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A solid-phase strategy for the synthesis of biagglic peptides containing a side-chain to side-
chain His-Tyr linkage was developed. The key step the macrocyclization oflmear peptidy
resin incorporating a 5-bromohistidine and adenotyrosine via the formation of the bie
bond by means of a microwave-assisted Sublikaura reaction. This method allowed dii
access to biaryl cyclic peptides containing a 35<@mino acid ring and bearing the histid
residue at the N- or the &rminus, being especially conducive for analogmesvhich this
amino acid is located at the C-termin@i$us study also served to establish a strategyife
synthesis of biaryl cyclic peptides derived frone ttwo hemispheres of the natutfabryl
bicyclic peptides aciculitins.

2009 Elsevier Ltd. All rights reserved

1. Introduction

Over the last decades, much attention has beenddcois
biaryl cyclic peptides containing an aryl-aryl bobhdtween the
side chains of two aromatic amino acids. The intdrethis type
of peptides has risen because they exhibit infaegedtiological
activities, in which the biaryl motif plays a crucieole [1].
Among these biaryl moieties, aryltyrosines are foimaimple
peptides as well as in complex macrocycles, suchthas
antimicrobial peptides arylomycins [2,3], the paseme
inhibitor TMC-95 [4-7], the neurotensin antagonRP-66453
[8,9], or the antibiotic vancomycin [10,11]. Similg
arylhistidines are present in the active site ofméeopper
oxidases, and in cytotoxic and antifungal marinptiges, such
as aciculitins [12-14].

Biaryl cyclic peptides are also significant fromsauctural
point of view, constituting an important synthetttattenge [1].
The formation of the biaryl bond has been achiexad Suzuki-
Miyaura cross-coupling reaction, a Pd-catalyzed @etlvation
or a Cu-mediated oxidative coupling. The formerctieam has
allowed the synthesis of peptides containing a Typ{#,15], a
Phe-Phe [15-18], a Phe-Tyr [15,17,19] or a Tyr-T35,19-21]
linkage. The C-H activation reaction has been usefibrm the
biaryl bonds Trp-Phe and Trp-Tyr [22,23], while th&u-
mediated oxidative phenol coupling has providedesscto
peptides bearing a Tyr-hydroxyphenylglycine ma24]. Despite
the benefits of the solid supported chemistry, maofstthese
reactions have been performed in solution. In féwg solid-
phase synthesis of biaryl peptides has been sgarepbrted.
This methodology has only been applied by fouraasgegroups
to obtain cyclic peptides featuring a covalent b&ek-Phe [16-
18], Phe-Tyr [17,19], Tyr-Tyr [19], Trp-Phe or Tiipx [22].

In this context, the synthesis of biaryl cyclic pdps
containing a 5-arylhistidine is especially notewgrtiecause the
arylation of the 4(5)-position of the imidazolegihas proven to
be difficult. So far, several methods based onsiteom metal-
catalyzed reactions have been developed for thé¢hasis in
solution of 4(5)-arylimidazoles, but most of thenmoyide
moderate vyields and/or require drastic conditior25-36].
Regarding 5-arylhistidine derivatives, to the best our
knowledge, their synthesis in solution has only baescribed in
two reports through microwave-assisted Pd-catalyzeattdC-H
activation [37] or a Suzuki-Miyaura cross-couplif3$]. Taking
advantage of the solid supported chemistry, we eegnthe
latter methodology to the solid-phase preparatioh 5
arylhistidine-containing peptides via arylationaofesin-bound 5-
bromohistidine residue with commercially availabtgllaoronic
acids [39,40]. It was observed that microwaves weveial to
enhance the arylation of histidine, shortening rs&ction time
and providing higher overall purities [38]. Thisategy enabled
the first solid-phase synthesis of biaryl lineai- tand
tetrapeptides containing a 5-arylhistidine [40]tdrawe applied
this approach to the modification of lead antimied peptides
with activity against plant pathogens of economigadmance
[39]. The resulting 5-arylhistidine-containing pieles displayed
antibacterial and antifungal activity, and low heysid. This low
cytotoxicity was attributed to the presence of ith@azole ring
of histidine.
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Within our current interest on biaryl cyclic pemg] we
envisioned that the above strategy devised fopteparation of
linear peptides containing a 5-arylhistidine coblel applied to
the solid-phase synthesis of biaryl macrocyclic useges
incorporating a biaryl bond between the side-chdia bistidine
and of a tyrosine. To the best of our knowledge, syrehesis of
5-arylhistidine-containing cyclic peptides has ngét been
reported. Thus, the main purpose of this work was gblid-
phase preparation of biaryl cyclic peptidesand Il, which
contain a biaryl linkage between the 5-positiontd imidazole
of the histidine and the 3-position of the phensdup of the
tyrosine (Fig. 1). The histidine is located at tReerminus in
biaryl cyclic peptides with general structure whereas
compoundd| bear this residue at the C-terminus. The sizéef t
ring is changed by incorporating different combioas of
lysines and leucines, as representative catiordchgarophobic
amino acids. The synthesis of these compounds cbeld
accomplished through the cyclization of a lineaptjgy/l resin
via the formation of the biaryl bond under the d@inds of the
Suzuki-Miyaura reaction. Herein, the feasibility this strategy
to prepare biaryl cyclic peptiddsand|l of different ring sizes

was studied.
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Fig. 1. General structure of biaryl cyclic peptideandl|.

\=N

2. Results and discussion

2.1.Biaryl cyclic peptides containing a histidine rasidat the
N-terminus

We first investigated the solid-phase preparatidnbiaryl
cyclic peptidesBPC782, BPC784, and BPC786 containing a
side-chain to side-chain His-Tyr linkage with the tidise
residue located at the N-terminus (Fig. 2).
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Fig. 2. Structure of biaryl cyclic peptides containing & Et the N-terminus.

In particular, we first assayed the synthesi8BC786 which
comprises a 5-residue ring and a Leu-Leu spacethatC-
terminus. The synthetic strategy involved the prafan of the
linear peptidyl resind, incorporating a 5-bromohistidine at the
N-terminus and a 3-boronotyrosine at the C-termifallwed
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by their cyclization through a microwave-assistedzukir
Miyaura cross-coupling (Scheme 1). Synthesis of
regioisomeric peptidyl resins Boc-His(5-Br,1-SEM)s(Boc)-
Lys(Boc)-Leu-Tyr(3-BPin,Me)-Leu-Leu-Rink-MBHA 1@) and
Boc-His(5-Br,3-SEM)-Lys(Boc)-Lys(Boc)-Leu-Tyr(3-BPMe)-
Leu-Leu-Rink-MBHA (b) started from a Fmoc-Rink-MBHA
resin. First, the iodopeptidyl resin Fmoc-Lys(Bag)s(Boc)-
Leu-Tyr(3-1,Me)-Leu-Leu-Rink-MBHA was obtained followgn

a standard 9-fluorenylmethoxycarbonyl (Fmtexttbutyl (Bu)
strategy through sequential Fmoc removal and cogpéteps.
The Fmoc group was removed using piperidine/DMF (87}

10 min). Couplings of Fmoc-Leu-OH and Fmoc-Lys(Boc)-OH
were mediated byN,N-diisopropylcarbodiimide (DIPCDI) and
ethyl 2-cyano-2-(hydroxyimino)acetate (Oxyma) in DK&F 1 h.
Fmoc-Tyr(3-1,Me)-OH 2) was anchored using 1-[(1-(cyano-2-
ethoxy-2-oxoethylylidineaminooxy)dimethylaminomogpimo)]
uronium hexafluorophosphate (COMU), Oxyma amiN-
diisopropylethylamine (DIEA) in DMF overnight. Thigrosine
derivative was synthesized in solution from Boc-BytMe)-
OMe [40] through subsequent removal of theert-
butoxycarbonyl (Boc) group, methyl ester hydrolysiad Fmoc
protection of theN“-amino group.

the

Once the iodopeptidyl resin Fmoc-Lys(Boc)-Lys(Bo@&uk
Tyr(3-1,Me)-Leu-Leu-Rink-MBHA was obtained, the Fmoc
group was replaced by a trityl (Tr) group due to ithetability of
the former to the basic Miyaura borylation condigo(Scheme
1). After Fmoc removal, th&l®-amino group of the resin was
protected by treatment with trityl chloride (TrChH presence of
DIEA for 4 h. An aliquot of the resulting resin Tr-&{Boc)-
Lys(Boc)-Leu-Tyr(3-1,Me)-Leu-Leu-Rink-MBHA (3) was
exposed to trifluoroacetic acid (TFA)B/triisopropylsilane
(TIS) (95:2.5:2.5) for 2 h, affording H-Lys-Lys-L€Lyr(3-1,Me)-
Leu-Leu-NH in 84% HPLC purity, which was characterized by
mass spectrometry.

Next, borylation of the iodopeptidyl resiB led to Tr-
Lys(Boc)-Lys(Boc)-Leu-Tyr(3-BPin,Me)-Leu-Leu-Rink-BHA
(4). This reaction was performed under the conditfaeviously
described in our group [19], which involved the ueé
bis(pinacolato)diboron (#in,) (4 equiv.), PdG(dppf) (0.18
equiv.), 1,1'-bis(diphenylphosphanyl)ferrocene (fpp(0.09
equiv.), and KOAc (6 equiv.) in anhydrous DMSO at°80for 8
h (Scheme 1). It was observed that longer reactiorest
promoted the protodeborylation of the tyrosine desi of the
boronopeptidyl resim. Acidolytic cleavage of an aliquot ¢f
gave the boronopeptide H-Lys-Lys-Leu-Tyr(3-B(QMN)e)-Leu-
Leu-NH, in 81% HPLC purity. This boronic acid resulted from
the hydrolysis of the pinacol boronic ester growpilg HPLC
analysis, which was confirmed by mass spectrometry.

