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Progress Toward the Assembly of the Bicyclic Theonellamide Skeleton
Jyoti P. Mukherjee, Joyeeta Roy, Chyree S. Batamngj Yadav, Douglas Wong
and Carol M. Taylor*

Department of Chemistry, Louisiana State Univerddigton Rouge, LA 70803

Abstract. An orthogonally protected-histidinoalanine residue was synthesized via
regioselective alkylation of optically pure BaeHis-OTCE (TCE = trichloroethyl) with

a sulfamidate electrophile derived from Fnm&er-OBn. The goal was the synthesis of
a non-natural theonellamide, invoking readily asdds variants of the other 10 amino
acids. Peptide fragments corresponding to thearabstvest rings of “theonellamide X”
were synthesized in solution. Each ring was fornmetpendently, providing insights
into protecting group limitations, side reactioms)d the optimal order of events to
approach the formation of the bicyclic system. irokitely, an undecapeptide was
prepared, with the eastern ring formed. The tWwedfhino acid, an-a-aminoadipic acid
building block, was prepared and preliminary inigegions into its attachment to the

undecapeptide are reported.

1. Introduction

Theonellamides (TNMs) A-EF (1),> G® and I? along with theonegramidend
theopalauamid®,are bicyclic dodecapeptides that were isolatedhfsponges of the
Theonella genus and shown to inhibit the growth of prototgpifungi and cancer cell
lines. In the case of theopalauamide, it was éshaa unequivocally that the peptide

was produced by symbiotic filamentous bactéfiaThe peptides are characterized by a



bridging t-histidinoalanine residue and a high degree of-prasislationally modified
residues. Since the disclosure of the structur@dnellamide F1( Figure 1) in 1988,
many studies have been reported seeking to undbeebiological activity of these

architecturally novel dodecapeptides.

theonellamide F (1) theonellamide X (2)

Rl= R'=Ph
\\/\/\Q\ X=Y=Z=H
HO'
X=Y=0H Br

Z-Br
Figurel

Theonellamides were the first low molecular weigioimpounds reported to
induce the formation of extraordinarily large valasi.e., fluid-filled compartments in
the cytoplasm. Watabe and coworkers made thisredtsen in 3Y1 rat embryonic
fibroblasts, where TNMs did not kill the cells, gig the first indication of potential as
good molecular probes to investigate intracellui@@mbrane structuréds® Vacuole
formation is a well-known marker of microbial adtyy that often precedes cell lysis.
Through affinity chromatography, Wada et al. esthlgld that theonellamides A and F
bind to two enzymes from rabbit liver: [-hydroxysteroid dehydrogenase IV and
glutamate dehydrogenaSeThis 2000 discovery of affinity for a steroid delnggenase

was prophetic.



About 10 vyears ago, breakthrough chemical genettsdies revealed
theopalauamide to be a nanomolar antifungal adexttdisrupts the cell membrane via
binding to ergosterol and up-regulafe®-glucan synthesi¥** In 2013, Espiritu et al.
confirmed that only B-hydroxy-functionalized steroids bind to TN¥. They used solid-
state deuterium NMR, and surface plasmon resonaxjgeriments, to demonstrate that
the steroid enhances the affinity of the TNM fopidi bilayers. The same year,
Nishimura et al. produced fluorescent conjugateddMs that served as probes for
sterols in liposome¥. In 2016, Espiritu et al. usé® NMR and dynamic light scattering
to demonstrate sterol concentration-dependent pmlisru of phosphatidylcholine
membranes by TNM A® Cornelio et al. recently reported NMR titratioxperiments to
determine the binding constant of TNM A and 25-lmygcholesterol in aqueous DMSO.
They concluded that the steroid binds in the hydodyic cavity of the TNM, reducing
the polarity of the latter, and thereby facilitafiinteractions with lipid membranés.
The vast majority of these highly collaborativedsés have been conducted using TNM
A, from natural sources.

The chemical synthesis of theonellamides has ttenpial to produce useful
amounts of material and to probe the role of theoua residues via structure-activity
studies. In the early 1990s, Tohdo, Hamada anditsheported progress toward the
synthesis of theonellamide F1){ in the form of conference proceedings and
communication$®?* They formed each of the two rings independentiyrm plan was
enunciated for the formation of the bicycle. Cyations were performed between the
bromophenylalanine ang-alanine residues in the western ring and betwden t

phenylalanine and &4S5E,7E)-3-amino-4-hydroxy-6-methyl-8-bromophenyl)-5,7-



octadienoic acid (Aboa) residues in the easterg using diphenylphosphoryl azide at
high dilution in yields of 21 and 24% respectively.

We have recently reported the synthesis of soméhef modified residues,
namely erythro-hydroxyasparagin€, t-histidinoalanin€® and (% 4R)-2-amino-4-
hydroxy-adipic acid/ We describe herein our strategy for the assernblthe bis-
macrocycle and its application to “theonellamide (), a non-natural congener. With
the exception oft-histidinoalanine, compound® invokes amino acids that are
commercially availableyiz. the simplest representation of residues that rogtuhe
natural products, or surrogates thereof. Noteablky,Aboa/Apoa residue was replaced
by B-phenylalanine. This retains the ring size oféhstern ring, the configuration at C3
of the residue, ant-electron density in the truncated side chain.

Construction of the bicyclic structure requires arefully choreographed
amalgamation of the fragments and building blo&shéme 1). Since the major element
of conformational restraint in the molecule is thEHAL residue, we set out to construct
this cornerstone and build on the two rings sedaiynt We chose cyclization sites that
would involve non-epimerizable activation siteg.\hose of3-aminoacids. Moreover,
the linear precursors, with theHAL residue embedded between peptide “arms” otmht
be able to achieve conformations amenable to atabz. Our protecting group strategy
embraced Hirschmann’s concept of “coordinated a@uinal deprotection?® viz.,
Alloc/allyl ester in the western ring and Fm@ayanoethyl BCE) ester in the eastern
ring. In each ring, the terminal protecting growpsght to be removed chemoselectively
and simultaneously. “Permanent” protection of fide chain functional groups with

traditional acid-labile groups, suffices for thereunt model system.
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Scheme 1. Retrosynthetic analysis of theonellamide2X (solid/bold line

indicates site of cyclization; wavy line is a ré&gudisconnection).

2. Resultsand Discussion

Pivotal to the successful synthesis of a theondtlans an efficient synthesis of
the T-histidinoalanine 1-HAL) building block?® We sought maximum flexibility vis-a-
vis protecting groups. The vast majority of prem@dfor protection obis-amino acids
comes from the lantibiotic literatur®. There is much fanfare these days about protecting
group free synthesis. Wuts cautions, “There aosydver, many classes of molecules
where our chemical technology is still not comdiet@dequate to completely avoid the
use of protecting groups.” He identities peptides ane of the three classes of
compounds! We are not aware of any system his-amino acids that conforms to

Barany and Merrifield’s rigorous definition of arrtlmogonal system as “a set of



completely independent classes of protecting grouipsa system of this kind, each class
of groups can be removed in any order and in thesgurce of all other classes.”
Following considerable thought and experimentatvoa arrived at building blocB. For
the a-amino groups, the Fmdtand Boc groups were selected. The Fmoc group is
removed vigB-elimination and the Boc group via acidolysis. Bgrand trichloroethyl
(TCE)** esters were employed for tecarboxylates. While both can be removed by
reduction, the former involves a hydrogenolytic ggss and the latter a two-electron
mechanism. The TCE ester was approached withfaxgtidled caution (vide infra), but a
methyl ester — perhaps the more obvious choiceauldamt be selectively removed, even
with tin(ll) hydroxide® Moreover, Shioiri and co-workers had reported t#igaline
hydrolysis of such an ester was accompanied bglisépimerization*

Aware of the propensity for histidine to racemize activation of the
carboxylate’® we sought to protect thenitrogen of the imidazole, initially with Boc
(Scheme 2). CompountR was thus prepared in short order, but we were lantb
remove theN7-Boc group to givel3, without accompanying side reactions of the TCE
ester. Treatment with sodium methoxidéed to transesterification. Exposure to a
weaker, non-nucleophilic base ¢C®s, imidazole, MeCN¥? led to cleavage of the TCE
ester and formation an insoluble material that wersiniscient of that described by
Sheeharet al.>** While TCE estedl3 could be prepared in good chemical yield, direct
from 9, it was indeed found to be a ~60:40 mixture ofngioaners by chiral HPLCt-
trityl protected14 was key to that analysis. Ultimately3 was prepared from Boc-
His(N7-Ts)-OH (11)* via carbodiimide-mediated esterificatiGhfollowed by cleavage

of the tosyl amide with pyridinium hydrochlorideccarding to Beyerman et 4.



Unfortunately, in our hands, unwanted formylatioaswobserved with DMF as solvent.

Dimethylsulfoxide afforded the requisite solubilitgthout this side reaction.
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Cl,CH,OH ;i
N - N -
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/N CH,Cl, ,N
R R
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Scheme 2. Synthesis of orthogonally protectedhistidinoalanines.

Sulfamidate22 was prepared from FmaeSer-OBn {7) by analogy to literature
procedured® Thus, treatment ofl7 with thionyl chloride led to the formation of
sulfimidite 18, requiring base. Variation in the nature of tlasdand the temperature of
the reaction afforded little optimization; disappence of starting material was not
complete before competing side reactions led to oaptex mixture.  Careful
chromatography o018 and oxidation to sulfamida@? was satisfactory; but when crude
mixtures of18 were subjected to oxidation, it was difficult tbtain useful amounts of
pure22. Ultimately, it was discovered that disulfiteersl9 was a major side product of
the first step, isolable in ~25% vyield. This si@&action was previously recognized by

Shiokawa et al* and could be minimized by the gradual additiom sblution ofl7 to a



dilute solution of thionyl chloride and triethylans. Chlorosulfite este?0 and
dehydroalanin@1 were also observed in the NMR and mass specipeoofuct mixtures.
Alkylation of Boc-His-OTCE 13) with high purity sulfamidate22, followed by
hydrolysis of the sulfamic acid, affordeeB. As observed previousf{® none of ther-
regioisomer was observed. Despite considerableestigation and attempted
optimization of the coupling reaction, low yieldsepailed. A contributing factor is the
instability of the sulfamidate. The reaction2# with 13 struggles to complete with the
degradation of22 to an intractable mixture, probably involving ahgdroalanine
intermediate. The low affinity of an imidazole fa sulfamidate electrophile is
corroborated by De Luca and coworkers who repotted the thiol of the cysteine
residue in a pentapeptide (Ac-Cys-Gly-His-Val-Al&)) reacts with the sulfamidate
derived from Boc-Ser-OMe to form a lanthioniieyith the unprotected histidine residue
providing no competition. Preliminary experimemdicated that each protecting group
of T-HAL 3 could be removed chemoselectiv&ly.

We next describe the assembly of the western hémisp L-a-Amino-adipic
acid building block4 was prepared by analogy to our previous reforfletrapeptide
Fmoc-Asn(Trt)-Asn(Trt)-Ph@-Ala-OAll (5) was prepared according to standard
solution phase protocols. Asparagine building bla¢ was coupled with phenylalanine
benzyl esterdb) to give dipeptide6. Hydrogenolysis 026 afforded the corresponding
acid that was coupled with the hydrochloride sélthe allyl ester of3-alanine 27), to
afford tripeptide28. The Fmoc-group was removed from the N-terminug&and a
second asparagine appended to give compdundlhe N-terminus was deprotected

immediately prior to coupling witi-HAL, to give amine30.
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Scheme 3. Assembly of the Western fragments of theonellad?2).

In parallel, the benzyl ester offHAL 3 was removed hydrogenolytically.
Tetrahydrofuran was the solvent of choice for theéaction with complex reaction
mixtures arising when ethyl acetate or alcoholsewesed as solvent. It is likely that
reductive dehalogenation of the TCE group was tiodlpm here. The resulting amine
30 and acid31 were coupled using HATU and collidiHeto give 32. Treatment of
hexapeptide32 with TFA led to removal of the Boc-group of theHAL residue and
cleavage of the trityl amides. Condensation olihg prepared acid with the amine
derived from32 afforded linear heptapeptid@3. We were aware of four previous
examples of simultaneous removal of two allyl-bapeatecting groups as a prelude to
macrocyclization:  Yokokawa and Shiori's synthesis antillatoxin®® Luesch and
coworkers’ synthesis of lyngbyastafihthe synthesis of somamide A by Yokokawa and
Shioir™® and the assembly of am-helical mimetic by Alewood and coworkets. A
range of allyl acceptors were trialed and the reacivas found to be highly dependent

on the source and quality of Pd(BRhwith only traces of the macrocycBd isolated,
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following cyclization. Over time, we came to realithat the TCE ester was not
surviving the Pd-catalyzed deallylation reactiomditions. This protecting group gives
rise to distinctive NMR signals, e.g., for lineaptapeptid&3 in DMSO-d;: 4 4.84 and
4.91 ppm = 12.2 Hz) for the diastereotopic gprotons in théH spectrum and 73.8
(CH,) and 95.5 (CG) ppm in the'®C spectrum. The molecular ion cluster of TCE-
containing species is also characteristic. Thegmatures” were typically missing from
the NMR and mass spectra of crude product mixtuAessmall scale trial, replacing the
TCE ester with a methyl ester, led to successfallgation and cyclization, confirming
the incompatibility of the TCE protecting group ithe conditions required to remove

the Alloc and allyl ester protecting groups.

AIIOOC
Boc-NH__COOTCE \L
NH Boc-NH.__COOTCE
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4 o
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g N
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N
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CH,Cl,-MeCN H.NOC NH
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H
(52%; 2 steps) O)j/N\H/(NHFmoc

H,NOC © a3

o
1. Pd(PPhg), o
BHs.NMe; N
2 o
2. HATU, PPr,NEt NH Opme HN._COOTCE
DMF o :
(0-8%) HN 1/
HQNOC
\H/(NHFmoc

H2NOC
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Scheme 4. Assembly of the Western ring of theonellamide X.

