terminal thioacid protecting group R, carcleaved either with base or acid.

Scheme 4-8
PG O PG O i i
th a: acid
></\/O nucl pa N
i —_— _ tid SH
e s Q - SR pains e
116 i. base 118

117 ii. total deprotection

Cleaving acidically via path a, will give the unproted peptide in one step.
Peptide thioacids however, may be more prone tdiadiydrolysis than their
carboxylic acid analogs due to the thiol being acimbetter leaving group than the
alcohol. Deprotection under basic conditions isesigp despite the extra step of
deprotecting the amino acid side chains with asid¢e the thiolate HSs a poor

leaving group.

Scheme 4-9
Tos-Cl, pyridine, CH3ClI K-thioacetate,18-crown-6
. 1, 24 h . DMF, 2h .
64 % 81 %
OH OTos /i
119 (@]
120 121

Red-Al, Et,0 0
w150 | 0%

O oxidation in air under
basic conditions
™) .

SH

123 122

The Fm linker established by Crich for the preparadf peptide thioacids is a

good starting point***® The commercially available Fm alcohol was firstylated
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with pyridine in chloroform to give compount0. The thiol was then introduced
using potassium thioacetate and 18-crown-6 to strtine protected Fm-thidi21 in
81% vyield. The thiol was then reduced using RedtAIELO to give the final
compoundl22 The preparation of the Fm thiol, however, hasradéncy to readily
oxidize to the disulfide (Scheme 4-9).

An initial test using this thiol did not give theslred peptide thioacid using
the established nucleophilic displacement condsti®cheme 4-10). It was assumed
that applying the basic conditions necessary ferrticleophilic displacement led to
severe oxidation of the S-Fm group to the disulfitlee recovered material did not

correspond to either the thioester or desired thiba

Scheme 4-10

i. HS” “Fm, NaSPh,

PG 0 e)
MO 15-crown-5, THF, tt, 2h )J\ O
Ac” | SYRGF} s O /™ Ac-SYRGF s .

ii. TFA deprotection

80 124 O

Considering the necessary synthesis steps fothtbkas well as its problem

with oxidizing to the disulfide, a new thiol nuclgdle was investigated. The
cyanoethyl protecting group for carboxylic acidssveauseful alternative to introduce
the thiol functionality which hopefully should béla to be cleaved under mild
conditions after introduction. Mercaptopropiongriis commercially available as its
more stable disulfide form, 3,3'-dithiobis(propititd¢), which can be reduced in the

presence of zinc powder and 2M HCI (Scheme 4%4%).

Scheme 4-11
Zn/2M HCI
S—S SH
NC/\/ \/\CN : NC/\/
40 min, rt
125 quant 126

In a solution test, the thidl26 was then used to transthioesterify Boc-Fhe-
tert-Bu under the same conditions previously descrfbediucleophilic displacement

of the peptides from the solid support.
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Scheme 4-12
HS(CH,),CN, NaSPh,

0 0
H
\{/O\H/N:QJ\S )< 15-crown-5, THF, rt, 1.5h \{/O\H/H;JJ\S ~_CN

G e

2 127

The reaction was analyzed qualitatively again M&MS to determine the
feasibility of the reaction using large peptide studtes. As shown in Figure 4-1 of the
crude reaction mixture, the tBu thioester was caedeto the cyanoethyl thioester
127. The first peak eluting at 2.69 minutes has thessmaf 221 and 243 which
correspond to the cryptand 15-crown-5 and its sadiaordinated salt.

15-crown-5 127

T { { T {
0 1 2 3 4 5

Figure 4-1.Converstion of thé-butyl thioester to the ethylcyano thioester.

Deprotection of the 2-cyanoethyl protecting grdop carboxylic acids has
been reported by many groups in the past. Cleakageéeen effected using various
reagents including TBAEY, alkali basés®” and sulfide bas€s® presumably all
following a similar 3-elimination mechanistic patdyv These deprotection methods
all afford the carboxylic acid, and this conceptswadapted for the preparation of
thioacids. Basic deprotection of the cyanoethylugrédrom the thioacid should as
previously mentioned, give a stable thioacid prodéalditionally, the thioacid in
basic milieu can be directly ligated with azides.

The ligation of thioacids and azides to give saolpgmides was found to
proceed optimally under basic conditions using lat@ine**¥ Unmasking the
thioacid under the same conditions as the ligatg@ttion would elegantly afford the
sulphonamides in a one step approach. Furthernibrine deprotection of the
ethylcyano group can be effected with 2,6-lutiditen it may be possible to achieve
first the transthioesterification followed by basdemination to the thioacid.

92



4. Results and Discussion

The Boc-Phestert-Bu thioester was reacted with thiopropionitrileden the
previous conditions along with 2,6-lutidine to effd3-elimination to the thioacid

product. However, only, the ethylcyano thioestes wecovered.

Scheme 4-13

HS/\/CN 10 equiv

NaSPh (2 equiv),
15-crown-5 (2 equiv),
2,6- Iutldlne (10 equiv),

\{/ O NQJ\ )< \i/o\g/mjj\s/\/m

oo ©

2 127

This result was nevertheless encouraging as iicated that the the
transthioesterification can still proceed smoothlith mercaptopropionitrile. This
proof of principle experiment showed that at leasi;h thioesters can be produced

which may serve as useful peptide thioacid preecarso
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4.2.2. Solution-phase Optimization for the Deprotdmon of the 2-Mercapto
Propionitrile Group

The one-pot multi step procedure to converrabutyl thioester to a thioacid
left room for improvement. Specifically, it was mssary to examine the [3-
elimination procedure more carefully. It was impott to Thusly,
mercaptopropionitrile was then reacted with Boc-Biie using DCC and DMAP to
make the corresponding thioester for further sotutests.

Scheme 4-14

. o HS/\/CN
\{/O\H/NEQJ\OH DCC, DMAP \{/O\H/H g~ CN

O \@ 86 %

1 127

The reaction ofl27 with mild bases DIPEA and 2,6-lutidine did not githe
B-elimination to the desired thioacid. Strongeridigs was required to effect
elimination of the 2-cyanoethyl group. Reactiag7 with DBU in DMF gave
complete conversion of the thioester, according@eMS evaluation. Unfortunately,

significant hydrolysis to the carboxylic acid pratiwas also observed.

DBU/S.M. 127
adduct /

1

/

Figure 4-2. Initial deprotection attempt of the 2-cyanoetybgp mediated by DBU.

The deprotection of the 2-cyanoethyl group hae dlsen described with
TBAF.™ Kita and coworkers have shown that selective egavof the 2-

cyanoethyl carboxylic ester was accomplished inpitesence of acetate, THP ether,
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4. Results and Discussion

methoxd-methyl (MOM) ether, benzyl ester, TMSE estnd benzyl carbamate.
Thus, the 2-cyanoethyl group was cleaved with TBAHHF to give the thioacid
with a small amount of impurities. The reaction wasried out in dry DMF and gave
the furnished thioacid relatively cleanly afterypdb minutes.

Scheme 4-15
Ho] TBAF, THF H
\{/O\H/N\_)J\S/\/CN rt, 15; min \i/o\n/N\_)J\SH

: — > :

o\© o:\©

127 115

Preparation of the 2-cyanoethyl pentapeptide Htevewas accomplished in
similar fashion to the previously described. Anesscof 50 equivalents of the thiol
was reacted together with sodium thiophenolatel&ndrown-5 in THF to afford the
protected pentapeptide. A portion of the peptids ween deprotected using TFA to
give the unprotected pentapeptide (Figure 4-4).

CN i
1. Hs > 50 equiv

NaSPh (2 equiv),
15-crown-5 (2 equiv),
PG o THF o}

rt,2.5h
Ac SYRGE S><$/EO_O Ac SYRGF S/\/CN

2. TFA cleavage
Reagent B
80 128b
90 % vyield
>80 % pure

mAll |

f0° 128b

400
- \
200

100-)

0-

0.0z

T T [ [ [
0 1 2 3 4 i mi

Figure 4-4.Reaction scheme and crude HPLC chromatogram oapeptidel28h.

Due to the reactivity of TBAF and possible sidectams involving the
fluoride anion, both the protected and unproteqtegtides were further reacted.

Unfortunately, neither deprotection method gavepiyetide thioacid.
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Scheme 4-16
R .
| (0] TBAF, 1.0 M in THF, o
CN DMF, nt y
Ac SYRGF s T Ac SYRGF SH
= 129
s - E|G ]iZZSS% measurments checked at 20, 40 min

Although the fluoride deprotection method workedllvwvith amino acids to
deprotect the 2-cyanoethyl group, its failure witkptides underscored the need to
apply more standard methods. Sodium sulfide waditsteattempt and the reaction
was performed with a slight excess of the baseomparison to the Boc-PHg-
cyanoethyl ester in methanol which was used duewosolubility of the sulfide in

other organic solvents.

Scheme 4-17
Na,S, MeOH,

0 0
H DCM, 1h, rt H
\{/O\H/N\E)J\S/\/CN \{/O\H/N\E)J\O/

e e

127 130

The thioester was converted in one hour, howdweré¢covered product was
not the expected thioacid but rather the methyregscheme 4-17). LC-MS and
NMR analysis confirmed the presence of the mettstere (Figure 4-5) with a

characteristic shift at 3.7 ppm and integratiotho&e protons.
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J ) W

T T
6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5 ppm
Figure 4-5.Crude spectrum of the methyl ester.
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Furthermore, the signals of the methylene prot@isrging to the ethyl cyano
group are visible between 3.0 and 2.7 ppm. Theadtaristic signal of the SH,
protons are missing at 1.82 ppm indicating that diseilfide was recovered. Most
likely, the acrylonitrile which is eliminated is agenged by excess p&to give the

mercaptopropionitrile compound which then oxidizeshe disulfide (Scheme 4-18).

Scheme 4-18
0

0]
H H
@) N\)J\ ~_"CN Na,S O N\)J\
\{/ \n/ : s \1/ \n/ : SH + eh\/CN

_—

127 115
+ MeOH o
H
O._N
\/ \k g “Aowe
0 z
130\©
work-up CN
NC/\/S\S/\/CN Nas/\/
125
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Potassiumtert-butoxide is another alternative to the sodium baseis a
stronger base than the alkali metal hydroxidespaimdary and secondary alkali metal
alkoxides®¥ Furthermore, the fact that it is substantially kexathan alkali metal
amides and their alkyl derivatives such as lithidisopropylamide (LDA) makes it
more compatible with the peptide structures. Tlaetten was once again optimized
to find the best conditions for the conversiontd thioester to the thioacid.

Table 4-1
o} e 0
conditions
BocHNJJ\S/\/CN BocHNJJ\SH
127 115
entry bafs.e, equ|vglent/ solvent time conversiéh
additive, equivalent
] : incomplete and

1 KOtBu, 1.1/-- t-BuOH/DCM (8/2) 40 min slow hydrolysis

2 KOtBu, 1.1/ -- H,O / DMSO (1/1) 30 min incomplete

3 KOtBu, 1.1/ t-BUOH/DMSO (8/2) 1h complete

18-crown-6, 1.1

[a] Conversion of the thioester was followed by M

The reaction proceeded very smoothly using a stivéxture oft-butanol and
dimethyl sulphoxide in addition to the cryptand d®wn-6 to complex the potassium
cation (Entry 3, Table 4-1). The reaction was fueid in one hour and the thioacid

could be observed as a pure product via LC-MS armaly

RT: 0.00-7.00
378

I
150000 ||
5 100000 |
3 ‘Il 571 587 610 622
e | 43 430 473 501 525 547 571 987 0.0 9.22
02 o T J k—’_}_/_/_/_b—x
i P — 080 108 128
Figure 4-6.HPLC chromatogram of the crude thioacid after @sion from the thioester.

After this promising result, the same reactionditons failed to give equally
good results when applied to the larger pentapepiitie reaction was not finished

after 30 minutes (Figure 4-7), but as can be s&eady a significant amount of side
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product has formed. Neither longer reaction timealration of the base equivalent

were able to improve the reaction conversion.

KOtBu 1.5 equiv, 18-crown-6, o

O t-BuOH, DMSO (8:2), 30 min
Ac” | SYRGF g >N Ac” | SYRGF SH

128b 129

exact mass = 739 exact mass = 686

#1011 |DADT - 4:5ig=220.4 -10-16-28a.d
m/z =653 128b

5: miz = 698\\ /

Oz 04 0B 08 1 12 14 16 18 2 22 24 26 28 3
Response Units vz Acquizsition Time [min]

Figure 4-7. Attempted deprotection of the cyanethy group ftbempentapeptide thioacid.

As previously mentioned, the 2-cyanoethyl group sksa the thioacid
functionality which in principle can be used in ttlieect ligation with tosyl azides.
Williams et al. as previously mentioned, reactegl tthioacids with electron deficient
azides in the presence of 2,6-lutidine to yieldswmides. Despite their inability to
3-eliminate to the thioacid in the presence ofl@tigline, the cyanoethyl thioesters
did convert to the thioacids with DBU and the preseof 2,6-lutidine should not
have deleterious effects on the R-elimination ‘uskia’ of the thioacid.
Furthermore, the DBU should not have a negativecefbn the thioacid/ azide
ligation reaction.

To prove this, the pentapeptide cyanoethyl theyesias reacted with a base
cocktail of DBU and 2,6 lutidine in DMF for 30 mitas to generate the thioadgm
situ. After 30 minutes, tosyl azide was added to thigtune and as expected the

pentapeptide sulfonamide was recovered.
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Scheme 4-19
2,6-lutidine, DBU,
0 DMF, 30 min, rt Q
Ac/( SYRGF PJ\S/\/CN Ac/‘ SYRGF MSH
128b 129

'e) tosylazide,
O\\S/P rt, 18 h
Ac/[ SYRGF N~
H

The reaction was followed by LC-MS and showeddbtwplete conversion of
the thioester peptide. The major peak had a casrelipg mass of 822 [M+H] the
found mass of the sulphonamide product is 824 [M+Hccompanying the two
peaks is the hydrolyzed pentapeptide acid whichs do®t take part in the azide

thioacid reaction.

Product mass-2H (m/z) =
822 [M+H]"

Figure 4-8. HPLC spectrum of the crude sulfonamide reactiamween a thioacid formeith
situ and tosyl azide.

This proof of principle reaction (illustrated withe HPLC chromatogram of
the crude product in Figure 4-8) demonstrates thbility of this method to first use
the cyanoethyl protecting group to mask the thibdanctionality enabling in situ
generation of the thioacid which can then reacteari2BU/Iutidine conditions to the
sulfonamide. The cyanoethyl thiol functionality sasily prepared from the
commercially available parent disulphide in onecuand easy reducing step and in
combination with sodium thiophenolate cleaves taptige thioester efficiently from
the resin.
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5. Thioamide formation from thioacids and azides, dwards a new ligation

reaction

5.1. Introduction

Upon reexamining the amide formation of azides tnohcids, Williams and
coworkers found that the reaction proceeds thraughpossible mechanisms based
on the electronic substitution of the azide. Fdatreely electron rich azides, the
reaction is proposed to proceed through an anioelaated [3+2] cycloaddition to
give a thiatriazoline presumably in a concerteditas. Highly electron poor azides
are also proposed to proceed through a thiatriagahtermediate, but rather in an
unconcerted fashion. The bimolecular union of #rentnal nitrogen of the azide with
sulfur of the thiocarboxylate first gives rise tdireear adduct and after cyclization of
this intermediate a thiatriazoline is formed. Degpaosition to the amide is found to

proceed via retro-[3+2] cycloaddition of the nelthaatriazoline intermediates.

Scheme 5-1. Proposed mechanism of the thioacid/aarddation.

Path 1: - -
jjj\ _®0 Step 1 )OJ\
RNt N=N-N-R — "R S—N. for electron deficient azides
N
@N\Rz
Step 2
Path 2:
S S—N
® 0O \ Step 3 0
Ao+ n=2Nr? H HO\/\ No|o=EeE L Rre
RW O 1 N Ry N
R |2 -st 1 H

R

for electron rich azides

The reaction of electron rich azides with thioacmtoceeds quite slowly at
room temperature and as such elevated temperatueesequired for sufficient
conversion. Glycosyl and amino acid derived azidest be warmed to 60 °C before
they can react with the thioacids. In contrast,cteten poor azides such as
sulfonylazides react very quickly with thioacids mtom temperature. Different
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groups have exploited the much faster reactionast®n poor azides with thioacids
as a type of ligation reaction. Liskamp and cowmskeave utilized this reaction for
the ligation of N-R-protected sulfonyl azides ampegtide thioacid€! Recently, the

reaction has found utility to label purified ubigni thiocarboxylate with PEG-
sulfonyl azide and biotin-sulfonyl azidg”! Finally, Krishnamoorthy and Begley
have applied this ligation reaction for the detmttof protein thiocarboxylates in
phosphite dehydrogenase (PdtH) of #®eudomonas stutzeproteome, a putative
protein thiocarboxylate involved in the biosyntisesif the pyridine thiocarboxylic
acid siderophor&®>®!

The limiting factor of this ligation reaction liasithin the poor reactivity of
relatively less electron deficient azides with #umls. To date, there have been no
successful examples of azido peptides reacting thitacid peptides in the formation
of large peptide fragments. In order for the remactio become a more powerful
ligation method, the reaction must be optimizedud this demand. The goal of the
final part of this doctoral thesis was to investigand optimize the reaction between
azides and thioacids.

The group of Takeop Saegusa reported in 1970 whan alkyl azides are
reacted with thiols in the presence of copper(l}sssulfenyl amides are produced
along with primary amines and disulfidé¥! In their survey of the reaction, the
sulfenyl amide was formed after 4-10 hours at rommperature and depended
largely on the thiol used. Electron rich thiols s@stert-butyl thiol reacted to give 77
% conversion of the azide to the sulfenylamide whsrelectron poorer thiols such as
thiophenol reacted exclusively to give the amide.

Scheme 5-2

(0]

>|\oj\N ’ XSH >|\OJ\N’S% &’ >Loj\NH2+A(S—S)T
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5. Results and Discussion

5.2. Optimization of the Thioacid Azide Amidation n the Presence of Copper(l)

Salts.

The initial goal was to investigate the effect thbapper(l) salts have on the
thioacid/azide amidation reaction. Ideally, thectemn would be accelerated by the
presence of the metal salt and allow the ligateaction to occur smoothly at room
temperature in a short time-Azido glycine methylestet33 was used as the initial
azide substrate to test this system. It was prepeffeciently from sodium azide and
a-bromoacetate in two and half hours at room temperaand was obtained in a 69
% yield**"]

The a-azido glycine methylestek33 was then reacted with thioacetic acid in
the presence of a catalytic amount of copper(Ipraté. Thioacetic acid is cheap,

commercially available, and despite its somewhataasant aroma is easy to handle.

Scheme 5-3
)?\ o cu' 2.6 mol % )SJ\ )OJ\
(@] (@]
+ N ~ t ~
s NI N N
(@] (@]
132 133 134 135
Conversion ratio: 89 11

Upon addition of the thioacid to a solution of tde with the copper(l) salt,
precipitate formation was observed immediately. Té@ction was monitored using
LC-MS and the conversion was calculated based enirttegration of the signals
found at 214 nm. Surprisingly, the main productfrthe addition of the thioacid and
azide in the presence of Cu(l) is a thioamide pcod8cheme 5-3). Mass analysis
identified the thioamide as the correct producte Pnoposed thioamide product was
isolated and characterized Hy and**C NMR experiments and are shown in Figure
5-1. It is shown in thé’C NMR experiment that the two different carbongrsils at
201.6 ppm and 168.6 ppm correspond to the thioaraide ester carbonyl peaks,
respectively.
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T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O

Figure 5-1."°C NMR spectrum of the thioamide product.

As for the copper source, copper(l) chloride oxegizreadily and a fresh
source is required. Thusly, copper(l) chlorideas often used as copper(l) source for
such reactions. More common is the copper(ll) sedéscorbic acid system in which
the copper(l) salt is generatéd situ upon reduction with the ascorbic acid. This
reagent mixture was applied to the same reactidraareven better conversion to the

thioamide product was observed.

Scheme 5-4
o CuSOy (10 mol %)/ s o

O Ascorbic acid
)J\SH + N3\)J\O/ )J\H/\[O(O\ + )J\H/\[O(O\

MeOH/H,0, rt, 22 h

132 133 134 135
Conversion ratio: 96 2.4
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5.3. Existing methods for the synthesis of thioamesb

This interesting change in chemoselectivity frora #mide to the thioamide
sparked an interest in investigating this reactanmd furthermore the preparation of
thioamides using thioacids and azides as reactarthgrs. To our knowledge, the
reaction of thioacids and azides in the presenceneffal salts has not yet been
described.

Thioamides have become an important class of congsoand their synthesis
has been studied thorougtiy?*>°! Synthetically, sulfur-sulfur bond formation has
been explored using thioamides in the presence®HB”™® They are less polar
than their amide analogs and more soluble in oogswlvents. They are more reactive
than normal amides but stable enough to be handiddr air and in aqueous media.
The conformation of peptides with thioamides isuahced by the nature of hydrogen
bonding of the functional group; the NH of the #maide bond is a stronger hydrogen
donor whereas the sulfur atom is a weaker hydrogewnl acceptor when compared to
the corresponding amid&§? This results in a weaker longer H-bond from the
thiocarbonyl to an opposing NH amide bdtd.

Classically, thioamides were prepared in a threemponent reaction of
aldehydes or ketones, amines, and elemental salthe Willgerodt-Kindler reaction.
A classic example is the reaction of acetophenaenaorpholine in the presence of
elemental sulfur (Scheme 5-[5‘3?] In the past, this transformation was a key openati
for the initial synthesis of racemic Naproxéi!