The trityl group of the resin-bound tyrosine bommister4
was then selectively removed with TFABICH,CI, (0.2:1:98.8)
(2x1 + 2x20 min). Finally, the regioisomeric mixture of Boc-
His(5-Br,1-SEM)-OH %a) and Boc-His(5-Br,3-SEM)-OH5p),
prepared as previously reported [40], was couplégusIPCDI
and Oxyma in DMF for 3 h to yield the expected résgimeric
peptidyl resinsl. An aliquot ofl was treated with TFA/FD/TIS
(95:2.5:2.5) under stirring for 3 h. H-His(5-Br)-L-yys-Leu-
Tyr(3-B(OH),,Me)-Leu-Leu-NH (6) was obtained in 75% HPLC
purity, and was characterized by mass spectrometry.



o) (6]
H
i, i, i, i, FmocHN ; i N v
Vi \ALEU-LEU-RIHK-MBHA i, di Fmoc-Lys(Boc)-Lys(Boc)-Leu~ \VALEU-LGU-RIHK-MBHA
, H —_— > :

Fmoc-Rink-MBHA ———>
; OMe ; OMe

| |
o

e

o
H H
N ! N

Tr-Lys(Boc)-Lys(Boc)-Leu” \—,)kLeu-Leu-Rlnk-MBHA Tr-Lys(Boc)-Lys(Boc)-Leu~” %Leu»Leu-Rink»MBHA

i, iv

—_— - B
3 OMe 4 OMe
I N,
o o
o h
BocHN N .
\)k Lys(Boc)-Lys(Boc)-Leu”” \)k Leu-Leu-Rink-MBHA HaN
N la
4 H,N H
Berﬁ OMe 2 N
SEM N HN
9 ©° Og7™NH |, ©
Vi, vii Vi, ix o .
_vii . Vany \\,%N¢N NHp
o NH H H
(0] H e} o >/ (o)
BocHN N .
A Lys(Boc)-Lys(Boc)-Leu”" Y~ " Leu-Leu-Rink-MBHA HoN —
3\ s HN
>N OMe
jNSEM 1b
Br N/) OMe BPC786

~

o o

im

Scheme 1. Solid-phase synthesis of the biaryl cyclic pepBRC786. Reagents and conditions: (i) Piperidine/DMF (3Z) 10 min). (ii) Fmoc-Leu-OH or
Fmoc-Lys(Boc)-OH, DIPCDI, Oxyma, DMF, 1 h. (iii) Foo-Tyr(3-1,Me)-OH @), COMU, Oxyma, DIEA, DMF, overnight. (iv) TrCl, BIA, DMF, 4 h. (v)
B,Pin,, PACh(dppf), dppf, KOAc, DMSO, 80 °C, 8 h. (vi) TFA{B/CH,Cl,. (0.2:1:98.8) (&1 + 2x20 min). (vii) Boc-His(5-Br,1-SEM)-OH5a) and Boc-His(5-
Br,3-SEM)-OH gb), DIPCDI, Oxyma, DMF, 3 h. (viii) Pddba), KF, SPhos or R{tolyl)s, DME/EtOH/HO, MW, 140 °C, 30 min. (ix) TFA/ED/TIS

(95:2.5:2.5), 3 h, stirring.

With the linear peptidyl resins 1 in hand,
macrocyclization was initially attempted under ttonditions of
the Suzuki-Miyaura cross-coupling (Scheme 1). Thasjns 1
were first exposed to Rdba) (0.2 equiv.), R¢tolyl); (0.4
equiv.), and KF (4 equiv.) in degassed 1,2-dimetbthgne

(DME)/EtOH/H,0 (9:9:2) under microwave irradiation at 140 °C iodopeptides

for 30 min. The resulting resin was cleaved, and HRh@ ESI-
MS analysis of the crude reaction mixture reve#fedformation
of the expected biaryl cyclic peptidBPC786 (30% purity)
together with the protodeborylated and debrominaledvative
H-His-Lys-Lys-Leu-Tyr(Me)-Leu-Leu-NK (29% purity), a
common byproduct of this reaction [41]. The cydilza was also
assayed using SPhos [42-45] instead oftBlyl);. Giralt and co-
workers reported that the presence of Buchwald's SHgand
avoids
derivatives in Suzuki-Miyaura reactions [42]. Undé#rese
conditions a similar result was obtain@&PC786 was formed in
31% purity. H-His-Lys-Lys-Leu-Tyr(Me)-Leu-Leu-NHand the

oxidized and debrominated byproduct H-His-Lys-LysH.e
Tyr(3-OH,Me)-Leu-Leu-NH were also detected (20 and 11%
purity, respectively)BPC786 was then isolated by reverse-phase

column chromatography, analyzed and characterizetH®LC
and mass spectrometry, being obtained in 79% purity

In view of these results, we then studied the apipicaof this
methodology to the synthesis of biaryl cyclic pdpiBPC782

andBPC784 (Scheme 2). The former isBPC786 analogue that

does not contain the Leu-Leu spacer at the C-tersnimhile
BPC784 consists of a 3-residue ring. The synthesi8BC782
required the preparation of the linear peptidyimeBoc-His(5-
Br,1-SEM)-Lys(Boc)-Lys(Boc)-Leu-Tyr(3-BPin,Me)-Rink

racemization ofa-amino acids such as tyrosine

their 7 and 8 were synthesized following the protocol described fo

peptidyl resinsl. Accordingly, iodopeptidyl resins Tr-Lys(Boc)-
Lys(Boc)-Leu-Tyr(3-1,Me)-Rink-MBHA 9) and Tr-Leu-
Tyr(3-1,Me)-Rink-MBHA (10) were prepared. Acidolytic
cleavage of an aliquot & and 10 provided the corresponding
in 87 and 72% HPLC purity, respectively
Borylation of 9 and 10, followed by trityl group removal and
subsequent coupling of bromohistidingsjielded the expected
peptidyl resins7 and8, respectively. Treatment of an aliquot of
these resins with TFAJD/TIS (95:2.5:2.5) led to H-His(5-Br)-
Lys-Lys-Leu-Tyr(3-B(OH),Me)-NH, (11) and H-His(5-Br)-Leu-
Tyr(3-B(OH),,Me)-NH, (12) in 60% HPLC purity which were
characterized by mass spectrometry.

Cyclization of 7 and8 was performed through a microwave-
assisted intramolecular Suzuki-Miyaura reaction armndhe
conditions described above farusing SPhos as ligand. After
cleavage of the resin resulting from the cyclizataf 7, HPLC
and mass spectrometry analysis of the crude reactixture
revealed the formation of the biaryl cyclic peptBBC782 as
major product in 35% purity, together with a mixtuoé the
common Suzuki-Miyaura arylation byproducts. Afterluron
chromatography purificationBPC782 was obtained in 68%
HPLC purity and was characterized by mass spectrgmetr
Similarly, cyclization of8 led to the formation oBPC784 in
30% purity, which was purified and obtained in 90%ityu Its
structure was confirmed by mass spectrometry. Thbs,
synthesis ofBPC782, BPC784 and BPC786 revealed that the
cyclization is not influenced by the presence aka-Leu spacer
and that similar results are obtained for the fdiomeof a 3- or 5-
residue ring.

MBHA (7a) and Boc-His(5-Br,3-SEM)-Lys(Boc)-Lys(Boc)-Leu-
Tyr(3-BPin,Me)-Rink-MBHA (/b) whereas the linear precursors
of BPC784 were resins Boc-His(5-Br,1-SEM)-Leu-Tyr(3-
BPin,Me)-Rink-MBHA @@a) and Boc-His(5-Br,3-SEM)-Leu-

Tyr(3-BPin,Me)-Rink-MBHA @8b). These linear peptidyl resins
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Tr-Leu-Tyr(3-1,Me)-Rink-MBHA  (10)
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Boc-His(5-Br,1-SEM)-Leu-Tyr(3-BPin,Me)-Rink-MBHA  (8a)
+

Boc-His(5-Br,3-SEM)-Leu-Tyr(3-BPin,Me)-Rink-MBHA  (8b)
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eagents and conditions: (i)f8n,, PdCh(dppf), dppf, KOAc, DMSO, 80 °C, 8

h. (ii) TFA/H,O/CH,CI, (0.2:1:98.8) (&1 + 2x20 min). (iii) Boc-His(5-Br,1-SEM)-OH5a) and Boc-His(5-Br,3-SEM)-OHbp), DIPCDI, Oxyma, DMF, 3 h.

(iv) Pdy(dba), KF, SPhos, DME/EtOH/D, MW, 140 °C, 30 min. (v) TFA4D/TI

2.2.Biaryl cyclic peptides containing a histidine resédat the
C-terminus

We next turned our attention to the solid-phasah®sis of
biaryl cyclic peptideBPC788, BPC790 andBPC792 in which
the histidine residue was located at the C-termfRigs 3).

BPC790

Fig.3. Structure of biaryl cyclic peptides containing & Ht the C-terminus.