Independent investigation of the assembly of thstéfa hemisphere is depicted
in Schemes 5 and 6. Our original retrosynthetialymis (Scheme 1) involved &
cyanoethyl BCE) este¥ at the C-terminusiiz. fragment6. Early reports had shown that
the BCE group could be removed by piperiditie. Tetrapeptides was synthesized, in
early studies, but upon coupling to thAL residue, gave a mixture of two peptides
that were inseparable and did not perform as egpantsubsequent attempts to deprotect
and cyclize. Indeed, while this ester protectingup was advocated for use in peptide
synthesis as early as 1989%there have been no reports of its applicationdmpulex
molecule synthesis. Since our philosophy was Higs ester to be removed under the
same conditions as an Fmoc group, two other estefda-Boc{3-phenylalanine 35)
were prepared, viz. methyl es@ and fluorenylmethyl* ester37 (Scheme 5). The Boc

group was removed from each to give the correspgnigifluoroacetate salt88 and39.
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NHBoc NHBoc NH, TFA
COOH 4 orp COOR CHZCIZ COOR
35
36 R =Me (viaa) 38 R=Me
37 R =Fm (via b) 39R=Fm

a. Mel, DBU, acetone (75%);
b. FmOH, EDC.HCI, DMAP, CH,Cl, (70%)

HCI-Phe-OR
43 R=Bn

OBy 1. NHS. DCC By 44 R = Al
j\ WO, HATU, collidine
FmocNH” >COOH _  ——— Fmoc-NH " over 3 stops: \

2. H-Ser(O*Bu)-OH (41) over 3 steps:
Fmoc-aThr(O'Bu)-OH iPr,NEt, DMF 80%; R=Bn;
(40) 42 COOH 59%; R=All

\OBu
o
~OBu R1-N|—|j\(
HN
RI-NH o 1. Hy, PAIC rofsu
HN O'Bu 2. 38, HATU 07 "NH
CH,Cl,, collidine 0.
o) m (69%; 2 steps)
R200C

“NH
R200C
45 R' = Fmoc; R2=Bn
[ 46 R' = Fmoc; R2=All

1_H R2=
47R'=H; RZ=Al 6 R' = Fmoc; R? = BCE

47 R' = Fmoc; R? = Me
48 R' = Fmoc; R? = Fm
49 R'=H; R?=Me

Scheme 5. Assembly of the Eastern fragment of theonellanXidg).

Commercially availablallo-threonine derivativel0 was activated as its NHS ester and
coupled with side-chain protected ser#feto give dipeptide acid2. Elongation in the
C-terminal direction with phenylalanine este48 (benzyl) or 44 (allyl) gave the
corresponding tripeptide45 and 46. Hydrogenolysis o#l5 and coupling with methyl
ester38 gave tetrapeptidd7. Tetrapeptidel8, with the fluorenylmethyl ester at the C-
terminus, could be prepared by analogy. Howeuee, Fmoc group could not be
removed selectively from the N-termints Thus, tripeptidel6 was employed and tt
phenylalanine residue appended at a later stage.

Selective removal of the Fmoc group frasHAL 3 (Scheme 6, center) gave a
primary amine that was acylated with a commercialjailable serine derivativé0

(Scheme 6, clockwise frofl). Reductive cleavage of the trichloroethyl edrem
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compoundbl gave a free acid that was coupled with tetrapepditiine49. Removal of

the Fmoc group from compoun82 was accompanied by cyclization to form a
diketopiperazing® with concomitant loss of the benzyl ester, as sstggl by mass
spectrometry. Thus, to continue independent ssudfethe eastern ring, we converted
benzyl esteb2 to methyl amidé3. The methyl ester and the Fmoc carbamate could be
removed fronb3 under alkaline hydrolysis. Cyclization was inddidsy HATU to give

the eastern macrocychd; this reaction was not optimized.

~OBu
~OBu Boc-NH__ COOTCE
Boc-NH.___COOTCE 0C-NH Boc-NH \)L

Boc NH\)J\ 1. Et;NH, MeCN

NS N~ HN
AN gy R (J/ — (I 1. Zn, HOAG j/ I\O'B
¢ ’&/ ro 2. tripeptide amine 47 N 2. Fmoc-Ser(O'Bu)-OH (50) N o _— <

2. tetrapeptide

HATU, PrNEt
N NH HATU, CH,Cl, /[ i BroOG~ N NF-Fmoc  amine 49 0 Fmoc 0}/&
/( AIIOOC)\/Ph (63%; 2 steps)  BnOOC™ ~NH-Fmoc n N HATU, CH,Cl, o

(78%; 2 steps) collidine BnOOC HN
BnOOC” NHFmoc 8 51 O'Bu ’ H Y coowe

" (37%; 2 steps) BUO

1. Et,NH, MeCH
g 1. Hy, Pd/C 52 X =0Bn; R=Me
(74%; 2 steps) 2. Fmoc-Ser(O'Bu)-OH (50) 2. HCI.H,;NMe
HATU, CH,Cl, o LOBu coupling — 53 X = NHMe; R =Me
(56%;
° .OBu Boc-NH \)I\ Nj\fo 2 steps)
g S 1. LiOH, H,0,
Boc NH\A/ILN Boc- NH\)L THF, MeOH

2. HATU, CH,Cl,

HN
B o y}/ rofsu
; HN 1. Pd(PPhg),, THF - ’
é\“&/ rog (hIOSahCSyﬁC acid ¢ \\f I\OIB“ <N 07 NH (23%)
o Ph
N 2. H.p-Phe-OFm (39) H.p-Phe-OFm (39) /( Oy ﬁ)V
J\ AuoocJ\/Ph HATU, CH,Cly /( 0 Fmoc OYK/ h MeHNOG™ N N\[m‘\NH
NH H
BnOOC Jj' O Ph

NHFmoc (63%; 2steps)  BnOOC H HNW/\COOFm
BUO Ph BuO
BuO’ u 57 54

Scheme 6. Assembly of the Eastern ring of theonellamide X.

While the formation ob4 demonstrated the feasibility of cyclization betwelee
B-Phe and Ser residues in the eastern ring, compbdimibes not lend itself to further
elaboration. The necessary order of events, feerably of the bicyclé’ was emerging.
Rather than introducing a methyl amide, we ouglmtimduce a relevant peptide, prior to
Fmoc removal. With the long-term view, favoring thuorenylmethyl ester for th@-

Phe residue, pentapeptif®was produced, in good yield frotrlHAL 3. Addition of the
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Ser residue gave rise to hexapepthithe Deallylation and incorporation of tH&Phe
residue led to heptapeptiéé.

Hydrogenolysis of the benzyl ester of thélAL residue in compoun&7 gave
the corresponding acid. While histidine epimei@atwas difficult to quantify, the
appearance of a second singlet (typically slighdtyvnfield of that attributable the Boc
group in the desired epimer), in peptides derivethf3, alerted us to the likelihood of
epimerization at @ of the histidine oft-HAL. It is not widely appreciated that histidine
residues can epimerize during palladium-catalyzsttions. Méry and Calas proposed
that Pd behaves as a Lewis acid, activating the His Ch@reby increasing the acidity
of Ha, which is in close proximity to the mthat can serve as an internal bdseThe
inclusion of small volumes of acetic acid supprdstbes side reaction. These concerns
about epimerization led to the realization thatlihsic Nt could serve as an internal base
for the purposes of peptide couplings, avertingnéed to add an external base. Thus, in
the left-hand side of Scheme 6, and through Schémamide bond formation was
achieved without the addition of collidine or disopylethylamine.

The acid derived frord7 was coupled with tetrapeptide amid@ (Scheme 3), to
give the branched undecapeptil: (Scheme 7). Gratifyingly, the Fmoc and Fm ester
protecting groups were removed, within 2 hours,anrsiandard conditions in 84% yield.
Cyclization, with HATU was proceeded in an imprgesB0% vyield. This compares
favorably with the 24% vyield reported by Shioiridacoworkers for cyclization of the east

ring between the Phe and Aboa residiles.
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Scheme 7. Construction of the bicycle and deprotection.

Removal of the Boc group was attempted under aerafgonditions, following
literature precedents that gave us hope that thitkddbe done chemoselectively. Given
the solubility issues experienced with compouB8sand 54, we particularly sought
conditions that would leave the trityl amides intacliang et al’ had shown that
bromocatechol borafi® could removal a Boc group, leaving trityl amidestact.
Sakaitani and Ohfune first reported the combimatb TBSOTf/lutidine to remove Boc
groups via a silyl carbamaté. Rich and coworkers achieved this in the preserice
trityl amide®? Bastiaans et al. used the protocol in their cheohamide B synthesis,
leaving atert-butyl (aryl) ether unharmed. The most promising conditions we
identified were those described by Tan and Ma @irtealinamide A synthesf§, viz.
neat formic acid. However, the major product o tieaction arose from loss of oteet-
butyl ether, as well as the Boc carbamate. Cogpliith a-AAA building block 4 gave a
mixture that included decapeptid&@®and6l, as confirmed by mass spectrometry.

What remains, to complete the bicyclic structuréheftheonellamides, is removal

of the two allyl-based protecting groups, cycliaatiof the western ring and global
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deprotection of the side chain functional grougs.would be highly advantageous to
optimize the Boc-deprotection to produce a singlmpound prior to advancing these

goals.

3. Conclusions

We have described the synthesis of an orthogomatyectedt-HAL building
block that has served well in the assembly of tAeafhino acids of the theonellamide
skeleton. The trichloroethyl (TCE) ester has pdedi some complications in that it
suffers from nucleophilic attack and reductive ebge. As Davies has said, “In peptide

®5 that was certainly the case

synthetic circles dioxopiperazines are usually uowormae;
during efforts to elaboraté2 to the eastern macrocycle. Fortunately, conversib

benzyl esteb2 to undecapeptids8, laid the foundation for cleavage of the Fmoc &nd

ester protecting groups, followed by formation loé teast ring. Preliminary studies are
described to append the last amino agidmino-adipic acid. While this is the end of the
road for Taylor and coworkers, we hope that thedes learned in our laboratory over
the past decade or so will inspire others to purthee chemical synthesis of the

theonellamides, and study the structure-activitiati@nships of these beautiful and

valuable molecules.

4. Experimental Section
41  General
Reactions were performed under a nitrogen atmosplmeless otherwise noted.

Reagents were obtained from commercial sourcesuaed directly; exceptions are
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noted. Diethylamine, diisopropylethylamine, 2,4d@lidine and triethylamine were
dried and distilled from CatHand stored over KOH pellets. Compounds were lizeth

by UV fluorescence or by staining with ninhydriklash chromatography was performed
using silica gel from a range of sources, overybars, including Agela Technologies
(40-6Qu). HPLC was performed on a Waters 600 systemrfaded with Empower™
software, and equipped with a Waters 2487 UV detechonitoring absorption at 218
and 254 nm. Semi-preparative RP work was conduated 10 mm diameter Altima®
C18 1Qu column with a flow rate of 3 mL mihy eluants are detailed in each procedure.
NMR spectra were recorded on Bruker AV-400 or A\B3iQuid spectrometers. Proton
NMR data is reported in ppm downfield from TMS asiaternal standard or calibrated
on solvent peaks. High resolution mass spectrae wecorded using electrospray
ionization on an Agilent 6230 ESI TOF instrumeRotations were measured on a Jasco

P2000 polarimeter.

4.2  Synthesis of Trichloroethyl Esters

2,2,2-Trichloroethanol (1.5 equiv.) was added dngpwio a solution of Boc-
His(X)-OH (1.0 equiv.) in CECl, (0.1 mM) under Mat 0 °C. EDC hydrochloride (1.2
equiv.) was added in portions, the mixture warnted &ind stirred for 16 h.

Boc-His(Boc)-OTCE (12). On a 0.23 mmol scale, starting from Boc-His(Boc)
OH (8). Dichloromethane (20 mL) and water (15 mL) wadeled. The aqueous layer
was further extracted with GBI, (2 x 15 mL). The combined organic layers were
washed with sat'd aq. NaHG®15 mL), sat'd ag. NgCI (15 mL) and brine (15 mL),

dried over MgS@ filtered and concentrated. The yellow residues wabjected to flash
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chromatography, eluting with 0.5-2.0% MeOH in £} to give Boc-His(Boc)-OTCE
(12) as a viscous oil (105 mg, 93%R; 0.68 (95:5 CHCl,-MeOH). [a]*, +1.06 € 0.8,
CHCL). *H NMR (CDCk, 400 MHz)3 1.45 (s, 9H), 1.61 (s, 9H), 3.09 (dts 14.8 4.7
Hz, 1H), 3.18 (ddJ = 14.8, 5.5Hz, 1H), 4.67 (d,= 12.0 Hz, 1H), 4.67-4.74 (m, 1H),
4.83 (d,J = 12.0 Hz, 1H), 6.03 (dl = 8.2 Hz, 1H), 7.19 (s, 1H), 8.02 (s, 1HC NMR
(CDCls, 100 MHz) 6 27.9, 28.3, 29.6, 53.2, 74.6, 80.0, 85.8, 94.6.9,1137.0, 138.1,
146.7, 155.5, 170.5. HRMS (ESI+) calcd forg7ClsNzOs (M+H)" 486.0965, obsd
486.0975.

Boc-His(Trt)-OTCE (14). On a 0.20 mmol scale, starting from Boc-His(Trt)
OH (10). Dichloromethane (20 mL) and water (15 mL) wadeled. The aqueous layer
was further extracted with GBI, (2 x 15 mL). The combined organic layers were
washed with sat'd aq. NaHG®15 mL), sat'd ag. NgCI (15 mL) and brine (15 mL),
dried over MgS@ filtered and concentrated. The yellow residues wabjected to flash
chromatography, eluting with 0.5-1.5% MeOH in £ to give Boc-His(Trt)-OTCE
(14) as a colorless solid (110 mg, 87%% 0.55 (95:5 CHCl,-MeOH). [a]*; -10.3 €
1.0, CHC}). *H NMR (CDCk, 400 MHZz) 3 1.43 (s, 9H), 3.07 (dd, = 14.5, 4.1 Hz, 1H),
3.17 (dd,J = 14.5, 4.8 Hz, 1H), 4.55 (d,= 11.8 Hz, 1H), 4.60 (d] = 11.8 Hz, 1H),
4.63-4.71 (m, 1H), 6.34 (d,= 7.8 Hz, 1H), 6.58 (s, 1H), 7.05-7.14 (m, 6HR&7.36
(m, 9H), 7.43 (s, 1H);**C NMR (CDCk, 100 MHz) & 28.3, 29.6, 74.5, 75.3, 79.6, 94.5,
119.7, 128.1 (2C), 129.7, 136.1, 138.8, 142.2, 8,5570.4. HRMS (ESI+) calcd for
Cs2H33ClsN3O, (M+H)* 628.1537, obsd 628.1541.