Scheme 5-5

) (\o
/ \ TsOH, heat
+ Sg + HN e} N\)
S

The mechanism of the movement of a carbonyl graompfmethylene to

methylene has been proposed by Carmack to go thrangntricate pathwayia a

highly reactive intermediate with a sulfur-contaigiheterocyclic ring-**
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Figure 5-2. Proposed mechanism of thioamide formation betve@etophenone, morpholine,
and sulfur.

To date there are only a few methods of prepahr@amides or thiocarbonyl
compounds. The most popular method to thionatenargiamides or carbonyls to
their respective thio-carbonyl compounds, is the af2,4-bis(4-methoxyphenyl)-1,3-
dithia-2,4-adiphosphetane 2,4-disulfide otherwisgovin as Lawesson’s reagent
(Scheme 5-6Y-6°!

Scheme 5-6. Lawesson’s Reagent.

S s
WO
S \
S

Since its introduction, Lawesson’s reagent has igade minor modifications
to optimize synthesis. A fluorous Lawesson’s readpas been used for the thionation
of amides, 1,4 diketoned\-(2-oxoalkyl)amides,N,N’-acylhydrazines, and acyl-

protected uridine&®®!
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O O
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R R

R)]\NHR 4§X—Y?-r
2.8
F(F2C)6(H2C)40 24 ,\\ O(CH2)4CF)6F

j\ R\(SYR'
R NHR' )\(_¢

X, Y =CH, CH; N, CR"; N, N.

Figure 5-3. Application of a fluorous Lawesson’s reagent.

Other methods include reacting Grignard reagemisdthiocyanates, as well
as conversion of nitriles with 4B,o, but are not as popular as using Lawesson’s
reagent. The usage of Lawesson’s reagent for tepapation of thioamides does
however have its drawbacks. No chemoselectivity doride carbonyls limits the
ability to selectively introduce thioamides intopaptide backbone. Furthermore,
Lawesson’s reagent is foul-smelling and must be kepler a laboratory hood with
good ventilation. In comparison, peptide thioacats not volatile and a traceless
ligation between one peptide carrying a peptideatid with another carrying an N-
terminal azido function can chemoselectively introgl a thioamide bond at the

desired point in the peptide structure.
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5.4. Initial Thioamide Formation Studies

The chemoselective thioamidation reaction of azidéth thioacids in the
presence of metal salts could be a promising newhadefor the introduction of
thioamide functionality. Starting from the initiaéaction (Scheme 5-3), the solvent
system was screened for the best conversion tothgetthioamide product. The
reaction was carried out at room temperature, wisfight excess of the thioacid (1.4
equiv to 1) compared with the azide to effect catgtonversion.

Under neat conditions without solvent, base or metatalyst, the
predominantly formed product is the amide. It i®rasting to note, that even without
the addition of base, a small amount of the thicemis also formed perhaps
suggesting a new reaction intermediate which haveen postulated in the literature

until now.

Table 5-1.Solvent and catalyst amount screening for theathide optimization

0 0 . S o}

)J\SH . N3QJ\O/ conditions )J\H/ﬁ(o\ . )J\H/ﬁgo\
132 133 134 ° 135

entry CUSQ‘(r/T?SIC f;: )b ic acid solvent rxn time (h) clc;rllvi;sgg :
1 --/-- Neat 10 7.4:72.8
2 26/11 MeOH / kD 22 89:11
3 10/33 MeOH / KO 22 96:2.4
4 10/10 MeOH / KO 18 88.4:11.6
5 5/10 DCM 19 1:99
6 5/10 DMF 23 95:5
7 10/30 2-propanol 21 14 : 86

[a] The conversion was determined by LC-MS at 24 n

The best results were obtained with methanol aatémas co-solvents in an
equivolumar amount. The dramatic shift from forroatof the thioamide to the amide
product using DCM as solvent for the reaction (€ab{l, Entry 5) may be attributed
to the poor solubility of the copper sulphate asdoabic acid in DCM. This is also
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noticeable for 2-proponaol (Table 5-1, Entry 7) vehthe solubility of catalyst and
reductant is also poor.

Surprisingly, with the addition of 2,6-lutidine the presence of the copper(l),
only the amide product was formed. It is appareminfthis experiment that the base
is a greater determining factor for the chemosefiégtof the amide over the

thioamide, than addition of the metal salt.

Scheme 5-7
Cu' 10 mol %,
)(J)\ 0 2,6-Iutidine,12/IﬁOH/H20 )SJ\ )(J)\
rt
+ Ns\)J\ ~ ’ ol + o<
SH 0 N N
(e (@]
132 133 134 135
conversion <1 >99

The reaction 0f1l32 and 133 was then screened with other metal salts to
optimize the conversion to the thioamide. It wasinid that almost complete

conversion was obtained implementing silver(l)salt

Table 5-2.Catalyst screening for optimizing thioamidation.

O 0 S 0

conditions

)J\SH * N3QJ\O/—> )J\H/ﬁo(o\ + )J\H/ﬁgo\
132 133 134 135

entry catalyst mol % solvent rxn time (h) i%r;virgsélg n
1 Cd"Asc. Acid 10/33 MeOH / kO 22 96 : 2.4
2 ZnCh 10 MeOH / HO 19 59:41
3 Au()Cl 10 DCM 19 1.5:98.5
4 AgOTf 10 MeOH / HO 20 97:3
5 AgNG; 10 MeOH / HO 23 99:1

[a] As determined by LC-MS at 214 nm.

It is apparent from these experiments that silyesglts worked better than the
Zn(Il) salt and were slightly better than the cafpesalt. From these experiments, it
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can be reasoned that the chelation of metal sattsetcarbonyl or thiocarbonyl works
better for silver(l) salts than for zinc(ll) or gi§l) salts. The attempt with Au(l) salts
(Table 5-2, Entry 3) was performed in DCM due tttdresolubility; despite this the
selectivity led to almost exclusive production loé amide. The activation of thioacids
for amide bonding formation has been previouslycdbed by Blake in 1981 (see
chapter 4), however, their interaction with azitlas not been described to date.

The substrates for the reaction were then vartedrtalyze the scope of
chemoselective control exhibited by addition of ahetlts. Thiobenzoic acitB6was
reacted with133 at room temperature under varying conditions (@abl3). The

reaction was followed again using LC-MS and theilltssvere tabulated as follows.

Table 5-3.Thioamidation between thiobenzoic acid arazidoglycine methylester.

Q o S 0
M. cat. @)
©)‘\SH + Ns\)J\O/ ©)‘\H/\n/ ~ . ©)J\H/\H/O\
o) o]
136 133 137 138
equivalents 0 , conversion
entry 1/5 catalyst  mol % solvent rxn time (h)137 - 138!
Cu'Asc.
1 1/1.4 . 20/30 MeOH/HO 19 43 :57
Acid
2 1/14 AgNQ 20 MeOH/HO 22 36 : 64
3 1/1 AgNQ 20 MeOH/HO 15 53:47
4 1/14 AgNQ 20 DCM 16 4:96
5 1/14 AgOTf 10 MeOH / O 16 26:74
6 1/1 AgNQ 20 MeOH 16 63 : 37

[a] The relationship conversion was determined ByNLS visualized at 214 nm.

The chemoselectivity from the reaction of thioban acid with133 varies
significantly to reactions carried out with thioiceacid. Generally, the ability to
chemoselectively produce the thioamide is quitgoeegsed when the thioacid moiety
is more electron poor. The reaction between thesestibstrates is more sensitive to
variation in the reaction conditions. For instangeeater amounts of the metal
catalyst (20 mol %) were required to generate ewanoderate conversion to the
thioamide. Furthermore, a 1 to 1 relationship afaimide to amide could be obtained

when equimolar amounts of thioacid and azide weaeted with one another (Table

110



5. Results and Discussion

5-3, Entry 3). And finally, solvent effects alsapla role, with even better results for
the conversion to the thioamide product obtaineémwivater was excluded from the

reaction mixture (Table 5-3, Entry 6).

5.4.1. Preliminary Studies of the Thioamidation wibh Electron Rich Azides.

In order to elucidate more from the reaction, thecteonic nature variation of the
substituents was further analyzed. The relativiely benzyl azidel40 was prepared
in a 97 % vyield from benzyl chloride and sodium daziapplying microwave
irradiationt*®”!

The azidel40 was then reacted with thioacetic acid to deterntivee effect
that a more electron rich azide would have on ystesn. The reaction was again

carried out at room temperature, and the conditvegre varied.

Table 5-4.Investigation of the thioamidation reaction withatron rich azides.

S O
O
Jo 0 = ey - A
140 141 142

132
equivalents 0 : conversion
entry 1/5 catalyst mol % solvent rxn time (h) 141145
1 1/1.4 Aglhl/@ 20/30 MeOH/HO 17 34 : 66
Cu :
2 1/1.4 Asc. Acid 20 MeOH/HO 20 46 : 54
3 1/1 Agl\lf/Q 20 MeOH/HO 21 55:45
Cu .
4 1/1.4 Asc. Acid 20 DCM 21 16.5:83.5
5 1/1 AgNQ 20 MeOH 21 31:69

[a] The reaction was followed by LC-MS.

The chemoselectivity is roughly similar to thepoeis study where at best the
reaction can be controlled to a 1 to 1 relationgbiation between thioamide and
amide. As with the other reactions, the best resuire obtained using equal volumes
of water and methanol. Also similar to the othealgped conditions, a slight excess

of the thioacid over the azide resulted in pred@mge of the amide product.
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5.4.2. Preliminary Studies of the Thioamidation wih Electron Deficient Azides.

Finally, the reaction in the presence of silvewBs tested with an electron-deficient
azide. When reacted with benzenesulfonyl azidghimamide product was observed
(Scheme 5-8).

Scheme 5-8
0 Q0 AgNO3;, H,O/MeOH O Q.0 Q¢
)j\ , S i, 6 h )J\ g . RS
=0 Acige
H
132 143 144 145

conversion: 79 20

In comparison, in the absence of metal salts, releatleficient azides react
with thioacids the quickest to produce amides. He proposed mechanism by
Williams and coworkers, an intermediate thiatriamlintermediate is formed in two
steps in which the first step is the intermolecwlanpling between the sulphur of the
thioacid and the terminal nitrogen of the azidel@gaus to a prior-capture reaction. It
is apparent from this reaction (Scheme 5-8) thatatcurs through the thiatriazoline
intermediate to the final amide product, it is wadturbed by the addition of metal
salts.

The other examples show that it is possible anatitermediate is formed to
produce the thioamide product. If such an inter@edis formed in a similar manner
to that described by Williams and coworkers, thammost likely would be an
oxotriazoline type intermediate (Scheme 5-9).

The introduction of metal salts to the reactiorvéhdeen shown to be a
requirement for the formation of the thioamide pretd Furthermore, it was shown
that metal salts which have a higher affinity falfier gave a higher proportion of the
thioamide product than the amide product (Tablg.3tZan be inferred from these
results that the metal salt modifies the reactiathway proposed by Williams by
coordinating strongly to the sulfur thereby actagya type of protecting group. Once
the intermediate oxotriazoline is formed, the efiation of NO gives the thioamide
product as shown in Scheme 5-9. The driving foordtie formation of the thioamide

is most likely the formation of dD. In comparison, under basic conditions, the
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driving force for amidation is the formation of tlaenide bond which is far more

stable than the thioamide bond.

Scheme 5-9
Path 1:
o o}
®0O S—N o}
R1J\S® + N=N-N-RZ2 —— )J\ . HOX N R?
R™ SN RY N NS Ry N
’I\I |'Q2 H
ON
“R2
Ad' for electron deficient
azides (fast)
Path 2: N 1
00, Ag o ® M (o) N s
> <) ~ ,
1J§ + NEN-N-R? — S?I\N RIJ\N’RZ
R S R 2 N.O
R 2 H
for electron less poor azides slower ring forming step

The reaction is however strongly influenced by #hectronic nature of the
substrates. The best selectivity is reached witth#y ‘electron neutral’ azides and
thioacids. As soon as more electron density i®thiced into or taken away from the
azide, the amide product is formed. The same holds for the thioacid; if the
thioacid is slightly more electron poor, than tledestivity of thioamide over amide

product is lost.

090
LUMO o=<R Thioacid
(O 0ds—wm
0 .
HOMO N-N-N-R Azide
0 0

M = Metal, Ag(l) or Cu(l)
Figure 5-2. Proposed HOMO-LUMO interaction of the thioacid amide thioamidation.

Since the chemoselectivity of the thioamide to denformation is also
controlled somewhat by the electronic nature of shbstituents, HOMO-LUMO
interactions should also be considered. The aszideli,3-dipole and its mechanism in

cycloaddition reactions has been extensively ingatd!®®*° The thioacid in this
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mechanism acts as the dipolarophile and the [3€ction pathway can be
considered formally as ar4s + n2s] cycloaddition followed by anfls + n2s]
cycloreversion. In this reaction sequence, a pssikeraction is between the HOMO
of the azide interacts with the LUMO of the thiagheis shown in Figure 5-2.

The addition of metal salts to the reaction howeasts doubt to whether such
a concerted pathway is actually taking place orthéreor not the formation of
intermediate species first happens analogous to nigehanism described by

Williams.

5.4.3. Preliminary studies for the Thioamidation Béveen Thioacid Amino Acids

and a-azido glycine methylester.

Notwithstanding, the complexities of the reactinechanism and which path
is more or less preferred, the goal of the thioatndsh reaction was to carry it out on
more complex peptidic or amino acid fragments. riateo to test the feasibility of this
reaction as a possible ligation reaction, Fmoc-plasnine thioacid was prepared
according to the method described by Willidh3.

Scheme 5-10

/
- Os-si—
isobtuyl chloroformate ;

o) Ife o O i. \ 9
FmocHN\_)J\OH 2,6-lutidine FmOCHN\)J\O)J\O/ﬁ/ ii. work-up FmocHN\)J\SH

0 T, 15 min

© © O

113
29 112

The crude Fmoc-Phe-SHL3was reacted with azido glycine methyl esit88
in the presence of Ag(l) and separately in thegires of Cu(l). Both reactions were
carried out at room temperature under the sameitoomgl as previously described.
No presence of the thioamide product could be tiedec

The thioacid was converted mostly to the methigreas shown in Table 5-5
with no conversion to the thioamide. The lack obrcination of the silver cation to
the thioacid may be due in part to the solvent, roaly also be the result of poor

availability of the the silver cation in solutioft. has been observed in previous
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experiments where silver(l) has catalyzed hydredigh to alkynes that an excess of

a protic acid is required to efficiently generate tationic silver(l) speciés™

Table 5-5. Initial thioamidation attempts between Fmoc-Phe-8E8 and a-azidoglycine
methylested 33

0 Q T i
FmOCHN\E)kSH + 133 _cat FmocHN\é)L”/ﬁ(O\ . FmocHN\)k”/ﬁo(O\ + FmocHN\é)ko/

O [OR O

113 146 147 148
entry  catalyst mol % solvent rxn time (h) " g(;nl\ldfe;S/I(iZ@
1 AgNOs 20 MeOH 20.5 18/-- 144

2 CuSQ/ ~
Asc. Acid 20/60 MeOH 21 13.5/--184

[a] Determined by LC-MS at 214 nm. [b] 22 % of #tarting material remained unreacted.

The reaction between Fmoc-Phe-3H3 and 133 was then repeated in the
presence of diluted sulfuric acid as a proton saufte final pH of the solution was
measured approximately to be around pH 2-3. Untdese conditions, the thioamide
product was formed as a mixture with the amide pcochnd some methyl ester
(Table 5-14). The reaction was also attempted wagpper(l) as the metal species at
lowered pH, but failed to yield any thioamide prottAll other reaction conditions

were held the same.

Table 5-6.Thioamidation between Fmoc-Phe-3H3 anda-azido glycine methylestér33

(@] [o) s o
FmocHN\)k cat. FmocHN o}
: SH + 133 ———==-—» Fmoc \)Lu/ﬁo( ~N o+ FmOCHN\)LH/ﬁgO\ + FmocHN\é)ko/

O O O 0

113 146 147 148
entry  catalyst mol % solvent rxn time (h) Cs? ;“f/rsg'a?”
1 AgNOs 20 MeOH 20.5 30/50/6.5
2 CusqQ/ B
Asc. Acid 20/ 60 MeOH 21 37/--1515

[a] Determined by LC-MS at 214 nm.
The acidity or presence of protons in the reactioiieu has a direct

correlation on whether or not the thioamide prodadibrmed. This further bolsters
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the claim that silver(l) species is responsible dbelating to the thiol and allowing
formation of the oxotriazoline intermediate follodvéby release of pO. As a
negative control the reaction was carried out agaithe absence of silver(l) but in

the presence of acid.

Scheme 5-11

FmocHN\)(l 0 + i i
: SH + N3\)ko/ = FmOCHN\.)kN/ﬁ(O\ + FmOCHN\)kN/ﬁ(O\
R z H o H H o

o . R

113 147 148
10 % 0%

The reaction was again controlled via LC-MS andla®wn, no formation of
the thioamide was observed and only a small amotiramide was formed. The
absence of any thioamide formation further supptivésclaim that silver(l) cations
are the mediating species for the formation ofttheamide bond, proposed to occur
through a five-membered intermediate involving ¢hentual release of 1.

In order to further bolster this mechanistic repreation, a positive proof for
the formation of NO would be required. As of yet, no successful eXampave been
carried out. The amidation reaction between azahesthioacids can be ‘switched’ to
a certain extent to a thioamidation reaction whgimediated either by copper(l) or
silver(l) species. However, slight alterations le telectronic nature of the substrate
affect the formation of the thioamide product lemdio a higher proportion of the
more stable amide form. In the end, it is mostlikénat the more stable amide
product is formed especially with electron poodasi and that the metal species serve
to disrupt this reaction whereby the thioamide piicdtan be recovered.

In conclusion, through the investigation of the dation reaction between
thioacid and azides in the presence of copper@gisg, it was established that a new
byproduct--the thioamide product is formed. Thigtmoe describes a new process by
which thioamides may be formed in a traceless magoenpletely novel to the
previously mentioned methods for creating thioamid€he reaction is, however,
limited in scope, since varying the electron subsan of either the azide or thioacid
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results in a non-chemoselective fashion affordingniature of both amide and

thioamide.
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6. Summary, Conclusion, and Outlook

The first part of this dissertation describes tietisesis of peptide thioesters
using atert-butyl thiol linker. It has been previously showrattert-butyl thioesters
exhibit remarkable stability in comparison to thaikyl and aryl counterparts. They
are stable towards acidic, as well as basic miliawas proposed thagrt-butyl thiols
could be used as linkers for polymeric support syrthesis of peptide thioesters.

The tert-butyl thioester of phenylalanine was treated unstandard SPPS
Fmoc cleavage conditions showed an astounding lisgaloif the thioester. The
stability, which was dramatically greater than tlohtother less branched or less
electron rich thioesters indicated that these shioight find utility for the Fmoc SPPS
synthesis of peptide thioesters.

The initialtert-butyl thiol linker was attached directly to thesirevia an ether
linkage. This alteration in the electronic natufehe tert-butyl group translated into a
system which was much too labile in order to predpeptide thioesters of significant
length. The synthesis of tert-butyl thiol linker with enough distance to the
attachment point to the linker became another fogmt hindrance due to the
introduction of the thiol functionality. This prabh was eventually overcome by
using indium trichloride to activate a terminal 8t bond of an Fmoc-protected
alcohol for the introduction of the thiol. Once pted to the resin, this linker proved
to be robust enough for the synthesis of small igepthioesters. Other problems
surfaced which had to be solved in order to optntie strategy.

After deprotection of the thiol, it was discovertbat the thiol undergoes slow
oxidative disulfide formation if left under air fogxtended periods of time. This
process is accelerated incredibly when the ailushed through the resin as is often
the case in SPPS. Ellman’s test for the presencieeef thiols revealed that after
deprotection of the thiol and simple washing, theant of free thiols present in the
resin was dramatically decreased. The disulfides raducible, but require strong
reducing agents such as Red-Al to accomplish Wigs problem of oxidation was
solved simply with the use of dry solvents andteogen atmosphere for performing
the deprotection and subsequent coupling step.

Acylation of activated amino acids to thiols preded quickly in high yields

under normal conditions due to the excellent nyatdc nature of the thiol group.
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This nucleophilicity was lessened to a great extemén atert-butyl thiol was used
instead of a less-hindered thiol. This reduced trafc translated to lower first
acylation yields and poor results after peptidetisgsis. Removal of the competing
nucleophile, water, from the amino acid had a réwale effect on the yield. The
appropriate activation agent was also criticalhvgteparation of amino acid fluorides
giving the best yields. Finally, double couplingsficst 2 hours, then 20 hours gave
yields up to 90 % for the first acylation. In thmanner it became possible to
synthesize peptide bound resins in good to exdejietds. Cleavage of the peptides
from the resin could be accomplished following tdifferent routes. Either with

TFA, or by nucleophilic displacement which initialjave only problems.