The preparation oBPC792, incorporating a 5-residue ring
and a Leu-Leu spacer at the C-terminus, was firgstigated. A
similar strategy to that of biaryl cyclic peptidést contain the
histidine residue at the N-terminus was followed €@ 3). In
this case, the linear peptidyl resins Boc-Tyr(3-BjgMe)-
Lys(Boc)-Lys(Boc)-Leu-His(5-Br,1-SEM)-Leu-Leu-Rink-
MBHA (13a) and Boc-Tyr(3-B(OH)Me)-Lys(Boc)-Lys(Boc)-
Leu-His(5-Br,3-SEM)-Leu-Leu-Rink-MBHA 13h),
incorporating a 3-boronotyrosine at the N-termirared a 5-
bromohistidine at the C-terminus, were requiredstfFiFmoc-
Leu-Leu-Rink-MBHA was synthesized following an Frt&u/
strategy as previously described. After Fmoc remo®c-
His(5-Br,1-SEM)-OH %a) and Boc-His(5-Br,3-SEM)-OH5p)
were coupled using COMU, Oxyma and DIEA in DMF
overnight. Then, the Boc group was selectively readounder
mild conditions by treatment with trimethylsilyltdfte

S (95:2.5:2.5), 3 h, stirring.

(TMSOTYf) in presence of 2,6-lutidine ($80 min) [46]. Peptide
elongation was carried out by sequential couplingd an
deprotection steps using Fmoc-Leu-OH, Fmoc-Lys(Boc)=DH
Boc-Tyr(3-B(OH),Me)-OH (4) as amino acid derivatives.
Boronotyrosinel4 was prepared in solution through Miyaura
borylation of Boc-Tyr(3-1,Me)-OMe [40], followed bwirolysis

of the pinacolate and saponification of the metster. It should
be noticed that coupling d#4 to the solid support was mediated
by DIPCDI and Oxyma in DMF and should not exceed la 3
reaction time in order to avoid side products. Aiquet of the
resulting resinsl3 was treated with TFA/BD/TIS (95:2.5:2.5)
under stirring for 3 h to provide H-Tyr(3-B(O5Me)-Lys-Lys-
Leu-His(5-Br)-Leu-Leu-NH (15) in 65% HPLC purity, which
was characterized by mass spectrometry.

The cyclization of the regioisomeric peptidyl resit8 was
carried out through a Suzuki-Miyaura arylation undée
conditions used for the synthesis of biaryl cypéptides bearing
a histidine at the N-terminus which involved treattavith
Pd,(dba), SPhos, and KF under microwave irradiation at 140 °C
for 30 min (Scheme 3). HPLC and mass spectrometlysis of
the crude reaction mixture obtained from the agitiioicleavage
of the resulting resin indicated the presence efdésired biaryl
cyclic peptideBPC792 as major product (55% purity) together
with the debrominated and protodeborylated byprodHiet
Tyr(Me)-Lys-Lys-Leu-His-Leu-Leu-NH (22% purity). BPC792
was finally purified by reverse-phase column chraygeiphy
being obtained in 92% HPLC purity, and characterizgdnass
spectrometry.

Synthesis 0BPC788, aBPC792 analog lacking the Leu-Leu
spacer, and oBPC790, consisting of a 3-residue ring, was
performed following the same synthetic approach ufad
BPC792 (Scheme 4). The corresponding linear peptidyhek
and 17 were prepared as described foB. After acidolytic
cleavage of an aliquot of each resin, the corredipgnexpected
linear peptided8 and19 were detected in 59% and 52% HPLC
purity, respectively.
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+ +
Boc-Tyr(3-B(OH),,Me)-Lys(Boc)-Lys(Boc)-Leu-His(5-Br,3-SEM)-Rink-MBHA  (16b) Boc-Tyr(3-B(OH),,Me)-Leu-His(5-Br,3-SEM)-Rink-MBHA  (17b)

l vii, viii l vii, viii
NH,
(0]
o]
HyN HN Nu

H Oj/ IONH,
HN HN—"11 ) SH
o)
0 ° 07 NH N
Oj/ NH o \\(O OMe
NH,
HzN 7 "NH BPC790
N
OMe
BPC788

Scheme 4. Solid-phase synthesis of biaryl cyclic pepti@C788 andBPC790. Reagents and conditions: (i) Piperidine/DMF (32} 10 min). (ii) Boc-His(5-
Br,1-SEM)-OH ga) and Boc-His(5-Br,3-SEM)-OH56), COMU, Oxyma, DIEA, DMF, overnight. (iii) TMSOTR,6-lutidine, CHCI, (10x30 min). (iv) Fmoc-
Leu-OH, DIPCDI, Oxyma, DMF, 1 h. (v) Fmoc-Lys(BoOH, DIPCDI, Oxyma, DMF, 1 h. (vi) Boc-Tyr(3-B(OkMe)-OH (14), DIPCDI, Oxyma, DMF, 3 h.
(vii) Pdx(dba), KF, SPhos, DME/EtOH/FO, MW, 140 °C, 30 min. (viii) TFA/LD/TIS (95:2.5:2.5), 3 h, stirring.

The intramolecular Suzuki-Miyaura cross-couplinglé6fand  HPLC purity, respectively, and they were characterizg mass
17 afforded the expected biaryl cyclic peptidB®C788 and  spectrometry. These results pointed out that theraegclization
BPC790, respectively.BPC788 was detected in 32% HPLC through formation of a His-Tyr linkage is favored whéhe
purity together with a mixture of the byproducts M{Me)-Lys- histidine residue is located at the C-terminus.
Lys-Leu-His-NH (15% purity) and H-Tyr(3-OH,Me)-Lys-Lys-

Leu-His-NH, (5% purity). Interestingly, BPC790 was
successfully obtained (49% HPLC purity) and onlgésaof the
common byproducts were detected. Column chromatbgrap
purification provided these biaryl cyclic peptides87 and 96%
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2.3.Biaryl cyclic peptides derived from the northern and Fmoc-Rink-MBHA

southern hemispheres of aciculitins
Lo,

Taking into account the biological properties ofcalitins as l
well as their synthetic interest [12-14], we decideaxtend the Boc-His(5-Br, 1-SEM)-BAla-Rink-MBHA
above methodology to the solid-phase synthesisalogues of .
the northern and southern hemisphere of these liqyeptides Boo-His(5-Br,3-SEM)-pAla-Rink-MBHA
(Fig. 4). In particular, we focused our attentiontioa preparation
of the northern hemisphere anal@ and of the southern liV, Vi Vi 1, v, 0 vil, i vili
hemisphere derivativel.

Boc-Tyr(3-B(OH),,Me)-Ala-GIn(Tmob)-Gly-GIn(Tmob)-His(5-Br, 1-SEM)-BAla-Rink-MBHA (22a)
+

Boc-Tyr(3-B(OH),,Me)-Ala-GIn(Tmob)-Gly-GIn(Tmob)-His(5-Br, 3-SEM)-BAla-Rink-MBHA (22b)

= NH,

NHz — NH
Aciculitin A R = CsHy, -

Aciculitin B R = CgH,3

Scheme 5. Solid-phase synthesis of the biaryl cyclic pepfilieReagents and
Aciculitin C  R=C;Hys

conditions: (i) Piperidine/DMF (3:7) (2 + 10 minfii) FmocfAla-OH,

DIPCDI, Oxyma, DMF, 1 h. (iii) Boc-His(5-Br,1-SEM}H (5a) and Boc-
Fig. 4. Structure of aciculitins A-C and of biaryl cyclieptides20 and21. His(5-Br,3-SEM)-OH %b), COMU, Oxyma, DIEA, DMF, overnight. (iv)
TMSOTf, 2,6-lutidine, CHCl, (10x30 min). (v) Fmoc-GIn(Tmob)-OH,
DIPCDI, Oxyma, DMF, 1 h. (vi) Fmoc-Gly-OH, DIPCDOQxyma, DMF, 1 h.

commercially availableL-amino acids. In particular, the 3- () Fmoc-Ala-OH, DIPCDI, Oxyma, DMF, 1 h. (vii)Boc-Tyr(3-
hydroxyglutamine, the 2,3-diaminobutyric acid ahe -amino- ~ B(OH):2Me)-OH, DIPCDI, Oxyma, DMF, 3 h. (ix) Riba), KF, SPhos,
2-butenoic acid residues were replaced by a glugming- ~ DME/EIOH/H,O, MW, 140 °C, 30 min. (x) TFABD/TIS (95:2.5:2.5), 3 h,
alanine and an alanine, respectively. stirring.

