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A new approach has been developed for the synthesis of lactam-bridged cyclic peptides.
Following the introduction of N-allyl glutamine and a-allylglycine into the peptide backbone,
the side chains of these residues were subjected to a cyclization reaction by ring-closing
metathesis (RCM). Reduction of the resulting peptide bearing olefin moiety was achieved using
diimide, which was generated in situ from o-nitrobenzenesulfonyl hydrazine and piperidine,
gave the corresponding saturated cyclic peptides.
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1. Introduction

Protein-protein interactions (PPIs) play important roles in
numerous biological signaling networks, including cell cycle,
proliferation and metabolism activities, and the effective
regulation of these interactions could allow us to develop a
deeper understanding of their role in biological phenomena and
discover novel molecular targets for therapeutic systems.! PPIs
can be controlled using a variety of different ligands, which can
interact with the surfaces involved in the formation of the PPIs
and prevent the proteins from coming together. Among the
ligands used in this context, peptides possessing an analogous
amino acid sequence to that of the site of PPI are appropriate
candidates.? Peptide ligands of this type can be readily prepared
by solid-phase peptide synthesis (SPPS) and purified by standard
reverse phase HPLC. Furthermore, chemical modifications such
as the attachment of a fluorophore® or post-translational
modifications that effectively mimic the actions of biological
systems* can be installed at the intended site. Compared with
small molecule ligands, peptide ligands have a much wider
molecular surface, and are therefore better suited to modulating
PPIs. However, the stability profiles of peptide ligands are
generally lower than those of small molecule ligands.®
Furthermore, the three-dimensional structures of peptide
fragments do not always reflect the structures of the protein
surfaces involved in PPIs because of the flexibility of short
peptides. One potential solution to these problems would involve
the use of a cyclized peptide, which would allow for the fixation
of the active conformer. Furthermore, it was envisaged that the
use of unnatural cyclized bonding would prevent these

compounds from being degraded by endogenous enzymes. Over
the years, a wide variety of methodologies have been reported for
the preparing cyclic peptides using side-to-side chain bridging
techniques, as evidenced by reports pertaining to disulfide
formation,® lactamization,” all-hydrocarbon linkage (stapled
peptide).2 Among the route already reported for the construction
of cyclic peptides, we decided to focus on lactam-bridged cyclic
peptides. It was envisaged that lactam-bridged peptides would
exhibit much longer periods of activity than the corresponding
disulfide peptides because the chemical stability of a lactam bond
is generally superior to that of a disulfide.
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Scheme 1. Synthetic route to the lactam-bridged cyclic peptide.
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Scheme 2. Reagents and conditions: (i) 3-amino-1-propene, EDC-HCI,
DMAP, CH,Cl,, 80%; (ii) LiOH-H,0, THF, MeOH, H,0, 85%; (iii) TFA,
H.0; (iv) Fmoc-OSu, Na,CO3, THF, H,0, 61% (two steps).

It was also envisioned that the amide linkage of the lactam
moiety would be more hydrophilic in nature than the
corresponding the stapled peptide or disulfide linkage, and that
this would result in an increase in the aqueous solubility of the
resulting peptide ligands, which would offer significant benefits
in terms of the biological activity of these compounds in a living
system. It has recently been reported that lactam-bridged GLP-1
analogues exhibit strong receptor binding properties and
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Scheme 3. Outline of the Fmoc SPPS used for the preparation of 5 and
proposed mechanism of the generation of the byproduct.

remarkable stability towards enzymatic degradation.® Although
the macrolactamization of the amino group of a lysine residue
with the carboxyl group of a glutamic acid or aspartic acid
residue has been used as a straightforward approach for preparing
the cyclized lactam-bridged peptide, the selective on-resin
removal of the side chain protecting groups of the lysine and

glutamic acid residues required by the macrolactamization,
followed by an amide bond forming reaction, has been widely
used.’® On the other hand, in the case of stapled peptides
alternative to the lactam bridged peptides, the hydrocarbon bridge
can be formed by Ru-mediated ring-closing metathesis (RCM)
between two olefin moieties.’t It is noteworthy that RCM
represents a highly chemoselective C—-C bond forming reaction
that has no effect on any of the other sites of peptide except for
the olefin moieties. The incorporation of staples to form a
cyclized peptide therefore only requires the inclusion of olefin-
bearing building blocks at the appropriate sites of the peptide
chain. With this in mind, it was envisaged that the RCM reaction
of a peptide bearing N-allyl glutamine and a-allylglycine residues
would provide an efficient and protection-free method for the
synthesis of cyclized lactam peptides (Scheme 1). It was also
envisaged that the reduction of the olefin moiety resulting from
the RCM reaction would provide access to another cyclized
peptide with a different conformation to that of the RCM product,
and therefore increase the repertoire of this important classes of
molecules.