Scheme 6-1
MMP
MMP linker —
loading
Cl —_—
- A Xo0-Q
2-CI-TrCl resin 3 PG

O
i. Deprotection o l -
ii. Fmoc SPPS Acidic Ac”| Peptide MMP

Cleavage
° o

o o e Q

Nucleophilic PG o}
Cleavage |
e sicHy;coone

The optimized conditions in order to release thptie thioesters from the
resin nucleophilically and a row of different theters with varying amino acids at the
C-terminus were synthesized. Thioesters were furdpplied in the NCL without
further purification. In this manner, thioestersrevsynthesized cleanly and in good
yields without trace of fail sequences, one cagyimetert-butyl linker, and the other
as the nucleophilically displaced thioester. Thenker could be activateith situ with
sodium thiophenolate in organic solvents to a meextive thioester in order to be
carried out in NCL reactions. Ultimately, the réadt of this linker was the synthesis
of larger peptide thioesters. Synthesis of a 15R@metratin peptide derivative in
excellent yields and purities confirmed the robasmof this methodology. It is still
being investigated whether racemization of the &mino acid can be reduced as well

as even further optimization of the first aminodacoupling to the solid support.
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Considering the robustness of the linker under ¢I88PS conditions, we
considered that this method would be an excell@mtisg point also for the synthesis
of other moieties including peptide thioacids. Tiiss the goal for the second part of
this dissertation. Thioacids are versatile molegubit to date no satisfying method
for their synthesis on the solid phase using Fmethodology has been reported.
Using the tert-butyl method protected thioacids were obtained hygleophilic
displacement with the R-eliminable thiol, 3-mercgpopionitrile. After total
deprotection with acid, the thioesters were obthirgid not require further
purification for following steps. It was found thdhese thioesters could be
deprotected to form the thioacidgssitu which could then further go on to react with
electron poor azides in the amidation ligation tieacin a one-pot 2 step synthesis.
The optimization of these reactions are still ongoilsolating the peptide thioacids
would forego the requirement to perform the follogiligation reaction in situ thus

improving yields and also reducing the number cfSilale side reactions.

Scheme 6-2
PG o i. Nucl. Displacement
| . ii. Deprotection O
Ac MMP—() Ac s>
l base
0 O\\S/P o O
Ac N \©\<—" azide Ac SH

one-pot reaction from the thioester! in situ
The final topic of this dissertation concerned tbgploration of the
thioacid/azide ligation reaction. The reaction Viiest described by Just in 1980, and
then used by Rosen in 1988 for the amidation ofa@giydes. After its rediscovery in
2003 by the group of Williams, it has gathered spag a new and powerful ligation
reaction. However, it is limited to a large extémtits requirement for electron poor
azides such as tosyl azides for the necessary $peéuk ligation. The introduction
of metal salts in the coupling of this reaction vervestigated starting with copper(l)
salts. Remarkably, with the test system that wasl,usopper(l) effected the almost

complete conversion of the thioacid and azide itite thioamide product. The
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preparation of thioamides has not been extensikggbprted in the literature. They
have found utility as intermediate building blodks a myriad of different chmical

transformations. Accordingly, it is important tovestigate new methods for their

synthesis.
Scheme 6-3
Oo.m
P
R™ s
0 | ” -N
Py M 0 Ns—R v 9 N -N,0
R” “SH s7|\N/
R™ ~S—-M R L
M' = Ag(l) or Cu(l)

The chemoselectivity of the reaction was even betteen silver(l) salts were
used. The results of the intial tests seemed ticanel that the metal salt is required to
chelate to the thiocarbonyl moiety acting as aquiitg group so that the oxygen can
be eliminated with two nitrogens of the azide a®ONSelectivity is shifted from
thioamide to a mixture of thioamide and amide amsas the electronic nature of the
azide and or thioacid is altered. The result i®arrequal formation of thioamide and
amide products. Nonetheless, this reaction wasdesith Fmoc-Phe-SH and could
be shown that under relatively optimized conditi¢ims thioamide could be obtained
with 50 % conversion in comparison to the amidedpod, obtained in around 30 %.

The reaction conditions for this ligation are asil currently being investigated.
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6.1. Outlook.

6.1.1. Continuing Application of the MMP Linker

The tert-butyl thiolinker has been shown to be a versdiidker for the
synthesis of peptide thioesters and acids. Thisiésto its stability but also because it
is smoothly cleavable by thio nucleophiles. Thishtéque may be further expanded
for the preparation of other moitieis for instaisedenoesters. Selenoesters are another
class of compound which have gained interest rgcesie to their enhanced
reactivity in the NCL. The ester could be prepamedn analogous fashion to the
nucleophilic displacement to the thioester. In gipte the only limiting factor should
be the preparation of the selenohydryl from itpeesive diselenide.

In this manner, the synthesis of telluro-carboxgad esters (tellurol esters)
should also be able to be realized. Synthesis liiréé esters are limited in
comparsion to thiol and selenol esters. This lddkestigation makes them possibly
an interesting class of molecules to investigateeyTcan be obtained classically by
transesterification of esters wittBu,AlTeBu™’? which implies that their synthesis

should also be possible using the MMP linker.

Scheme 6-4
'TG o) Nucleophilic 'TG o
- Displacement .
X=Se, Te

It was shown that it is possible to synthesizeabid peptidesn situ and then
to react them further in the thioacid/azide amulatieaction. In this elegant manner,
the amidation reaction can occur in a one-pot ®githfrom the thioester. Despite
this, there is still room for improvement regarditigs reaction. Isolation of the
thioacid in good yields would expand the numbedifferent transformations, the
thioacid peptide building block could take part in. order to better isolate the
thioacid peptide, it may be necessary to perforendthylcyano deprotection in an

excess of N£5 in an aqueous environment, thereby ensuringeragtrothiolysis.
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Nucleophilic displacement can also be extrapolatede same manner for the
synthesis of thioacid derivatives. For examplengigshe same methodology, it may
also be possible to prepare selenoacids using e lhker. The major difficulty to
overcome is the isolation of selenoacids due tar thrcreased reactivity over
thioacids. For instance, selenocarboxylic acids iammediately oxidized in air to
afford the corresponding diacyl selenidféd. Their ability to add to aryl isocyanates
to give the corresponding acyl carbamoyl! selefitfésnake them an interesting class
of compounds.

The final topic showed promising introductory résufor a new type of
transformation of thioacids and azides to yieldodimides. There is room for
improvement within this topic, first and foremostgroving the chemoselectivity for
the thioamide product over the amide product. Haetion can also be expanded and
with the thioamidation of different substrates (Stie 6-5).

Scheme 6-5
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One of the first possibilities to vary the subtraould be the implementation
of azido sugars for the production of glycothioaesid and peptide thioamide
glycosides (Scheme 6-5, A and B). Thioamides mag Ak used as precursors and
building blocks for subsequent reactions, for ins&ain the synthesis of different
thiazoles (Scheme 6-5, C) which has received isteeeently 17!

The methodology shown in this work has utilizeghiature of solid phase and
solution phase chemistry for the synthesis of plepthioesters and thioacids. These

thioesters and thioacids are building blocks fonuamber of established ligation
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methods. This research underscores the ever growtegest and importance for
different and new ligation chemical techniques.tik@emmore, the discovery of a new
ligation-type reaction gives a promising look irgossible future methods. As the
complexity of differing ligation techniques grows tmeet the complex biological
world, the greater will be the ability to answemwnand important questions regarding
protein function and chemistry.
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7. Experimental Part

7.1. General Procedures

Compounds were named according to their IUPAC rubesd are not always
numbered accordingly. All moisture sensitive reatsiwere performed in flame dried
Schlenck flasks or tubes and were carried out uadditrogen atmosphere which had
been dried over a silica gel rubigt®/CaC} drying column. The dry solvents DCM,
THF, DMF, toluene, diethylether, were obtained cargrally from Fluka, and
Aldrich as super-dry, stored over molecular sieaad were used without further
distillation. Other non-dry solvents were obtairfiesn Riedel de Haen, Acros, Bernd
Kraft GmbH, VWR and Aldrich. Acetonitrile for usa HPLC as well as MS analysis
was obtained from Fisher Scientific as HPLC gradethanol also for use in HPLC
as well as MS analysis was obtained as extra pBieC-grade from VWR. Water for
HPLC and MS was obtained through a Milli Q machimen the company Millipore.
Deuterated solvents for NMR measurements were reddatommercially either from
Deutero or Euriso-top. All other chemicals and ezdg were obtained commercially
from Sigma-Aldrich, Fluka, Riedel de Haen, AcroB@R, Bachem and Merck and
were used without further purification unless otise noted. Some compounds were

purified with Kugelrohr distillation using a Bic@ilass Oben B-585.

7.2. Instrumentation and analytical methods

7.2.1. Thin layer and column chromatography

TLC chromatographie was carred out with TLC silgal 60 kss on aluminium

sheets. Column chromatography was carried outredher silica gel 60 (0.04-0.06
mm) or aluminium oxide using glass columns of dieand 0, 20, 30, and 40 mm.
Compounds were visualized either spectroscopicll?54 nm or stained with the

following reagents:

Vanillin: 6 g vanillin in EtOH (250 mL) and conc.,80, (2.5 mL).
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Anisaldehyde: 6 g anisaldehyde in EtOH (250 mL) emc. HSO, (2.5 mL).
Permanganate: KMnQ(3 g), KCOs; (20 g), 5 % aqueous NaOH (5 ml) and water
(300 mL).

MoStain: Ce(IV)(SQ)2-4H0 (2 g), (NH)sM07024-4H0 (100 g), conc. 8O, (115
mL), 1885 mL HO

7.2.2. NMR spectroscopy

'H, *3C, DEPT, DQF-COSY, HMQC, HMBC, and TOCSY NMR expeents were
recorded on a Bruker AVANCE 300 MHz or 600 MHz mstents and chemical
shifts @) were measured in parts per million (ppm) relatieetetramethylsilane
(TMS).

7.2.3. UV/Vis and IR spectroscopy

Loadings of peptide resins as well as calibratidos colorimetric tests were
guantitatively determined using a Jasco V-550 U¥/sfiectrophotometer. For Fmoc-
determinations, samples of 2-3 mg of resin wereeddd a 10 mL volumetric flask
and measured exactly. To this, 20 % piperidine MiFDwas added to the calibration
line and allowed to stand for 45-60 minutes witlrcastonal swirling. From this
solution, approximately 300 pL were added to Hellgugprasil cuvettes with a path
length of 1 mm, a blank sample was prepared insdrae manner with only 20 %
piperidine in DMF.

For the Fmoc determinations, a wavelength ran@60f320 nm was used and
the Molar absorptivity coefficients were giveniat= 267 nma, = 289 nm and; =

301 nm and calculated using the following equation:

o mmol | _ 100000E,
g &, lweighedsamle)

x = resin loading

E,. = molar absorptivity value
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&, = molar absorptivity coefficients

weighedsample = the weighed resin in mg

For this analysis, the following molar absorptivityefficients were used:

g267= 17500 crit
€289 = 5800 CfﬁL
€301 = 7800 CfﬁL

For the trityl determination, a wavelength range&40-500 nm was used and
the Molar absorptivity coefficients were giveniat= 408 nm andi, = 430 nm and
calculated using the same equation as for the Famtermination. For the analysis,
the following molar absorptivity coefficients wensed*?

€408 = 37360 crit
€430 = 36400 crt

The loading of the samples was determined by auegdabe measured values at both

wavelengths.

Solid phase reactions were monitored by FTR-IR tspew®try of the resin using a
Bruker Tensor 27 FTR-IR equipped with a Pike MIRRIATR fitted with a ZnSe
crystal plate. Samples were measured between 4006%5 crit with 32 scans at a

resolution of 2 cni.

7.2.4. Kaiser Test

Solid phase reactions were monitored after cougnagected amino acids to primary
amines using the Kaiser test. The Kaiser testtissato determine the presence of
primary amines and thusly the extent to which #&ction has gone to completion.
For the Kaiser test, the following solutions wesedr

Solution I: 0.01 M KCN(aq) (2 mL) is diluted wittypdine (98 mL).
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Solution II: Ninhydrin (500 mg) is dissolved in B#310 mL).

A very small portion of the resin is taken (no mtran 20 resin particles are needed)
and added to a 1.5 mL eppendorf tube. To this,nfilL1of each of the solutions is
added and the suspension is heated to 110 °C %omékutes. The presence of blue
beads or a strong blue color of the solution ingisdhe presence of free amines.

7.2.5. Ellman’s Test

The procedure used was performed as described pyeKal'’” adapted from the
original literature from Ellmaf® A solution of 5,5"-dithiobis(2-nitrobenzoic acid)
(40 mg) in a NaPi buffer (pH = 8) (10 mL). To tés¢ presence of free thiols on the
resin, between 3 and 5 drops of the solution waeddo the resin beads swollen in
dioxane or THF. In our hands, the resin beadsetlira yellow-orange color

indicating the presence of free thiol groups onrésn.

7.2.5. Elemental Analysis

Elemental analysis was performed with a varioELmaetal analyser, Elementar

Analysensysteme GmbH.

7.2.6. Microwave supported synthesis

Microwave-supported syntheses were carried outBrotage Initiator with set power
programs. The scale of the reactions were carngdno2, 5, and 20 mL glass vials

fitted with crimped Teflon septa.

7.2.7. Liquid Chromatography Mass Spectrometry (LCMS)

LC-MS data were recorded on an Agilent 1100 secl@®matography workstation

(Agilent Technologies) equipped with a single qugdie mass spectrometer and
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electrospray ionization (ES). Eluents A (0.1 % TPAMillipore water), B (0.1 %
TFA in acetonitire), and C (0.1% TFA in MeOH) werged in a linear gradient (5-99

% B or C in 5 min or 30 min for preparative runs).

7.2.8. High Performance Liquid Chromatography (HPLC)

Peptides were purified either on a preparative HEbmn (10 pm, 250 x 20 mm,
Grom-SIL 300 ODS-5-ST RP-C18) or on a semiprepaatiPLC column (VP
250/10 Nucleodor 100-5 C18 ec Machery-Nagel) empbpyindividual gradients
derived from analytical runs (eluents A, B, and C).

7.2.9. Liquid Chromatography Mass Spectrometry Timeof Flight (LC-MS-TOF)

HRMS measurements were conducted with an AgilenPO6ESI-TOF mass
spectrometer. Eluents A (0.1 % TFA in Millipore egt B (0.1 % TFA in

acetonitire), and C (0.1% TFA in MeOH) were usea iimear gradient (5-99 % B or
Cin 2.5 min).
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7.3. Synthetic Procedures for the Synthesis of Pegé Thioesters

General protocol for tBoc-thioester synthesis for@ution stability tests:

@]
BocHN\_)J\SR

o

Method A: To a flame-dried round bottom Schlenck flask @lliend evacuated with
N, was added under a cross current gftBoc-AA-OH (3.77 mmol, 1 equiv). The
amino acid was dissolved in dry THF (5 mL) and QD672 g, 4.146 mmol, 1.1
equiv) was added in portions to the flask undemaszcurrent of N The thiol (11.31
mmol, 3 equiv) was then added and the reactionallewed to stir overnight at r.t.
The reaction was controlled via TLC using 100 % D@#leluent. Once the reaction
was determined finished, 4 N NaOH (10 mL) was adaiedl immediately extracted
with DCM (4 x 7 mL). The organic phases were thembined and dried over
MgSQO, the solvent removeih vacuoand purified over silica gel using 100 % DCM

as eluent to give the thioesters as white solidbHI9 % yield.

Method B: To a flame-dried round bottom Schlenck flask @liend evacuated with
N, was added the tBoc amino acid (1.0 mmol, 1 eqgamg) dissolved in dry DCM (6
mL). To this was added DMAP (0.1 mmol, 0.1 equinyl dhe thiol (1.05 mmol, 1.05
equiv) after which the reaction was cooled to 0DCC (1.05 mmol, 1.05 equiv) was
then added and the stirring solution was allowed@om to room temperature. After
3-18 hours, depending on the thiol, the precipaatieiol urea was then filtered
through a pad of celite and the filtrate evaporatednin situ. The residue was taken
up in DCM , washed twice with 0.5 N HCI, saturateédHCQO; solution, and dried
over MgSQ. The product was then purified via flash colummoahatography over

silica gel (18 cm) using DCM as eluent.
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S(Tert-butyl) (25)-2-[(tert-butoxycarbonyl)amino]-3-phenylpropanethioate (2)

z H\)?\J<
(O NI\ N
}!‘/ﬁ( D 3STEY
O 5
6
7 9

8

2

Usingmethod A, the product was obtained and obtained as a sblid in a 0.834 g
(66 %) yield.

'H-NMR: (300.1 MHz, CDG) & [ppm]: 1.40 (s, 9H, CH-1), 1.45 (s, 9H, CH-12),
2.96-3.16 (m, 2H, CH-5), 2.96-3.17 (m, 2H, CH-5/4644.60 (m, 1H, CH-4), 4.86-
5.01 (m, 1H, NH), 7.12-7.20 (m, 1H, CH-9), 7.213 (&, 2H, CH-8,9).

¥C-NMR: (75.5 MHz, CDGJ) & [ppm]: 28.2 (C-12), 29.6 (C-1), 38.8 (C-5), 48® (
11), 61.1 (C-4), 79.9 (C-11),126.9 (C-9), 128.47C4129.4 (C-8), 135.8 (C-6), 154.8
(C-10), 200.7 (C-2).

HRMS (ESI-TOF):m/z calcd for GgH2sNOsS, 338.1784 [M+H]. Found, 338.1786
[M+H] ™.

S-Isopropyl (29)-2-[(tert-butoxycarbonyl)amino]-3-phenylpropanethioate (5)

\{/0\1”9NQJ\

O 5
6
7 9
8
5

Usingmethod A, the product was obtained as a white solid i?d9.g (99 %) yield.

'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 1.28 (d,J = 6.73 Hz, 3H, CH, CH-1), 1.40
(s, 9H, CH-12), 2.96-3.18 (m, 2H, CH-5), 2.96-3(&¥, 2H, CH-5), 3.61 (septuplet,
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= 6.81 Hz, 1H, CH-2), 4.51-5.65 (m, 1H, CH-4), 5(@0J = 8.23 Hz, NH), 7.11-7.18
(m, 1H, CH-9), 7.19-7.32 (m, 2H, CH-8,9).

¥C-NMR: (75.5 MHz, CDG)) & [ppm]: 22.8 (C-1), 28.2 (C-11), 34.7 (C-2), 38 (

5), 61.0 (C-4), 80.2 (C-11),127.0 (C-9), 128.5 (¢129.3 (C-8), 135.8 (C-6), 155.0
(C-10), 200.9 (C-3).

HRMS (ESI-TOF):m/z calcd for G7H,6NOsS, 324.1628 [M+H]. Found, 324.1629
[M+H] ™.

S-Trityl (2 §)-2-[(tert-butoxycarbonyl)amino]-3-phenylpropanethioate (6)

Usingmethod B, the product was obtained from 1.0 mmol of tBoefH and 1.05
mmol of tritylthiol as a white solid in a 0.379 g2 %) yield.

'H-NMR: (300.1 MHz, CDG) 6 [ppm]: 1.40 (s, 9H, CH-15), 2.84-3.01 (m, 2H, CH-
8), 4.54-4.63 (m, 2H, CH-7), 4.77-4.82 (m, 1H, NBL96-7.04 (m, 2H, CH-10), 7.18-
7.31 (m, 18H, CH2-5,11-12).

¥C-NMR: (75.5 MHz, CDG)) & [ppm]: 28.3 (C-15), 37.9 (C-8), 61.0 (C-7), 703G (
1), 80.2 (C-14), 127.1 (Ar),127.7 (Ar), 128.5 (ALR9.5 (Ar), 129.8 (Ar), 135.6 (C-
9), 143.5 (C-2), 155.0 (C-13), 197.6 (C-6).

HRMS (ESI-TOF): m/z calcd for GsHisNNaG:S, 546.2073 [M+Nd] Found:
546.2061 [M+Nal.
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S-Ethyl (25)-2-[(tert-butoxycarbonyl)amino]-3-phenylpropanethioate (7)

O 5~
6
7 9

8

\]‘/0\1[% NQ&S A

7
Usingmethod A, the product was obtained as a white solid infQDg (68 %) yield.

1H-NMR: (300 MHz, CDGJ) & [ppm]: 1.23 (tJ = 7.44 Hz, 3H, CH, CH-1), 1.41 (s,
9h, CH-12), 2.87 (q) = 7.39 Hz, 2H, CH-2), 2.96-3.17 (m, 2H, CH-5), 4468 (m,
1H, CH-4), 4.93 (dJ = 8.23 Hz, NH), 7.13-7.19 (m, 1H, CH-9), 7.20-7.38, @H,
CH-8,9).

3C-NMR: (75.5 MHz, CDG) 6 [ppm]: 14.0 (C-1), 22.8 (C-2), 27.8 (C-12), 37® (
5), 60.6 (C-4), 79.8 (C-11),126.6 (C-9), 128.1 (CI28.9 (C-8), 135.3 (C-6), 154.6
(C-10), 200.6 (C-2).

HRMS (ESI-TOF):m/z calcd for GeH2aNOsS, 310.1471 [M+H]. Found: 310.1471
[M+H] "

S-Benzyl (25)-2-[(tert-butoxycarbonyl)amino]-3-phenylpropanethioate (8)

15 H O L
(@) 8: 3 5
9 4
10 12
11
8

The product was obtained usinggethod A as a white solid in a 1.101 g (79 %) yield.

'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 1.43 (s, 9H, CH-15), 3.05-3.21 (m, 2H, CH-
8), 4.05-4.16 (m, 2H, CH-1), 4.14-4.24 (m, 2H, CH-.63-4.74 (m, 1H, CH-7),
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4.91-5.01 (m, 1H, NH), 7.07-7.15 (m, 2H, CH-5,12)20-7.38 (m, 8H, CH-

3,4,10,11).