Boc-His(Ts)-OTCE (15). On a 3.66 mmol scale, starting from Boc-His(Ts)-

OTCE (1). Dichloromethane (40 mL) and water (30 mL) vaasled and the aqueous
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layer further extracted with Gi&l, (2 x 20 mL). The combined organic layers were
washed with sat'd aq. NaHG@30 mL), sat'd ag. NECI (30 mL) and brine (30 mL),
dried over MgSQ filtered and concentrated. The yellow residus wabjected to flash
chromatography, eluting with 0.5-2.0% MeOH in £H to give Boc-His(Ts)-OTCE
(15) as a colorless solid (1.10 g, 83%.0.65 (95:5 CHCl,-MeOH). [a]p* +5.3° € 0.6,
CHCL). *H NMR (CDCL, 400 MHz)3 1.42 (s, 9H), 2.44 (s, 3H), 3.05 (dis 15.0, 4.6
Hz, 1H), 3.14 (dd) = 15.0, 4.6 Hz, 1H), 4.55 (d,= 11.9 Hz, 1H), 4.68-4.73 (m, 1H),
4.69 (d,J = 11.9 Hz, 1H), 5.91 (dl = 8.3 Hz, 1H), 7.08 (s, 1H), 7.36 @= 8.3 Hz, 2H),
7.79 (d,J = 8.3 Hz, 2H), 7.92 (s, 1H)**C NMR (CDCE, 100 MHz) 21.7, 28.3, 29.7,
52.9, 74,5, 80.1, 94.4, 114.9, 127.4, 130.5, 13243R.5, 139.8, 146.5, 155.4, 170.2.
HRMS (ESI+) calcd for GHos>"ClsN30sS (M+H) 540.0524; obsd 542.0540.
Boc-HissOTCE (13). Pyridinium hydrochloride (3.0 g, 25.9 mmol, 7.Que/)
was added to a stirred solution1& (2.0 g, 3.70 mmol, 1.0 equiv.) in DMSO (3 mL) &t r
under N. The mixture was stirred for another 2.5 h, pduoato HBO (30 mL) and
extracted with EtOAc (3 x 60 mL). The combined argalayers were washed
sequentially with s&d agq. NaHC® (30 mL), HO (30 mL), brine (30 mL), then dried
over MgSQ, filtered, and concentrated to obtain a yellowides that was purified by
flash chromatography, eluting with a gradient d%-MeOH in CHCI,, to give Boc-
His-TCE (13) as colorless foam (1.2 g, 84% 0.35 (95:5 CHCl>-MeOH). [0]*% -
13.33 € 1.0, CHC}). *H NMR (CDCk, 400 MHz)81.38 (s, 9H), 3.02-3.18 (m, 2H),
4.49-4.64 (m, 2H), 4.72 (d,= 11.8 Hz, 1H), 6.07 (dl = 7.5 Hz, 1H), 6.83 (s, 1H), 7.54

(s, 1H); °C NMR (CDCk, 100 MHz)528.2, 29.2, 53.6, 74.4, 80.0, 94.4, 115.6, 133.9,
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135.3, 155.6, 170.6. HRMS (ESI+) calcd fora@isClsNsOs (M+H)* 386.0441, obsd

386.0443.

4.3  Synthesis of r-Histidinoalanine Building Block 3

Fmoc-D-Ser-OBn (17). Cesium carbonate (1.39 g, 4.27 mmol, 0.50 eqwag
added to a solution of FmaeSer-OH (6) (2.8 g, 8.54 mmol, 1.00 equiv.) in dry MeOH
(35 mL). The mixture was stirred at rt for 2 h, centrated, and the residue dissolved in
dry DMF (19 mL) under M Benzyl bromide (1.2 mL, 875 mg, 10.29 mmol, 1e2iv.)
was added dropwise and the mixture stirred ovetnighe mixture was partitioned
between EtOAc (70 mL) and.B (70 mL). The aqueous layer was further extractitial
EtOAc (70 mL), and the combined organic extractstveal with sat'd aq. NaHGJ3 x
20 mL) to remove Fmoo-Ser-OH. The organic layer was washed with brir rfd.),
dried over MgSQ filtered and concentrated. The pale yellow oikvmurified by flash
chromatography on silica gel, eluting with 2:1 heesEtOAc, to give Fmobp-Ser-OBn
(17) as a clear oil that gave a colorless solid, feifgy refrigeration overnight (2.90 g,
82%).R 0.38 (1:1 EtOAc-hex).o]*s -3.4 (¢ 1.0, MeOH)*H NMR (400 MHz,CDC}) &
2.22 (br s, 1H), 3.91 (d = 9.8 Hz, 1H), 4.01 (d] = 9.8 Hz, 1H), 4.20 () = 6.5, 1H),
4.36-4.48 (m, 3H), 5.21 (s, 2H), 5.77 (&= 7.5 Hz, 1H), 7.28-7.33 (m, 7H), 7.39 Jt=
7.4 Hz, 2H), 7.58 (dJ = 7.1 Hz, 2H), 7.75 (d) = 7.5 Hz, 2H);**C NMR (100 MHz,
CDCl;) 06 47.1, 56.1, 63.3, 67.2, 67.5, 120.0, 125.1, 1272471, 127.7, 128.2, 128.5,
128.6, 135.0, 141.3 (2C), 143.6, 143.8, 156.2,3A7HHRMS (ESI) calcd for £&H24NOs

(M+H)* 418.1654, obsd 418.1670.
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Sulfamidate 22. A solution of triethylamine (1.42 mL, 1.02 g, 10nmol, 3.0
equiv) in CHCI, (28 mL) was stirred at -40 °C (MeCN/dry ice batimder N in a two-
necked flask, fitted with a dropping funnel (vealicand rubber septum (side). Distilled
thionyl chloride (50QuL, 800 mg, 6.7 mmol, 2.0 equiv) was added dropwiger 5 min
via the septum and stirring continued for 5 minsélution of Fmo®-Ser-OBn (7)
(1.42 g, 3.4 mmol, 1.0 equiv) in GBI, (55 mL) was added dropwise from the dropping
funnel over a period of 2 h. Following completioh the addition, the mixture was
maintained at -40 °C and stirred for another 2antgradually warmed to rt over 2 h (ice
bath left in place, but no more dry ice added)rid?ye (1.00 mL, 1.06 g, 13.4 mmol, 4.0
equiv) was added dropwise and stirring continuedafmther 14 h. Water (70 mL) was
added and the mixture was extracted with,Cll (55 mL). The organic layer was
washed with 5% citric acid (28 mL),,B (70 mL) and brine (30 mL), dried over MggO
filtered and concentrated. The crude diastereonsaitianidites (8) were obtained as an
orange foam and used as such for the next ®ep.47 (minor), 0.40 (major) (2:1
hexanes-EtOAC).

The residue was dissolved in MeCN (14 mL) and edolo 0 °C. Sodium
periodate (790 mg, 3.6 mmol, 1.1 equiv) was addddvwed by ruthenium (Ill) chloride
(70 mg, 0.34 mmol, 0.1 equiv). Water (14 mL) waseti dropwise to the solution and
the mixture was left to stir vigorously for 1 h @&t°C. The mixture was warmed to rt,
stirred an additional 1 h, and then water (28 mah¢l E4O (55 mL) were added. The
two layers separated and the aqueous layer exdréatther with EO (50 mL). The
combined organic layers were washed with sat’dNeddCG; (80 mL), HO (80 mL) and

brine (80 mL), dried over MgSQfiltered and concentrated. The yellow residue was
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purified by flash chromatography on silica gel telg with 5:1 hexanes-EtOAc, followed
by 3:1 hexanes-EtOAc, to give sulfamid2&as a colorless soli(P80 mg, 61 % over
two steps).R: 0.37 (2:1 hexanes-EtOAc)a]f’> +11.1 € 0.6, CHC}). H NMR (400
MHz, CDCh) & 4.22-4.32 (m, 1H), 4.44 (app.Jt= 8.8 Hz, 1H), 4.56 (appt.d,= 8.8 Hz,
1H), 4.72 (dJ = 8.7 Hz, 1H), 4.78-4.93 (m, 1H), 4.83 (t&= 8.7 Hz, 1H), 5.18-5.27 (m,
2H), 7.30 =7.37 (m, 7H), 7.41 (,= 7.4 Hz, 2H), 7.67 (br s, 2H), 7.76 @z 7.4 Hz,
2H); *C NMR (100 MHz, CDGJ) & 46.4, 57.9, 68.0, 68.6, 70.6, 120.0, 125.2, 125.3,
127.3, 128.0, 128.2, 128.7, 128.8, 134.2, 141.9,(242.7, 142.9, 149.4, 166.4. HRMS
(ESI) calcd for GsH20NO;S (M-H) 478.0966, obsd 478.0969.

7-HAL derivative 3. Boc+i-His-OTCE(13) (945mg, 2.46 mmol, 1.2 equiv.) was
added to a solution of sulfamida22 (980 mg, 2.05 mmol, 1.0 equiv.) in 1,2-DME (46
mL). This solution was heated at 80 °C underaddd stirred for 5 h. A solution of
potassium dihydrogen phosphate (1 M, 30 mL) wasddd the mixture which was
stirred at rt for 5 min. The mixture was partitiongetween EtOAc (60 mL) and,& (60
mL) to dissolve the precipitate. The two layerseveeparated, and the aqueous layer was
extracted further with EtOAc (60 mL). The combinedyanic layers were dried over
MgSQ,, filtered and concentrated. The clear oil was ettied to flash chromatography
on silica gel, eluting with 2:1 hexanes-EtOAc, iwegt-HAL 3 as a colorless oil (590
mg, 36%).R; 0.34 (95:5 CHCl,-MeOH). [0]*°5 -3.9 € 1.0, CHC}). *H NMR (CDCk,
400 MHz)$ 1.42 (s, 9H), 3.03 (dd,= 14.8, 4.5 Hz, 1H), 3.11 (dd= 14.8, 4.7 Hz, 1H),
4.20 (t,J = 6.4 Hz, 1H), 4.32 (br s, 2H), 4.40 (appt) & 8.6 Hz, 1H), 4.52 (appt. J,=
8.6 Hz, 1H), 4.60-4.64 (m, 2H), 4.68 = 12.1 Hz, 1H), 4.82 (d] = 12.1 Hz, 1H),

5.17 (d,J = 11.9 Hz, 1H), 5.28 (d] = 11.8 Hz, 1H), 5.60 (br s, 1H) 6.18 (= 7.8 Hz,
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1H), 6.36 (s, 1H), 7.27-7.42 (m, 9H), 7.58 Jds 7.3 Hz, 2H), 7.79 (dJ = 7.2 Hz, 2H);
13C NMR (CDCE, 100 MHz)$ 28.3, 29.6, 47.0, 47.7, 53.5, 54.7, 67.2, 68.25,749.8,
94.7, 117.1, 120.0, 124.9, 125.0, 127.1, 127.2,8,2I28.9, 129.0, 129.1, 134.2, 137.6,
141.3, 143.4, 143.5, 155.5, 155.6, 168.7, 170HRMS (ESI) calcd for GsHaoClaN4Og

(M+H)* 785.1906, obsd 785.1923.

4.4  Synthesis of L-a-Aminoadipic Acid Building Block 4

Alloc-L-a-AAA-OH. L-a-Aminoadipic acid 23) (250 mg, 1.55 mmol, 1.0
equiv.) was added to a solution of sodium hydroXg23 mg, 5.60 mmol, 3.6 equiv.) in
water (12.5 mL) at O °C. Allyl chloroformate (24L, 281 mg, 2.35 mmol, 1.5 equiv.)
was added dropwise over 30 min and stirring coetinor 4 h in an ice bath. The
mixture was washed with diethyl ether (20 mL). Hugieous layer was acidified to pH 2
by the addition of conc. HCI and extracted with EtO(4 x 20 mL). The combined
extracts were dried over MgQQO filtered and concentrated to give 2-
(allyloxycarbonylamino)-adipic acid (350 mg, 92%)0.29 (6:4:1 CHG-MeOH-H,0).

Alloc-L-a-AAA-OPMB (4). Triethylamine (139uL, 106 mg, 1.05 mmol, 1.1
equiv) andp-methoxybenzyl chloride (128L, 162 mg, 0.95 mmol, 1.0 equiv.) were
added to a solution of Alloe-AAA-OH (255 mg, 0.95 mmol, 1.0 equiv.) in DMF (6
mL) at 38 °C and stirring continued at 38 °C ovgmi Ethyl acetate (5 mL) was added
and the solution was filtered to remove the préaipi of triethylammonium
hydrochlorideThe filtrate was diluted with ethyl acetate (20 mivashed with water (10
mL), brine (10 mL), dried over MgSQfiltered and concentrated. The pale yellow oll

was purified by flash chromatography on silica giliting with 98:2 (CHCI,-MeOH) to



24

afford the desired estdras colorless oil (235 mg, 62%3; 0.32 (95:5 CHCI,-MeOH).
[a]?°5 -4.09 € 1.0, CHC}), *H NMR (CDCk, 400 MHz)8 1.65-1.74 (m, 3H), 1.80-1.96
(m, 1H), 2.28-2.42 (m, 2H), 3.82 (s, 3H), 4.33-4(4% 1H), 4.57 (dJ = 5.4 Hz, 2H),
5.13 (g,J = 11.8 Hz, 2H), 5.22 (d] = 10.4 Hz, 1H), 5.31 (d = 17.2 Hz, 1H), 5.47 (d

= 8.0 Hz, 1H), 5.86-5.94 (m, 1H), 6.89 (U= 8.6 Hz, 2H), 7.29 (d] = 8.6 Hz, 2H)°C
NMR (CDCk, 100 MHz)s 20.3, 31.8, 53.6, 55.3, 65.9, 67.2, 114.0, 11129,3, 130.2,
132.6, 155.9, 159.8, 172.2. HRMS (ESI+) calcd fesHz.NO; (M+H)* 366.1547, obsd

366.1537.

45  Synthesisof Tetrapeptide 5

Fmoc-Asn(Trt)-Phe-OBn (26). Phenylalanine benzyl ester hydrochlori@) (
(200 mg, 0.68 mmol, 1.00 equiv.) was added to atwwl of Fmoc-Asn(Trt)-OH 24)
(160 mg, 0.68 mmol, 1.00 equiv.) in GEl, (2 mL) at 0 °C under N Triethylamine
(189 pL, 137 mg, 1.36 mmol, 2.00 equiv.), EDC (188, 0.7 mmol, 1.05 equiv.) and
HOBt (136 mg, 1.0 mmol, 1.50 equiv.) were addedusatjally. After 20 min, the ice
bath was removed, the mixture warmed to rt andestifor another 12 h. The mixture
was concentrated and applied to a flash columnmingmum volume of ChCl,, eluting
with 98:2 CHCI,: MeOH to give dipeptid®6 (295 mg; 51%)R: 0.50 (95:5 CHClI,-
MeOH). [0]*p -1.2 € 0.8, CHC}). *H NMR (CDCk, 400 MHz)$ 1.53-1.74 (m, 1H),
2.63 (dd,J = 15.0, 4.6 Hz, 1H), 2.94-3.03 (m, 2H), 3.07Jd; 15.0 Hz, 1H), 4.19 (app t,
J=7.1Hz, 1H), 4.28-4.37 (m, 2H), 4.50-4.60 (rH);14.78 (q,J = 6.6 Hz, 1H), 5.07 (d,
J=12.0 Hz, 1H), 5.15 (d = 12.0 Hz, 1H), 6.42 (br s, 1H), 6.92 (br s, 16{R9 (br s,

1H), 7.12-7.18 (m, 3H), 7.22-7.30 (m, 23H), 7.42 7.1 Hz, 2H), 7.57 (d] = 7.1 Hz,
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2H), 7.79 (dJ = 7.4 Hz, 2H)*C NMR (CDC}, 125 MHz)5 37.7, 38.1, 47.1, 51.3, 54.0,
67.2, 67.4, 70.9, 120.1, 125.3, 127.0, 127.2, 12¥28.1, 128.5, 128.6 (2C), 128.7,
129.3, 135.2, 135.7, 141.3, 143.8, 143.9, 144.4.45170.6, 170.8, 170.9. HRMS
(ESI+) calcd for G4HgN30s (M+H)* 834.3538, obsd 834.3526.