We initially tested the synthesis of the biaryl lypeptide20  the peptidyl resins Boc-His(5-Br,1-SENBAla-Thr(Bu)-Tyr(3-
which contains a histidine residue at the C-terminlise B-  BPin,Me)-Ala-GIn(Tmob)-Rink-MBHA 4a) and Boc-His(5-
alanine was chosen as anchoring point to the soigat. This  Br.3-SEM)BAla-Thr(Bu)-Tyr(3-BPin,Me)-Ala-GIn(Tmob)-
peptide was synthesized according to the strategeritied Rink-MBHA (24b), containing a 5-bromohistidine at the N-
above for peptide8PC788, BPC790 and BPC792. Thus, the terminus and a 3-boronotyrosine at the C-termirfich¢me 6).
regioisomeric heptapeptidyl resins Boc-Tyr(3-B(@M)e)-Ala- 10 achieve this objective, we first synthesized pieptidyl resin
GIn(Tmob)-Gly-GIn(Tmob)-His(5-Br,1-SEMBAla-Rink- Tr-BAla-Thr(tBu)-Tyr(3-1,Me)-Ala-GIn(Tmob)-Rink-MBHA
MBHA (22a) and Boc-Tyr(3-B(OH)Me)-Ala-GIn(Tmob)-Gly-  (25) following the strategy used for resigs9 and10. An aliquot
GIn(Tmob)-His(5-Br,3-SEMBAla-Rink-MBHA  (22b) were Of the resulting resin25 was treated with a mixture of
prepared (Scheme 5). An aliquot of these peptidgineewas TFA/HO/TIS (95:2.5:2.5) for 2 h, affording the expected
acidolytically cleaved, yielding H-Tyr(3-B(ObMe)-Ala-GIn-  iodopeptide  HBAla-Thr-Tyr(3-,Me)-Ala-GIn-NH, in  87%
Gly-GIn-His(5-Br)Ala-NH, (23) in >99% purity, which was Purity.

characterized by mass spectrometry. Then, resir25 was exposed to bis(pinacolato)diboronRBy,)

These resins were then subjected to the Suzuki-Miyau (4 ~ equiv.),  PdG(dppf)  (0.18  equiv), ~ 1,1-
macrocyclization reaction as described above. HPhE mass Pis(diphenylphosphanyl)ferrocene (dppf) (0.09 equivand
spectrometry analysis of the crude reaction mixahewed the KOAc (6 equiv.) in anhydrous DMSO at 80 °C for 8 hi&ue
presence of the desired biaryl cyclic peptRein 64% purity. ~ 4)- Acidolytic cleavage of an aliquot of the resugfiresin26
Two peaks appeared in the HPLC chromatogram, bot§ave HBAla-Thr-Tyr(3-B(OH),Me)-Ala-GIn-NH, in  62%
corresponding t®0 as demonstrated by HPLC-MS analysis of Purity. Selective removal of the trityl group, folted by
the crude reaction mixture carried out at differeerhperatures coupling of the regioisomeric histidine derivatieafforded the
(20 to 60 °C). These two peaks coalesced at 40 @®@ 6vhich ~ expected peptidyl resin84 which were subjected to Suzuki-
pointed out that they could be attributed to twdfedént Miyaura macrocyclization. Acidolytic cleavage of seeresins
conformers. This peptide was purified by columnrendered the expected biaryl cyclic peptiiein 12% purity, as

chromatography, being obtained in 87% purity anaratterized ~confirmed by mass spectrometry. This peptide wasfigdrby
by mass spectrometry. reverse-phase column chromatography, being obtaime®1%

) ] ] ] o HPLC purity, and characterized by mass spectrometry.
In the case of the biaryl cyclic pepti@g&, bearing a histidine

at the N-terminus, the glutamine residue was sealeate the
anchoring point. Thus, the synthesis involved tfeppration of

Biaryl cyclic peptides20 and 21 were designed based on



Tr-pAla-Thr(tBu)-Tyr(3-1, Me)-Ala-GIn(Tmob)-Rink-MBHA  (25)

l L

Boc-His(5-Br, 1-SEM)-Ala-Thr(tBu)-Tyr(3-BPin,Me)-Ala-GIn(Tmob)-Rink-MBHA  (24a)
+

Boc-His(5-Br,3-SEM)-pAla-Thr(tBu)-Tyr(3-BPin,Me)-Ala-Gln(Tmob)-Rink-MBHA  (24b)

Scheme 6. Solid-phase synthesis of the biaryl cyclic pepfitieReagents and
conditions: (i) BPin,, PdCh(dppf), dppf, KOAc, DMSO, 80 °C., 8 h. (ii)
TFA/H,O/CH,Cl, (0.2:1:98.8), (2x1 + 2x20 min). (iii) Boc-His(5-BF
SEM)-OH 6a) and Boc-His(5-Br,3-SEM)-OH5p), DIPCDI, Oxyma, DMF,
3 h. (iv) Pd(dba}, SPhos, KF, DME/EtOH/}D, MW, 140 °C, 30 min. (v)
TFA/HOITIS (95:2.5:2.5), 3 h, stirring.

The synthesis 020 and 21 confirmed that the cyclization
through the formation of a biaryl bond His-Tyr viaSaizuki-
Miyaura cross-coupling gives better results when higtidine
residue is located at the C-terminus. This studystitutes the
first approach towards the synthesis of the natumadicurring
biaryl bicyclic peptides aciculitins.

3. Conclusions

In summary, we describe the first solid-phase swithef
biaryl cyclic peptides containing a His-Tyr linkagéhe key
feature of our synthetic methodology is the cytiaa via the
formation of a biaryl bond between a 5-bromohisedand a 3-
boronotyrosine. This strategy allowed the prepanatié biaryl
cyclic peptides incorporating a 3- or 5-residuggrand with the
histidine residue at the N- or the C-terminus. Besults were
obtained when the histidine was at the C-terminosaddition,
this study was extended to the synthesis of anatogiethe
northern and southern hemispheres of aciculitine. aivisaged
that this methodology could be considered a ussttuting point
for the total synthesis of aciculitins or of othgaryl bicyclic
peptides.

4, Experimental section
4.1.General information

Manual peptide synthesis was performed in polypremsyl
syringes fitted with a polyethylene porous disk. v@ats and
soluble reagents were removed by suction. Most atemivere
purchased from commercial suppliers Sigma—Aldrichadi,
Spain), Iris Biotech GmbH (Marktredwitz, Germany), Stiia
(Sentmenat, Spain) or Panreac (Castellar del \VJaipain) and
used without further purification.
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Analysis was carried out with a Kromasil 10Q; @4.6 mm x
250 mm, 5um) column with 2-100% B over 28 min at a flow
rate of 1 mL/min. Conditions C: Analysis was carrad with a
Kromasil 100 Gg (4.6 mm x 250 mm, fim) column with 2-25%
B over 3 min followed by 25-35% B over 30 min and13®% B
over 1 min at a flow rate of 1 mL/min. Peptides waleo
analyzed with a 1260 Infinity 1l liquid chromatogtap
instrument (Agilent Technologies) composed of a Diéddey
Detector HS, a Quaternary Pump VL, a 1260 Vial sampidr a
OpenLab CDS ChemsStation software. Conditions D: Analysis
was carried out with a linear gradient of 2-100% Bral2 min
at a flow rate of 1 mL/min. Conditions E: Analysis svearried
out with a linear gradient of 2-100% B over 12 niima #low rate
of 1 mL/min at 40 °C.

Peptide purifications were performed on a Cdrdsh Rf200
automated flash chromatography system using $&gaiRf Gold
reversed-phase ;& column packed with high performancggC
derivatized silica.

ESI-MS analyses were performed at the Serveis Teatéc
Recerca of the University of Girona with an Esquir@GESI
ion Trap LC/MS (Bruker Daltonics) instrument equigpeith an
electrospray ion source. The instrument was operatethe
positive ESI(+) ion mode. Samples (&) were introduced into
the mass spectrometer ion source directly throughH&LC
autosampler. The mobile phase (80:20,CN/H,O at a flow rate
of 100 pL/min) was delivered by a 1100 Series HPLC pump
(Agilent). Nitrogen was employed as both the dryingd a
nebulising gas. Nitrogen was employed as both tlyangrand
nebulising gas.

HRMS were recorded on a Bruker MicroTof-QIITM
instrument using an electrospray ionization soaftcthe Serveis
Técnics de Recerca of the University of Girona. Sasplere
introduced into the mass spectrometer ion sourcedibgct
infusion using a syringe pump and were externalljbted
using sodium formate. The instrument was operatedhi
positive ion mode.

'H and™*C NMR spectra were measured with a Bruker 300 or
400 MHz NMR spectrometer at the Serveis Técnics deRa
of the University of Girona. Chemical shifts were ngpd asd
values (ppm) directly referenced to the solvermaig

Microwave-assisted reactions were performed with glein
mode Discover S-Class labstation microwave (CEM)Q0-%/).
The time, temperature, and power were controlled whit&
Synergy software. The temperature was monitored ¢fraan
infrared sensor in the floor of the cavity.

4.2.Synthesis of methyl 3-iodo-4-methaxtyrosinate

Boc-Tyr(3-1,Me)-OMe [40] (4.50 g, 10.34 mmol, 1 égl
was dissolved in TFA/CKCI, (1:1, 30 mL) and stirred at room
temperature for 2 h. After this time, the solvenitmie was
removed under vacuum. Diethyl ether was then addet an
evaporated, this process was repeated three timesntpletely
remove the TFA. The resulting product was dried irtuza
overnight to afford H-Tyr(3-1,Me)-OMe as a white isb(3.25 g,

Peptides were analyzed under standard analytical HPL&4% yield).t; = 6.65 min (93% purity) (Conditions A)H NMR

conditions with a Dionex liquid chromatography instent

(400 MHz, CDCJ): &= 7.59 [d,J = 2.2 Hz, 1 H, CH-2,,], 7.18

composed of an UV/Vis Dionex UVD170U detector, a P680[dd,J=2.2 and 8.4 Hz, 1 H, CH;6.], 6.76 [d,J=8.4 Hz, 1 H,
Dionex bomb, an ASI-100 Dionex automatic injector, andCH-5u0n, 4.18 [t, J = 6.6 Hz, 1 H, CHi], 3.84 [s, 3 H,
CHROMELEON 6.60 software. Detection was performed at 226C0.CH;], 3.74 [s, 3 H, OCH], 3.16 [d,J = 6.6 Hz, 2 H, CHf]
nm. Solvent A was 0.1% aq. TFA and solvent B was 0.2 T Ppm. “C NMR (75 MHz, [Q]DMSO): & = 169.47 CO,CHy,
in CH,CN. Conditions A: Analysis was carried out with a 157.14 [C-4.q], 139.79 [CH-Z21n], 130.89 [C-lkon], 128.60