13C-NMR (75.5 MHz, CDGJ)  [ppm]: 28.2 (C-15), 33.2 (C-1), 38.3 (C-8), 60G (

7), 80.2 (C-14), 127.2 (Ar),128.5 (Ar), 128.9 (ALR9.3 (Ar), 135.5 (C-9), 137.1 (C-
2), 154.9 (C-13), 200.3 (C-6).

MS (ESI):m/zcalcd for GiH2sNOsS 394.1 [M+Na]. Found 394.1.

Methyl 2-(acetylthio)-2-methylpropanoate (12)
o 6 7
ASho,
! o)
12

To a stirring mixture of potassium thioacetate Q1¢). 66.3 mmol, 1 equiv) and DMF
(10 mL) in a round bottom 50 mL Schlenck flask exsted and filled with Bwas
added dropwise via canula, methydbromoisobutyrate (10.0 g, 7.148 mL, 55.2
mmol, 1 equiv). The reaction mixture was then stirrat 60 °C for 15 hours
whereupon it was quenched with® (25 mL). The product was extracted@&t4 x
25 mL). After removal of the solvent under redugedssure, and the pure product
was distilledvia kugel-rohr distillation between 120 and 150 °@.44 mbar to give a
yellow liquid in an 8.098 g (83 %) yield.

Rt 0.45 (4:1, Hex:EtOAC)

'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 1.57 (s, 6H, CH-6,7), 2.26 (s, 3H, CH-1),
3.72 (s, 3H, CH-4).

¥C-NMR: (75.5 MHz, CDG) & [ppm]: 25.9 (C-6,7), 30.1 (C-1), 51.2 (C-5), 5238

3), 174.2 (C-4), 194.9 (C-2).

2-Mercapto-2-methylpropan-1-ol (13)
5 6
HS>2</ OJ;'
3
1

13
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To a stirring mixture of LiAlH (0.883g, 0.0233 mmol, 2 equiv) and drg@&#{10 mL)

in a flame dried 3-neck round bottom flask fittedhaa condenser and flushed thrice
with N, was added under a cross-current ofdll 0 °C,12 (2.05¢g, 11.6 mmol, 1
equiv) in dry E2O (10 mL). The reaction mixture was allowed to mvaio room
temperature and stirred for 1.5 hours and checkadriC for completion of the
reaction. Upon completion, the reaction mixturesvgaienched with ¥0 and then
acidified with 30 mL of 10% HCI. The product wagracted with DCM (3 x 50 mL)
and the organic phases were collected and sucebssiashed with sat. NaHGO
H,O, and brine and dried over Mga0O The solvent was removed under reduced

pressure to give the title compound as a colodédss a 1.190 g (96 %) yield.

Rt 0.33 (4:1, Hex:EtOAC)

'H-NMR: (300.1 MHz, CDGJ) 5 [ppm]: 1.34 (s, 6H, CH-5,6), 1.62 (s, 1H, SH, H-1)
2.99 (br, 1H, OH), 3.42 (s, 2H, CH-3).

3C-NMR: (75.5 MHz, CDG) & [ppm]: 24.7 (C-5,6), 51.5 (C-2), 69.5 (C-3).

2-(Ethyldithio)-2-methylpropan-1-ol (14)

6 7
1os ></OH
ONg 73 5
2 4
14

To a solution of NaOH (0.075 g, 1.884 mmol, 2 eyjaivd potassium iodide (0.005 g,
0.028 mmol, 0.03 equiv) in 4@ (2 mL), was added ethanethiol (0.059 g, 0.07 mL,
0.942 mmol, 1.25 equiv) antB (0.08 g, 0.75 mmol, 1 equiv) at 0 °C. After stigi
for 1 hour, $ (0.239 g, 0.942 mmol, 1.25 equiv) was added inlispaations at room
temperature and allowed to stir for an addition&lors whereupon a deep red color
evolved signalling the completion of the reactidbhe reaction was allowed to stir for
an additional 10 minutes and then immediately ex#hwith EtO (3 x 10 mL). The
organic phases were collected and the solvent @asved under reduced pressure to
give the crude product as a reddish oil. Flashroalehromatography with hexanes
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and ethyl acetate (10:1) gave the title compoundnaamber oil in a 0.065 g (52 %)
yield.

Rs: 0.19 (10:1, Hex:EtOAc), stained with MoStain.

'H-NMR: (300.1 MHz, CDQ) & [ppm]: 1.30 (s, 6H, CH-6,7), 1.31 (,= 7.29 Hz
3H, CH-1), 1.93 (br, 1H, OH), 2.72 (= 7.43Hz, 2H, CH-2), 3.49 (s, 2H, CH-4).

¥C-NMR: (75.5 MHz, CDGJ) & [ppm]: 14.3 (C-1), 24.3 (C-6,7), 34.3 (C-2), 52&
3), 68.8 (C-4).

MS (ESI):m/zcalcd for GH140S 184.1 [M+H0]". Found 184.0.

2-Mercapto-2-methylpropan-1-ol disulfide (15)
3 4
1
H o/>2<5\ S>2'<1/IOH
3 4
15

15 was obtained from the same reaction and eluteld Mg@OH from the column as
described above. After removal of silica gel, thke tcompound was obtained as a
yellowish oil in a 0.022 g (22 %) yield.

'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 1.29 (s, 12H, CH-3, 4, 3', 4), 2.18 (biH2
OH) 3.47 (s, 4H, CH-1, 1)

2-(Ethyldithio)-2-methylpropan-1-ol-polystyrene-coplymer (17)

/\s—s></ o-Q
2-Cl-chlorotrityl
17

To a 5 mL microwave vial filled and evacuated wiNh was added under a slight
cross-current of B 2-cl-tritylchloride resin (0.300 g, 0.42 mmol §29 mmol/g), 1

equiv). The vial was then capped and evacuatedfited with N, once more, and
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then a solution ofil4 (0.284 g, 1.708 mmol, 4.06 equiv),3Nt(0.237 mL, 1.708
mmol, 4 equiv), DMAP (0.038 g, 0.315 mmol, 0.75 iefjin dry DCM (5 mL). The
reaction was allowed to stir 15 hours and thensteteby the addition of MeOH (0.8
mL/g) for 1 hour to cap any remaining free chloridactionalities. The resin was
then poured into a 5 mL syringe fitted with a paobypylene filter disc and washed
successively with DMF, THF, and DCM (5 x 5 mL).

Elemental analysis (Found (%)): S-Analysis: 1.07@hding = 0.17 mmol/g (11 %).

Methyl 2-mercapto-2-methylpropanoate (20)

5 6
3.0
550
4
1 0
20

To a stirring solution ofi2 (0.881g, 5.0 mmol, 1 equiv) in dry MeOH (30 mL)an

flame dried 100 mL round bottom flask flushed andamated with B was added

under a cross current of;Na solution of sodium thiomethoxide (0.350g, 5 mmo

equiv) in dry MeOH (5 mL). The reaction was stirradroom temperature for 30
minutes and monitored via TLC using Hex:EtOAc (30:Wpon completion, the
reaction was quenched with 0.1 M HCI (20 mL) antramted with DCM (3 x 25

mL). The organic phases were collected and washid vine and dried over
MgSQ,. After removal of the solvent under reduced pressilne title compound was
obtained as a pure yellowish oil in a 0.609 g (91y#éld.

'H-NMR: (300.1 MHz, CDGJ) 6 [ppm]: 1.58 (s, 6H, CH-5,6), 2.43 (s, 1H, H-1) 3.7
(s, 3H, CH-4).

3C-NMR: (75.5 MHz, CDG)) & [ppm]: 29.0 (C-5,6), 44.7 (C-2), 52.6 (C-4), 175.4
(C-5).
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Methyl 2-[(9H-fluoren-9-ylmethyl)thio]-2-methylpropanoate (21)

To a stirring solution oR0 (0.5g, 3.726 mmol, 1 equiv) in dry DCM (20 mL) an
flame dried round bottom flask filled and evacuatgth N, was added in one portion
Fmoc-Osu (1.37g, 4.06 mmol, 1.09 equiv) under a<iurrent of M followed by
EtsN (0.4g, 0.551 mL, 3.95 mmol, 1.06 equiv) and akowvto stir at room temperature
for 4 hours. The reaction was controlled via TLQ aqpon completion the volatiles
were removed under reduced pressure. The crudwaslthen purified via flash
column chromatography using Hex:EtOAc (30:1) ageiuo give the title compound
24 as a yellow oil in a 0.804 g (69 %) yield.

Rt 0.38 (10:1, Hex:EtOAc)

'H-NMR: (300.1 MHz, CDGJ) 5 [ppm]: 1.52 (s, 6H, CH-18,19), 3.14 (#l= 6.71 Hz,
2H, CH-14), 3.65 (s, 3H, CH-17), 4.04 {t= 6.72 Hz, 1 H, CH-13), 7.29-7.43 (m,
4H, CH-9,10,3,4), 7.65-7.68 (m, 2H, CH-11,2), 77214 (m, 2H, CH-8,5).

¥C-NMR: (75.5 MHz, CDGJ) & [ppm]: 25.8 (C-18,19), 33.7 (C-14), 46.9 (C-13),
47.1 (C-15), 52.4 (C-17), 120.0 (C-5,8), 127.5 (€63, 127.1 (C-4,9), 127.7 (C-
2,11), 141.0 (C-1,12), 146.1 (C-6,7), 174.5 (C-16).

MS (ESI): m/z calcd for GgH200,S 313.1 [M+H]. Found 313.0, 330.1 [M+HO]",
335.2 [M+Nal].

Rt 10.41 min (linear gradient 1-99% C, 12 min, 99%0€3 min.)
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2-[(9H-Fluoren-9-ylmethyl)thio]-2-methylpropan-1-ol (22)

To a 0° C cooled suspension a suspension of LjA-D14g, 0.359 mmol, 1.1equiv)
in dry THF (1 mL) in a 2 neck round bottom flaskuggped with a reflux condenser
and N valve which had been flame dried and evacuatedibed with N,, was added
dropwise a solution a24 in dry THF (3.5 mL). The reaction mixture was alkd to
stir for 1.5 hours and checked periodically for gdetionvia TLC after which 10 %
HCl (3 mL) was slowly added at O °C to quench tlaction. The quenched
suspension was allowed to stir for an additionabdr after which the slurry was then
extracted with DCM (3 x 10 mL). The organic phasese collected and washed with
H,O and brine and finally dried over MgaOThe solvent was removed under

reduced pressure to afford a light yellow oil i6.872 g (77 %) yield.

'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 1.25 (s, 6H, CH-18,19), 2.09 (br, 1H, OH),
3.02 (d,J = 6.1 Hz, 2H, CH-14), 3.34 (s, 2H, CH-16), 4.10J(t 6.11 Hz,1H, CH-
13), 7.29-7.43 (m, 4H, CH-9,10,3,4), 7.65-7.70 A, CH-11,2), 7.73-7-78 (m, 2H,
CH-8,5).

3C-NMR: (75.5 MHz, CDG) & [ppm]:

MS (ESI): m/z calcd for GgH,0OS 285.1 [M+H]. Found 285.1, 307.0 [M+N§]
323.2 [M+KT".

R:: 9.07 min (linear gradient 1-99% C, 12 min, 99%0€3 min.)
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Methyl 2-methyl-2-(tritylthio)propanoate (24)

9 10
8

24

To a stirring suspension of triphenyl methane tifibb19 g, 9.11 mmol, 1.1 equiv)
and potassiurtert-butoxide (1.022 g, 9.11, 1.1 equiv) in dry THF ¢hE) in a 20 mL
microwave vial was added methytbromoisobutyrate (1.50 g, 1.072 mL, 8.285
mmol, 1 equiv) and capped. The reaction vesseltheas irradiated in a microwave
oven reactor to 130 °C for 30 minutes upon whiach pinoduct was extracted with
DCM (3 x 10mL) and washed successively with J8H H,O, and brine. After
removal of the solvent under reduced pressureptbduct was purified via flash
column chromatography to give the title compounch aghite solid in a 3.119 g (99
%) yield.

Rf: 0.34 (10:1, Hex:EtOAc)

'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 1.26 (s, 6H, CH-9,10), 3.34 (s, 3H, CH-8),
7.09-7.30 (m, 9H, CH-1,2), 7.49-7.57 (m, 6H, CH-3).

¥C-NMR: (75.5 MHz, CDG) & [ppm]: 26.8 (C-9,10), 54.3 (C-6), 67.4 (C-5), 68.7
(C-1), 126.6 (C-1), 127.7 (C-2), 129.7 (C-3), 148°04).

MS (ESI):m/zcalcd for G4H240S 399.1 [M+Na]. Found 399.1, 415.0 [M+K]

R:: 11.21 min (linear gradient 1-99% C, 12 min, 99%0€C3 min.)

2-Methyl-2-(tritylthio)propan-1-ol (25)

9 10
45 ></OH

2 3

25
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To a suspension of LIAIH(0.064 g, 1.689 mmol, 1.1 equiv) in dry THF (10 )b a
flame dried 3-neck flask equipped with reflux consler and septen, filled and
evacuated with )y was added under a cross-current gf2d (0.578 g, 1.535 mmol, 1
equiv) in dry THF (5 mL) and stirred at room tengieare for 1 hour during which
time the color of the suspension turned to brigktoyv/green. Upon completion the
reaction was quenched with® (10 mL) and then extracted with DCM (4 x 25 mL).
The organic phases were collected and then waskhex@ssively with NECI (sat),
H,0, brine and then dried over Mg&Orhe solvent was removed under reduced
pressure to yield an off-white solid in a 0.4488§ 06) yield.

'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 1.14 (s, 6H, CH-9,10), 1.99 (br, 1H, OH-8),
2.40 (s, 2H, CH-7), 7.19-7.33 (m, 9H, CH-1,2), 7830 (m, 6H, CH-3).

¥C-NMR: (75.5 MHz, CDG) & [ppm]: 26.8 (C-9,10), 54.3 (C-6), 67.4 (C-5), 68.7
(C-7), 126.6 (C-1), 127.7 (C-2), 129.7 (C-3), 148°04).

MS (ESI):m/zcalcd for GsH240S 371.1 [M+Na]. Found 371.1, 387.1 [M+K]

R:: 5.05 (linear gradient 1-99% C, 12 min, 99% C3anin.)

2-Methyl-2-(tritylthio)propan-1-ol-polystyrene copolymer (26)

9 10

2 3 merrifield
O resin

26

To a suspension of sodium hydride (0.060 g of &®60ispersion in mineral oil, 1.5
mmol, 3 equiv) in dry THF (1.5 mL) at O °C in anaguated 5 mL microwave vial
filled with N, was addedia canula a solution d25 (0.523 g, 1.5 mmol, 3 equiv) in
dry THF (3.5 mL) and stirred for 15 minutes at 0 4ad then allowed to warm to
room temperature. After stirring for 1 hour at rotemperature, the chloro-Merrifield
copolymer resin (0.319 g, 0.5 mmol, 1 equiv) wadeallin portions and the mixture
was then heated to 70 °C for 48 hours. The reactias then arrested with the

addition of MeOH (0.255 mL, 0.8 mL/g) and stirremt fan additional 2 hours. The
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resin was finally washed with DMF, THF, and DCMX% mL per solvent), shrunk
with MeOH (5 x 5 mL) and washed a final time witb@& (5 x 5 mL) and dried under
high vacuum.

ATR-IR: v = 3025, 2922, 1782, 1679, 1601, 1492, 1452, 13219, 1169, 1140,
1028, 906, 819, 756 ch

Elemental analysis (Found (%)): S-Analysis: 2.943ading = 0.918 mmol/g (87 %).
UV-Vis absorption maxima of trityl cation upon aicdreatment (1:1, DCM:TFA,
300 pL):A =408 nmp, = 430 nm.

Trityl determination:

For the calibration of the the triphenylmethyl oatiin sulfuric acid, triphenyl
methanethiol (3.15 mg) was taken and dissolve@ntentrated sulfuric acid (25 mL)
and allowed to stand for 3.5 hours. After this titee solution was diluted four times
to give concentrations of: 0.126, 0.0063, 0.0034/d 0.001575 mg/ mL. These
varying concentrations gave the following absorleanalues (respectively, in OD):
0.1546, 0.0816, 0.0468, 0.0220. These data were fitied and gave a linear
relationship as shown in Figure 7-1, A. From tha&ad it was determined that the
absorption of the trityl cation of triphenylmethémel could be applied to the
Lambert-Beer relationship previously described.

The calibration of the triphenyl methyl cationDM/TFA was conducted in
a similar fashion. Triphenyl methanethiol (7.99 mgjs dissolved in a 1:1 mixture of
DCM and TFA (25 mL total) to give a concentratidrOd3196 mg/mL). This solution
was diluted to give concentrations of: 140.6, 7@3,15, 28.12, 14.06, 7.03, 3.515
pg/mL. These varying concentrations gave the fahgw absorbance values
(respectively, in OD): 2.2756, 1.1969, 0.6134, 69180.2602, 0.1552, 0.0933. This
data was then plotted and gave a linear relatipni&ii all concentrations as can be

seen in Figure 7-1, B

142



7. Experimental Part

(A)
Photometric calibration of triphenylmethyl
cation with H2S04
0.2
015
a 0.0065
o
o Ot 08
<
0.05
0
0 5 10 15
conc (ug/mL)
(B)

Photometric calibration of triphenylmethyl cation w ith
TFAIDCM

y =0.016x + 0.0439
R? = 0.9996

0 50 100 150

Conc (ug/mL)

Figure 7-1. Photometric calibration of the triphenylmethyl catifrom triphenylmethane
thiol in (A)concentrated 80O, and(B) TFA/DCM.
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Benzyl 2-methyl-2-(tritylthio)propyl ether (34)

O 3w le
1 4 S>6</O 5 11
7 8 10
2 3 O

To a suspension of sodium hydride (0.202 g of &®@ispersion in mineral oil, 5.06

34

mmol, 1.1 equiv) in dry THF (5 mL), in a flame d#i®0 mL round bottom Schlenck
flask equipped with a reflux condenser and evacuatal filled with N, was slowly
added at 0 °@5in dry THF (10 mL). The reaction was stirred &@®for 30 minutes
and warmed to room temperature for 15 minutes tichwhenzyl bromide (0.826 g,
0.574 mL, 4.83 mmol, 1.05 equiv) and tetrabtuylamimm iodide (0.17 g, 0.46
mmol, 0.1 equiv) were added and the reaction wtgxexl for 17 hours. Water (10
mL) was added slowly and the reaction was dilutéd ®CM (10 mL). The aqueous
layer was extracted with DCM (3 x 15 mL), the condd organic layers were washed
with water (20 mL), brine (20 mL), and finally ddever MgSQ. After removal of
the solvent under reduced pressure, the crude prodas precipitated from hexanes
in EtOAc (30:1) and filtered over a short silicd gelumn with DCM to yield the title
compound as a white solid in a 1.738 g (86 %) yield

'H-NMR: (300.1 MHz, CDGJ)  [ppm]: 1.08 (s, 6H, CH-9,10), 2.79 (s, 2H, CH-7),
4.33 (s, 2H, CH-8), 7.16-7.39 (m, 14H, CH-1,2,1012}, 7.59-7.70 (m, 6H, CH-1).
¥C-NMR: (75.5 MHz, CDGJ) & [ppm]: 26.6 (C-9,10), 51.4 (C-6), 67.5 (C-5), 72.9
(C-8), 78.1 (C-4), 126.3 (C-13), 127.2 (C-10), B{C-11), 127.4 (C-12), 128.1 (C-
12), 130.0 (C-11).

MS (ESI):m/zcalcd for GoHzOS 461.2 [M+Na]. Found 461.2, 477.2 [M+K]

Rt 13.09 (linear gradient 1-99% C, 12 min, 99% C3anin.)
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Bis[2-(benzyloxy)-1,1-dimethylethyl] disulfide (35)

8 9 7
543 Zis M o
6' ~ 6
7 g 9

35

To a flame dried round bottom Schlenck flask eveeaiand filled with nitrogen was
added34 (1.316 g, 3.0 mmol, 1 equiv). To this was addegbégolumes of DCM and
TFA (10 mL, 10 mL) and ESiH slowly at 0 °C. The color of the solution ag tstart
of the reaction was orange and rapidly became lesiar The reaction was allowed to
stir for 1 hour and monitored via TLC. After comida, the reaction was quenched
with NaHCGQ; and water. After washing twice with NaHgQvater, and then brine,
the DCM was removed under reduced pressure. Masteoproduct was determined

to be the disulfide, and remaining free thiol rdyiakidized to the disulfide under air.

MS (ESI):m/zcalcd for GoH3005S, 391.2 [M+HT. Found 391.4, 413.4 [M+N&]
R:: 3.99 (linear gradient 1-99% C, 12 min, 99% C3anin.)

Benzyl 3-methylbut-2-enyl ether-polystyrene copolyrmr

Y\/O\/O
Merrifield

To a 5 mL microwave vial equipped with a stir bad avacuated and filled with,N
was added under a slight cross-current gf@-Merrifield resin (0.20 g, 0.296 mmol,
1 equiv) and sodium hydride (0.036 g, 1.481 mmoledhiv). A solution of 3-
Methylbut-2-en-1-ol (0.128 g, 1.481 mmol, 5 equin)dry THF (2 mL), was then
slowly added and the vial was capped and fitteth wit\, balloon. The reaction was
then heated to 80 °C and slowly stirred overnid@hie reaction was arrested with the
addition of MeOH (0.8 mL/g) for one hour and wasrtHiltered into a 5 mL syringe
fitted with a polypropylene filter disc. The resimas finally washed with DMF, THF,
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and DCM (5 x 5 mL per solvent), shrunk with MeOHX(® mL) and washed a final
time with E4O (5 x 5 mL) and dried under high vacuum.