HCI.p-Ala-OAll (27). B-Alanine (502 mg, 5.6 mmol, 1.0 equiv.), allyl ahcd
(3.4 mL, 2.9 g, 27.0 mmol, 4.8 equiv.) and chlarogthylsilane (1.2 mL, 1.03 g, 9.4
mmol, 1.6 equiv.) were heated at 100 °C for 4 he Tixture was cooled to rt, poured
onto diethyl ether (115 mL) and stirred at 0 °C &3 h. The solid was collected by
filtration to give the hydrochloride s&7 (800 mg, 86%)R; 0.38 (9:1 CHCI,-MeOH).
H NMR (CDCL, 400 MHZ)$ 2.96 (t,J = 6.7 Hz, 2H), 3.38 (t) = 6.7 Hz, 2H), 4.63 (d]
= 5.8 Hz, 2H), 5.24 (dd]= 10.4, 1.1 Hz, 1H), 5.33 (dd,= 17.2, 1.4 Hz, 1H), 5.86-5.96
(m, 1H), 8.20 (br s, 2H)*C NMR (CDC}, 100 MHz)5 31.3, 35.7, 65.9, 118.8, 131.7,
170.9. HRMS (ESI+) calcd for81:NO, (M+H)* 130.0868, obsd 130.0863.

Fmoc-Asn(Trt)-Phe-p-Ala-OAll (28). 10% Pd-C (18 mg, 0.34 mmol, 2.0
equiv.) was added to a solution of dipeptife(140 mg, 0.17 mmol, 1.0 equiv) in dry
MeOH (2 mL). The vessel was evacuated and thenegpep to an atmosphere of &hd
the mixture stirred at rt for 4 h. The mixture wWigtered through a plug of Celifeand the
filtrate concentrated to give the carboxylic acglaacolorless oil (100 mg, 0.14 mmol)
that was used directly in the next step withouthfer purification. R 0.25 (9:1 CHCI,-
MeOH).

Fmoc-Asn(Trt)-Phe-OH (100 mg, 0.14 mmol, 1.05 equivas dissolved in
CH.Cl, (2 mL) and cooled to 0 °C undep.Ns-Alanine allyl ester hydrochloride&7) (22

mg, 0.13 mmol, 1.00 equiv.) was added, as a solidwed by 2,4,6-collidine (35 pL, 32



26

mg, 0.26 mmol, 2.00 equiv.) and HATU (52 mg, 0.14hoh 1.05 equiv.). After 20 min,
the mixture was warmed to rt and stirred for 12The mixture was concentrated and
applied to a flash column in a minimum volume of LLH. Elution with a gradient of 2-
5% MeOH in CHCI, yielded tripeptide28 as a colorless foam (95 mg, 66% over 2
steps).R; 0.49 (9:1 CHCI,-MeOH). [o]o® -5.2 € 0.5, CHCE). *H NMR (CDCk, 400
MHz) & 2.25-2.38 (m, 2H), 2.75-2.81 (m, 1H), 2.94-2.98 @H), 3.05-3.08 (m, 1H),
3.26-3.31 (m, 2H), 4.18 (§ = 7.0 Hz, 1H), 4.28-4.39 (m, 2H), 4.42-4.46 (m,)1#51
(d, J = 5.6 Hz, 2H), 4.55-4.57 (m, 1H), 5.24 (= 10.4 Hz, 1H), 5.30 (d] = 16.2 Hz,
1H), 5.83-5.93 (m, 1H), 6.22 (d,= 6.7 Hz, 1H), 6.55 (t) = 5.5 Hz, 1H), 6.85 (dJ =
7.0 Hz, 1H), 7.00 (br s, 1H), 7.13-7.35 (m, 25H127(d,J = 7.4 Hz, 2H), 7.58 (d] = 7.2
Hz, 2H), 7.78 (dJ = 6.7 Hz, 2H)*C NMR (CDCk, 100 MHz)$ 34.8, 37.5, 38.1, 47.0,
51.8, 54.6, 65.2, 67.4, 70.8, 118.4, 120.0, 12B27,0, 127.1, 127.2, 127.8, 128.0, 128.7,
129.3, 132.0, 136.5, 141.3, 143.7 (2C), 144.2,3,5670.0, 170.2, 170.6, 171.5. HRMS
(ESI+) calcd for GHsiN4O7 (M+H)* 855.3752, obsd 855.3759.
Fmoc-Asn(Trt)-Asn(Trt)-Phe-g-Ala-OAll (5). Diethylamine (2 mL) was added
to a solution of tripeptid&8 (160 mg, 0.18 mmol, 1.00 equiv.) in acetonitrBenfL). The
mixture was stirred for 1 h at rt, after which tinffe.C indicated that the starting material
had been consumed. The solution was concentratetithen concentrated twice more
from CH;CN (2 x 6 mL) to remove the excessNBH. The residue was applied to a flash
column in a minimum volume of G&l,, eluting with 9:1 CHCI,-MeOH to give the
amine, H-Asn(Trt)-Ph@-Ala-OAll (118 mg, 0.18 mmol)R; 0.42 (9:1 CHCI,-MeOH).
HATU (74 mg, 0.19 mmol, 1.05 equiv.) and 2,4,6-ctie (54 pL, 50 mg, 0.40

mmol, 2.2 equiv.) were added to a solution of theermediate amine (118 mg, 0.18
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mmol, 1.00 equiv.) and Fmoc-Asn(Trt)-OR9) (116 mg, 0.19 mmol, 1.05 equiv.) in
CH.Cl, (4 mL) at 0 °C under N After 20 min, the mixture was warmed to rt andet

14 h. The mixture was concentrated and appliedftasa column in a minimum volume
of CH,Cl,. Elution with 98:2 CHCI,-MeOH gave tetrapeptideas a colorless foam (148
mg, 68% over two stepsfi 0.52 (9:1 CHCl,-MeOH). [0]*°% -18.8 € 0.5, CHC)). *H
NMR (DMSO-ds, 400 MHz)5 2.20 (t,J = 7.3 Hz, 1H), 2.40 (dJ = 11.7 Hz, 1H), 2.57-
2.77 (m, 5H), 2.95-2.97 (m, 1H), 3.03 (b= 10.9 Hz, 1H), 3.08-3.10 (m, 1H), 4.21t,

= 6.6 Hz, 1H), 4.25-4.38 (m, 3H), 4.42-4.45 (m, 1448 (m, 1H), 4.53 (d] = 5.0 Hz,
2H), 5.22 (dJ = 10.4 Hz, 1H), 5.30 (dl = 17.1 Hz, 1H), 5.89-5.94 (m, 1H), 7.06Jt
7.1 Hz, 1H), 7.11-7.27 (m, 39H), 7.25-7.29 (m, 1AHB9-7.46 (m, 1H), 7.66 (d,= 8.2
Hz, 1H), 7.71-7.77 (m, 3H), 7.91 (@= 7.4 Hz, 2H), 8.10 (d] = 8.0 Hz, 1H), 8.26 (d]

= 7.4 Hz, 1H), 8.57 (s, 1H), 8.82 (s, 1HC NMR (DMSO+s, 100 MHz)s 33.7, 35.1,
37.1, 38.5, 38.7, 47.1, 50.4, 52.5, 54.7, 64.94,680.9, 118.3, 120.6, 121.4, 125.7 (2C),
126.5, 126.8, 126.9, 127.6, 127.9, 128.1, 128.9,0,229.4, 133.5, 138.6, 141.2, 144.2,
144.3, 145.1, 145.2, 156.2, 169.3, 170.1, 170.9,A72C), 171.7. HRMS (ESI+) calcd

for CzeH71NeOg (M+H)" 1211.5277, obsd 1211.5271.

4.6  Construction of the Western Macrocycle

Hexapeptide 32. 10% Pd-C (90 mg, 30% w/w) was added to a solution- o
histidinoalanine3 (300 mg, 0.4 mmol, 1.0 equiv.) in anhydrous THR(B). The vessel
was evacuated and then opened to an atmosphercaoidHhe suspension stirred at rt for
3h. The reaction mixture was filtered through agpbf Celite® and the filtrate was

concentrated. The residue was purified by flastorclatography eluting with 20% EtOH
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in CH,Cl, to give the free aci@l as a colorless oil (225 mg, 849%.0.20 (9:1 CHCI,-
MeOH). [¢]*°s -2.98 € 1.0, CHC}). *H NMR (DMSO-ds, 400 MHz)$ 1.35 (s, 9H),
2.82-2.90 (m, 2H), 4.11-4.24 (m, 4H), 4.29)t 10.9 Hz, 2H), 4.35-4.40 (m, 1H), 4.82
(d, J = 12.3 Hz, 1H), 4.91 (d] = 12.3 Hz, 1H), 6.87 (s, 1H), 7.28 @@= 7.8 Hz, 1H),
7.33 (t,J = 7.4 Hz, 2H), 7.41 () = 7.4 Hz, 2H), 7.45 (s, 1H), 7.65 {t= 12.0 Hz, 2H),
7.89 (d,J = 7.5 Hz, 3H);**C NMR (DMSO+ds, 100 MHz) 28.6, 29.8, 47.1, 47.3, 54.1,
55.4, 66.1, 74.0, 79.0, 95.5, 118.0, 120.6, 12826,7, 127.6, 128.1, 136.9, 138.1, 141.2,
144.3, 144.4, 155.7, 156.2, 171.3, 171.6; HRMS {E84lcd for GiHz4ClsN4Og (M+H)*
695.1437, obsd 695.1442.

Diethylamine (3 mL) was added to a solution of @apéptide Fmoc-Asn(Trt)-
Asn(Trt)-Pheg-Ala-OAll (5) (480 mg, 0.38 mmol, 1.00 equiv.) in dry acetalati(3
mL). The mixture was stirred at rt for 2 h, concated, and concentrated twice more
from CHCN (2 x 6 mL) to remove the excessNit. The residue was then applied to a
flash column in a minimum volume of GEl,, eluting with 9:1 CHCI,-MeOH to give
compound30 (330 mg).R: 0.30 (9:1 CHCI,-MeOH).

A solution of acid31 (225 mg, 0.32 mmol, 1.00 equiv.) in g, (6 mL),
collidine (92 pL, 85 mg, 0.70 mmol, 2.20 equiv.dadATU (138 mg, 0.36 mmol, 1.10
equiv.) were added sequentially to a solution ofna@nH-Asn(Trt)-Asn(Trt)-Pheg-Ala-
OAII (30) (330 mg, 0.32 mmol, 1.00 equiv.) in g, (8 mL) at 0 °C under N After 20
min, the mixture was warmed to rt and stirred oiglth The mixture was concentrated
and the residue applied to a flash column in ammimn volume of CHCl,. Subsequent
elution with a gradient of 5-10% of MeOH in @El, gave hexapeptid82 as a light

brown solid (282 mg, 53% over two steps frorfRlAL 3). R 0.35 (9:1 CHCI,-MeOH).
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[0]*5-8.15 € 0.9, MeOH)'H NMR (DMSO-dg, 500 MHz)5 1.33 (s, 9H), 2.19 (1= 7.4
Hz, 2H), 2.57-2.64 (m, 3H), 2.77 (dii= 15.5, 7.4 Hz, 1H), 2.84-3.12 (m, 5H), 3.81 (app
t, J = 13.9 Hz, 1H), 3.99 (d] = 13.9 Hz, 1H), 4.06-4.20 (m, 3H), 4.31 (&= 8.6, 4.8
Hz, 1H), 4.38-4.43 (m, 1H), 4.48-4.50 (m, 2H), 4(@2J = 5.4 Hz, 2H), 4.73 (dd] =
14.5, 8.3 Hz, 1H), 4.81 (d,= 12.2 Hz, 1H), 4.90 (d} = 12.2 Hz, 1H), 5.21 (dd,= 10.5,
1.3 Hz, 1H), 5.29 (dd] = 17.3, 1.3 Hz, 1H), 5.87-5.95 (m, 1H), 6.98-7(85 40H), 7.40

(t, J= 7.4 Hz, 2H), 7.50 (br s, 1H), 7.61-7.72 (m, 3AB7 (d,J = 7.5 Hz, 2H), 8.03 (d]

= 8.0 Hz, 1H), 8.23 (dJ = 7.3 Hz, 1H), 8.47 (d] = 7.9 Hz, 1H), 8.64 (s, 1H), 8.74 (s,
1H); 1°C NMR (DMSO+s, 125 MHz)5 28.3, 28.6 29.8, 31.1, 33.7, 33.8, 35.0, 37.%5,38.
38.7,47.0, 48.0, 50.1, 50.4, 54.3, 54.7, 55.41,5%.9, 66.4, 69.8, 69.9, 70.1, 73.9, 78.9,
95.6, 118.2, 118.3, 120.6, 121.3, 125.7, 125.8,512626.8, 127.5, 127.9, 128.1, 128.5,
128.9, 129.5, 133.1, 136.9, 138.2, 138.5, 141.2,11444.2, 145.0, 145.2, 155.7, 156.3,
169.1, 169.2, 169.9, 170.9, 171.1, 171.4; HRMS Slalcd for GyHgiCI3N1014
(M+H)" 1665.5860, obsd 1665.5852.

Heptapeptide 33. Trifluoroacetic acid (2 mL) was added dropwiseteolution
of hexapeptid&2 (160 mg, 0.09 mmol, 1.00 equiv.) in dry &, (2 mL) at 0 °C under
N.. The mixture was stirred for 4 h, then concentrdteee times from toluene to give
the free amine as a colorless oil (109 nfiy)0.10 (9:1 CHG-MeOH).

A solution of acid4 (35 mg, 0.09 mmol, 1.0 equiv.) in MeCN (3 mIBLNEt (43
uL, 32 mg, 0.25 mmol, 2.5 equiv.) and HATU (38 mgl Ghmol, 1.05 equiv.) were
added sequentially to a solution of the amine (1@ 0.1 mmol, 1.05 equiv.) in GBI,

(3 mL) at 0 °C under N After 20 min, the mixture was warmed to rt andatl for 16 h.