Kromasil 100 Gg (4.6 mm x 40 mm, 3..um) column with 2—
100% B over 7 min at a flow rate of 1 mL/min. Coratis B:

[CH'Gamn], 11158 [CH'ﬁronlr 8637 [C'%ronll 5644 [OCH];
53.20 [CHal], 52.77 [CQCHg], 34.47 [CH-B] ppm.
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4.3.Synthesis of 3-iodo-4-methoxyyrosine

A solution of LIOH (1.24 g, 28.91 mmol, 3 equiv.) in tem
(17 mL) was added to a solution of H-Tyr(3-1,Me)-O823 g,
9.64 mmol, 1 equiv.) in MeOH/THF (1:1, 34 mL). Thecton
mixture was stirred at room temperature for 2 h. Attés time,
the organic solvents were evaporated under reduessyre and
water (60 mL) was added to the resulting residue. Sdietion

and dried over anhydrous magnesium sulphate. Rdnofuae
solvent gave a dark brown oil, which was purified mumn
chromatography. Elution with hexane/EtOAc (4:1) aftmtdBoc-
Tyr(3-B(OH),,Me)-OMe together with Boc-Tyr(3-BPin,Me)-
OMe. A solution of CHCN/H,O (1:1) was then added and stirred
at 75 °C for 4 h. The resulting solution was lyoiki to afford

a white solid, which was purified by column chromatgry.
Elution with hexane/EtOAc (1:1) vyielded Boc-Tyr(3-

was adjusted to pH 5 by addition of glacial AcOH and theB(OH)z,Me)-OMe as a white solid (450 mg, 59% vyielt).=

resulting precipitate was filtered, washed with cdkettdyl ether,
and dried in vacuo overnight, yielding H-Tyr(3-LM@H as a
white solid (3 g, 96% vyield)tz = 6.21 min (>99% purity)
(Conditions A)."H NMR (300 MHz, [Q]DMSO): & = 7.64 [d,J
=2.1Hz, 1 H, CH-Zo, 7.24 [dd,J = 2.1 and 8.4 Hz, 1 H, CH-
Baron], 6.91 [d,J = 8.4 Hz, 1 H, CH-5.4, 3.78 [s, 3 H, OCH],
3.31[dd,J=4.5and 7.7 Hz, 1 H, CH, 3.00 [dd,J = 4.5 and
14.1 Hz, 1 H, CHf], 2.75 [dd,J = 7.7 and 14.1 Hz, 1 H, GH}]
ppm. *C NMR (75 MHz, [Q]DMSO): & = 156.37 [C-4onl,
139.60 [CH-Zion], 132.22 [C-%ion)s 130.76 [CH-§n), 111.36
[CH-5,10n), 85.98 [C-3i0n], 56.33 [OCH], 55.74 [CHa], 35.87

[CH2-B] ppm.

4.4. Synthesis of N{)-(9-fluorenylmethoxycarbonyl)-3-iodo-4-
methoxy:-tyrosine @)

A solution of H-Tyr(3-1,Me)-OH (3 g, 9.34 mmol, 1 agy in
dioxane (32 mL) was adjusted to pH 7-8 by additiom@fieous

7.51 min (>99% purity) (Conditions AYH NMR (400 MHz,
CDCly): = 7.57 [d,J= 2.8 Hz, 1 H, CH-24,, 7.20 [dd,J = 2.8
and 8.4 Hz, 1 H, CH-4,], 6.84 [d,J = 8.4 Hz, 1 H, CH-3,,],
5.79 [bs, 2 H, B(OH], 4.98 [bs, 1 H, CONH], 4.56-4.54 [m, 1
H, CH-a], 3.89 [s, 3 H, OCH], 3.73 [s, 3 H, CGCHg], 3.09 [dd,
J=5.6 and 13.8 Hz, 1 H, GH#], 3.01 [dd,J = 6.0 and 13.8 Hz,
1 H, CH-B], 1.41 [s, 9 H, C(CH)3] ppm. *C NMR (75 MHz,
CDCly): & = 172.53 CO,CH;] 163.85 [C-4,0n), 155.37 [CONH],
137.87 [CH-2, 133.75, 128.64 [CH:H,, C-lyon], 110.84,
110.34 [CH-5om C-340ns 80.30 [C(CHg)s), 55.95 [OCH], 54.73
[CH-a], 52.41 [CQCHjy], 37.60 [CH-B], 28.41 [(CH3):C] ppm.

4.6. Synthesis of 3-borono-N)-tert-butoxycarbonyl-4-methoxy-
L-tyrosine (4)

An aqueous solution of LiOH (3 mL, 4.17 mmol, 3 equisgs
added to a solution of Boc-Tyr(3-B(OkiYle)-OMe (450 mag,
1.27 mmol, 1 equiv.) in MeOH/THF (1:1, 6 mL). The cgan

10% NaCO,. The reaction mixture was stirred at room i re was stirred at room temperature for 1.5fter this time,

temperature for 30 min and Fmoc-OSu (3.31 g, 9.8Dbinin05
equiv.) was then added. The mixture was stirred foh 2t room
temperature and then concentrated in vacuo. EtOBenld) was
added and the organic solution was washed with 1 N (@CI

the organic solvents were evaporated under redusssyre and
water (25 mL) was added to the resulting residue. Sdietion
was adjusted to pH 5-6 by addition of 1 N HCI followeg b
extraction with EtOAc (3x25 mL). The organic layers &er

mL) and HO (3x30 mL). The aqueous layers were combinedompined, washed with brine (25 mL), and dried ovdtydrous

adjusted to pH 1 and extracted with EtOAc (3x40 mL). th#
organic layers were combined, washed with brine (30Q ard
dried over anhydrous magnesium sulfate. Remov#ietolvent
followed by digestion of the resulting precipitaten i
pentane/diethyl ether (1:1, 50 mL) for 2 h affordedhite solid,
which was purified by column chromatography. Elutiaith
CH,CI,/MeOH (95:5) gave Fmoc-Tyr(3-1,Me)-OF2) as a white
solid (2.85 g, 57% vyield).tz = 9.00 min (>99% purity)
(Conditions A)."H NMR (400 MHz, [Q]DMSO): & = 12.78 [bb,
1 H, CQH], 7.88 [d,J=7.6 Hz, 2 H, 2 CH},,+Fmoc], 7.71 [d)
= 2.0 Hz, 1 H, CH-2¢4, 7.66-7.62 [m, 2 H, 2 CH,Fmoc],
7.43-7.39 [m, 2 H, 2 Ck.sFmoc], 7.34-7.25 [m, 3 H, 2 GH.\r
Fmoc, CH-Gon), 6.90 [d,J = 8.4 Hz, 1 H, CH-5,,], 4.22-4.10
[m, 4 H, CHa, CH,-Fmoc, CH-Fmoc], 3.77 [s, 3 H, OGK3.01
[dd,J=4.4 and 13.8 Hz, 1 H, GH], 2.77 [dd,J = 10.4 and 13.8
Hz, 1 H, CH-B] ppm. *C NMR (75 MHz, [Q]DMSO): & =
173.20 [CQH], 156.37 [C-4.0n), 155.97 [CONH], 143.74,
140.67 [4 GonrFmoc], 139.46 [CH-2.4, 132.20 [C-Lion,
130.40 [CH-G,,, 127.63, 127.10, 125.29, 120.11 [8 GH
Fmoc], 111.28 [CH-5,,], 85.73 [C-3/on], 65.69 [CH-Fmoc],
56.27 [OCH], 55.61 [CHa], 46.57 [CH-Fmoc], 34.95 [CHJ]

ppm.

4.5. Synthesis of methyl 3-boronodj{tert-butoxycarbonyl-4-
methoxy:-tyrosinate

magnesium sulfate. Removal of the solvent afforBed-Tyr(3-

B(OH),,Me)-OH (14) as a white solid (410 mg, 95% yield).=

6.84 min (>99% purity) (Conditions AYH NMR (400 MHz,
CDCL): & = 7.60 [s, 1 H, CH-2,4], 7.25-7.22 [m, 1 H, CH-
Baron], 6.82 [d,J = 8.8 Hz, 1 H, CH-5,,], 5.06-5.04 [m, 1 H,
CONH], 4.51-4.49 [m, 1 H, CHH, 3.87 [s, 3 H, OCH], 3.13
[dd,J=4.8 and 13.6 Hz, 1 H, GHB], 3.03 [dd,J = 5.2 and 13.6
Hz, 1 H, CH-B], 1.40 [s, 9 H, C(CH3] ppm. °*C NMR (75
MHz, CDCL): & = 175.45 CO,H] 163.74 [C-4yon], 155.49
[CONH], 137.79 [CH-20n), 134.02, 128.57 [CH-H,m C-Laond,

110.82, 110.30 [CH:&Rm C-3i0n, 80.33 [C(CHj)s], 55.70
[OCHg], 54.70 [CHal], 37.28 [CH-f], 28.43 [(CH3):C] ppm.