Fmoc-Phe-carboxymethyl polystyrene-copolymer

0]
FmocHN_JJ\O/\O

\Z : merrifield

To a suspension of the Benzyl 3-methylbut-2-enlyeepolystyrene copolymer (0.50
g, 0.784 mmol, 1 equiv) in dry DCE (5 mL) in a glasbe under inert conditinos at
room temperature was added 1n@0.13 g, 0.59 mmol, 0.75 equiv) followed by
dropwise addition thioacetic acid (0.298 g, 3.92ahrb equiv). The tube was capped
and a nitrogen balloon was attached and the reautas heated to 80 °C for 22 h.
After the reaction was finished, resin was washéatd ®WMF, THF, and DCM (5 x 5
mL per solvent), shrunk with MeOH (5 x 5 mL) andsiad a final time with O (5
x 5 mL) and dried under high vacuum.

The acetyl protecting group was then removed Wittirazine acetate (0.217
g, 2.352 mmol, 3 equiv) in DMF (5 mL) and reacted 90 minutes at 60 °C. After
cooling to room temperature, the resin was briefhshed as previously described
and a solution of the activated phenylalanine ®.450.392 mmol, 5 equiv) with
BTFFH (0.124 g, 0.392 mmol, 5 equiv) and DIPEA &¥.1mL, 0.784 mmol, 10
equiv) in DMF (2 mL) was added. The reaction wantehaken for 24 hours at room
temperature, filtered and then washed as previalesdgribed.

Fmoc determination: 0.63 mmol/g (expected 1.063 ffghe 59 % vyield.

Benzyl 3-methylbut-2-enyl ether (45)
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To a suspension of sodium hydride (0.153 g of &&dispersion in mineral oil, 6.386
mmol, 1.1 equiv) in dry THF (10 mL), in a flame elili25 mL round bottom Schlenck
flask equipped with a reflux condenser and evacuatel filled with N, was slowly
added at 0 °C, 3-Methyl-2-buten-1-ol (0.50 g, 0.B8l1, 5.805 mmol, 1 equiv). The
reaction was stirred for 40 minutes and then behzgmide (1.042 g, 0.725 mL,
6.095 mmol, 1.05 equiv) and tetrabtuylammoniumded{0.214 g, 0.581 mmol, 0.1
equiv) were added and the reaction was refluxedl8hours. Water (5 mL) was
added slowly and the reaction was diluted witfOEf10 mL). The aqueous layer was
extracted with BEO (3 x 20 mL), the combined organic layers were hedswith
water (20 mL), brine (20 mL), and finally dried oM&gSQ,. After removal of the
solvent under reduced pressure, the product waseplvia column chromatography
using hexanes and EtOAc (25:1) as eluent to gigelarless oil in 0.602 g (59 %)
yield.

Rr = 0.22 (25:1, Hex:EtOAC).

'H-NMR: (300.1 MHz, CDG)) & [ppm]: 1.65 (s, 3H, CH-1), 1.75 (s, 3H, CH-293.
(d,J = 7.33 Hz, 2H, CH-5), 4.49 (s, 2H, CH-6), 5.400(% 7.33 Hz, 1H, CH-4), 7.22-
7.39 (m, 6H, CH-8-10).

¥C-NMR: (75.5 MHz, CDGJ) & [ppm]: 18.0 (C-1), 25.7 (C-2), 66.5 (C-5), 72.0-(C
6), 121.1 (C-4), 127.4 (C-10), 127.7 (C-8), 12&39), 137.1 (C-3), 138.6 (C-7).

Benzyl acetate (47)

,_\
N
O
w
o

TS

To a solution o5 (0.20 g, 1.135 mmol, 1 equiv) in dry DCE (3 mL)arilame dried
10 mL Schlenck flask evacuated and filled with) Was added in one portion under a
cross- current of indiumtrichloride (0.013 g, 0.06¥nol, 5 mol %) followed by
dropwise addition of thioacetic acid (0.095 g, ®@8L, 1.248 mmol, 1.1 equiv) and
allowed to stir at 80 °C for 20 hours. After contpleeonversion of the starting
material, the reaction was quenched with 1M HCmn(5 and extracted with ED (3
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x 10 mL). The organic phases were collected andheasvith sat. Ag. NaHC£and
dried over MgS@ After removal of the solvent under reduced presstine product
was purified via flash column chromatography usihexane:EtOAc (60:1) to give
benzyl acetate as the sole product in 0.18 g (9%iétd.

ATR-IR: v = 1739 (C=0), 1689, 1633 ¢

'H-NMR: (300.1 MHz, CDG) & [ppm]: 2.10 (s, 3H, CH-1), 5.10 (s, 2H, CH-3),
7.33-7.37 (m, 5H, CH-5-7).

3C-NMR: (75.5 MHz, CDGJ) & [ppm]: 20.5 (C-1), 65.8 (C-3), 127.8 (Ar), 128.1
(Ar), 128.5 (Ar), 135.5 (C-4), 170.4 (C-2).

The physical data are in agreement with the liteeavalues'"®

4-Methylpent-3-enyl acetate (51)

To a neat solution of 4-Methyl-3-penten-1-ol (0.2)®.233 mL, 2.0 mmol, 1 equiv)
in acetic anhydride (0.952 mL, 10.0 mmol, 5 equwiids added LiOTf (0.062 g, 0.4
mmol, 0.2 equiv) and the reaction was allowed itol& hours. After the reaction was
complete, water was added (25 mL), and the prodastextracted with DCM (2 x 30
mL). The organic phases were collected and themedhwith NaHCQ (2 x 25 mL)
and once with water (15 mL) and then dried over MgSAfter removal of the
solvent under reduced pressure, the product wadfigourvia flash column
chromatography using 20:1 hexanes and EtOAc (20:f@)ve51 as a colorless oil in
a 0.218 g (77 %) yield.

Boiling point: 170-180 °C (0.1 Mbar)
Rt = 0.57 (Hex: EtOAc, 10:1)
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'H-NMR: (300.1 MHz, CDG) & [ppm]: 1.62 (s, 3H, CH-1). 1.70 (s, 3H, CH-2),2.0
(s, 3H, CH-8), 2.30 (dd] = 7.24 Hz, 2H, CH-5), 4.01 (§ = 7.26 Hz, 2H, CH-6),
5.09 (t,J = 7.26 Hz, 1H, CH-4).

3C-NMR: (75.5 MHz, CDG)) & [ppm]: 17.9 (C-1), 21.1 (C-8), 25.8 (C-2), 27.7-(C
5), 64.3 (C-6), 119.4 (C-4), 134.7 (C-3), 171.32C-

4-(Acetylthio)-4-methylpentyl acetate (52)

0910

To a suspension &1 (0.151 g, 1.06 mmol, 1 equiv) and 13@0.012 g, 0.053 mmol,
5 mol %) in dry DCE (3 mL) in a flame-dried 25 maund bottom Schlenck flask
equipped with a reflux condenser and evacuatedibed with N, was added under a
cross-current of B thioacetic acid (0.089 g, 0.083 mL, 1.168 mmal, équiv). The
reaction was then heated to 80 °C for 1.5 hoursthed quenched with 1M HCI (5
mL) and extracted with &D (3 x 10 mL). The organic phases were collectetitaan
washed with NaHC® (15 mL) and then dried over Mg3QAfter removal of the
solvent under reduced pressure, the product was pheified via flash column
chromatography using silica gel and hexanes and&{Q0:1) as eluent to afforsl

as a light yellow oil in 0.131 g, (57 %) yield.

R = 0.19 (Hex:EtOAc, 10:1)

ATR-IR: v = 1738 (C=0), 1683 (thio C=0), 1636, 1534, 147451, 1388, 1365,
1239, 1112, 1063, 1038, 946, 639tm

'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 1.41 (s, 6H, CH-9,10), 1.61-1.71 (m, 2H,
CH-5), 1.73-1.82 (m, 2H, CH-4), 2.02 (s, 3H, CH-8R1 (s, 3H, CH-1), 4.02 (,=
6.54 Hz, 2H, CH-6).

¥C-NMR: (75.5 MHz, CDGJ)  [ppm]: 21.1 (C-8), 24.4 (C-5), 27.7 (C-9,10), 31.5
(C-1), 37.5(C-4), 51.3 (C-3), 64.6 (C-6), 171.21)>196.6 (C-2).
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9H-Fluoren-9ylmethyl 4-methylpent-3-enyl carbonatg55)

55

To a round bottom flask containing Fmoc-chloride/€8 g, 3.08 mmol, 1.2 equiv)
was added pyridine (25 mL, 0.31 mole) and stirredoam temperature. To this
stirring suspension was added 4-methylpent-3-eh{0-857 g, 2.57 mmol, 1 equiv)
via canula. The resulting mixture was stirred fore chour and controlled via TLC
(Hex:EtOAc, 10:1). The stirring mixture was querthsith H,O (20 mL) upon
completion of the reaction, and then extracted WHO (3 x 20 mL). The organic
phases were collected and then washed sequentihyNH,CO; and brine. After
removal of the solvenh vacuothe crude material was purified over silica gél ¢in)
with Hex:EtOAc (40:1) to yield a colorless &b (0.817 g, 99 % yield).

'H-NMR: (300.1 MHz, CDGJ) 6 [ppm]: 1.69 (s, 3H, CH, CH-1), 1.76 (s, 3H, CH,
CH-2), 2.44 (gJ = 7.16, 2H, CH-5), 4.19 (] = 7.17, 2H, CH-6), 4.30 (1] = 7.38,
1H, CH-9), 4.44 (dJ = 7.16, 2H, CH-8), 5.13-5.23 (m, 1H, CH-4), 7.33J(t 7.45,
2H, CH-19,12), 7.42 (1) = 7.43, 2H, CH-18,13), 7.65 (d,= 7.51, 2H, CH-11,20),
7.79, (dJ=7.51, 2H, CH-17,14).

3C-NMR (75.5 MHz, CDGJ) & [ppm]: 17.9 (C-2), 25.8 (C-1), 27.8 (C-5), 46.99%;
67.8 (C-6), 69.8 (C-8), 118.7 (C-4), 120.2 (C-13,1725.3 (C-11,20), 127.3 (C-
12,19), 128.0 (C-13,18), 135.2 (C-3), 141.4 (C-65,143.6 (C-10,21), 155.4 (C-7).
ESI-MS:m/zcalcd for GiH2:03Na, 345.1 [M+Na]. Found 345.1 [M+Nd]

R; 3.99 min (linear gradient 5 to 99% C, 2.5 min%9%or 3 min).
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S-(4-{[9H-Fluoren-9-ylmethoxy)carbonylJoxy}-1,1-dimethylbutyl) ethanethioate
(56)

56

To a nitrogen purged, flame-dried, round bottomI&akflask equipped with a reflux
condensor was added In(0.051 g, 0.23 mmol, 15 mol %) under a cross-curo¢
nitrogen. To thisb5 (0.50 g, 1.55 mmol, 1 equiv) in dry DCE (5 mL) wadded in
one portion followed by thioacetic acid (0.121 ndL171 mmol, 1.1 equiv) dropwise.
The mixture was then heated to 80 °C and stirrad1id h. The reaction was
controlled via TLC (Hex:EA, 10:1) and upon compdetivas quenched with 1M HCI
(6 mL) and extracted with D (3 x 7 mL). The organic layers were collected and
washed with NaHC®and then dried over MgSOAfter removal of the solvenh
vacuothe crude product was purified over silica gel ¢b®) with Hex:EtOAc (30:1)

to give56 (0.462 g, 75 % vyield) as an amber colored oil.

'H-NMR: (300 MHz, CDC}) & [ppm]: 1.44 (s, 6H, CH-4,5), 1.82-1.73 (m, 2H, CH-
6,7), 1.92-1.83 (m, 2H, CH-6,7), 2.23 (s, 3H, CH416 (t,J = 6.50 Hz, 2H, CH-8),
4.28 (t,J=7.38 Hz, 1H, CH-11), 4.40 (d,= 7.51, 2H, CH-10), 7.32 (§,= 7.37 Hz,
2H, CH-21,14), 7.40 ({) = 7.37 Hz, 2H, CH-20,15), 7.62 (d,= 7.51 Hz, 2H, CH-
22,13), 7.76 (dJ = 7.51 Hz, 2H, CH-19,16).

¥C-NMR (75.5 MHz, CDG)) 6 [ppm]: 24.6 (C-6 or 7), 27.7 (C-3,4), 31.6 (C-37.3
(C-6 or 7), 46.9 (C-11), 51.2 (C-5), 68.3 (C-8),%9C-10), 120.2 (C-19,16), 125.3
(C-22,13), 127.3 (C-21,14), 128.0 (C-20,15), 14€417,18), 143.6 (C-12,23), 155.3
(C-9), 196.6 (C-2).

MS (ESI):m/zcalcd for GsH2604, 421.1 [M+Na]. Found 421.0 [M+N4d]

R: 4.01 min (linear gradient 5 to 99% C, 2.5 min%8%or 3 min).
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S-(4-Hydroxy-1,1-dimethylbutyl) ethanethioate (57)

iAo
57

To a solution 066 (0.200 g, 0.502 mmol, 1 equiv) in dry pyridinenf®) was added

EtN (0.696 mL, 5.02 mmol, 10 equiv). The reaction tmig was then stirred for 2
hours and controlled via TLC (Hex:EtOAc, 5:1) usiag anisaldehyde or vanillin
solution to develop the TLC plates. After complatiof the reaction, the solvents
were removed under reduced pressure and the crasi@wrified over silica gel (18

cm) Hex:EtOAc (2:1) to give a colorless bif (0.088 g, quantitative yield).

'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 1.42 (s, 6H, CH-4,5), 1.57-1.65 (m, 2H, CH-
7), 1.76-1.82 (m, 2H, CH-6), 2.21 (s, 3H, CH-151B(t,J = 6.47 Hz, 2H, CH-8).
¥C-NMR (75.5 MHz, CDGJ) 6 [ppm]: 27.7 (C-4,5), 28.3, (C-7), 31.6 (C-1), 31®

6), 51.5 (C-3), 63.1 (C-8), 197.0 (C-2).

MS (ESI): m/z calcd for GsHy604, 177.1 [M+H]. Found 177.1 [M+H], 199.2
[M+Na]".

Rt 2.53 min (linear gradient 5 to 99% C, 2.5 min%9%or 3 min).

Benzyl 4-methylpent-3-enyl ether-polystyrene copoiyer (58)

WO/\O

Merrifield
58

To a 20 mL microwave vial equipped with a stir bad evacuated and filled withpN
was added under a slight cross-current gf ¢hloro-Merrifield resin (1.594 g, 2.5
mmol, 1 equiv) and sodium hydride (0.20 g, 5 mnilequiv). A solution of 4-
Methyl-3-penten-1-ol (0.50 g, 0.582 mL, 5.0 mmoleQuiv) in dry THF (15 mL),
was then slowly added and the vial was capped #atadi fwith a N balloon. The
reaction was then heated to 70 °C and slowly stioeernight. The reaction was
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arrested with the addition of MeOH (0.8 mL/g) farechour and was then filtered into
a 5 mL syringe fitted with a polypropylene filteisd. The resin was finally washed
with DMF, THF, and DCM (5 x 5 mL per solvent), shkuwith MeOH (5 x 5 mL)
and washed a final time with & (5 x 5 mL) and dried under high vacuum.

ATR-IR: v = 3025, 2920, 1601, 1510, 1492, 1451, 1093, 1008, 820, 756, 697,
536 cm'.

S-Benzyl ethanethioate-polystyrene copolymer (59)

0]
)J\S/\O
Merrifield
59

To a suspension of the re$8 (0.319 g, 0.5 mmol, 1 equiv) in dry DCE (4 mL)an
purged 20 mL glass vial with a stir bar, was addeder a slight cross current og,N
indium trichloride (0.083 g, 0.375 mmol, 0.75 equiging dry DCE (1 mL) to wash.
Thioacetic acid (0.190 g, 0.178 mL, 2.5 mmol, 5 iepgwas then added to this
mixture and the reaction mixture was slowly stireeti heated to 80 °C overnight.
After 18 hours, the resin was filtered into a 5 syringe fitted with a polypropylene
filter disc. After washing the resin with DMF, TH&nd DCM (5 x 5 mL per solvent),
the resin was then shrunk with MeOH (5 x 5 mL) arathed a final time with ED

(5 x 5 mL) and dried under high vacuum.
ATR-IR: v = 3025, 2921, 1690 (thioester C=0),1601, 1513214451, 1352, 1131,

1028, 956, 839, 756, 696, 624.
Elemental analysis (Found (%)): S-Analysis: 5.09fading = 1.589 mmol/g (95 %).
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Mercaptomethyl-polystyrene-copolymer (60)

HS/\O

Merrifield
60

In a glass tube equipped with a stir bar was addsith59 (0.126 g, 0.198 mmol, 1

equiv) and hydrazine acetate (0.055 g, 0.593 m&efuiv). The glass tube was then
capped and successively evacuated and filled ititbgen (3x). Under a crosscurrent
of nitrogen, dry DMF (3 mL) was added to the vibhe reaction was then allowed to
stir very slowly so as to not destroy the resintiplss and heated to 60 °C for 90
minutes. Upon completion, the glass tube was cotweom temperature and the
resin was subsequently washed multiple times withMF (4 x 3 mL) and Dry

DCM (4 x 3 mL) taking care that air was not pultedough the resin. Ellman’s test of

the resin gave a positive result for free thiols.
FT-IR (ATR) v (cm1): disappearance of 1690 (Thioester C=0).

Fmoc-Phe-mercaptomethyl polystyrene-copolymer (61)

(0]
FmocHNQJ\S/\O

\Z : Merrifield

61

The resin60 was resuspended in dry DCM (0.5 mL), and a preatetd mixture of
Fmoc-Phe-OH (0.384 g, 0.99 mmol, 5 equiv), EDC 4031 0.99 mmol, 5 equiv) ,
DMAP (0.018 g, 0.149 mmol, 0.75 equiv) in dry DCBIiL) was added to the resin
and shaken for 16 hours at room temperature. Thie m@as then filtered into a
polypropylene syringe fitted with a filter frit andashed with DCM/THF/DMF (5 x
30 s each) (10 mL/g resin). Excess thiols were edppith a solution AgO, DIPEA,
and DMF (0.2 mL / 0.4 mL / 1.4 mL), followed by esgted washings with
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DCM/THF/DMF. Air was then pulled through the resindry, and a second Ellman’s
test was negative, indicating the absence of frigdst
The loading of the amino acid onto the resin wasrdeéned by a quantitative Fmoc-

determination (see corresponding write-up).

Loading (as determined by UV-Vis Fmoc determingti@68 mmol/g (79 %) over 4

steps.

S-ethyl (25)-2-(acetylamino)-3-phenylpropanethioate (63)

To the resir6lin a 5 mL syringe fitted with a polypropylene diltdisk was added 20
% piperidine in DMF (3 mL) and shaken for 1 x 1nand 2 x 10 minutes with
washings of DMF (5 x 3 mL DMF each for 30 seconidshetween. After complete
deprotection of the Fmoc group, the N-terminus a@etylated with acetic anhydride
(0.2 mL), DIPEA (0.4 mL), in DMF (1.4 mL) for 15 mites. After completion, the
resin was washed as previously described and aeKéest revealed quantitative

coupling of the N-terminal groups.

The resin was then transferred to a glass tubel{(2 and then suspended in dry THF
(1 mL). To this was added sodium thioethanolaté24.g, 0.255 mmol, 5 equiv)and
the suspension was shaken for 45 minutes. Upon letiop the resin was filtered

into a 5 mL syringe fitted with a polypropylenetdil disk and cotton wool. Dry THF

(8 mL) was used to wash the product through thénvool and after removal of the

solvent under reduced pressure, the title compewaslobtained as a yellow oil in an
8 mg (64 %) yield.
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MS (ESI): m/z calcd for GsHi17NO,S 252.1 [M+H]. Found 252.1, 274.1 [M+N3]
525.0 [2xM+Na].
Rt 2.73 min (linear gradient 5-99% B, 2.5 min, 99%0B3 min).

Benzyl 4-methylpent-3-enyl ether (65)

To a suspension of sodium hydride (0.220 g of &®%0ispersion in mineral oil, 5.0
mmol, 1.1 equiv) in dry THF (10 mL), in a flame elli 50 mL round bottom Schlenck
flask equipped with a reflux condenser and evacuatel filled with N, was slowly
added at 0 °C, 4-Methyl-3-penten-1-ol (0.50 g, 8.58L, 5.0 mmol, 1 equiv). The
reaction was stirred for 40 minutes and then bebayiide (0.897 g, 0.623 mL, 5.24
mmol, 1.05 equiv) and tetrabtuylammonium iodidel§3. g, 0.5 mmol, 0.1 equiv)
were added and the reaction was refluxed for 18shdater (20 mL) was added
slowly and the reaction was diluted with,@t (20 mL). The aqueous layer was
extracted with BEO (3 x 25 mL), the combined organic layers were hedswith
water (20 mL), brine (20 mL), and finally dried evi@lgSQ,. After removal of the
solvent under reduced pressure, the product waseplvia column chromatography

using 100 % hexanes as eluent to @%es a colorless oil in 0.879 g (92 %) yield.

'H-NMR: (300.1 MHz, CDG) & [ppm]: 1.64 (s, 3H, CH-1), 1.71 (s, 3H, CH-2),2.3
(g,J = 6.97 Hz, 2H, CH-5), 3.46 (t, J = 7.06 Hz), 4(512H, CH-7), 5.15 (t, J = 7.06
Hz, 1H, CH-4), 7.24-7.39 (m, 5H, CH-9,10,11).