The mixture was concentrated and applied to a ftadbmn in a minimum volume of
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CHCl,. Elution with a gradient of 5-10% of MeOH in @El, gave heptapeptide3 as a
colorless solid (71 mg, 52% 0.40 (8:2 CHG}-MeOH). [0]*; -10.7 € 0.25, DMSO).
H NMR (DMSO-ds, 500 MHZ)$ 1.49-1.59 (m, 3H), 1.67-1.73 (m, 1H), 2.05-2.13 (m
2H), 2.34-2.45 (m, 2H), 2.45 (td,= 6.2, 1.4 Hz, 2H), 2.56 (dd,= 15.3, 5.6 Hz, 1H),
2.83 (dd,J = 13.8, 9.3 Hz, 1H), 2.95-3.05 (m, 1H), 3.03 (dd; 13.8, 4.5 Hz, 1H), 3.13
(dd,J = 16.8, 7.2 Hz, 1H), 3.24-3.30 (m, 3H), 3.74 (d),33.97-4.02 (m, 1H), 4.18 (dd,
= 13.9, 7.2 Hz, 2H), 4.22-4.24 (m, 2H), 4.32-4.86 { = 13.5, 4.8 Hz, 1H), 4.43-4.51
(m, 4H), 4.54 (dtJ = 5.5, 1.8 Hz, 2H), 4.58-4.66 (m, 2H), 4.72 (dds 14.8, 7.8 Hz,
1H), 4.83 (dJ = 12.2 Hz, 1H), 4.90 (d} = 12.2 Hz, 1H), 5.03 (s, 2H), 5.17 (dtk 13.0,
1.8 Hz, 1H), 5.21 (ddd] = 15.0, 4.0, 2.0 Hz, 1H), 5.28 (@~ 21.5, 1.9 Hz, 1H), 5.29
(ddd,J = 23.5, 4.5, 2.2 Hz, 1H), 5.84-5.95 (m, 2H), 6(81J = 8.7 Hz, 2H), 6.95 (br s,
1H), 7.00 (br s, 1H), 7.15-7.20 (m, 3H), 7.24 Jc& 7.4 Hz, 2H), 7.27 (d) = 8.6 Hz,
2H), 7.32 (tJ = 7.5 Hz, 2H), 7.40-7.42 (m, 3H), 7.43 (br s, 1A¥7 (br s, 1H), 7.63-
7.68 (m, 1H), 7.65 (d] = 7.4 Hz, 1H), 7.67 (d] = 7.4 Hz, 1H), 7.78 (d] = 8.5 Hz, 1H),
7.89 (d,J = 7.6 Hz, 2H), 8.06 (d] = 8.2 Hz, 1H), 8.32 (d] = 7.3 Hz, 1H), 8.46 (d] =
7.3 Hz, 1H), 8.51 (d] = 7.8 Hz, 1H), 8.79 (br s, 1H)°C NMR (DMSO+s, 125 MHZ)$
22.1, 30.1, 30.5, 33.9, 34.7, 35.3, 37.1, 37.31,38/.0, 47.8, 50.2, 50.6, 52.7, 54.3, 54.9,
55.6, 56.1, 65.0, 66.2, 66.4, 73.9, 95.5, 114.3,4,1117.8, 118.3, 119.2, 120.5, 125.7,
125.8, 126.7, 127.6 (2C), 128.1, 128.3, 128.6,5,2830.2, 133.1, 133.9, 141.1, 144.1,
144.2, 156.4, 156.5, 159.6, 169.3, 170.9, 171.1,27171.3 (2C), 172.1, 172.2, 172.5,
172.7; HRMS (ESI+) calcd forgH76ClsN11015 (M+H)" 1428.4514, obsd 1428.4529.
Western Cyclic Heptapeptide 34. Borane dimethylamine complex (7 mg, 0.12

mmol) and Pd(PRJy (9 mg, 0.01 mmol) were added sequentially to raestisolution of
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linear heptapeptidd3 (30 mg, 0.02 mmol) in THF (2 mL) at room temperatunder N.
The flask was wrapped in aluminum foil to proteke treaction from light and the
mixture was stirred for 3 h, then filtered throumpad of Celit® in a Pasteur pipette. The
filtrate was concentrated and used directly inrteet reaction.

HATU (20 mg, 0.05 mmol, 2.5 equiv.) atR,NEt (17puL, 12 mg, 0.1 mmol, 5.0
equiv) were added to a solution of the deprotedtedar heptapeptide in DMF (10 mL)
at rt and mixture was stirred for 4 h. Another batd HATU (20 mg, 0.05 mmol, 2.5
equiv.) andPrNEt (17 uL, 12 mg, 0.1 mmol, 5.0 equiv) were added andistjrivas
continued for another 16 h. The mixture was corre¢edl and the residue purified by
reversed-phase HPLC, eluting with a gradient 06@% MeCN in water over 25 min, to
give the cyclic heptapepticd (Rr 16.5 min) as a colorless, amorphous solid (2 g, 8
R 0.45 (8:2 CHGFMeOH). *H NMR (DMSO-ds, 500 MHz)3 1.41-1.53 (m, 3H), 1.58-
1.67 (m, 1H), 2.03-2.16 (m, 2H), 2.32 (ddk 16.0, 9.1 Hz, 1H), 2.41 (,= 7.0 Hz, 2H),
2.70 (ddJ = 15.5, 6.8 Hz, 1H), 2.85-2.93 (m, 1H), 2.98-3(6% 1H), 3.12 (ddJ = 14.7,
3.6 Hz, 1H), 3.23 (dd] = 13.9, 6.6 Hz, 1H), signals for 4H buried under HO peak,
3.75 (s, 3H), 4.11-4.50 (m, 9H), 4.17 Jt= 6.8 Hz, 1H), 4.50 (app. d,= 6.6 Hz, 1H),
4.58-4.68 (m, 1H), 4.70-4.79 (m, 1H), 4.89 (d, 1252 Hz, 1H), 4.98-5.04 (m, 4H), 6.91
(d, J = 8.5 Hz, 2H), 6.94 (br, 1H), 7.14 (br, 1H), 7.229 (m, 9H), 7.31 (t) = 7.5 Hz,
2H), 7.29-7.35 (m, 1H), 7.40 @,= 7.5 Hz, 2H), 7.38-7.46 (m, 1H), 7.64 Jt= 8.0 Hz,
1H), 7.71 (br, 1H), 7.78 (d,= 8.6 Hz, 1H), 7.89 (d] = 7.5 Hz, 2H), 8.22 (d] = 7.2 Hz,
1H), 8.24 (dJ = 8.2 Hz, 1H), 8.38-8.44 (m, 1H), 8.44 (t= 7.9 Hz, 1H), 8.58 (d] =
5.8 Hz, 1H). HRMS (ESI+) calcd for ¢gHs7ClsN11015 (M+H)" 1286.3884, obsd

1286.3848.
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4.7  Synthesis of SPhenylalanine Building Blocks 36 and 37

Boc-B-Phe-OMe (36). DBU (163 pL, 167 mg, 1.1 mmol, 1.5 equiv.) andime
iodide (233 pL, 532 mg, 3.8 mmol, 5.0 equiv.) wakded sequentially to a stirred
solution of Bocs-Phe-OH 85) (200 mg, 0.75 mmol, 1.0 equiv.) in acetone (5 rat)t
under N. The mixture was stirred for 3 h and then thet@awe was removed by
evaporation. The residue was diluted with EtOAc f0) and washed water (10 mL).
The aqueous layer was further extracted with EtQ¥&cmL) and the combined organic
layers were washed with,8 (10 mL), dried over MgS§) filtered and concentrated to
give Bocs-Phe-OMe 86) (157 mg; 69%). R 0.65 (95:5 CHCl,-MeOH). *H NMR
(CDCls, 500 MHz)$ 1.42 (s, 9H), 2.81 (dd] = 15.0, 5.6 Hz, 1H), 2.85-2.92 (m, 1H),
3.61 (s, 3H), 5.10-5.20 (m, 1H), 5.48 (br s, 1HR377.35 (m, 5H);*C NMR (CDCE,
125 MHz)s 28.3, 40.8, 51.2,51.7, 79.7, 126.1, 127.5, 12814,1, 155.0, 171.3HRMS
(ESI+) calcd for GsH,:NOsNa (M+Na) 302.1368, obsd 302.1353.

Boc-p-Phe-OFm (37). Fluorenylmethyl alcohol (220 mg, 1.13 mmol, 1.2 igqu
was added to a solution of BgePhe-OH (35) (250 mg, 0.94 mmol, 1.0 equiv.) in
CH.Cl; (5 mL) under M. DMAP (60 mg, 0.47 mmol, 0.5 equiv.) was addegantions,
followed by portion wise addition of EDC.HCI (220gml.13 mmol, 1.2 equiv.) at 0 °C.
The mixture was warmed to rt and stirred for 1@ Ime solution was partitioned between
H,O (30 mL) and CKCIl, (30 mL). The layers were separated, and the aguEyer
extracted further with CCl, (2 x 15 mL). The combined organic layers were wgdsh
sequentially with s&d aq NaHCQ (30 mL), sad ag. NHCI (30 mL) and brine (30 mL),

dried over MgSQ filtered and concentrated. The yellow residue ywasfied by flash
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chromatography, eluting with 10-20% EtOAc in hexategive Bogs-Phe-OFm 87) as

a colorless solid (320 mg, 70%% 0.50 (4:1 hexanes-EtOAc). af%; -10.1 € 0.8,
CHCL). 'H NMR (400 MHz, CDCJ) § 1.42 (s, 9H), 2.86 (dd,= 14.4, 4.4 Hz, 1H), 2.97
(br d,J = 14.4 Hz, 1H), 4.07 (1= 7.1 Hz, 1H), 4.28 (d] = 7.1 Hz, 2H), 5.07-5.21 (br s,
1H), 5.55 (br s, 1H), 7.19-7.30 (m, 7H), 7.35Xt& 7.4 Hz, 2H), 7.43 (dd] = 7.2, 2.4
Hz, 2H), 7.71 (dJ = 7.5 Hz, 2H);**C NMR (100 MHz, CDGJ) & 28.2, 40.7, 46.5, 51.0,
66.5, 79.6, 119.9, 124.8, 126.0, 127.0, 127.4,6,21728.5, 141.1, 143.5, 155.0, 170.8.

HRMS (ESI) calcd for ggHo0NNaQ, (M+Na)™ 466.1994, obsd 466.1998.

4.8  Synthesis of Tripeptides 45 and 46

Fmoc-aThr-Ser-OH (42). N-Hydroxysuccinimide (81 mg, 0.70 mmol, 1.0
equiv.) and DCC (146 mg, 0.70 mmol, 1.0 equiv.)revedded sequentially to a solution
of Fmocallo-Thr(O'Bu)-OH @0) (280 mg, 0.70 mmol, 1.0 equiv.) in anhydrous,CH
(10.0 mL) at O °C under N The mixture was warmed to rt and stirred for,4Hen
filtered to remove the dicyclohexylurea (washindlwath CH,Cl,) and concentrated to
~5 mL. After standing in the freezer for 2 h, tmture was filtered again (washing
twice with cold CHCI,). The filtrate was concentrated and the interntedNHS ester
dissolved in dry DMF (1.0 mL) and cooled to 0 °Cdan N.. After 10 min, H-
Ser(OBu)-OH @1) (115 mg, 0.70 mmol, 1.0 equiv.) was added tor&aetion mixture,
followed by the dropwise addition #PLNEt (140puL, 109 mg, 0.84 mmol, 1.2 equiv.).
The mixture was warmed to rt and stirred for 16nder N. The mixture was diluted
with EtOAc (25 mL) and washed with 2 M HCI (40 mLJhe aqueous layer was further

extracted with EtOAc (25 mL) and the combined orgdayers were washed with,8
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(40 mL), dried over MgS® filtered and concentrated to give Frmalte-Thr(O'Bu)-
Ser(OBu)-OH (@2) (303 mg, 80% yield) that was used directly in tlestrstep without
further purification.

Fmoc-aT hr (O'Bu)-Ser (O'Bu)-Phe-OBn (45). Fmocallo-Thr(O'Bu)-Ser(CBu)-
OH (42) (303 mg, 0.4 mmol, 1.0 equiv.) was dissolved mmyalrous CHCI, (5.0 mL)
and cooled to 0 °C under,N After 10 min, HCI-Phe-OBm@) (106 mg, 0.4 mmol, 1.0
equiv.) was added to the reaction mixture, follovilydthe dropwise addition of 2,4,6-
collidine (106uL, 96 mg, 0.80 mmol, 2.0 equiv.). After the adufitiof HATU (152 mg,
0.4 mmol, 1.1 equiv.), the mixture was warmed tamt stirred for 15 h under;N
concentrated and the residue purified via colummormatography, eluting with 33-50%
hexanes in EtOAc to isolate Fmalie-Thr(O'Bu)-Ser(GBu)-Phe-OBn 45) as a
colorless foam (272 mg; 50% over 2 stepR).0.18 (2:1 Hex-EtOAc).d]*p +18.2 €
1.0, CHC}). *H NMR (CDCh, 400 MHz) 1.11 (s, 9H), 1.16 (s, 9H), 3.06 (dbk 13.9,
6.2 Hz, 1H), 3.12 (ddj = 13.9, 5.8 Hz, 1H), 3.29 (app.Jt= 8.3 Hz, 1H), 3.79 (dd] =
8.5, 3.8 Hz, 1H), 3.91-4.02 (m, 1H), 4.11-4.19 (tH), 4.22 (t,J = 6.8 Hz, 1H), 4.24-
4.33 (m, 1H), 4.36-4.44 (m, 1H), 4.46 (dds 10.3, 6.8 Hz, 1H), 4.90 (dd,= 13.6 Hz,
6.1 Hz, 1H), 5.12 (dJ = 12.2 Hz, 1H), 5.16 (d] = 12.2 Hz, 1H), 5.48 (br s, 1H), 6.99-
7.05 (m, 3H), 7.10 (d] = 6.2 Hz, 1H), 7.13-7.19 (m, 3H), 7.23-7.34 (m,)7AH39 (t,J =
5.4 Hz, 3H), 7.59 (ddJ = 7.3 Hz, 1.9 Hz, 2H), 7.76 (d,= 7.5 Hz, 2H);**C NMR
(CDCls, 100 MHz)6 19.1, 27.2, 28.2, 37.8, 47.1, 52.7, 53.5, 60.7,6687.1, 67.2, 67.5,
74.2, 74.7, 120.0, 125.0, 125.1, 126.9, 127.0,7,2¥28.4, 128.4 (2C), 128.5, 129.2,
135.2, 135.8, 141.3, 143.8, 156.7, 169.7, 170.0.81.7 HRMS (ESI) calcd for