4.7.General method for the synthesis of the 3-iodotypepiidyl
resins3, 9, 10 and25

Peptidyl resins were synthesized manually by thi&lgdiase
method with standard Fmoc chemistry. MBHA resin (0.4
mmol/g) was used as solid support and it was swolleh wi
CH,Cl, (1x20 min) and DMF (1x20 min), and washed with
piperidine/DMF (3:7, 1x5 min) and DMF (6x1 min). Thehe
resin was treated with Fmoc-Rink linker (4 equiv.)PODI (4
equiv.) and Oxyma (4 equiv.) in DMF at room tempeamtu
overnight. After this time, the resin was washed with/D{@x1
min). Elongation of the peptide chain was perforntiebugh
sequential Fmoc removal and coupling of the cooedmg

A solution of Boc-Tyr(3-1,Me)-OMe [40] (920 mg, 2.11 5ming acids. Fmoc group removal was achieved withxaune

mmol, 1 equiv.) in degassed anhydrous DMSO (9 mL)auaked
to a solution of bis(pinacolato)diboron ,@n,) (1.08 g, 4.23

of piperidine/DMF (3:7, 2 + 10 min). Coupling of the
corresponding commercially available amino acidso&eu-

mmol, 2 equiv.), Pd&(dppf) (100 mg, 0.12 mmol, 0.06 equiv.), on  Fmoc-Lys(Boc)-OH, Fmoc-GIn(Tmob)-OH, Fmoc-Ala-OH,

and KOAc (840 mg, 8.45 mmol, 4 equiv.) in degassétydmous
DMSO (4.5 mL). The mixture was stirred under nitrogé80 °C
for 7 h. After this time, brine (50 mL) was addeddatine
resulting solution was extracted with EtOAc (3x50 mhe
combined organic extracts were washed with brine (3%kJ,

Fmoc-Thr{Bu)-OH, and Fmo@Ala-OH (4 equiv.) was
performed by using DIPCDI (4 equiv.) and Oxyma (4iegun
DMF at room temperature for 1 h, whereas coupling-robc-
Tyr(3-1,Me)-OH @) (2 equiv.) was carried out using COMU (2
equiv.), Oxyma (2 equiv.) and DIEA (4 equiv.) in DMFraom



temperature overnight. The completion of the react was
monitored by the Kaiser test [47]. After each caugpland
deprotection step, the resulting resin was washedDMF (6x1
min).

Upon completion of the peptide sequence, the N-teami
Fmoc group was removed and a trityl group was inttedwsing
TrCl (10 equiv.) and DIEA (10 equiv.) in DMF at room
temperature for 4 h. Then, the resulting resin washed with
DMF (6x1 min) and CHKCIl, (3x1 min), and air-dried. The
completion of this reaction was monitored by théskatest [47].
An aliquot of the resulting peptidyl resin was cledveith
TFA/H,O/TIS (95:2.5:2.5) whilst stirring for 2 h at room
temperature. Following TFA evaporation and diethyhee
extraction, the crude peptide was dissolved i@/H;CN (1:1),
lyophilized, analysed by HPLC and characterized bgssn
spectrometry.

4.7.1.Tr-Lys(Boc)-Lys(Boc)-Leu-Tyr(3-1,Me)-Leu-
Leu-Rink-MBHA B8)

The iodohexapeptidyl resi83 was prepared following the
general method described above. Acidolytic cleavafean
aliquot of this peptidyl resin afforded H-Lys-Lysu-Tyr(3-
I,Me)-Leu-Leu-NH in 84% purity.tz = 18.99 min (Conditions
B). MS (ESI):m/z= 458.7 [M + 2H}", 916.5 [M + H[, 938.5 [M
+ NaJ".

4.7.2.Tr-Lys(Boc)-Lys(Boc)-Leu-Tyr(3-1,Me)-Rink-
MBHA (9)

The iodotetrapeptidyl resi® was prepared following the
general method described above. Acidolytic cleavafean
aliquot of this peptidyl resin afforded H-Lys-Lysu-Tyr(3-
I,Me)-NH, in 87% purity.ty = 4.80 min (Conditions D). MS
(ESI):m/z= 345.6 [M + 2H}", 690.3 [M + H].

4.7.3.Tr-Leu-Tyr(3-1,Me)-Rink-MBHA 10)

The iododipeptidyl resinl0 was prepared following the
general method described above. Acidolytic cleavafean
aliquot of this peptidyl resin afforded H-Leu-Ty#(31e)-NH, in
72% purity.tg = 18.13 min (Conditions B). MS (ESljn/z =
434.0 [M + HJ.

4.7.4.Tr-BAla-Thr('Bu)-Tyr(3-1,Me)-Ala-
GIn(Tmob)-Rink-MBHA 25)

The iododipeptidyl resin25 was prepared following the
general method described above. Acidolytic cleavafean
aliquot of this peptidyl resin afforded pAla-Thr-Tyr(3-1,Me)-
Ala-GIn-NH, in 87% purity.t = 5.87 min (Conditions A).

4.8.General method for the solid-phase Miyaura borylatio
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(3) (170 mg) following the general method for solidagh
Miyaura borylation. Acidolytic cleavage of an aliquof this
peptidyl resin gave H-Lys-Lys-Leu-Tyr(3-B(OkWe)-Leu-Leu-
NH, (81% purity), resulting from the hydrolysis of tipeacol
boronic ester during HPLC analystg.= 15.87 min (Conditions
C). MS (ESI):m/z= 417.7 [M + 2H{", 834.6 [M + H].

4.8.2.Tr-Lys(Boc)-Lys(Boc)-Leu-Tyr(3-BPin,Me)-
Rink-MBHA

This boronotetrapeptidyl resin was prepared staffiiog Tr-
Lys(Boc)-Lys(Boc)-Leu-Tyr(3-1,Me)-Rink-MBHA 9) (57 mg)
following the general method for solid-phase Miyaboaylation.
Acidolytic cleavage of an aliquot of this peptidg@sin gave H-
Lys-Lys-Leu-Tyr(3-B(OH),Me)-NH, (69% purity), resulting
from the hydrolysis of the pinacol boronic esterrioig HPLC
analysis.ts = 16.85 min (Conditions B). MS (ESlmn/z= 304.7
[M + 2H)**, 608.4 [M + HJ.

4.8.3.Tr-Leu-Tyr(3-BPin,Me)-Rink-MBHA

This boronodipeptidyl resin was prepared startingmf Tr-
Leu-Tyr(3-1,Me)-Rink-MBHA (@0) (90 mg) following the
general method for solid-phase Miyaura borylatideidolytic
cleavage of an aliquot of this peptidyl resin g&lsbeu-Tyr(3-
B(OH),,Me)-NH, (50% purity), resulting from the hydrolysis of
the pinacol boronic ester during HPLC analytiss 14.84 min
(Conditions B). MS (ESI)m/z= 352.1 [M + HJ.

4.8.4.Tr-fAla-Thr('Bu)-Tyr(3-BPin,Me)-Ala-
GIn(Tmob)-Rink-MBHA %6)

This boronodipeptidyl resin was prepared startirgmf Tr-
BAla-Thr(Bu)-Tyr(3-1,Me)-Ala-GIn(Tmob)-Rink-MBHA  ©5)
(175 mgq) following the general method for solid-phadiyaura
borylation. Acidolytic cleavage of an aliquot of gshpeptidyl
resin gave H3Ala-Thr-Tyr(3-B(OH),Me)-Ala-GIn-NH, (62%
purity), resulting from the hydrolysis of the pimhdoronic ester
during HPLC analysistz = 5.20 min (Conditions A). MS (ESI):
m/z=610.3 [M + HJ, 632.3 [M + Na].

4.9.General method for the solid-phase synthesis ofitlear
peptidyl resind, 7 and8

The corresponding boronopeptidyl resins were treatet
TFA/H,O/CHCI, (0.2:1:98.8, 2x1 + 2x20 min), and washed
with DMF (3x1 min), DIEA/CHCI, (1:19, 3x1 min), CECl,
(3x1 min), and DMF (3x1 min). Then, coupling of the
regioisomeric mixture of Boc-His(5-Br,1-SEM)-Otbd) and
Boc-His(5-Br,3-SEM)-OH %b) (3 equiv.) was carried out using
DIPCDI (3 equiv.) and Oxyma (3 equiv.) in DMF at mo
temperature for 3 h. The resins were then washedith (6x1
min) and CHCI, (3x1 min), and air-dried. The completion of the

A 2-10 mL round-bottomed flask was charged with thereactions was monitored by the Kaiser test [47] ahguot of the

corresponding 3-iodotyrosylpeptidyl resin, P, (4 equiv.),
PdCL(dppf) (0.18 equiv.), and dppf (0.09 equiv.). A thaghly
sonicated solution of KOAc (6 equiv.) in degassedydnius

resulting peptidyl resins was cleaved with TFATHATIS
(95:2.5:2.5) whilst being stirred for 3 h at roommfeerature.
Following TFA evaporation and diethyl ether extracfiche

DMSO (20uL/mg of resin) was then added, and the mixture wagorresponding crude peptide was dissolved JO/BHCN (1:1),

heated at 80 °C for 8 h. Upon completion of the tieacthe

lyophilized, analysed by HPLC, and characterized rhbgss

resin was washed with DMSO (6x1 min), MeOH (6x1 min),SPectrometry.