3C-NMR: (75.5 MHz, CDGJ) § [ppm]: 17.9 (C-1), 25.9 (C-2), 28.9 (C-5), 70.3 (C
6), 73.0 (C-7), 120.5 (C-4), 127.6 (C-11), 127.89C 128.5 (C-10), 133.7 (C-3),
138.8 (C-8).
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S-Benzyl ethanethioate (66)

To a suspension @5 (0.845 g, 4.44 mmol, 1 equiv) and 13@0.098 g, 0.444 mmol,
10 mol %) in dry DCE (5 mL) in a flame-dried 25 maund bottom Schlenck flask
equipped with a reflux condenser and evacuatedied with N, was added under a
cross-current of B thioacetic acid (0.372 g, 0.347 mL, 4.884 mmal, dquiv). The
reaction was then heated to 80 °C for 1.5 hourstlhad quenched with 1M HCI (15
mL) and extracted with &D (3 x 10 mL). The organic phases were collectetitaan
washed with NaHC® (15 mL) and then dried over Mg3QAfter removal of the
solvent under reduced pressure, the product was pheified via flash column
chromatography using silica gel and hexanes and&{Q0:1) as eluent to affor66
as a yellow oil in 0.208 g, (28 %) yield.

Rf =0.27 (Hex: EtOAc, 20:1)

'H-NMR: (300.1 MHz, CDQ) & [ppm]: 2.36 (s, 3H, CH-1), 4.14 (s, 2H, CH-3),
7.21-7.35 (m, 5H, CH-5,6,7).

¥C-NMR: (75.5 MHz, CDGJ) 5 [ppm]: 33.4, 127.0, 128.6, 128.8, 137.6, 195.0

Also recovered from this reaction was compo&ads previously described in 0.153

g, (29 %) yield. For these two products, 3.83 mofahioacetic acid was consumed

(78 % of the reacted amount).
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S[1,1-Dimethyl-4-(trityloxy)butyl] ethanethioate (67)

To a solution of trityl chloride (0.139 g, 0.498 minl.1 equiv) in dry DCM (4 mL)
in a flame-dried round bottom Schlenck flask evéedand filled with nitrogen, was
added BN (0.113 mL, 0.815 mmol, 1.8 equiv) and DMAP (0.0§30.023 mmol,
0.05 equiv). To this mixture was then addadin dry DCM (1 mL) and the reaction
mixture was stirred at room temperature for 18 kolihe reaction was monitored via
TLC (20:1 Hex/EtOAc) and upon completion, was quettwith 10 mL of HO. The
crude product was then extracted with DCM (3 x 1B),nthe organic phases
combined and washed with a saturated,GlFsolution, water, and dried over }50,.
The resulting residue was purified over a silicd ¢8 cm) and eluted with
Hex:EtOAc (50:1) to give the title compound (0.18,%) as a white solid.

'H-NMR: (300 MHz, CDC}) & [ppm]: 1.43 (s, 6H, CH-4,5), 1.62-1.73 (m, 2H, CH-
7), 1.74-1.82 (m, 2H, CH-6), 2.21 (s, 3H, CH-103(t,J = 6.35 Hz, 2H, CH-8),
7.20-7.34 (m, 9H, CH-12,13), 7.41-7.48 (m, 6H, CH-1

13C-NMR (75.5 MHz, CDGJ) & [ppm]: 25.7 (C-7), 27.7 (C-4,5), 31.6 (C-1), 38C-

6), 51.7 (C-5), 63.9 (C-8), 86.6 (C-9), 127.0 (Q;1127.9 (C-11), 128.8 (C-12), 144.5
(C-10), 196.7 (C-2).

1,1-Dimethyl-4-(trityloxy)butyl thiol hydrosulfide (68)
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In a flame dried round bottom Schlenck flask evéstiand filled with N was added

67 (0.12 g, 0.287 mmol, 1 equiv) and dry MeOH (3 mLx this was added via
canula NaSMe (0.020 g, 0.287 mmol, 1 equiv) in MgOH (1 mL). To effect

complete dissolution of the compound in the solvdnt THF (1 mL) was added. The
reaction was then allowed to stir for 1h at roomngerature, during which it was
periodically controlled via TLC (Hex:EtOAc, 20:1After completion of the reaction,
the mixture was diluted with DCM (20 mL) and queadhwith HO (10 mL). The

solution was then acidified with 0.1 M HCI (5 mLhchthe product was extracted
with DCM (3 x 15 mL). The organic phases were aifd and washed with a
saturated NECl/brine and then dried over p&0,. Removal of the slovent under

reduced pressure gave 0.108 g (quantitative) ofendalid68.

'H-NMR: (300 MHz, CDC}) & [ppm]: 1.37 (s, 6H, CH-3,4), 1.56-1.64 (m, 2H, CH-
6), 1.66 (s, 1H, SH-1), 1.68-1.81 (m, 2H, CH-5083(t, J = 6.36 Hz, 2H, CH-7),
7.18-7.33 (m, 9H, CH-11,12), 7.40-7.48 (m, 6H, CB)-1

3C-NMR (75.5 MHz, CDG)) & [ppm]: 26.3 (C-6), 32.9 (C-3,4), 43.2 (C-5), 44C~-
2), 64.0 (C-7), 86.6 (C-8), 127.0 (C-12), 127.91(@); 128.8 (C-11), 144.5 (C-9).

S[1,1-Dimethyl-4-(trityloxy)butyl] ( 2S)-2-{[9H-fluoren-9-ylmethoxy)-carbonyl]-
amino}-3-phenylpropanethioate (69)

12 13 ‘
H\)OJ\ 15 17
1 O.a_N ></\/O 21
18
\4/ \ﬂ/ R R R
(@]

19 20
5
6
7 9

8

N

69

To a flame dried round bottom Schlenck flask eveediand filled with N was added

under a cross-current of, NN BOC-Phe-OH (0.028g, 0.101 mmol, 1 equiv) follawe
by addition of dry DCM (1 mL). DMAP (3.3 mg, 0.02@mol, 0.25 equiv) was then
added followed by addition &8 (0.040 g, 0.106 mmol, 1.05 equiv) in dry DCM (1
mL). The reaction vessel was cooled to 0 °C and @Q21 g, 0.101 mmol, 1 equiv)
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was added under a cross-current gf e reaction was then allowed to warm to r.t.
and stirred for a total of 38 hours. After 38 hqule reaction mixture was filtered
through a celite pad washed with copious amouni®@1. The organic phase was
then washed twice with a saturated ag..,8H once with a saturated aqueous
NaHCG; and finally dried over N&O,. The product was then dried in vacuo and
purified over silica gel using hexane:EtOAc aal(10:1) to give 0.020g (32 %) of
a white solid69. Unreacted thiob8 (23 mg, 0.06 mmol) was also salvaged from the

column.

'H-NMR: (300 MHz, CDC}) & [ppm]: 1.39 (s, 9H, CH-1), 1.42 (s, 3H, @H1.43 (s,
3H, CHs), 1.52-1.70 (m, 2H, CH-15), 1.71-1.84 (m, 2H, C#%12.93-3.13 (m, 4H,
CH-5,16), 4.46-4.61 (m, 1H, CH-5), 4.88 (d+ 8.93 Hz, NH) 7.10-7.17 (m, 2H, Ar),
7.18-7.34 (m, 12H, Ar), 7.40-7.46 (m, 6H, CH-19).

3C-NMR (75.5 MHz, CDGJ)  [ppm]: 26.7 (C-15), 27.6 (C-12,13), 27.7 (C-1),88
(C-15), 39.0 (C-5), 52.0 (C-11), 61.4 (C-4), 63®>16), 80.2 (C-2), 86.6 (C-17),
127.0 (C-21), 127.1 (C-9), 127.9 (C-19), 128.6 (C-128.8 (C-20), 129.6 (C-8),
136.0 (C-6), 144.5 (C-18), 155.0 (C-3), 200.7 (§-10

MS (ESI):m/zcalcd for GoH4sNO,4S 646.3 [M+Na]. Found 646.1.

R: 4.25 min (linear gradient 5 to 99% C, 2.5 min%8%or 3 min).
S[1,1-Dimethyl-4-(trityloxy)butyl] {[9 H-fluoren-9-ylmethoxy)-carbonyl]-

O 7 8 14 15
A2 o)
! OaN ></\/O 16
\2{/ \ﬁ/ \Qg\s ® 9 11 &
@]

amino}-ethanethioate (70)

70

The reaction protocol was performed exactly68s0.012 g of tBoc-Gly-OH (0.063
mmol, 1 equiv), 0.027 g 068 (0.066 mmol, 1.05 equiv), 0.013 g of DCC (0.063
mmol, 1.05 equiv), 0.88 mg DMAP (6.3 pmol, 0.1 efjuvere reacted in 1 mL of dry
DCM at r.t. for 48 hours. The produt® was purified over a silica gel column (18 cm
x 20 mm) using hexane:EtOAc (10:1) (rf value df3).to give the title compound
(22 mg, 61 %) as a white solid.
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'H-NMR: (300 MHz, CDC}) & [ppm]: 1.44-1.47 (m, 15H, CH-1,7-8), 1.59-1.69 (m,
2H, CH-10), 1.75-1.84 (m, 2H, CH-9), 2.98 {t= 6.4 Hz, 2H, CH-11), 3.88 (d,=
5.3 Hz, 2H, CH-4), 4.93 (b, 1H, NH) 7.19-7.35 (ni,Ar), 7.40-7.48 (m, 6H, CH-
19).

¥C-NMR (75.5 MHz, CDGJ) & [ppm]: 25.7 (C-10), 27.9 (C-1), 28.0 (C-7,8), 38.4
(C-9), 38.6 (C-6), 50.8 (C-4), 63.9 (C-11), 80.23) 86.6 (C-12), 127.0 (C-16),
127.9 (C-15), 128.8 (C-14), 144.5 (C-13), 151.73)C197.7 (C-12).

MS (ESI):m/zcalcd for GoHzgNO,S 556.2 [M+Na]. Found 556.1.

Rt 3.70 min (linear gradient 5 to 99% C, 2.5 min%9%or 3 min).

161



7. Experimental Part

Functionalization of the solid support with the MMP linker and loading of the

first amino acid

Coupling of 4 to a standard 2-Cl-chlorotrityl resin:

S-(4-Hydroxy-1,1-dimethylbutyl) ethanethioate-polysyrene-copolymer (72)

)J\SX/\/O‘O

2-Cl-trityl resin
72

A solution of linker57 (0.086 g, 0.489 mmol, 3 equiv) in dry DCM (1 mtdyy DMF

(1 mL), and dry pyridine (0.079 mL, 0.978 mmol, Gua) was added to 2-ClI-
tritylchloride resin (0.125 g, 0.163 mmol, 1 equid)a glass tube equipped with a
septum. The tube was flushed briefly with, Mapped, shaken for 3 days at room
temperature and controlled via FTIR (ATR) spectopsc After the allotted time,
MeOH (4 mL) was added to the resin and shaken3an#utes to arrest the reaction
and to cap the remaining free chloride functionalugs. The resin was then filtered
and washed repeatedly with DCM (5 x 30 sec), THK @ sec), and DMF (5 x 30
sec), then briefly with MeOH and & to expunge the resin of remaining solvent for
drying. The resin was then dried under high vactmmseveral hours.

Elemental analysis of sulphur from the dried reg@ne a substitution of 1.03 mmol/g
(94 % vyield) of the functional groups.

FT-IR (ATR) v (cm™): 1683 (Thioester C=0).

(4-Mercapto-4-methylpentan-1-ol)-2-chlorotrityl-polystyrene-copolymer (73)

HSX/\/O‘O

73
In a glass tube equipped with a stir bar was addsith 72 (0.066g, 0.068 mmol, 1

equiv) and hydrazine acetate (0.019g, 0.204 mmelBv). The glass tube was then

capped and successively evacuated and filled wittogen (3x). Under a cross-
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current of nitrogen, dry DMF (1.5 mL) was addedhe vial. The reaction was then
allowed to stir very slowly so as to not destrog thsin particles and heated to 60 °C
for 90 minutes. Upon completion, the glass tube eaaded to room temperature and
the resin was subsequently washed multiple timés evriy DMF (4 x 3 mL) and Dry
DCM (4 x 3 mL) taking care that air was not pultedough the resin. Ellman’s test of
the resin gave a positive result for free thiotswhs determined that pulling air
through the resin was sufficient enough to sigaifity oxidize the free thiols to intra-

bead disulfide bridges, as based on subsequenlingspeps.

FT-IR (ATR) v (cm™): disappearance of 1683 (Thioester C=0).

Representative procedure for the synthesis of Fmamino acid fluorides:

Fmoc-Phe-F (30)

The procedure employed was performed as descrilge@aopino et af*®! To a
solution of Fmoc-Phe-OH (0.1.550 g, 4.0 mmol, liegin dry DCM (15 mL), and
dry pyridine (0.322 mL, 4.0 mmol, 1 equiv) in arfla-dried round bottom flask
equipped with a reflux condenser, evacuated arshéd with N was added dropwise
cyanuric fluoride (0.686 mL, 8.0 mmol, 2 equiv).€lheaction was then heated to
reflux for 3h during which time a white precipitateolved from the solution mixture.
After cooling, the crude reaction slurry was poune DCM (30 mL) and wased
with cold HO (3 x 15 mL). The organic layer was then driedrdvgSQ,, filtered
and the solvent was removed under reduced pressugere a white glassy solid.
Recrystallization from DCM/Hex gav&0 (0.965 g, 62 %) as a powdery white solid.

FT-IR (ATR): v = 3314, 3032, 2957, 1842, 1704, 1537, 1448 1262 cm
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'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 3.14-3.25 (m, 2H, CH-3), 4.22 (t, 1BI=
6.4 Hz, CH-10), 4.38-4.48 (m, 2H, CH-9), 4.77-4(@7, 1H, NH), 5.24 (dJ = 8.1
Hz, 1H,), 7.14-7.21 (m, 2H), 7.24-7.45 (m, 7H), %457 (m, 2H), 7.76-7.80 (m,
2H).

3C-NMR (75.5 MHz, CDGJ) & [ppm]: 37.1 (C-3),47.2 (C-11), 53.5, 54.3, 67.59C
120.2 (C-15), 125.1 (C-12), 127.2 (C-13), 127.47.92(C-14), 129.4, 129.5, 134.4
(C-4), 141.5 (C-16), 143.8 (C-11), 155.6 (C-8), Bo(C-1).

Fmoc-Phe-[4-mercapto-4-methylpentan-1-ol]-2-chlorattyl-polystyrene-
copolymer (74)

o
FmocHN\_)J\SX/\/OAO

©

74

EDC/DMAP method: The resin was resuspended in dry DCM (0.5 mL), and
preactivated mixture of Fmoc-Phe-OH (0.124 g, Gr88ol, 5 equiv), EDC (0.061 g,
0.32 mmol, 5 equiv) , DMAP (0.006 g, 0.048 mmol{®equiv) in dry DCM (1.5
mL) was added to the resin and stirred for 2 hoathr temperature. The filtrate was
carefully decanted from the resin via canula amdrésin was washed twice with dry
DCM. To the washed resin was then added a freshureixusing the exact same
proportions as aforementioned and stirred at raemperature for an additional 18 h.
The resin was then filtered into a polypropylenerge fitted with a filter frit and
washed with DCM/THF/DMF (5 x 30 s each) (10 mL/ging. Excess thiols were
capped with a solution A©, DIPEA, and DMF (0.2 mL /0.4 mL /1.4 mL), folled
by repeated washings with DCM/THF/DMF. Air was thmriled through the resin to
dry, and a second Ellman’s test was negative, atitig the absence of free thiols.
The loading of the amino acid onto the resin wasrdeéned by a quantitative Fmoc-
determination (see corresponding write-up). WithoErRhe-OH a loading of 0.69

mmol/g (74 %) was determined.
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Amino acid fluoride method: The resin was resuspended in dry DMF (0.5 mL), and
a solution of19 (0.14 g, 0.36 mmol, 5 equiv) in DMF (1 mL) was addo the resin
and stirred for 2 h at room temperature. The fétnaas carefully decanted from the
resin via canula and the resin was washed twicle ey DMF. To the washed resin
was then added a fresh mixture using the exact gmoportions as aforementioned
and stirred at room temperature for an additio®ah1The resin was then filtered into
a polypropylene syringe fitted with a filter frihd washed with DCM/THF/DMF (5 x
30 s each) (10 mL/g resin). Excess thiols were edppith a solution AgO, DIPEA,
and DMF (0.2 mL / 0.4 mL / 1.4 mL), followed by esgted washings with
DCM/THF/DMF. Air was then pulled through the resindry, and a second Ellman’s
test was negative, indicating the absence of frigdst

The loading of the first amino acid onto the resi@is determined by a quantitative
Fmoc-determination (see corresponding write-uphwitioading of 0.71 mmol/g (90

%) was determined.

Table 7-1. Coupling yields to thetert-butyl thiol linker determined by spectroscopic
guantification of Fmoc groups.

entry amino Acid coupling conditions reaction timeyield®

5 equiv AA, 5 equiv EDC,
1 Fmoc-Phe-OH ) 18 h 41 %
0.75 equiv DMAP, DCM, RT

5 equiv AA, 5 equiv DIC, 5
2 Fmoc-Phe-OH _ 18 h 8 %
equiv HOBteHO, DMF, RT

5 equiv AA, 0.75 equiv
3 Fmoc-Phe-F 18 h 36 %
DMAP, DCM, RT

5 equiv AA, 5 equiv DIPEA,
4 Fmoc-Phe-F 1x2h,1x18h 92%
DMF, RT

5 equiv AA, 5 equiv EDC,
5 Fmoc-Val-OH ) 18 h 76 %
0.75 equiv DMAP, DCM, RT

5 equiv AA, 5 equiv EDC,
6 Fmoc-Phe-OH _ 1x2h,1x18h 73%
0.75 equiv DMAP, DCM, RT

Fmoc-Ala- 5 equiv AA, 5 equiv EDC,
7 _ 18 h 0%
OH+H;O 0.75 equiv DMAP, DCM, RT

[a] as determined by UV-Vis quantification of cleavFmoc groups relative to the linker
loading as determined by elemental analysis.
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Reduction of intrabead disulfide bridges followed ly acylation

oo e ikt
2 \©

To a flame-dried round bottom flask equipped wefiux condenser and stir bar, and
evacuated and filled with Nwas added under a light cross current gthié resinl0
(0.078g, 0.064 mmol, 1 equiv). The resin was thespsnded in dry toluene (3 mL)
and Red-Al (65 % in toluene, 0.058 mL, 0.192 mn3o&quiv) was added dropwise
via canula. The reaction was then heated to refitux3 hours while stirring very
slowly to inhibit resin destruction. After the atied time, the reaction was cooled to
room temperature and washed carefully with copia®unts of dry DCM (7 x 3
mL) then dry THF (7 x 3 mL). The solvents were ree via decanting, and the
resin was dried under high vacuum. A sample wasnand after the Ellman’s test
(see corresponding write-up) was administered #add turned a brilliant yellow

indicating free thiols.

The resin was then resuspended in dry DCM (5 mig, aamixture of Fmoc-Phe-OH
(0.124 g, 0.32 mmol, 5 equiv), EDC (0.061 g, 0.320h 5 equiv) , DMAP (0.006 g,
0.048 mmol, 0.75 equiv) was added to the resinsinced for 18 h. The resin was
then filtered into a polypropylene syringe fittedttwa filter frit and washed with
DCM/THF/DMF (5 x 30 s each). Air was then pulledaigh the resin to dry, and a

second Ellman’s test was performed indicating tieeace of free thiols.
The loading of the amino acid onto the resin wasrdeéned by a quantitative Fmoc-

determination (see general procedures). With Fniee®H a loading of 0.30

mmol/g (35 %) was determined.
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Synthesis Fmoc-protected dipeptides

General procedure:

To a 10 mL polypropylene syringe fitted with a petlyylene filter disk was added ClI-
TrtCl-resin (0.5 g, 1.3 mmol/g). To this was addedolution of the first amino acid
Fmoc-Pro-OH (0.658 g, 1.95 mmol, 3 equiv) or Fmdg-GH (0.581 g, 1.95 mmol,
3 equiv) and DIPEA (1.07 mL) in DCM (2.5 mL), arftetmixture was stirred for 15
min. Extra DIPEA (2.15 mL, total 19.5 mmol) was addand the mixture was stirred
for an additional 45 min. The reaction was arrestgcadding MeOH (0.4 mL) and
stirring for 10 min. The resin was then washed viiteM (5 x 5 mL), followed by
subsequent washings with THF (5 x 5 mL), DMF (5 mBb), DCM (5 x 5 mL) and
driedin vacuo The Fmoc was deprotected with adding piperidindH2:8, (v/v) and
stirring for 1 x 1min, 2 x 10 min), with washingstiveen each deprotection step with
DMF (5 x 5mL). After complete Fmoc deprotectiongetihesin was washed as
previously described with DMF, THF, DCM and driedvacuo

A solution of Fmoc-Arg-OH (2.109 g, 3.25 mmol, §ué/s), HOBt (0.439 g,
3.25 mmol, 5 equiv) and DIC (0.493 mL, 3.18 mmof équiv) in DMF (3 mL) was
added to the resin and shaken for 90-120 minutesnefative ninhydrin test
determined that the coupling was complete. Thearesis then filtered and washed as
previously described and finally driéadvacuo

The protected peptide was then cleaved from thie tey TFA-DCM (1:99) (5
x 30s) (10 mL / g resin). The filtrate was droppetd a 250 mL flask containingJ@
(8 mL) and the DCM as well as a partial amount alOHwas removed via
rotoevaporation. MeCN was then added to dissohee sblid that formed during

rotoevaporation and the solution was lyophilizedite the title compound.