C46H56N305 (M+H)+ 778.4062, obsd 778.4070.
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Fmoc-Phe-OAllyl.?® Allyl alcohol (3.5 mL, 51.6 mmol, 10.0 equiv.) wasded
dropwise to a solution of Fmoc-Phe-OH (2.00 g, 5r@ol, 1.0 equiv.) in CKCl, (30
mL) under N. DMAP (315 mg, 2.58 mmol, 0.5 equiv.) was then extidn portions
followed by portion-wise addition of EDC.HCI (1.2 .2 mmol, 1.2 equiv.) at 0 °C. The
mixture was warmed to rt and stirred for 16 h. Sbkition was partitioned between®
(50 mL) and CHCI, (70 mL). The layers were separated, and the aguegar extracted
further with CHCI, (2 x 20 mL). The combined organic layers were \gdsbequentially
with satd ag. NaHC® (40 mL), satl ag. NHCI (40 mL) and brine (40 mL), then dried
over MgSQ, filtered and concentrated. The yellow residue wpasified by flash
chromatography, eluting with 10-20% EtOAc in hexane give Fmoc-Phe-OAll as a
colorless solid (1.85 g, 84% % 0.25 (9:1 hexanes-EtOAc)]f% +15.9 € 0.8, CHC});
Lit.%%% [¢]?p + 15.2 € 0.9, CHCY); Lit.*" [0]*% + 15.9 € 0.8, CHC}E). 'H NMR (400
MHz, CDCk) & 3.05 (ddJ = 14.0, 6.4 Hz, 1H), 3.13 (dd= 14.0, 5.6 Hz, 1H), 4.15 (3,
= 7.2 Hz, 1H), 4.29 (dd] = 10.4, 7.2 Hz, 1H), 4.40 (dd,= 10.4, 7.2 Hz, 1H), 4.57 (4,
= 6.0 Hz, 2H), 4.68 (dd] = 14.0, 6.0 Hz, 1H), 5.19 (d,= 10.4 Hz, 1H), 5.25 (d = 17.2
Hz, 1H), 5.40 (d,J = 8.0 Hz, 1H), 5.77-5.85 (m, 1H), 7.09 (k= 6.8 Hz, 2H), 7.16-7.28
(m, 5H), 7.35 (t) = 7.2 Hz, 2H), 7.52 (t) = 7.2 Hz, 2H), 7.71 (d) = 7.6 Hz, 2H); °C
NMR (100 MHz, CDC}) ¢ 38.0, 47.0, 54.7, 65.9, 66.8, 118.8, 119.8, 12429,0, 126.9
(20), 127.5, 128.4, 129.2, 131.3, 135.6, 141.1,84843.7, 155.4, 171.1. HRMS (ESI)
calcd for G7H26NO4 (M+H)™ 428.1856, obsd 428.1876.

Fmoc-aT hr (O'Bu)-Ser (O'Bu)-Phe-OAllyl (46). FmocaThr(O'Bu)-Ser(OBu)-
OH (42) was prepared, as described above, on a scal&bfim@mol, to afford 1.26 g of

dipeptide acid (90% yield).
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Diethylamine (3 mL) was added to a solution of EnRihe-OAll (1.06 g, 2.57
mmol) in anhydrous C¥CN (5 mL). The mixture was stirred at rt for 2 loncentrated,
and concentrated twice more from £€HN (2 x 3 mL). The residue was applied to a flash
column in a minimum volume of G&l,, eluting with 9:1 CHCI,-MeOH to give amine
44 (490 mg). R:0.60 (95:5 CHClx:MeOH).

Fmocallo-Thr(OBu)-Ser(CBu)-OH @2) (1.26 g, 2.33 mmol, 1.0 equiv.) was
dissolved in anhydrous GBI, (10 mL) and cooled to 0 °C undep.NAfter 10 min, a
solution of H-Phe-OAll44) (490 mg, 2.4 mmol, 1.0 equiv.) in GEl, (5 mL) was added
dropwise to the reaction mixture, followed by tlegjsential addition 0PLNEt (815uL,
4.66 mmol, 2.0 equiv.) and HATU (975 mg, 2.56 mnfhll equiv.) under the same
conditions. The mixture was warmed to rt and etirfor 15 h under N The solution
was partitioned between,8 (40 mL) and CHKCI, (40 mL). The layers were separated,
and the aqueous layer extracted further with@H(2 x 25 mL). The combined organic
layers were washed sequentially with'datq. NaHC® (40 mL), sad ag. NHCI (40
mL) and brine (40 mL), then dried over Mg§@ltered and concentrated. The yellow
residue was purified by flash chromatography, etytvith 1-4% MeOH in CECI; to
isolate Fmoallo-Thr(O'Bu)-Ser(OBu)-Phe-OAll @6) as a colorless foam (1.1 g, 59%
over 2 steps).R 0.33 (95:5 CHCl,-MeOH). [0]*% +13.4 € 1.0, CHCh). H NMR
(CDCls, 400 MHz)3 1.13 (s, 9H), 1.16 (s, 9H), 1.16-1.18 (m, 3H),730d,J = 14.0, 6.3
Hz, 1H), 3.14 (ddJ = 14.0, 5.6 Hz, 1H), 3.31 (§,= 8.3 Hz, 1H), 3.80 (dd] = 8.5, 3.8
Hz, 1H), 3.96 (br s, 1H), 4.14 (br s, 1H), 4.21)& 6.8 Hz, 1H), 4.24-4.33 (m, 1H),
4.37-4.43 (m, 1H), 4.45 (dd,= 10.4, 6.9 Hz, 1H), 4.58 (d,= 5.8 Hz, 2H), 4.88 (dd),=

13.7, 6.1 Hz, 1H), 5.21 (dd,= 10.4, 1.1 Hz, 1H), 5.27 (dd,= 17.2, 1.4 Hz, 1H), 5.49
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(br s, 1H), 5.83 (ddt) = 17.2, 10.4, 5.8 Hz, 1H), 7.08-7.13 (m, 3H), 77124 (m, 3H),
7.30 (t,J = 7.4 Hz, 2H), 7.39 (td] = 7.0, 2.4 Hz, 3H), 7.58 (d,= 7.4 Hz, 2H), 7.75 (d]
= 7.6 Hz, 2H);™*C NMR (CDCE, 100 MHz)$ 19.1, 27.3, 28.2, 37.9, 47.1, 52.8, 53.4,
60.7, 60.9, 65.9, 67.2, 67.4, 74.2, 74.7, 118.8.9,1125.0, 125.1, 127.0 (2C), 127.7
(2C), 128.4, 129.2, 131.5, 135.9, 141.3, 143.8,8,5859.7, 169.9, 170.7. HRMS (ESI)

calcd for GoHs4N3O0g (M+H)™ 728.3911, obsd 728.3921.

4.9  Synthesis of Tetrapeptide 47

Fmoc-aT hr (O'Bu)-Ser (O'Bu)-Phe-OH. 10% Pd-C (80 mg) was added to a
solution of tripeptide45 (320 mg, 0.42 mmol) in dry EtOAc (20 mL). The saispion
was stirred at rt for 3 h under an atmosphere 0fTHe mixture was filtered through a
Celite® pad and the filtrate concentrated and applied flash column in a minimum
volume of CHCI,. Elution with 95:5 CHCI,-MeOH vyielded the tripeptide acid as a
colorless solid (270 mg; 0.15 (9:1 CHCI,-MeOH).

TFA.H-p-Phe-OMe (38). Trifluoroacetic acid (600 pL) was added to ausoh
of Bocp-Phe-OMe (157 mg, 0.56 mmol) in GEl, (5 mL) and the mixture stirred for
12 h at rt under N The mixture was concentrated and concentratézketmore from
toluene. Compoun@8 was obtained as a crystalline solid (188 mg, 8% two steps).
R 0.10 (2:1 Hex-EtOAc).*H NMR (CDCk, 500 MHz)5 2.91 (dd,J = 17.5 Hz, 4.7 Hz,
1H), 3.17 (ddJ = 17.5, 9.0 Hz, 1H), 3.67 (s, 3H), 4.62 (ddcs 9.0, 4.7 Hz, 1H), 7.35-
7.38 (m, 5H), 8.24 (br s, 2H}°C NMR (CDCk, 125 MHz)$ 37.3, 52.3, 52.4, 127.0,
129.3, 129.7, 134.8, 171.6. HRMS (ESI) calcd fagHzNO, (M*’ 180.1019; obsd

180.1025.
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Fmoc-aT hr (O'Bu)-Ser (O'Bu)-Phe-B-Phe-OM e (47). Solid TFA.HA-Phe-

OMe (38) (115 mg, 0.39 mmol, 1.0 equiv.), 2,4,6-collidii&0 pL, 118 mg, 0.97 mmol,
2.5 equiv.) and HATU (148 mg, 0.39 mmol, 1.0 equivere added sequentially to a
solution of the intermediate carboxylic acid (278,M.39 mmol, 1.0 equiv.) in GBI,
(10 mL) at O °C under N After 20 min, the mixture was warmed to rt andeat for 15
h. the mixture was concentrated and applied t@shficolumn in a minimum volume of
CH.Cl,. Elution with a gradient of 2-5% MeOH in GEl, yielded tetrapeptidd7 as a
colorless foam (254 mg, 69% over two stefs).55 (95:5 CHCl,-MeOH). [0]*p -15.8
(c 0.5, MeOH)*H NMR (CDCh, 500 MHz)$ 0.95 (s, 9H), 1.14 (d} = 6.1 Hz, 3H), 1.23
(s, 9H),2.80 (dd,J = 15.6 Hz, 5.5 Hz, 1H), 2.89-2.92 (m, 1H), 2.9@,@@= 15.3 Hz, 8.5
Hz, 1H), 3.38-3.44 (m, 2H), 3.57 (s, 3H), 3.59 & 9.1 Hz, 1H), 4.13-4.26 (m, 4H),
4.29 (d,J = 3.9 Hz, 1H), 4.56 (dd] = 9.0, 5.5 Hz, 1H), 4.70-4.77 (m, 1H), 5.44 (appl]
= 7.2 Hz 1H), 5.62 (br s, 1H), 7.04-7.07 (m, 3HPY(d,J = 5.8 Hz, 1H), 7.14-7.17 (m,
2H), 7.20-7.23 (m, 1H), 7.28-7.33 (m, 7H), 7.40J¢; 7.4 Hz, 1H), 7.44 (d] = 7.4 Hz,
1H), 7.56 (dJ = 7.0 Hz, 1H), 7.57 (d] = 6.9 Hz, 1H), 7.78 (d] = 7.0 Hz, 1H), 7.79 (d,
J = 7.0 Hz, 1H);*C NMR (CDCk, 125 MHz)$ 18.5, 27.1, 28.2, 37.2, 41.0, 46.9, 50.1,
51.7, 54.5, 60.2, 61.9, 66.1, 67.8, 73.8, 75.3,2,2024.9, 125.0, 126.4, 126.5, 127.1,
127.2, 127.4, 127.9, 128.0, 128.4, 128.6, 128.8,8,340.9, 141.3, 143.5, 158.0, 170.0,
170.2, 170.8, 171.0. HRMS (ESI+) calcd foks:NsOg (M+H)* 849.4433, obsd

849.4431.

4.10 Construction of the Eastern Macrocycle 54
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Tripeptide 51. Diethylamine (2 mL) was added to a solution of
histidinoalanine8 (348 mg, 0.54 mmol) in dry GJ&N (3 mL). The mixture was stirred at
rt for 1h, concentrated, and then concentratedetwiore from CHCN (2 x 3 mL). The
residue was then applied to a flash column in @amim volume of CHCl,, eluting with
9:1 CHCI,: MeOH to give the free amine (200 m§)0.52 (9:1 CHCI,-MeOH).

A solution of Fmoc-Ser(Bu)-OH (50) (140 mg, 0.28 mmol, 1.0 equiv.) in
CHsCN (3 mL), 'PLNEt (156 pL, 394 mg, 0.9 mmol, 2.5 equiv.) and HAT150 mg,
0.39 mmol, 1.05 equiv.) were added sequentiallg smlution of the intermediate amine
(200 mg, 0.32 mmol, 1.0 equiv.) in @€, (4 mL) at O °C under N After 20 min, the
mixture was warmed to rt and stirred for 12 h, @mrated and applied to a flash column
in a minimum volume of CkCl; eluting with 2% MeOH in CkCl,to give51 (324 mg,
78%). R 0.50 (95:5 CHCl,-MeOH). [0]*°5 1.0 € 1.0, MeOH). *H NMR (CD;OD-d,,
500 MHz)3 1.16 (s, 9H), 1.40 (s, 9H), 2.89 (dbs 14.5, 9.2 Hz, 1H), 3.04 (dd= 15.1,
4.2 Hz, 1H), 4.20-4.28 (m, 2H), 4.35 = 9.8 Hz, 1H), 4.38 (d] = 9.8 Hz, 1H), 4.45-
4.49 (m, 3H), 4.74-4.82 (m, 1H), 4.75 @M= 12.1 Hz, 1H), 5.19 (d] = 12.1 Hz, 1H),
5.25 (d,J = 12.1 Hz, 1H), 6.82 (br d,= 9.3 Hz, 1H), 7.30-7.42 (m, 9H), 7.51 (br s, 1H),
7.68 (d,J = 6.9 Hz, 2H), 7.81 (d] = 7.5 Hz, 2H);"*C NMR (CD:OD-ds, 125 MHz)$
27.8, 28.8, 30.8, 54.8, 54.9, 55.3, 62.9, 68.38 @38C), 75.1, 75.5, 80.8, 96.3, 121.0,
126.3, 126.4, 128.3, 128.9, 129.7, 129.8, 129.8,713139.1, 142.7, 145.2, 145.3 (2C),
157.8, 158.5, 170.2, 172.1, 173.1. HRMS (ESI+) ctdfler CusHszClsNsOio (M+H)*
928.2853, obsd 928.2861.

Eastern linear heptapeptide benzyl ester (52). Zinc dust (1.2 g, 18.5 mmol,

50.0 equiv.) was added to a solution of tripepbd€340 mg, 0.37 mmol, 1.0 equiv.) in
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glacial acetic acid (7 mL). The mixture was stirt@drt for 16 h. The zinc dust and
colorless precipitate were removed by vacuum fittrathrough a Celif® pad, washing
well with EtOAc. The filtrate was concentrated ahe residue dissolved in EtOAc (5
mL), washed with KO (5 mL), brine (5 mL), dried over MgSQfiltered, and
concentrated. The residue was purified by flaslolatography eluting with 9:1 GBl.:
MeOH to give the free acid as a colorless solidd(iy; 58%).R; 0.25 (9:1 CHCl.:
MeOH).