CH,CI, (6x1 min), and diethyl ether (3x1 min). An aliqudtthe
resulting boronopeptidyl resin was cleaved with TFAOHIS
(95:2.5:2.5) whilst being stirred for 2 h at roommfeerature.
Following TFA evaporation and diethyl ether extragfiche
crude peptide was dissolved in®ICH,CN (1:1), lyophilized,
analysed by HPLC, and characterized by mass spestinam

4.8.1.Tr-Lys(Boc)-Lys(Boc)-Leu-Tyr(3-BPin,Me)-
Leu-Leu-Rink-MBHA 4)

The boronohexapeptidyl resih was prepared starting from
Tr-Lys(Boc)-Lys(Boc)-Leu-Tyr(3-1,Me)-Leu-Leu-Rink-BHA

4.9.1.Boc-His(5-Br,1-SEM)-Lys(Boc)-Lys(Boc)-
Leu-Tyr(3-BPin,Me)-Leu-Leu-Rink-MBHAL#) and
Boc-His(5-Br,3-SEM)-Lys(Boc)-Lys(Boc)-Leu-
Tyr(3-BPin,Me)-Leu-Leu-Rink-MBHA1D)

Resins 1 were synthesized starting from Tr-Lys(Boc)-
Lys(Boc)-Leu-Tyr(3-BPin,Me)-Leu-Leu-Rink-MBHA 4) (100
mg) following the general method described above délgtic
cleavage of an aliquot of these peptidyl resinserdéd H-His(5-
Br)-Lys-Lys-Leu-Tyr(3-B(OH),Me)-Leu-Leu-NH  (6) (75%
purity), resulting from the hydrolysis of the pimhdoronate
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during HPLC analysistz = 16.25 min (Conditions C). MS
(ESI):m/z=1049.5, 1051.5 [M + H]

4.9.2.Boc-His(5-Br,1-SEM)-Lys(Boc)-Lys(Boc)-
Leu-Tyr(3-BPin,Me)-Rink-MBHAT7@) and Boc-
His(5-Br,3-SEM)-Lys(Boc)-Lys(Boc)-Leu-Tyr(3-
BPin,Me)-Rink-MBHA Tb)

Resins 7 were synthesized starting from Tr-Lys(Boc)-
Lys(Boc)-Leu-Tyr(3-BPin,Me)-Rink-MBHA (50 mg) followin
the general method described above. Acidolytic egavof an
aliquot of these peptidyl resins afforded H-His(5-Bys-Lys-
Leu-Tyr(3-B(OH),Me)-NH, (11) (60% purity), resulting from
the hydrolysis of the pinacol boronate during HPI@lgsis.tz =
14.98 min (Conditions B). MS (ESljn/z = 823.3, 825.3 [M +
H".
4.9.3.Boc-His(5-Br,1-SEM)-Leu-Tyr(3-BPin,Me)-
Rink-MBHA @a) and Boc-His(5-Br,3-SEM)-Leu-
Tyr(3-BPin,Me)-Rink-MBHA &b)

Resins 8 were synthesized starting from Tr-Leu-Tyr(3-
BPin,Me)-Rink-MBHA (85 mg) following the general meth
described above. Acidolytic cleavage of an aliqubttieese
peptidyl resins afforded H-His(5-Br)-Leu-Tyr(3-B(Ofi)le)-
NH, (12) (60% purity), resulting from the hydrolysis ofeth
pinacol boronate during HPLC analysis 15.38 min
(Conditions B). MS (ESm/z=567.1, 569.1 [M + H]

4.10.General method for the solid-phase synthesis ofitieai
peptidyl resind3, 16, 17 and22

These peptidyl resins were synthesized manuallyhbysolid-
phase method with standard Fmoc chemistry. MBHA ré3ia

Tetrahedron

4.10.1.Boc-Tyr(3-B(OH),Me)-Lys(Boc)-Lys(Boc)-
Leu-His(5-Br,1-SEM)-Leu-Leu-Rink-MBHAL3a)

and Boc-Tyr(3-B(OHy),Me)-Lys(Boc)-Lys(Boc)-Leu-
His(5-Br,3-SEM)-Leu-Leu-Rink-MBHA18b)

Peptidyl resins13 were prepared following the general
method described above. Acidolytic cleavage of aguat of
these peptidyl resins afforded H-Tyr(3-B(QHJ)e)-Lys-Lys-
Leu-His(5-Br)-Leu-Leu-NH (15) in 65% purity.tz = 14.71 min
(Conditions C). MS (ESIym/z= 1049.5, 1051.5 [M + H]

4.10.2.Boc-Tyr(3-B(OH),Me)-Lys(Boc)-Lys(Boc)-
Leu-His(5-Br,1-SEM)-Rink-MBHA16a) and Boc-
Tyr(3-B(OH),,Me)-Lys(Boc)-Lys(Boc)-Leu-His(5-
Br,3-SEM)-Rink-MBHA 16b)

Peptidyl resins16 were prepared following the general
method described above. Acidolytic cleavage of aquat of
these peptidyl resins afforded H-Tyr(3-B(QHJ)e)-Lys-Lys-
Leu-His(5-Br)-NH, (18) in 59% purity. ty = 13.53 min
(Conditions B). MS (ESI)m/z= 412.1, 413.1 [M + 2H][, 823.4,
825.4 [M + HT.

4.10.3.Boc-Tyr(3-B(OH),Me)-Leu-His(5-Br,1-
SEM)-Rink-MBHA {7a) and Boc-Tyr(3-
B(OH),,Me)-Leu-His(5-Br,3-SEM)-Rink-MBHA
(17b)

Peptidyl resins17 were prepared following the general
method described above. Acidolytic cleavage of aguat of
these peptidyl resins afforded H-Tyr(3-B(QHJ)e)-Leu-His(5-
Br)-NH, (19) in 52% purity.tg = 14.30 min (Conditions B). MS
(ESI):m/z=567.1, 569.1[M + H]

4.10.4.Boc-Tyr(3-B(OH),Me)-Ala-GIn(Tmob)-Gly-

mmol/g) was used as solid support and it was swolleh wi GIn(Tmob)-His(5-Br,1-SEM®Ala-Rink-MBHA
CH,Cl, (1x20 min) and DMF (1x20 min), and washed with (22a) and Boc-Tyr(3-B(OH)Me)-Ala-GIn(Tmob)-

piperidine/DMF (3:7, 1x5 min) and DMF (6x1 min). Theasins
were treated with Fmoc-Rink linker (4 equiv.), DIPCI4
equiv.) and Oxyma (4 equiv.) in DMF at room tempeamitu
overnight. After this time, resins were washed with Di6&1
min). Elongation of the peptide chain was perforntiebugh
sequential Fmoc removal and coupling of the cooedmg
amino acids. Fmoc group removal was achieved withxaune
of piperidine/DMF (3:7, 2 + 10 min), and then resiwsre
washed with DMF (6x1 min). Couplings of the correspongd
Fmoc-amino acids (4 equiv.) were performed using P!
equiv.) and Oxyma (4 equiv.) in DMF at room tempeamfior 1
h. Coupling of Boc-His(5-Br,1-SEM)-OH58) and Boc-His(5-
Br,3-SEM)-OH 6b) (2 equiv.) was mediated by COMU (2
equiv.), Oxyma (2 equiv.) and DIEA (4 equiv.) in DMFraom
temperature overnight. Coupling of Boc-Tyr(3-B(QN)e)-OH
(14) (3 equiv.) was carried out using DIPCDI (3 equiand
Oxyma (3 equiv.) in DMF at room temperature for 3Affiter
each coupling step, the resulting resins were waslitdDMF
(6x1 min). The completion of the reactions was rtaed by the
Kaiser test [47]. The Boc group of the 5-bromodisie residue
was removed by treatment with a mixture of TMSOTf &n6H
lutidine in CHCI, (final concentrations: 2.5 M TMSOTf and
3.75 M 2,6-lutidine) at room temperature (10x30 )mifhe
resulting resins were washed with &H, (51 min), MeOH
(3%x5 min) and DMF (5%1 min) [46].

Upon completion of the peptide sequence, an aligiidhe
resulting peptidyl resins was cleaved with TFATHATIS
(95:2.5:2.5) whilst being stirred for 3 h at roommfeerature.
Following TFA evaporation and diethyl ether extracfiche
corresponding crude peptide was dissolved /8/8H;CN (1:1),
lyophilized, analysed by HPLC, and characterized rogss
spectrometry.

Gly-GIn(Tmob)-His(5-Br,3-SEM)pAla-Rink-MBHA
(22h)

Peptidyl resins 22 were prepared following the same
procedure described above. Acidolytic cleavage oélajuot of
these peptidyl resins afforded H-Tyr(3-B(QHJ)e)-Ala-GIn-
Gly-GlIn-His(5-Br)fAla-NH, (23) in >99% purity.tz = 5.15 min
(Conditions A). MS (ESI)m/z= 909.1, 911.1 [M + H] 931.0,
933.0 [M + Naj.

4.11.General method for the solid-phase intramolecular &1zu
Miyaura arylation

A 15 mL reaction vessel containing a magnetic stir was
charged with the corresponding linear peptidyl resiPd(dba),
(0.2 equiv.), SPhos (0.4 equiv.), and KF (4 equiVhoroughly
degassed DME/EtOHAD (9:9:2, 0.25-0.51 mL) was then added
under nitrogen. The reaction mixture was heated!@t°C under
microwave irradiation for 30 min. After the reactibme, upon
cooling, the solvent was removed and the resin wabedawith
DMF (6x1 min), EtOH (6x1 min), C¥Ll, (6x1 min), and diethyl
ether (3x1 min). The resulting biaryl cyclic peplidesins were
cleaved with TFA/HO/TIS (95:2.5:2.5) whilst being stirred for 3
h at room temperature. Following TFA evaporation diethyl
ether extraction, the corresponding crude peptide aissolved
in H,O/CH,CN (1:1), lyophilized, analysed by HPLC and mass
spectrometry. Biaryl cyclic peptides were purified keverse-
phase column chromatography, analysed by HPLC, and
characterized by HRMS.