Fmoc-Arg-Gly-OH. 84. 469 mg (97 % based on the initial loading) of tike
compound with a purity > 95 % as confirmed by LC-Bt12220 nm.

MS (ESI): m/z calcd for GgHa3sNsOsS, 706.3 [M+H]. Found 706.1 [M+H], 728.0

[M+Na]".
Rt 3.38 min (linear gradient 5 to 99% C, 2.5 min%9%or 3 min).
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Fmoc-Arg-Pro-OH. 84b. This dipeptide was synthesized although it was dekem
unnecessary for the sequence SYRPV. The productiseésted as a white powder
(0.40 g, 87%).

MS (ESI): m/z calcd for GgHs7N5OsS, 746.3 [M+H]. Found 746.1 [M+H], 768.0
[M+Na]".
Rt 3.31 min (linear gradient 5 to 99% C, 2.5 min%8%or 3 min).

Stability-determinations of thioesters in solution

General procedure:

The stabilities of the different thioesters undende-cleavage conditions were
determined in solution as follows. The thioest&962 mmol, 1 equiv) were stirred
in a solution of piperidine : DMF (2:8) (v:v) (1mB8 equiv of piperidine) in round
bottom flasks at room temperature with a final @rication of the thioester at 62
mM. The reactions were followed by LC-MS at 220 n#it.this wavelength the
thioesters as well as the piperidine amide andratite products were detectable
well. Half life stabilities of the thioesters wemeeasured as the rate of breakdown of
the thioesters where at time (t = 0 minutes) theester was considered to be 100 %
intact, and as time (t > 0) increases, the thiodségins to degrade to either the
piperidine adduct as shown, or other side produttseach time interval given, a
sample (10 pL) was diluted with 300 pL of ACNf® containing 0.1 % formic acid

and measured immediately.
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Figure 7-1: Half-life of thioester2.
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Figure 7-2: Half-life of thioesters.
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Figure 7-7: Half-life of thioester70.

Release and total deprotection of peptide thioester81, 92-94 from the solid
support:

release and total fe)
deprotectlon
SYRXbeaa ><MO—O Ac” | SYRXppXaa S><\/EOH

81, 92-94

A TFA/TIS/H,O/EDT cocktail (94/1/2.5/2.5, 4 mL) was added te thsin 8in a5
mL polypropylene syringe equipped with a filteit find shaken at room temperature
for 2.5 hours. The resin was then filtered intooand bottom flask (50 mL) and
washed with neat TFA (2 x 4 mL). The volatiles wdren removed under a stream of
N, and the peptide thioester was triturated with ailter (3 x 2 mL) decanting each
time. The peptide was then taken up iFOFACN and lyophilized to give a white
powder81 (7 mg, 54 % vyield based on initial coupling).

Peptide 81 Ac-SYRGF-MMP. ESI-MS-TOF:m/z calcd for G7Hs4NgOoS: m/z
787.3807 [M+H]. Found, 787.3811 [M+H]

'H-NMR: (600 MHz, BO) & [ppm]: 1.39 (s, 6H, 2xC), 1.48-1.59 (m, 4H, CH
(Arg) CH, (MMP)), 1.61-1.69 (m, 2H, CH(Arg)), 1.72-1.78 (m, 2H, CH(MMP)),
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2.02 (s, 3H, CH (Acetyl)), 2.99-3.04 (m, 2H, CH(Phe)), 3.04-3.08 (m, 1H, GH
(Tyr)), 3.13-3.18 (m, 2H, -CH-C}€H,CH,-NH-C(NH)-NH, (Arg)), 3.18-3.23 (m,
1H, CH, (Tyr)), 3.54 (ddJ = 6.5 Hz, CH (MMP)), 3.77 (t,J = 6.1 Hz, CH (Ser)),

3.80-3.83 (m, 2H, CH(Gly)), 4.23 (quintet]) = 7.3 Hz, 1Ha-CH (Arg)), 4.34-4.38
(m, 1H, a-CH (Ser)), 4.56 (tJ = 7.3 Hz,0-CH (Phe)), 4.60 (tJ = 7.3 Hz,0-CH

(Phe)), 4.65 (t, 7.3 Hzy-CH (Tyr)), 6.80-6.85 (m, 2H, Ar (Tyr)), 7.09-7.16, 2H,

Ar (Tyr)), 7.24-7.34 (m, 3H, Ar (Phe)), 7.34-7.40,(2H, Ar (Phe)).

Peptide92 Ac-SYRPV-MMP, recovered as a white powder (8 nt) 28 yield based
on initial coupling) which was determined to be %l1pure by LC-MS measurement
at 220 nm: HRMS, ESI-MS-TOFRN/z calcd for GoHssNgOoS, 779.4120 [M+H].
Found, 779.4128 [M+H]

Peptide93 Ac-SYRGW-MMP, recovered as a white powder (2.2 r8@,% yield
based on initial coupling) which was determinedb® 84 % pure by LC-MS
measurement at 220 nm. ESI-MS-TO/z calcd for GgoHssNgOgS, 826.3916
[M+H]". Found, 826.3936 [M+H]

Peptide94 Ac-SYRGQ-MMP, recovered as a white powder (3.4 188,% vyield
based on initial coupling) which was determined&79 % pure by LC-MS at 220
nm: HRMS, ESI-MS-TOFm/z calcd for GsHs4NgO10S, 768.3709 [M+H]. Found,
768.3728 [M+H].

Nucleophilic displacement of the resin bound peptie thioesters with HS-(CH)»-
COOMe followed by total deprotection (101-104):

PG 1) Nucleophilic
O displacement 0
><MO_O ——————— 1 SYRXyX
Ac SYRXpXaa s A 2)Total Ac bbaa S(CH,),COOMe
Deprotection
80 101-104

In a standard experiment, 25 mg of re8h(5.25 pmoles, 1 equiv) was added to a
Shlenck tube equipped with a stir bar. The tube tlvas evacuated and flushed with
nitrogen and to this was added HS-@EO0OMe (28 uL, 262.5 pmole, 50 equiv) in
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THF (0.5 mL). In a separate flask, sodium thiophateo(1.4 mg, 10.5 umoles, 2
equiv) was stirred with 15-crown-5 (2 pL, 10.5 pesl2 equiv) in dry THF (0.5
mL). Upon dissolution of the sodium thiophenolates mixture was then added via
canula to the resiB0 and stirred vigorously for 2-3 hours at room terapgre. The
resin was then filtered and washed twice with d4FT5 mL total). If necessary, this
cleavage was repeated for an additional 2 hourser Aiemoval of the volatile
materialsin vacuoor under a stream ofJNthe protected peptide was directly cleaved
with Reagent B (TFA/Phenol/TIS#® 88/5/2/5, 1.5 mL) for 2-3 hours. The
deprotected peptide in cleavage cocktail was theaiptated with MTBE (15 mL, 10
volumes) and then centrifuged at 3200 rpm for 30ut@s. The supernatant was then
decanted and the peptide was taken upJ@/ACN (1/1) and lyophilized to yield a
white powderl01 (2.8 mg, 69 % based on initial coupling) which wigtermined by
LC-MS at 220 nm to be greater than 95 % pure.

Ac-SYRGF-S(CH),COOMe (101) ESI-MS-TOF: m/z calcd for GsHsgNgO10S,
773.3287 M+H]". Found: 773.3302+H]".

From the resin bound Ac-SYRGW (0.033g, 4.75 pm@kptide Ac-SYRGW-
S(CH,),COOMe (102) was recovered as a white powder (3.2 mg, 78 %dbase
initial coupling) and determined by LC-MS at 220 aiffter lyophilisation to be 93 %
pure. ESI-MS-TOF:m/z calcd for G7HsgNgO10S, 812.3396 [M+H]. Found:

773.3389 [M+H].

From resin bound Ac-SYRGQ (0.0256 g, 6.66 pmol)ptide Ac-SYRGQ-
S(CH,).,COOMe (103) was recovered as a white powder (4.3) mg, 86 %das
initial coupling) and determined by LC-MS at 220 after lyophilisation to be 95 %
pure. ESI-MS-TOF:m/z calcd for GiHssNgO:1:S, 754.3189 [M+H]. Found:
754.3193 [M+H].

From resin bound Ac-SYRPV (0.018 g, 8.39 umol), tjpgep Ac-SYRPV-

S(CH,),COOMe (104) was recovered as a white powder (4.3 mg, 80 %dbase
initial coupling), using 100 equivalents of HS-(g¥COOMe (0.101 g, 0.839 mmol)
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which was determined by LC-MS at 220 nm after lybgdtion to be 95 % pure: ESI-
MS-TOF:m/z calcd for G4Hs:NgO16S, 765.3600 [M+H]. Found: 765.3611 [M+H]

From the resin bound Ac-SYRPV (0.025g, 10 pmolptige Ac-SYRPV-SE{96)
was from obtained cleavage with thioethanol (0.5aiM.036 mL, 50 equiv) (all
other cleavage reagents remaining the same) ageapdwder, 1.4 mg (20 %), which
was determined by LC-MS at 220 nm after lyophilmato be 95 % pure. ESI-MS-
TOF: m/z calcd for GoHsgNgOgS, 707.3 [M+H]. Found: 707.2 [M+H].

From the resin bound Ac-SYRGF (0.020g, 6.0 umatptige Ac-SYRGF-SE(97)
was recovered as an impure white powder from clgawath thioethanol (0.3 mmaol,
0.022 mL, 50 equiv) (all other cleavage reagentmaieing the same) and
subsequently purified over a semipreparative HPb{timn to give 0.6 mg (14 %).
ESI-MS-TOF:m/z calcd for GaH4eNgOgS, 715.3 [M+H]. Found: 715.3 [M+H].

From the resin bound Ac-SYRGQ (0.030g, 6.7 umatptple Ac-SYRGQ-SE(98)
was obtained from cleavage with thioethanol (0.38atp 0.025 mL, 50 equiv) (all
other cleavage reagents remaining the same) asta pdwder, 1.2 mg (26 %). ESI-
MS-TOF:m/z calcd for GoHasNgOoS, 696.3 [M+H]. Found: 696.2 [M+H].

From the resin bound Ac-SYRGS (0.023g, 3.7 umaiptide Ac-SYRGS-SE(98)
was obtained from cleavage with thioethanol (0.&880l, 0.012 mL, 50 equiv) (all
other cleavage reagents remaining the same) asta pdgwder, 0.4 mg (16 %). ESI-
MS-TOF:m/z calcd for G;H4NgOeS, 654.3 [M+H]. Found: 654.2 [M+H].

Synthesis of the cell penetrating peptide Penetratl™ 1 derivative Ac-
RQIKIWFNRRMKWKKF-MMP (106).

The resin85 (0.034 g, 0.71 mmol/g) was placed in a 2 mL padpytene syringe
fitted with a polyethylene filter disk. The Fmocogp was removed as previously
described and Fmoc-Lys(Boc)-OH (57 mg, 0.12 mmagq6iv), Fmoc-Trp(Boc)-OH
(64 mg, 0.12 mmol, 5 equiv), Fmoc-Met-OH (45 mgiL2mmol, 5 equiv), Fmoc-
Arg(Pbf)-OH (78 mg, 0.12 mmol, 5 equiv), Fmoc-Arg{ROH (78 mg, 0.12 mmol, 5

175



7. Experimental Part

equiv), Fmoc-Asn(Trt)-OH (72 mg, 0.12 mmol, 5 equivmoc-Phe-OH (47 mg, 0.12
mmol, 5 equiv), Fmoc-Trp(Boc)-OH (64 mg, 0.12 mn®lequiv), Fmoc-lle-OH (43
mg, 0.12 mmol, 5 equiv), Fmoc-Lys(Boc)-OH (57 mgl2mmol, 5 equiv), Fmoc-
lle-OH (43 mg, 0.12 mmol, 5 equiv), Fmoc-GIn-OH (i, 0.12 mmol, 5 equiv),
Fmoc-Arg(Pbf)-OH (78 mg, 0.12 mmol, 5 equiv), Fmlag(Pbf)-OH (78 mg, 0.12
mmol, 5 equiv) were added sequentially using DI€IL, 0.19 mmol, 4.9 equiv) and
HOBt (16 mg, 0.12 mmol, 5 equiv) in DMF (1 mL). mmost cases, after 120 minutes
of coupling, the ninhydrin test was negative, tbepling was repeated either for an
extra 2 hours or overnight for couplings which weeot quantitatively achieved. After
the final coupling, the Fmoc group was removedescdbed and the N-terminus was
capped with AgO (0.2 mL) and DIPEA (0.4 mL) in DMF (1.4 mL) fobIninutes. A
portion of the resin (0.032g, 4.4 umol based onRhmc determination of the last
Arg coupling) was taken and cleaved with Reagent K
(TFA/phenol/BO/Thioanisole/EDT; 82.5/5/5/2.5, 2 mL) for 4 hoansd 20 minutes.
The solution was filtered into a round bottom flamkd the cleaved resin was then
washed with neat TFA (2 x 1 mL). The volatiles wdren removed under a current
of Ny until 1 mL of solution remained which was thennsterred to an eppendorf
tube containing 10 mL of MTBE (10:1 volumes withetiFA cleavage mixture)
whereupon crude peptide precipitated out of satutidfter centrifugation at 3200
rpm for 30 min the supernatant was carefully desdaind the solute was redissolved
in ACN/H20O (1:1) with 0.1 % formic acid and lyophilized. Theude material (~14
mg by dry weight) was then taken up in ACMNMHand purified on a semipreparative
HPLC column (VP 250/10 Nucleodor 100-5 C18 ec Magindagel) using a linear
gradient between 15 and 45 % B over 30 min to \ile&peptidel06in 7.1 mg (67
%) yield.

ESI-MS-TOF:m/zcalcd for GigH18dN23020S,, 2422.3759 [M+H]. Found 2422.3692
[M+H]*, 1212.6858 [M+2H]", 808.7924 [M+3H]*, 606.8449 [M+4H]", 485.6767
[M+5H]>*,

R: 1.62 min (linear gradient 5 to 99% C, 2.5 min%8%or 3 min).

Compound 107 was synthesized using the exact same protocol ragiopsly

described for the nucleophilic displacement of st from the resin. 18 mg of the
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peptide bound resih05 (2.5 pmoles, 1 equiv) was added to a Shlenck égjogoped
with a stir bar. The tube was then evacuated arsthéld with nitrogen and to this was
added HS-(CH,COOMe (27 pL, 247 pmole, 100 equiv) in THF (1 mk). a
separate flask, sodium thiophenolate (1.4 mg, udbBles, 2 equiv) was stirred with
15-crown-5 (1 pL, 5.0 pmoles, 2 equiv) in dry THFNQL). Upon dissolution of the
sodium thiophenolate, this mixture was then addedcanula to the resif05 and
stirred vigorously for 2-3 hours at room temperaturhe resin was then filtered and
washed twice with dry THF (5 mL total). This clegeavas repeated for an additional
2 hours. After removal of the volatile materialsvacuoor under a stream ofJNthe
protected peptide was directly cleaved with ReagentK
(TFA/phenol/HO/Thioanisole/EDT; 82.5/5/5/2.5, 2 mL) for 2 houfée deprotected
peptide in cleavage cocktail was then precipitatgd MTBE (15 mL, 10 volumes)
and then centrifuged at 3200 rpm for 30 minutes 3impernatant was then decanted
and the peptide was taken up iRGAACN (1/1) and lyophilized to yield a white
powder101 (2.7 mg, 45 % based on initial coupling) which vaegermined by LC-
MS at 220 nm to be greater than 80 % pure.

ESI-MS-TOF:m/zcalcd for G14H17N33021S,, 2409.3317 [M+H]. Found 1262.7009
[M+2xTFA]?*, 804.1288 [M+3H]", 603.3468 [M+4H]".
R: 1.79 min (linear gradient 5 to 99% C, 2.5 min%8%or 3 min).

Synthesis ofN-terminal cysteine segment H-CGRFLAVR-NH (110)

The synthesis 0110 was carried out on a standard Rink-amide PS-r@<i0-200
mesh) (0.323 g, 0.239 mmol) using Fmoc-chemistrydascribed under general
methods for SPPS. A portion of the peptide (0.216.685 mmol) was cleaved from
the resin with TFA/TIS/HO/EDT (94/1/2.5/2.5, 5 mL) and precipitated withestas
described under the general methods for SPPS. dpiedp was dissolved in MeOH-
H,0O (1:1) and purified by RP-HPLC on a preparativeicom (10 um, 250 x 20 mm,
Grom-SIL 300 ODS-5-ST RP-C18) using a linear gnada 5 and 99 % C over 30
min. Excess MeOH was removed via rotoevaporatiahthe product was lyophilized
to give a white powder (0.044g, 0.048 mmol, 56 &d).
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ESI-MS-TOF: m/z calcd for GoHesoN1508S, 920.5247 [M+I—F]. Found 920.5174
[M+H]*, 460.7637 [M+2H]"
Rt 1.50 min (linear gradient 5 to 99% C, 2.5 min%8%or 3 min).

Native Chemical Ligation:

For the Native Chemical Ligation of peptide thi@est101-104. The procedure was
adapted using the protocol given by Ingenito ét®dlin a 1.5 mL polypropylene
eppendorf vial, peptide 13a (2.04 mg, 2.63 pmol} wissolved in 720 uL of 0.1 M
NaPi, pH 7.5, and 360 pL dioxane to a final conegitn of (clear solution). This
solution was then transferred to a 10 mL rounddwotflask containing the cysteine
peptide 16 to a final concentration of 2.43 mM. Tigation was initiated by the
addition of 1 % (v/v) thiophenol (10.8 pL) to protaaonversion of the less reactive
2-mercaptopropionate thioester to the more reaghenyla-thioester. The reaction
was stirred at room temperature for several hontsvaas monitored by LC-MS at
220 nm. After the reaction was complete, the mituas treated with 0.1 % TFA (in
Millipore H,0) (5 mL) and lyophilized. The lyophilized powdeasvthen redissolved
in TFA (1 mL) and precipitated in MTBE (9 mL). Afteentrifugation at 32@p(30
min), the supernatant was removed and the pre@pitas dissolved in ACNAD
and lyophilized. The peptide was redissolved in AGXD (1:1) and then purified on
a semipreparative HPLC column (VP 250/10 Nucleotldd-5 C18 ec Machery-
Nagel) using a linear gradient between 15 and 4B %ver 30 min to yield the
peptidelllin 2.04 mg (49 %) yield.

MS (ESI): m/zcalcd for GiHiodN23016S, 1572.8216 [M+H] 768.9144 [M+2H]",
524.9454 [M+3H{". Found 1572.8443 [M+H] 768.9128 [M+2H]", 524.9384
[M+3H]**

R; 2.48 min (linear gradient 5 to 99% C, 2.5 min%8%or 3 min).

Native chemical ligation of peptide thioesters cagring the MMP linker 81,92-94.

To a 10 mL round bottom flask containing pept8le(0.8 mg, 1.01 umol, 1 equiv)
and the cysteine peptidd.0(9.35 mg, 10.16 pmol, 10 equiv) was added a swiudf
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sodium thiophenolate (0.267 mg, 2.02 umol, 2 eqaind 15-crown-5 (0.4 mL, 2.02
pmol, 2 equiv) in dry THF (1 mL). The mixture watsrred overnight and checked
periodically (15 min, 1h, 1.5 h, 2.5 h, 4h, 24ha WiC-MS. After completion of the
reaction the solvent was removed under a streamtrofyen, taken up in TFA (1 mL)
and precipitated in MTBE (10 mL). The lyophilizetbduct was then redissolved in
0.1 mL NHHCO; flushed with nitrogen and R3-mercaptoethanol (50l equiv
relative to the number of thiols to be reduced) wdded to the solution and allowed
to stir for 2 hours. The solution was then acidifigith 10 % AcOH (ag) and then
lyophilized. The peptide was redissolved in ACMIH(1:1) and then purified on a
semipreparative HPLC column (VP 250/10 Nucleodd-20C18 ec Machery-Nagel)
using a linear gradient between 15 and 45 % B 80anin to yield the peptidéllin

a 0.7 mg (44 %) yield.

MS (ESI): m/zcalcd for GiH109N23016S, 768.9 [M+2H]". Found 768.8 [M+2HT,

525.0 [M+3HF".
R; 2.48 min (linear gradient 5 to 99% C, 2.5 min%%or 3 min).

179



7. Experimental Part

7.4. Synthetic Procedures for Synthesis of Peptid€hioacids and Subsequent

Ligation

Fmoc-Phe-SH1(13

()

(0]
. H iBu-chloroformate
0] N
[ oyt hon S
0]

29
/
Oc_ci__
i S S'\ O o precipitated

ii.work-up . o H\)J\ from DCM
O

Under an inert atmosphere, a round bottom flaskakasged with dry THF (2.5 mL)
and bis(trimethylsilyl)sulfide (1.5 equiv relative carboxylic acid, here: 0.139 g,
0.164 mL). To this solution was added anhydrous FBA.8 equiv relative to the
carboxylic acid, here: 0.936 mL of a 1.0M solutiamgs added dropwise at -78 °C

and the reaction was allowed to warm to rt (app8&xmin).