Diethylamine (3 mL) was added to a solution ofrapéptide Fmoallo-
Thr(O'Bu)-Ser(CBu)-Pheg-Phe-OMe 47) (250 mg, 0.29 mmol, 1.00 equiv.) in dry
acetonitrile (3 mL). The mixture was stirred afat 2 h, concentrated, and concentrated
twice more from CHCN (2 x 6 mL) to remove the excessM8t. The residue was
applied to a flash column in a minimum volume of LCH, eluting with 9:1 CHCl.:
MeOH to give Hallo-Thr(O'Bu)-Ser(CBu)-Phes-Phe-OMe 49) (132 mg).R; 0.30 (9:1
CH,Cl,-MeOH).

The solid aminet9 (132 mg, 0.21 mmol, 1.00 equiv.), collidine (70,184 mg,
0.53 mmol, 2.00 equiv.) and HATU (84 mg, 0.22 mmblQ5 equiv.) were added
sequentially to a solution of the intermediate gdid0 mg, 0.21 mmol, 1.00 equiv.) in
CH.Cl, (10 mL) at 0 °C under N After 20 min, the mixture was warmed to rt andatl
for 18 h, concentrated and applied to a flash calima minimum volume of C}Cl,.
Elution with a gradient of 2-5% MeOH in GEl, yielded heptapeptidg2 as a colorless
foam (192 mg, 37 % over 2 step§).0.48 (9:1 CHCly: MeOH). []*°p —-13.1 € 0.4,
MeOH). *H NMR (DMSO-ds, 500 MHz, 333K)s 1.02-1.03 (m, 3H), 1.04 (s, 9H), 1.09

(s, 18H), 1.36 (s, 9H), 2.74-2.84 (m, 5H), 2.99, @d 13.9, 5.7 Hz, 1H), 3.39-3.45 (m,
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4H), 3.53 (s, 3H), 3.88-3.93 (M, 1H), 4.17 (dd; 13.4, 6.4 Hz, 2H), 4.23-4.30 (m, 6H),
4.35 (dd,J = 14.3, 5.6 Hz, 2H), 4.54 (dd,= 13.9, 8.0 Hz, 1H), 4.71 (dd,= 12.6, 7.1
Hz, 1H), 5.12-5.16 (m, 2H), 5.22 (§= 7.7 Hz, 1H), 6.88 (br s, 1H), 7.08-7.16 (m, 6H),
7.24 (t,J = 7.6 Hz, 3H), 7.27-7.35 (m, 9H), 7.42 Jt= 7.5 Hz, 2H), 7.59 (dd] = 13.8,
7.2 Hz, 1H), 7.72 (d) = 4.9 Hz, 3H), 7.88 (d] = 7.6 Hz, 2H), 8.19 (d] = 7.6 Hz, 1H),
8.34 (d,J = 7.5 Hz, 1H), 8.42 (d] = 7.6 Hz, 1H)*C NMR (DMSOds, 125 MHz, 333K)

0 19.3, 27.6, 27.7, 28.5, 28.6, 38.2, 46.9, 47.20,581.7, 53.7, 54.5, 55.9, 59.4, 61.8,
62.2, 63.4, 66.4, 67.0, 67.5, 73.4, 73.5, 74.19,7809.8, 120.4, 120.5, 121.8, 125.7,
126.6, 126.9, 127.5, 127.7, 128.1, 128.3 (2C),4,2828.5, 128.7, 128.8, 129.5, 135.9,
136.0, 137.8 (2C), 140.0, 141.2, 142.1, 144.3, 4,4855.6, 156.3, 169.6 (2C), 170.0,
170.5, 170.5, 170.8, 172.8; HRMS (ESI+) calcd fopHzooNgO16 (M+H)* 1406.7288,
obsd 1406.7265.

Eastern Linear Heptapeptide Methyl Amide (53). 10% Pd-C (32 mg, 0.60
mmol) was added to a solution of heptapep&a€120 mg, 0.08 mmol) in dry THF (8
mL). The vessel was evacuated, opened up to ansptrace of H and then stirred at rt
for 4 h. The reaction mixture was filtered throughplug of Celit& and the filtrate
concentrated to give the carboxylic acid as a ¢edsroil (80 mg, 0.06 mmol) that was
used directly in the next step without further fication. R; 0.15 (9:1 CHCl,-MeOH).

Recrystallized methylamine hydrochloride (4 mg, 680.6omol, 1.00 equiv.),
triethylamine (20 pL, 15 mg, 0.15 mmol, 2.50 equand BOP (28 mg, 0.06 mmol, 1.00
equiv.) were added sequentially to a solution efitliermediate acid (80 mg, 0.06 mmol,
1.00 equiv.) in CHCI; (10 mL) at 0 °C under N After 20 min, the mixture was warmed

to rt and stirred for 18 h, concentrated and agptee a flash column in a minimum
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volume of CHCI,. Elution with a gradient of 2-5% MeOH in GEl, yielded
heptapeptideb3 as colorless foam (64 mg, 56% over 2 steps)0.42 (9:1 CHCI,-
MeOH). [1]*°s> —18.4 ¢ 0.4, MeOH). *H NMR* (CDs;OD, 500 MHz)5 1.06 (s, 9H),
1.14 (d,J = 6.5 Hz, 3H), 1.16 (s, 9H), 1.18 (s, 9H), 1.4291), 2.70 (s, 3H), 2.78 (dd,

= 15.6, 6.4 Hz, 1H), 2.87-2.96 (m, 3H), 3.01 (dd 14.5, 5.5 Hz, 1H), 3.13-3.17 (m,
1H), 3.53-3.64 (m, 4H), 3.58 (s, 3H), 4.05-4.08 (@), 4.15 (app t) = 5.9 Hz, 1H),
4.23 (t,J = 6.0 Hz, 2H), 4.31-4.51 (m, 6H), 4.61 (dds 8.4, 5.9 Hz, 1H), 4.76 (dd,=
7.8, 5.3 Hz, 1H), 5.33 (dd,= 8.5, 6.5 Hz, 1H), 7.07 (br s, 1H), 7.13-7.14 GH), 7.21-
7.31 (m, 7H), 7.38 () = 7.4 Hz, 2H), 7.66 (d] = 7.3 Hz, 2H), 7.79 (d] = 7.5 Hz, 2H),
7.89 (br s, 1H)*C NMR (CD;OD, 125 MHz)$ 19.5, 26.6, 27.7 (2C), 28.7, 28.8, 38.9,
41.7, 51.6, 52.4, 54.9, 56.0, 56.4, 56.5, 57.3{,832.2, 62.7, 62.9, 67.9, 68.2, 75.0, 75.9,
76.0, 81.0, 121.0, 126.2, 126.3, 127.7 (2C), 12828.3, 128.5, 128.9, 129.5, 129.6,
130.3, 138.4, 142.2, 142.6, 142.7, 145.2, 157.8,6,9.70.7, 172.1, 172.3, 172.5, 172.8,
173.4, 174.8. HRMS (ESI+) calcd for{Elg7N1¢015(M+H)™ 1329.7129, obsd 1329.7116.
*data reported for the major species. At the tiime work was conducted, we assumed
these were different conformations of the heptagepiut now recognize that they might
be diastereomers arising from epimerization oftth#AL residue.

Eastern Cyclic Heptapeptide 54. A solution of LiOH (0.6 mg, 0.023 mmol, 2.0
equiv.) in HO (150 pL) was added to a stirred solution of lmeeptapeptidd3 (15 mg,
0.011 mmol, 1.0 equiv.) in 3:1 THF/MeOH (600 puL)0atC under M After 20 min, the
mixture was warmed to rt and stirred for 14 h. Acsel portion of LiOH (0.6 mg, 0.023
mmol, 2.0 equiv.) in KD (150 puL) was added and stirring continued fortla@o6 h to

produce the deprotected linear heptapeptide. \fedatvere evaporated under reduced
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pressure; the residue was diluted with water (5 ang extracted with 5% MeOH/DCM
(2 x 15 mL). The combined organic layers were doedr MgSQ, filtered, concentrated
and triturated with O to obtain the deprotected linear heptapeptida gsllow solid
(9.0 mg, 36%).

HATU (12 mg, 0.032 mmol, 4.0 equiv.) was added tstired solution of the
deprotected linear heptapeptide (9.0 mg 0.008 mfn6l.equiv.) in CHCI, (9 mL) and
stirred at rt for 36 h. The mixture was concenttatend the residue purified by flash
chromatography, eluting with 1-3% MeOH in €, to give the east ring4 as a
colorless solid (2 mg, 23%MR; 0.40 (97:3 CHCl,-MeOH). *H NMR (CDCk, 500 MHz)
51.02 (s, 9H), 1.06 (dl = 6.4 Hz, 3H), 1.20 (s, 9H), 1.37 (s, 9H), 1.539),2.67 (dJ
= 9.3 Hz, 2H), 2.81-3.15 (m, 3H), 2.95 = 4.7 Hz, 3H), 3.24 (dd] =14.5, 3.7 Hz,
1H), 3.46 (dd,J = 9.2, 3.6 Hz, 1H), 3.54 (dd,= 14.2, 2.0 Hz, 1H), 3.67 (dd=9.2, 4.2
Hz), 3.73 (ddJ = 9.9, 4.9 Hz, 1H), 3.76 (dd,= 5.9, 5.0 Hz, 1H), 3.79 (d,= 10.1 Hz,
1H), 3.82 (ddJ = 11.0, 7.4 Hz, 1H), 4.00 (app.}t= 3.3 Hz, 1H), 4.21 (app. 4,= 4.2
Hz, 1H), 4.50 (dtJ = 7.6, 3.8 Hz, 1H), 4.57 (ddd,= 12.0, 7.6, 2.5 Hz, 1H), 4.60-4.67
(m, 1H), 4.77 (app. t] = 9.7 Hz, 1H), 5.01 (d] = 15 Hz, 1H), 5.40 (app. d,= 10.2 Hz,
1H), 6.76 (dJ = 4.4 Hz, 1H), 7.04 (d] = 8.7 Hz, 1H), 7.19-7.24 (m, 5H), 7.26-7.39 (m,
9H), 7.50 (s, 1H), 7.67 (d] = 9.0 Hz, 1H). HRMS (ESI+) calcd forsissN1gOr

(M+H)" 1075.6186, obsd 1075.6195.

4.11 Synthesisof Alternate Eastern Heptapeptide 57
Pentapeptide 55. Zinc dust (1.5 g, 22.94 mmol, 50.0 equiv.) wadeatito a

solution of orthogonally protectedHAL 3 (360 mg, 0.45 mmol, 1.0 equiv.) in glacial
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acetic acid (2.5 mL). The mixture was stirredtdbr 16 h. Residual zinc dust and the
colorless precipitate of Zngilvere removed by vacuum filtration through a Cealifgad,
washing well with EtOAc (3 x 15 mL). The filtrateas washed with $0 (15 mL), brine
(15 mL), dried over MgS§) filtered, and concentrated. The residue was iedriby flash
chromatography eluting with 9:1 Gal,-MeOH to give the free acid (255 mg, 86%) as a
colorless solidR0.20 (9:1 CHCI,- MeOH).

Diethylamine (2.0 mL) was added to a solution ahd€allo-Thr(OBu)-
Ser(OBu)-Phe-OAllyl @6) (300 mg, 0.42 mmol, 1.0 equiv.) in dry MeCN (40). The
mixture was stirred at rt for 2 h, concentrated aoncentrated twice more from gEN
(2 x 10 mL). The residue was applied to a flashuewl in a minimum volume of Gi€l,
and eluted with 19:1 C}€l,-MeOH to give Hallo-Thr(O'Bu)-Ser(CBu)-Phe-OAll 47)
(195 mg, 92%) as colorless, viscous liqurgd0.40 (9:1 CHCIl,-MeOH).

A solution of amine, Hallo-Thr(O'Bu)-Ser(CBu)-Phe-OAllyl @7) (195 mg, 0.39
mmol, 1.0 equiv.) in CECl, (3 mL), and HATU (180 mg, 0.468 mmol, 1.2 equivgre
added sequentially to a solution of the intermedatid (255 mg, 0.39 mmol, 1.0 equiv.)
in CHxCl, (10 mL) at 0 °C under N After 20 min, the mixture was warmed to rt and
stirred for 16 h. The reaction mixture was concaett, and the residue purified by flash
chromatography, eluting with a gradient of 1-3% M@ CH,CI, to give pentapeptide
55 (345 mg, 78%) as colorless soli@.0.50 (95:5 CHCl,-MeOH). [a]*% +9.4 € 1.0,
CHCL). H NMR (CDCk, 400 MHz)3 1.05 (d,J = 6.2 Hz, 3H), 1.09 (s, 9H), 1.13 (s,
9H), 1.45 (s, 9H), 2.84 (dd,= 14.5, 6.5 Hz, 1H), 2.96 (dd,= 14.5, 4.7 Hz, 1H), 3.06-
3.18 (m, 1H), 3.12 (app. J,= 6.0 Hz, 2H), 3.43-3.52 (m, 1H), 3.64 (ddk 8.8, 5.7 Hz,

1H), 3.96-4.07 (m, 1H), 4.20 @,= 6.5 Hz, 1H), 4.24-4.35 (m, 3H), 4.41 (dd5 10.6,
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6.3 Hz, 1H), 4.44-4.62 (m, 3H), 4.56 (= 5.7 Hz, 1H), 4.84 (q] = 7.0 Hz, 1H), 5.14-
5.28 (m, 4H), 5.74-5.88 (m, 2H), 6.20 (br s, 1H¥46(br , 1H), 7.12-7.43 (m, 16H),
7.53-7.60 (m, 3H), 7.66 (br, 1H), 7.77 (b= 7.1 Hz, 2H); **C NMR (CDCE, 100 MHz)

0 18.7, 27.3, 28.2, 28.3, 30.2, 37.6, 47.1, 47.85,584.8, 55.2, 59.6, 61.0, 65.7, 66.9,
67.1, 68.1, 73.8, 74.6, 79.8, 117.6, 118.4, 112023.8, 125.0, 126.7, 127.0, 127.1,
127.8, 128.3, 128.7, 128.8, 129.0, 129.2, 131.8,4,336.5, 137.1, 141.3, 143,5, 155.6,
168.6, 169.8, 169.9, 170.9, 172.2. HRMS (ESl+)catafor GsHgoN7O13 (M+H)*
1142.5809, obsd 1142.5848.

Hexapeptide 56.  Diethylamine (2.0 mL) was added to a solution o th
pentapeptid&5 (325 mg, 0.285 mmol, 1.0 equiv.) in dry MeCN (4nQ). The mixture
was stirred at rt for 2 h, concentrated, and cotmatsd twice more from C¥N (2 x 6
mL). The residue was applied to a flash column miaimum volume of CKCl, and
eluted with 19:1 ChLCl,-MeOH to give the amine (255 mg, 95%) as a colsylgscous
liquid. R;0.45 (9:1 CHCl,-MeOH).