4.11.1.Biaryl cyclic peptideBPC782

Starting from resins  Boc-His(5-Br,1-SEM)-Lys(Boc)-
Lys(Boc)-Leu-Tyr(3-BPin,Me)-Rink-MBHA Ta) and Boc-
His(5-Br,3-SEM)-Lys(Boc)-Lys(Boc)-Leu-Tyr(3-BPin,Me)
Rink-MBHA (7b) (50 mg), Suzuki-Miyaura cyclization followed



by acidolytic cleavage gave biaryl cyclic peptlBBC782 (tz =
13.78 min, 35% purity) together with H-His-Lys-Lys4-@yr(3-
OH,Me)-NH, (tg = 14.35 min, 11% purity) and H-His-Lys-Lys-
Leu-Tyr(Me)-NH, (tg = 15.45 min, 12% purity) (Conditions B).
Elution with HLO/MeOH/TFA (90:10:0.2) gavBPC782 in 68%
purity (tzr = 5.26 min) (Conditions A) and in 6% yield. MS (ESI
m/z=350.2 [M + 2H{", 699.5 [M + H]. HRMS (ESI): calcd. for
CaHseN1oOs [M + 2H]* 350.2187, found 350.2192; calcd. for
C3HssN1oOg [M + H]7699.4301, found 699.4323.

4.11.2.Biaryl cyclic peptideBPC784

Starting from resins  Boc-His(5-Br,1-SEM)-Leu-Tyr(3-
BPin,Me)-Rink-MBHA @@a) and Boc-His(5-Br,3-SEM)-Leu-
Tyr(3-BPin,Me)-Rink-MBHA @b) (73 mg), Suzuki-Miyaura
cyclization followed by acidolytic cleavage gave riglacyclic
peptideBPC784 (tz = 12.65 min, 30% purity) together with H-
His-Leu-Tyr(3-OH,Me)-NH (tg = 14.47 min, 11% purity), H-
His(5-Br)-Leu-Tyr(3-OH,Me)-NH (tg = 14.89 min, 12% purity)
and H-His-Leu-Tyr(Me)-NH (tg 15.98 min, 7% purity)
(Conditions B). Elution with ED/TFA (100:0.2) gaveBPC784
in 90% purity ¢z = 5.10 min) (Conditions A) and in 7% yield.
MS (ESI): m/z = 443.2 [M + H[. HRMS (ESI): calcd. for
C,H3i:NgO, [M + H]443.2401, found 443.2394.

4.11.3.Biaryl cyclic peptideBPC786

Starting from resins  Boc-His(5-Br,1-SEM)-Lys(Boc)-
Lys(Boc)-Leu-Tyr(3-BPin,Me)-Leu-Leu-Rink-MBHA 1@) and
Boc-His(5-Br,3-SEM)-Lys(Boc)-Lys(Boc)-Leu-Tyr(3-BPMe)-
Leu-Leu-Rink-MBHA (Lb) (50 mg), Suzuki-Miyaura cyclization
followed by acidolytic cleavage gave biaryl cyclieptide
BPC786 (tr = 15.79 min, 31% purity) together with H-His-Lys-
Lys-Leu-Tyr(3-OH,Me)-Leu-Leu-NKl (tz = 15.50 min, 11%
purity) and H-His-Lys-Lys-Leu-Tyr(Me)-Leu-Leu-NH (tx =
18.35 min, 20% purity) (Conditions C). Elution with
H,O/MeOH/TFA (85:15:0.2) gavBPC786 in 79% purity(tz =
6.10 min) (Conditions A) and in 5% vyield. MS (ESH)iz= 925.6
[M + H]", 947.6 [M + Na]. HRMS (ESI): calcd. for GH;:N;,0g
[M + H]"925.5982, found 925.5940;,,¢N1,0sNa [M + NaJ
947.5801, found 947.5763.

4.11.4.Biaryl cyclic peptideBPC788

Starting from resins Boc-Tyr(3-B(OkMe)-Lys(Boc)-
Lys(Boc)-Leu-His(5-Br,1-SEM)-Rink-MBHA 16a) and Boc-
Tyr(3-B(OH),,Me)-Lys(Boc)-Lys(Boc)-Leu-His(5-Br,3-SEM)-
Rink-MBHA (16b) (68 mg), Suzuki-Miyaura cyclization
followed by acidolytic cleavage gave biaryl cyclieptide
BPC788 (tx = 15.46 min, 32% purity) together with H-Tyr(3-
OH,Me)-Lys-Lys-Leu-His-NH (tg = 15.26 min, 5% purity) and
H-Tyr(Me)-Lys-Lys-Leu-His-NH (tr = 16.16 min, 15% purity)
(Conditions B). Elution with ED/TFA (100:0.2) gaveBPC788
in 87% purity ¢z = 5.19 min) (Conditions A) and in 8% yield.
MS (ESI):m/z= 350.2 [M + 2H{", 699.5 [M + H[, 721.4 [M +
Na]’, 737.4 [M + K]. HRMS (ESI): calcd. for GHssN;Og [M +
H]* 699.4301, found 699.4305; calcd. fog,ds,N;OsNa [M +
NaJ  721.4120, found 721.4128.

4.11.5.Biaryl cyclic peptideBPC790

Starting from resins Boc-Tyr(3-B(OkIMe)-Leu-His(5-Br,1-
SEM)-Rink-MBHA (17a) and Boc-Tyr(3-B(OH)Me)-Leu-
His(5-Br,3-SEM)-Rink-MBHA (7b) (50 mg), Suzuki-Miyaura
cyclization followed by acidolytic cleavage gave riglacyclic
peptideBPC790 (tzx = 12.87 min, 49% purity) (Conditions B).
Elution with HO/CH:;CN (88:12) gaveBPC790 in 96% purity
(tz = 5.10 min) (Conditions A) and in 8% yield. MS (ESh/z=
443.1 [M + H[. HRMS (ESI): calcd. for GH3NgO, [M + H]*
443.2401, found 443.2382.
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4.11.6.Biaryl cyclic peptideBPC792

Starting from resins  Boc-Tyr(3-B(OKHMe)-Lys(Boc)-
Lys(Boc)-Leu-His(5-Br,1-SEM)-Leu-Leu-Rink-MBHA  13a)
and Boc-Tyr(3-B(OH)Me)-Lys(Boc)-Lys(Boc)-Leu-His(5-Br,3-
SEM)-Leu-Leu-Rink-MBHA (3b) (50 mg), Suzuki-Miyaura
cyclization followed by acidolytic cleavage gave riglacyclic
peptideBPC792 (tz = 14.22 min, 55% purity) together with H-
Tyr(Me)-Lys-Lys-Leu-His-Leu-Leu-NH (tg = 15.59 min, 22%
purity) (Conditions C). Elution with /MeOH/TFA
(90:10:0.2) gaveBPC792 in 92% purity {g 5.96 min)
(Conditions A) and in 9% yield. MS (ESl/z= 463.2 [M +
2H]*, 925.6 [M + Hf, 947.6 [M + Na]. HRMS (ESI): calcd.
for CueH79N1:0g [M + 3H]3+ 309.2042, found 309.2056; calcd. for
CuH7sN120g [M + 2H]* 463.3027, found 463.3045; calcd. for
CaeH7/N1 .05 [M + H]* 925.5982, found 925.6021.

4.11.7.Biaryl cyclic peptide20

Starting from resins Boc-Tyr(3-B(OEMe)-Ala-GIn(Tmob)-
Gly-GIn(Tmob)-His(5-Br,1-SEMBAla-Rink-MBHA (22a) and
Boc-Tyr(3-B(OH),Me)-Ala-GIn(Tmob)-Gly-GIn(Tmob)-His(5-
Br,3-SEM){$Ala-Rink-MBHA (22b) (50 mg), Suzuki-Miyaura
cyclization followed by acidolytic cleavage gave tharyl cyclic
peptide20 (tz = 11.49 and 11.78 min, 64% purity) (Conditions
B). Elution with HO/TFA (100:0.2) gav&0 in 87% purity {r=
2.43 min) (Conditions E) and in 6% yield. MS (ESi)z= 785.5
[M + H]". HRMS (ESI): calcd. for §HsN;,00 [M + H]*
785.3689, found 785.3715; calcd. fogd,eN;,0.0Na [M + NaJ
807.3509, found 807.3533.

4.11.8.Biaryl cyclic peptide21

Starting from resins Boc-His(5-Br,1-SENBAla-Thr(Bu)-
Tyr(3-BPin,Me)-Ala-GIn(Tmob)-Rink-MBHA 24a) and Boc-
His(5-Br,3-SEM)BAla-Thr(Bu)-Tyr(3-BPin,Me)-Ala-
GIn(Tmob)-Rink-MBHA @4b) (50 mg), Suzuki-Miyaura
cyclization followed by acidolytic cleavage gave tharyl cyclic
peptide21 (tz = 4.84 min, 12% purity) (Conditions A). Elution
with H,O/TFA (100:0.2) gave?l in 84% purity {z= 5.01 min)
(Conditions A) and in 7% yield. MS (ESlp/z= 701.3 [M +
H]*, 723.3 [M + Na]. HRMS (ESI): calcd. for GHasN;Og [M +
H]* 701.3365, found 701.3369.
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