To a round bottom shlenck flask charged with dryMD@hder a nitrogen atmostphere
was added Fmoc-Phe-OH (0.200g, 0.52 mmol, 1 eqaizgotroped with toluene
prior to addition), followed by the addition of 2i&idine (0.166 g, 1.548 mmol, 3.0
equiv) and isobutylchloroformate (0.0813 mL, 0.624nol, 1.2 eq) at 0 °C. The
reaction mixture was stirred for 30 min then trimgsilyl thiolate (prepared above)
was added via canula. The reaction mixture was stered until TLC analysis
indicated complete consumption of the mixed anldgi{2.5 h). The reaction was
then quenched with MeOH, driedl vacuo,and then azeotroped with MeOH (2 x 10
mL) to remove volatilesThe crude thioacid was then used as prepared withou
further purification. The thioacid could be isolhtas its n-Bu amine salt by

precipiatation in DCM
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'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 0.92 (t,J = 7.25 Hz, 9H, CH-17), 1.20-1.37
(m, 6H, CH-18), 1.47-1.64 (m, 6H, CH-19), 2.76-2(802H, CH-11), 3.05-3.22 (m,
8H, CH-20), 4.06-4.40 (m, 12H, CH-7,8,10,17-191477.34 (m, 7.36-7.49 (m, 5H,
Ar), 7.56-7.71 (m, 4H, Ar), 7.79-7.95 (m, 4H, Ar).

¥C-NMR (75.5 MHz, CDGCJ) & [ppm]: 13.5 (C-17), 19.2 (C-18), 23.1 (C-19), 36.2
(C-11), 46.6 (C-7), 57.6 (C-20), 62.5 (C-10), 65&B8), 120.1 (C-2), 125.2 (C-5),
126.5 (), 127.0 (Ar), 127.6 (Ar), 128.2 (Ar), 129Ar), 137.2 (C-12), 140.7 (C-1),
143.6 (C-6), 155.9 (C-9), 200.7 (C-16).

MS (ESI):m/zcalcd for G4H20NO3S [M-H] 402.1. Found 402.3.

Rt 12.56 min (linear gradient 5 to 99% C, 12.5 m& 98 for 3 min).

9H-fluoren-9-yImethyl 4-methylbenzenesulfonate (120)

To a solution of 9-fluorenemethanol 2.034g, 10.36ah 1 equiv) and tosyl chloride
(2.96g, 15.55mmol, 1.5 equiv) in dry DCM under inatmosphere was added
pyridine (1.667 mL, 20.72 mmol, 2 equiv) via canulae reaction was then allowed
to stir at room temperature for 24 hours and wasitoed via TLC. After
completion, the reaction was quenched with 1M H& &hen extracted three times
with DCM (100 mL total). The organic phases werdleoted and then washed with
H,O and brine and then dried over sodium sulphatéerAemoval of the solvent
under reduced pressure the pure material was quieeipitated with a mixture of
Hex/EA/ELO or was purified over a silica gel column using/B#OAC as elluent

(10:1) to give the title compound as a white powidex 2.319 g (64 %) yield.

Rt = 0.49 (10: 3, Hex : EtOAC)
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'H-NMR: (300.1 MHz, CDGJ) § [ppm]: 2.43 (s, 3H, CH-1), 4.23-4.30 (m, 3H, CH-
6,7), 7.25-7.33 (M, 4H, CH-9,12), 7.37-7.43 (m, ZHH-3), 7.51-7.57 (m, 2H, CH-4),
7.71-7.80 (m, 4H, CH-10,11).

MS (ESI):m/zcalcd for GiH2sNOsS 373.1 [M+Na]. Found 373.0.

S-(9H-fluoren-9-yImethyl) ethanethioate (121)

To a flame dried round bottom Schlenck flask flukshath nitrogen was added a
solution 0f120(0.1.2 g, 3.42 mmol, 1 equiv) in dry DMF (5 mL) This mixture was
added potassium thioacetate (0.469 g, 4.11 mmdlequiv) and 18-crown-6 (0.905
g, 3.42 mmol, 1 equiv) and allowed to stir at rot@mperature for 2 hours and
monitored via TLC. After completion of the reactjahe mixture was diluted with
EtOAc (~ 20 mL) and then quenched with water (20).mlhe organic layer was
separated and then washed with water and brindigaity dried over NaSQO,. After
removal of the solvent under reduced pressurepitb@uct was purified over a silica
gel column using EtOAc and hex (30:1) as elluefhie product was recovered as a
white solid in a 0.708 g (81 %) yield.

Rt = 0.15 (Hex:EtOAc, 30:1)

'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 2.27 (s, 3H, CH-1), 3.52 (d,= 5.9 Hz 2H,
CH-3), 4.17 (tJ = 5.9 Hz, 1H, CH-4), 7.28-7.34 (m, 2H, CH-7), ZBB0 (m, 2H,
CH-8), 7.62 (m, 2H, CH-6),

13C-NMR (75.5 MHz, CDGJ) & [ppm]: 30.7 (C-1), 32.6 (C-3), 46.8 (C-4), 120@ (
9), 124.7 (C-7), 127.2 (C-8), 127.8 (C-6), 141.25)C145.5 (C-10), 195.4 (C-2).
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9H-fluoren-9-yImethanethiol (122)

To a flame dried round bottom Schlenck flask eveaiaand flushed with nitrogen
was added a solution @21 (0.678 g, 3.9 mmol, 1 equiv) in dry,Ex (17 mL). To this
was added dropwise Red-Al (65 % in toluene, 2.583 863 mmol, 2.2 equiv) and
the reaction was stirred at room temperature fooudr, and monitored via TLC. After
completion, the reaction was cooled to 0 °C and tpgenched slowly with dropwise
addition of 2M HCI (20 mL). The reaction mixture svthen extracted with ED (30

mL total) and the organic fractions were combined then washed with brine. After
drying the organic layer of N&8Q,, the solvent was removed first under reduced
pressure and finally dried to a viscous oil undagghhvacuum. The product was
recovered as a yellow oil and determined to beptioeluct and used without further

purification.
Rf = 0.48 (Hex:EtOAc, 19:1)

'H-NMR: (300.1 MHz, CDGJ) 5 [ppm]: 1.21 (tJ = 8.24 Hz, 1H, SH), 3.19 (@,= 7.2
Hz, 2H, CH-2), 4.17 (t) = 5.43 Hz, 1H, CH-3), 7.31-7.43 (m, 4H, CH 6-75%7.63
(m, 2H, CH-5), 7.75-7.79 (m, 2H, CH-8).

13C-NMR (75.5 MHz, CDGJ) & [ppm]: 28.0 (C-2), 49.3 (C-3), 120.1 (C-8), 124G
6), 127.2 (C-7), 127.8 (C-5), 141.6 (C-4), 145.29)C
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bis(9H-fluoren-9-yImethyl) disulfide (123)

123

Oxidation of122 to its disulfide occurred under a number of cdndg. Attempting
to purify the thiol by column chromatography reedltin mostly oxidized thiol.
Deprotectingl21 with sodium thiomethoxide resulted in oxidationtbe disulfude.
Additionally, allowing the thiol to stand at roonentperature in solvent under
atmospheric conditions over a prolonged periodimietresulted in the disulfide.
Treatment of the disulfide with Ellman’s reagent dot give a positive test for free
thiols.

'H-NMR: (300.1 MHz, CDGJ) 5 [ppm]: 3.07 (d,) = 6.65 Hz, 4H, CH-1,1"), 4.06 (3,
= 6.58 Hz, 2H, CH-2,2), 7.28-7.36 (m, 4H, CH 5,5136-7.44 (m, 4H, CH-6,6)
7.62-7.68 (m, 4H, CH-7,7"), 7.74-7.80 (m, 4H, CH,

3C-NMR (75.5 MHz, CDGJ) § [ppm]: 37.7 (C-1,1’), 47.0 (C-2,2"), 120.0 (C-77’
125.0 (C-5,5), 127.1 (C-6,6), 127.7 (C-4,4"), 121C-3,3), 146.2 (C-8,8).

3-Mercaptopropionitrile (126)

1 3 4
HS

126

To a stirring solution of 3,3'-Dithiobis(propiorile) (1.723 g, 0.01 mmol, 1 equiv) in
2 M HCI (25 mL) in a round bottom flask, was gralijppadded zinc powder (1.308 g,
0.02 mmol, 2 equiv) in multiple portions at 40 “The reaction was stirred for 30
minutes and then allowed to cool, whereupon theybwas extracted with DCM (4

x 10 mL). The organic layers were combined andddoier MgSQ. After removal of
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the solvent under reduced pressure, the title comgbevas obtained as a clear liquid
in 1.730 g (99 %) and stored at —20 °C until furthse.

'H-NMR: (300.1 MHz, CDGJ) 5 [ppm]: 1.82 (t, J = 8.6 Hz, 1H, SH), 2.67-2.73 (m,
2H, CH-3), 2.76-2.84 (m, 2H, CH-2).

S(2-cyanoethyl)  (25)-2-[(tert-butoxycarbonyl)amino]-3-phenylpropanethioate
(127)

127

To a flame-dried round bottom Schlenck flask fileatd evacuated with Nvas added
tBoc-Phe-OH (0.265 g, 1.0 mmol, 1 equiv) and digsalin dry DCM (6 mL). To this
was added DMAP (0.012 g, 0.1 mmol, 0.1 equiv) drethiol (0.087 g, 1.2 mmol,
1.2 equiv) after which the reaction was cooled t6CODCC (0.206 g, 1.2 mmol, 1.2
equiv) was then added and the stirring solution abswed to warm to room
temperature. After 3-18 hours, depending on thal,tthe precipitated thiol urea was
then filtered through a pad of celite and the dir evaporated dowm situ. The
residue was taken up in DCM , washed twice with R.5ICI, saturated NaHCO
solution, and dried over MgSOThe product was then purified via flash column
chromatography over silica gel (18 cm) using DCMehent to give a white powder
ina 0.287 g (86 % ) yield.

IH-NMR: (300.1 MHz, CDGJ) 8 [ppm]: 1.41 (s, 9H, CH-1), 2.62 (t, J = 6.99 HH, 2
CH-12), 3.06-3.17 (m, 4H, CH-5,11), 4.59-4.66 (1H, TH-4), 4.90 (dJ = 8.17 Hz
1H, NH), 7.15-7.19 (m, 1H, CH-7), 7.24-7.33 (m, Z8H-8,9).

3C-NMR: (75.5 MHz, CDGJ) & [ppm]: 18.4 (C-12), 24.7 (C-11), 28.4 (C-1), 38.1
(C-5), 61.2 (C-4), 80.9 (C-2), 117.9 (C-13), 12{G+9), 128.9 (C-7), 129.4 (C-8),
135.4 (C-6), 155.1 (C-2), 200.7 (C-10).

ESI-MS:m/zcalcd for G7H2N»0sS, 335.1 [M+H]. Found, 335.1 [M+H].
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Conversion of thetert-butyl thiol ester to the cyanoethylester

HS(CH2)2CN, NaSPh,

O o]
H
~\+/O\H/N\Y/H\S/L<: 15{WmNW5’THF'n'L52:\\+/O\H/H\Y/M\S/A\V/CN

e e

2 127

To a solution oR (0.02g, 0.06 mmol, 1 equiv) in THF (1.5 mL), waklad a solution
of sodium thiophenolate (0.016 g, 0.12 mmol, 2 egui5-crown-5 (0.026 g, 0.12
mmol, 2 equiv), andl26 (0.098 mL, 1.2 mmol, 20 equiv) in THF (0.5 mL).€éh
reaction was allowed to stir at room temperature & hours after which it was
determined by LC-MS analysis at 220 nm thattdrebutyl thioester had completely

trans-thioesterified to the cyanoethyl thioester.
Peptide Ac-SYRGF-S(CH).CN (128b)

O
AC/‘ SYRGF })ks/\/c:l\l

128b

In a standard experiment, 20 mg of resin 11 (7.®lps 1 equiv) was added to a
Shlenck tube equipped with a stir bar. The tube tlvas evacuated and flushed with
nitrogen and to this was added HS-(GEN (43 uL, 380 umole, 50 equiv) in THF
(0.5 mL). In a separate flask, sodium thiophenolateng, 15.2 umoles, 2 equiv) was
stirred with 15-crown-5 (3.3 mg, 15.2 pumoles, 2iepin dry THF (0.5 mL). Upon
dissolution of the sodium thiophenolate, this migtwas then added via canula to the
resin 11 and stirred vigorously for 2-3 hours amotemperature. The resin was then
filtered and washed twice with dry THF (5 mL totdf)necessary, this cleavage was
repeated for an additional 2 hours. After removahe volatile materialén vacuoor
under a stream of N\ the protected peptide was directly cleaved widadent B
(TFA/Phenol/TIS/HO 88/5/2/5, 1.5 mL) for 2-3 hours. The deprotegbegtide in
cleavage cocktail was then precipitated with MTRBE fnL, 10 volumes) and then
centrifuged at 3200 rpm for 30 minutes. The supamtavas then decanted and the
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peptide was taken up in,&8/ACN (1/1) and lyophilized to yield a white powdE3a
(5.0 mg, 77 % based on initial coupling) which wda$sermined by LC-MS at 220 nm
to be 88 % pure.

Ac-SYRGF-S(CH).CN (128h): ESI-MS-TOF: m/z calcd for GsH4sNgOsS, 740.3
[M+H]". Found: 740.2N1+H]".
R: 2.28 min (linear gradient 5 to 99% C, 2.5 min%8%or 3 min).

Conversion of peptide Ac-SYRGF-S(CH).CN to the thioacidin situ and

subsequent ligation to the sulfonamide

2,6-lutidine, DBU,
0 DMF, 30 min, rt Q
Ac/( SYRGF PJ\S/\/CN Ac/‘ SYRGF MSH
128b 129

'e) tosylazide,
O\\S/P rt, 18 h
Ac/[ SYRGF N~ \©\
H

To a solution of thel28b peptide (2 mg, 2.7 umol, 1 equiv) in DMF (0.8 miis

added 2,6-lutidine (0.0031 mL, 27.03umol, 10 equiMe reaction was allowed to
stir for 20 minutes upon which DBU (0.004 mL, 27103ol, 10 equiv) was added.
The reaction was allowed to react for another 3@uteis after which tosyl azide

131

(0.005 g, 2.7 pumol, 10 equiv) was added and thetimawas allowed to stir for 18
hours and monitored via LC-MS. After completiong teolvent was removed in

vacuo, and the peptide was precipitated from thaioéd residue in cold ED.
Ac-SYRGF-NHSQ(CgH4)CH3 (131): ESI-MS-TOF: m/z calcd for GgHaoNgO;0S,

824.3 M+H]". Found: 824.2N1+H]".
R: 2.44 min (linear gradient 5 to 99% C, 2.5 min%8%or 3 min).
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7.5. Synthetic Procedures for Thioamidation of Thiacids and Azides

Methyl azidoacetate (133)
0
N3Qz{\o/3
1
133

To a solution of sodium azide (2.93 g, 0.045 mlé6 equiv) in dry DMF (10 mL)
under a nitrogen atmosphere in a flame-dried, eatacduround bottom schlenck flask
was added under a cross current of nitrogen, méftorhocetate (3.91 mL, 0.0425
mole, 1 equiv) dropwise over 10 minutes at roomprature. Soon after addition, a
white precipitate formed indicating formation ofdaam bromide. The reaction was
allowed to stir for 2.5 hours and was then quench&d an equivalent volume of
water (~14 mL). The product was then extracted itO (3 x 50 mL), and the
organic layers were combined and washed with wt&r20 mL) and then dried over
MgSQO,. Solvent was removed under reduced pressure éotlgertitle compound as a

colorless oil in a 3.586 g (73 %) yield.

'H-NMR: (300.1 MHz, CDGJ)  [ppm]: 3.77 (s3H, CH-3), 3.85 (s, 2H, CH-1).
¥C-NMR (75.5 MHz, CDG)) & [ppm]: 50.2 (C-1), 52.5 (C-3), 168.8 (C-2).
FT-IR (ATR) v (cm™): 2101 (azide).

Benzyl azide (140)

A suspension of benzyl chloride (0.823 mL, 10.0 hnmoequiv) and sodium was
azide (1.625 g, 25.0 mmol, 2.5 equiv) in water (b®) was irradiated using
microwave irradiation to 150 °C for 120 minutes.tekf completion, the reaction
mixture was poured into water (50 mL) and dilutethvidCM (10 mL). The organic
layer was separated and washed with water (2 x [)0amd then dried over MgSO
After removal of the solvent under reduced presdheetitle compound was obtained
as a colorless oil in a 0.810 g (61 %) yield.
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'H-NMR: (300.1 MHz, CDGJ) & [ppm]: 4.34 (s, 2H, CH-1), 7.30-7.44 (m, 5H, CH-3-
5).

3C-NMR (75.5 MHz, CDGJ) & [ppm]: 54.8 (C-1), 128.1 (C-4), 128.2 (C-5), 128.8
(C-3), 135.3 (C-2).

FT-IR (ATR) v (cm™): 2092 (azide), 3299, 1634, 1534.

Benzenesulfonyl azide (143)

To a solution of benzenesulfonyl chloride (17.70d,0 mol, 1 equiv) in EtOH (150
mL) was added a solution of sodium azide (7.8 §20.mol, 1.207 equiv) in water
(30 mL) and stirred at room temperature for onerhditer completion of the
reaction, the mixture was poured over water (100.nTlhe product was extracted
with DCM then washed with water (30 mL) and driecdoMgSQ. The solvent was
reduced in vacuo to give the title compound as gendolid in a 8.98 g (49 %) yield.

'H-NMR: (300.1 MHz, CDGJ) 5 [ppm]: 7.68 (t,J = 7.6 Hz, 2H, CH-3), 7.80 (@ =
7.6 Hz, 1H, CH-4), 7.98 (d,= 7.6 Hz, 2H, CH-2).

3C-NMR (75.5 MHz, CDGJ) § [ppm]: 128.2 (C-2), 130.7 (C-3), 135.9 (C-4), ¥89.
(C-1).

FT-IR (ATR) v (cm®): 2129(Azide), 1371 (S§), 1168 (SQ).

Glycinate synthesis
X

o
)J\H/ﬁg ~
X=S5,0

General method: To a suspension of methylazido acetate (0.100690r8mol, 1
equiv) and AgNQ@ (0.015 g, 0.0869 mmol, 0.1 equiv) in a water /haabl mixture
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(2 mL: 2 mL) was added thioacetic acid and the treaovas stirred for 18 hours.
After the reaction had reached completion, the mnextvas diluted with methanol (10
mL) and then filtered over a celite pad. The solweas then removed under reduced
pressure and the product was purified over a ssibca gel column using 10 %
methanol in DCM to give an off-white oil in 0.03023 %) yield.

Methyl N-ethanethioylglycinate (134)

S
3
(@)
Au“g S
134

IH-NMR: (300.1 MHz, DMSO-¢)) 5 [ppm]: 2.44 (s, 3H, CH-1), 3.63 (s, 3H, CH-5),
4.30-4.34 (m, 2H, CH-3).

13C-NMR (75.5 MHz, DMSO-¢))  [ppm]: 32.4 (C-5), 46.5 (C-3), 51.8 (C-1), 168.6
(C-5), 201.5 (C-2).

ESI-MS:m/zcalcd for GHgNO,S, 148.0 [M+H]. Found, 148.0 [M+H].

Methyl N-acetylglycinate (135)

O
3
o
O e
135

'H-NMR: (300.1 MHz, DMSO-g) & [ppm]: 1.68 (s, 3H, CH-1), 3.61 (s, 3H, CH-5),
3.80 (d,J = 8.01 Hz, 2H, CH-3).

3C-NMR (75.5 MHz, DMSO-g)) & [ppm]: 22.2 (C-5), 40.5 (C-3), 51.6 (C-1), 169.6
(C-5), 171.4 (C-2).

ESI-MS:m/zcalcd for G7H2:N204, 132.0 [M+H]. Found, 132.1 [M+H]
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Methyl-N-((29)-2-{[(9H-fluoren-9-ylmethoxy)carbonyl]amino}-3-
phenylpropanethioyl)glycinate

(0]
(0]

% S
FmocHN cat. FmocHN (0]
SH + 133 ——=» N ~ + FmocHN O._ + FmocHN _
H/ﬁo( H/ﬁf o
(@]
146 147 14

113 8

To a solution of the Fmoc-Phe-SH (0.071 g, 0.18 mrhaeequiv) in methanol and
H,0 (1:1, 2 mL total) was added a diluted amount g8® (0.5 mL of a mixture of 2
drops of acid in 2 mL of MeOH) to lower the pH bktmixture to between 2-3. To
this solution was then added a solution of the gla#tido acetate (0.024, 0.21 mmol,
1.2 equiv) in MeOH (1 mL)after which was added ailnitrate (0.007 g, 0.044 mmaol,
0.25 equiv) in HO (1ml, final amount of water to methanol, 2 mLm2) upon which
salt precipitation occurred immediately. To thigrstg suspension was then added
methylazido acetate and the reaction was allowedstio for 17 hours. After
completion, the product was worked up in a simfidgeshion as previously mentioned;
the product mixture was diluted with methanol aitkred over a celite pad. The
product was analyzed via LC-MS and gave a relalignsf thioamide: amide in 1.63:
1 ratio.

Amide (146):
ESI-MS:m/zcalcd for G7H26N2Os, 459.1 [M+HT. Found, 459.2 [M+H]

Thioamide 147):
ESI-MS:m/zcalcd for G/H26N204S, 475.1 [M+H]. Found, 475.0 [M+H].

Methyl Ester 148):
ESI-MS:m/zcalcd for GsH23NOy, 402.1 [M+H]. Found, 402.2 [M+H],
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