A solution of the intermediate amine (250 mg, @.27mol, 1.0 equiv.) in C§Cl,

(3 mL), and HATU (125 mg, 0.326 mmol, 1.2 equiv.ere added sequentially to a
solution of Fmoc-Ser(Bu)-OH (0) (105 mg, 0.272 mmol, 1.0 equiv.) in &, (6
mL) at O °C under N After 20 min, the mixture was warmed to rt anidratl for 18 h.
The mixture was concentrated, and the residueiedrify flash chromatography, eluting
with a gradient of 1-2% MeOH in GBI, to give hexapeptidé6 (300 mg, 86%) as a
colorless solid. R 0.50 (95:5 CHCl,-MeOH). [a]*, +9.0 € 1.5, CHCE). *H NMR
(CDCls, 400 MHz)3 1.05 (d,J = 6.3 Hz, 3H), 1.09 (s, 9H), 1.12 (s, 9H), 1.189H),

1.44 (s, 9H), 2.83 (dd, = 14.6, 6.3 Hz, 1H), 2.91 (dd= 14.6, 5.7 Hz, 1H), 3.08 (dd=
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14.0, 7.0 Hz, 1H), 3.14 (dd,= 14.0, 6.0 Hz, 1H), 3.43 (app.Jt= 8.1 Hz, 1H), 3.42-3.52
(m, 1H), 3.64 (ddJ = 8.8, 5.8 Hz, 1H), 3.74-3.83 (m, 1H), 4.20-4.47, BH), 4.43-4.52
(m, 1H), 4.53 (dJ = 12.6 Hz, 2H), 4.76-4.82 (m, 1H), 4.84 Jo5 7.0 Hz, 1H), 5.16-5.28
(m, 4H), 5.73-5.88 (m, 2H), 6.24 (br s, 1H), 6.54H), 7.13-7.43 (m, 28H), 7.49-7.64
(m, 3H), 7.60 (dJ = 7.4 Hz, 2H), 7.75 (d] = 7.4 Hz, 2H); **C NMR (CDCE, 100 MHz)

0 18.7, 27.3, 28.2, 23.3, 30.2, 37.6, 47.1, 47.85,534.8, 55.2, 59.6, 61.0, 65.7, 67.1,
68.1, 73.8, 74.6, 79.8, 117.6, 118.4, 120.0, 12425.0, 126.7, 127.0, 127.1, 127.8,
128.3, 128.8 (2C), 120.0, 129.2, 131.6, 134.4,8,3637.1, 141.3, 143.5, 155.6 (2C),
168.6, 169.8, 169.9, 170.9, 172.2. HRMS (ESl+)catafor GoHgaNgO15 (M+H)”
1285.6760, obsd 1285.6775.

Heptapeptide 57. Pd(PPB)4 (16 mg, 0.014 mmol, 0.2 equiv.) was added to a
stirred solution of linear hexapepti@6 (90 mg, 0.07 mmol, 1.0 equiv.) and BNHMe;

(8 mg, 0.14 mmol, 2.0 equiv.) in THF (3.0 mL) caning AcOH (5 uL) at rt under N
The resulting mixture was allowed to stir for 6thrtaduring which time it became black.
The mixture was concentrated, and the residueipdrify flash chromatography eluting
with 95:5 CHCI,-MeOH to give the free acid (65 mg, 75%) as a desw solid R:0.40
(95:5 CHCI,-MeOH).

Trifluoroacetic acid (0.5 mL) was dropwise addedatstirred solution of Bog-
Phe-OFm 87) (40 mg, 0.09 mmol, 1.0 equiv.) in GEI, (2.0 mL) at 0 °C under N The
mixture was stirred for 2 h, volatiles were evapeda diluted with CHCI, (20 mL),
washed consecutively with &tag. NaHCQ (15 mL), HO (15 mL), brine (15 mL) and

dried over MgS@ filtered, concentrated to give amifg (29 mg, 85%) as a colorless,
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viscous liquid. It was used as such for the nesp stithout further purificationR 0.50
(95:5 CHCl,-MeOH).

A solution of the intermediate hexapeptide acid it 0.052 mmol, 1.0 equiv.)
in CHCI, (2 mL), and HATU (20 mg, 0.052 mmol, 1.2 equiwgre added sequentially
to a stirred solution of H-Phe-OFm 39) (18 mg, 0.052 mmol, 1.0 equiv.) in QEl, (4
mL) at O °C under N After 20 min, the mixture was warmed to rt anidretl for 16 h.
The reaction mixture was concentrated, and theluespurified by flash chromatography
eluting with a gradient of 1-3% MeOH in GEl, to give heptapeptidg7 (65 mg, 84%)
as a colorless solidR; 0.50 (95:5 CHCl,-MeOH). [a]*% -8.5 € 1.5, CHC}). *H NMR
(CDCls, 500 MHz)3 1.00 (s, 9H), 1.08 (d] = 6.7 Hz, 3H), 1.12 (s, 9H), 1.13 (s, 9H),
1.45 (s, 9H), 2.73-2.86 (M, 2H), 2.95-3.06 (m, 28{},1 (dd,J = 14.9, 6.0 Hz, 1H), 3.41
(t, J = 7.5 Hz, 1H), 3.43-3.53 (m, 2H), 3.73-3.81 (m,)1#07-4.18 (m, 4H), 4.18-4.28
(m, 4H), 4.32-4.44 (m, 5H), 4.68-4.77 (m, 2H), 5(®6J = 11.9 Hz, 1H), 5.23 (d] =
11.9 Hz, 1H), 5.52 (br, 1H), 5.70 (br, 1H), 6.3%, (bH), 6.47 (br, 1H), 7.10-7.55 (m,
31H), 7.58 (ddJ = 7.5, 5.0 Hz, 2H), 7.71 (d,= 7.5 Hz, 2H), 7.75 (d] = 7.5 Hz, 2H),
8.15 (s, 1H);*C NMR (CDC}, 125 MHz)3 18.4, 27.2, 27.3, 28.1, 28.2, 28.3 (2C), 37.1,
41.2, 46.7, 47.1, 50.3, 53.6, 54.6, 54.8, 60.43,835.9, 66.7, 67.2, 68.2, 73.7, 74.4, 74.9,
77.3, 80.2, 119.8, 119.9, 120.0, 125.0, 125.3,2,2626.7, 127.0, 127.1 (2C), 127.4,
127.6, 127.7 (2C), 128.2, 128.6, 128.8, 129.0,1,2929.2, 134.3, 137.4, 141.0, 141.1,
141.2, 141.3 (2C), 143.6, 143.7, 143.8, 144.0,95556.2, 168.5, 169.9, 170.4, 170.5
(2C), 171.2, 173.4. HRMS (ESI+) calcd foegB10NgO16 (M+H)" 1570.7914, obsd

1570.7963.
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4.12 Synthesis of Undecapeptides 58 and 59

Linear undecapeptide 58. Pd/C (80 mg, 10% w/w) was added portionwise to a
solution of linear heptapeptidg7 (80 mg, 0.05 mmol, 1.0 equiv.) in THF (2 mL)
containing AcOH (5 pL) and stirred for 2.5 h unddnydrogen atmosphere. The reaction
mixture was filtered through a Celite® pad, washivejl with EtOAc (2 x10 mL). The
filtrate was concentrated, and the residue purifigdlash chromatography eluting with
95:5 CHCI,-MeOH to give the free aci(b8 mg, 77%) as a colorless solRi0.30 (95:5
CH,Cl,- MeOH).

A solution of the intermediate heptapeptide aci@l iftg, 0.04 mmol, 1.0 equiv.)
in CH,CI, (2 mL), and HATU (18 mg, 0.047 mmol, 1.2 equivére added sequentially
to a stirred solution of tetrapeptide amis@ (as prepared frord in 84.6, 40 mg, 0.04
mmol, 1.0 equiv.) in CbCl, (4 mL) at 0 °C under N After 20 min, the mixture was
warmed to rt and stirred for 16 h. The reactiontom& was concentrated, and the residue
purified by flash chromatography eluting with a djemt of 1-3% MeOH in CkCI, to
give the undecapeptids as colorless solid (82 mg, 869%.0.40 (97:3 CHCI,-MeOH).
[a]*5 -6.5 € 1.25, CHCY). *H NMR (DMSO-d;, 500 MHz)3 0.98 (d,J = 11.3 Hz, 3H),
0.99 (s, 9H), 1.02 (s, 9H), 1.04 (s, 9H), 1.319d), 2.16 (tJ = 7.4 Hz, 2H), 2.55-2.67
(m, 5H), 2.69-2.81 (m, 5H), 2.84 (ddi= 6.5, 5.5 Hz, 1H), 2.84-3.09 (m, 6H), 3.20-3.30
(m, 1H), 3.30-3.42 (m, 2H), 3.70-3.80 (m, 1H), 3387 (M, 1H), 3.93-4.04 (m, 1H),
4.13-4.36 (m, 11H), 4.48 (dd,= 14.8, 7.3 Hz, 1H), 4.51 (d,= 5.5 Hz, 2H), 4.55 (dd]
= 14.3, 7.6 Hz), 4.71 (dd = 14.3.7.8 Hz, 1H), 4.72-4.80 (m, 1H), 5.16-5.24, BH),
5.28 (dd,J = 17.2, 1.6 Hz, 1H), 5.85-5.3 (m, 1H), 6.81 (Ht)16.95 (br, 1H), 6.93-7.42

(m, 56H), 7.55 (tJ = 8.4 Hz, 2H), 7.56-7.74 (m, 2H), 7.68 (z 7.7 Hz), 7.70 (dJ =
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7.8 Hz, 1H), 7.86 (d) = 7.5 Hz (4H), 7.99 (dJ = 7.8 Hz, 1H), 8.05 (d] = 8.0 Hz, 1H),
8.22 (d,J = 6.2 Hz, 1H), 8.27 (d] = 7.0 Hz), 8.29 (s, 1H), 8.39 (d= 7.8 Hz, 1H), 8.47
(br d,J = 5.9 Hz, 1H), 8.61 (br, 1H), 8.74 (br, 1HY*C NMR (DMSO-@, 125 MHz)3
19.5, 27.5, 27.6, 28.4, 28.6, 33.7, 35.1 37.2,,38H, 33.7, 35.1, 37.2, 38.2, 38.6, 40.1,
40.1, 40.4, 40.6, 40.9, 46.6, 47.1, 49.9, 50.2%5,94.3, 54.7, 55.9, 58.9, 61.9, 62.1, 64.9,
66.2, 66.4, 67.7, 69.9. 70.0, 73.4, 74.0, 78.96,7918.3, 120.5, 120.6, 125.5, 125.6,
125.8, 126.5, 126.7, 126.8, 127.0, 127.5, 127.9,(2€7.9, 128.1, 128.2, 128.4, 128.5,
128.8, 129.0, 129.5 (2C), 133.1, 137.6, 1385, 141412, 141.8, 144.0 (2C), 144.2,
144.4, 145.0, 145.1, 145.2, 155.7, 156,5, 169.9,516.69.9, 170.1, 170.4, 170.9, 171.1,
171.3. HRMS (ESI+) calcd forGH160N1502, (M+H)" 2452.1896, obsd 2452.1865.

Undecapeptide Macrocycle 59. Diethylamine (2.0 mL) was added to a solution
of linear undecapeptide8 (110 mg, 0.045 mmol, 1.0 equiv.) in dry MeCN (4 )mLhe
mixture was stirred at rt for 2 h, concentrated aoncentrated twice more from gEN
(2 x 15 mL). The residue was triturated with@&t%15 mL) and hexane (15 mL) to give
the to give the deprotected undecapeptide (76 2%)&s colorless solid¥ 0.30 (9:1
CH,Cl,-MeOH).

HATU (28 mg, 0.074 mmol, 2.0 equiv.) was added tstired solution of the
deprotected undecapeptide (76 mg, 0.037 mmol, quveg in CHCI, (55 mL) and
stirred at rt for 36 h. The reaction mixture was@entrated, and the residue purified by
flash chromatography eluting with a gradient of-B.a% MeOH in CHCI, to give the
cyclic undecapeptidB9 as colorless solid (60 mg, 80%.0.45 (97:3 CHCI,-MeOH).
[a]?°5 -4.3 € 0.75, CHC}). *H NMR (DMSO-d;, 500 MHz, 60 °C)3 1.04 (s, 9H), 1.12

(d,J = 6.4 Hz, 3H), 1.17 (s, 18H), 1.42 (s, 9H), 2.85)(= 7.4 Hz, 2H), 2.44 (dd] =
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13.7, 3.3 Hz, 1H), 2.58 (dd,= 15.5, 6.9 Hz, 1H), 2.64-2.80 (m, 4H), 2.78 (d&; 15.5
Hz, 6.9 Hz, 1H), 2.98 (ddl = 13.8, 4.8 Hz, 1H), 2.86-3.26 (m, 6H), 3.35-3.54 ¢H),
3.95-4.08 (m, 1H), 4.12-4.53 (m, 11H), 4.19 (app) g 5.0 Hz, 1H), 4.53 (dd] = 5.5,
1.3 Hz, 2H), 4.71 (td) = 8.3, 5.5 Hz, 1H), 4.82 (td,= 8.0, 3.3 Hz, 1H), 5.18-5.26 (m,
1H), 5.21 (dd,J = 10.6, 1.3 Hz, 1H), 5.29 (dd,= 17.2, 1.5 Hz, 1H), 5.91 (ddt,= 17.3,
10.6, 5.4 Hz, 1H), 7.03-7.29 (m, 52H), 7.64-7.80Q BH), 7.82 (d,) = 8.1 Hz, 1H), 8.19
(d, J = 7.8 Hz, 1H), 8.27 (s, 1H), 8.48 (d,= 7.5 Hz, 1H), 8.52 (s, 1H)*C NMR
(DMSO-d, 125 MHz, 60 °C) 18.6, 26.7, 26.8, 26.9, 27.8, 27.9, 33.2, 34.59,387.9,
39.4, 39.6, 39.8, 39.9, 40.1, 49.9, 50.4, 53.94,580.7, 64.2, 65.8, 69.3, 69.4, 72.8, 73.8,
78.7, 78.9, 117.5, 125.8, 126.0, 126.1, 126.6, 112727.2, 127.8, 127.9, 128.0, 128.3
(2C), 128.6, 128.8, 132.4, 137.6, 142.2, 144.4,5,4¥54.8, 167.1, 168.6, 168.8, 169.1,
169.3, 169.6, 170.1, 170.2, 170.4, 170.5. HRMSI{ESalcd for GigH13gN15010

(M+H)" 2033.0293, obsd 2033.0341.
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