2. Results and discussion

2.1. Synthesis of the N-allyl glutamine derivative and its
subsequent incorporation into a peptide

N-Allyl glutamine derivative 1 was prepared from Boc-Glu-
OMe 2% (Scheme 2). The N-allyl amide 3 was initially
synthesized by the condensation of 2 with 3-amino-1-propene.
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Scheme 4. Reagents and conditions: Synthesis of 7: (i) 3-amino-1-propene,
AcOH, MgS0O4, CH,Cl,; (ii) NaBH4, MeOH, CH,Cl,, 92% (two steps); (iii) 9,
DCC, CHCl,, 90%; (iv) LiOH-H,0, THF, MeOH, H,0, 94%,; (v) TBSOT,



2,6-lutidine; (vi) Fmoc-OSu, Na,COs3, THF, H,0, 88% (two steps). Synthesis
of 12: (iii) 76%; (iv) 88%; (v), (vi) 62% (two steps).
(A

Fig. 1. HPLC profiles of crude peptides prepared by using 1 (A), 7 (B), and
12 (C) after global deprotection. HPLC conditions: Cosmosil 5Cig-AR-11
column, linear gradient of 0.1% (v/v) TFA/MeCN in 0.1% (v/v) TFA aqg, 15—
40% over 30 min.

Hydrolysis of the methyl ester in 3 gave the corresponding
carboxylic acid 4, followed by the deprotection of Boc group and
subsequent protection of the resulting amine with Fmoc group to
afford the N-allyl glutamine derivative 1. The N-allyl glutamine
derivative containing peptide 5 was then synthesized using
Fmoc-SPPS on Rink amide AM resin. The coupling of the Fmoc
amino acids (Fmoc-Xaa-OH) (5.0 eq.) was performed using
diisopropylcarbodiimide  (DIPCDI) (5.0 eg.) and 1-
hydroxybenzotriazole monohydrate (HOBt-H,O) (5.0 eq.) in
DMF, and the Fmoc groups were removed with 20% piperidine
in DMF (Scheme 3). However, the global deprotection of the
completed resin with the concomitant release of the peptide gave
two peptide products (5 and 6), which both had the same mass
value of the desired product 5 (Fig. 1(A)). Although it was not
possible to correctly identify which of these two peptides was the
desired material at this stage, the formation of two different
products was attributed to the y-to-a-carbonyl transfer of the allyl
amine unit during the acylation of 1 (Scheme 3).

2.2. Synthesis of N-allyl-N-Hmb glutamine derivatives and
incorporation into peptide

It was expected that the installation of a suitable protecting
group on the nitrogen atom of the side chain of the amide moiety
of the glutamine derivatives would prevent the production of the
undesired byproduct 6. Sheppard et al.™® reported the use of a 2-
hydroxy-4-methoxybenzyl (Hmb) group as a protecting group for
minimizing the formation of aspartimide during the incorporation
of asparagine residues. Inspired by this report, we synthesized the
Fmoc-protected-N-allyl-N-Hmb  glutamine derivative 7 to
suppress the formation of the glutarimide that we believed to be
responsible for the generation of the undesired side product
(Scheme 4). The reductive amination of 2-hydroxy-4-methoxy
benzaldehyde 8 with 3-amino-1-propene gave Hmb amine
derivative 9, which was coupled with Boc-Glu-OMe 2 to afford

10. The subsequent hydrolysis of the methyl ester of 10 gave the
corresponding carboxylic acid 11 in excellent yield.
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Scheme 5. Reduction of resin-supported peptides using NBSH.

The replacement of the Boc group with an Fmoc group,
followed by the TBS protection of the phenol moiety of the Hmb
group gave 7. The olefin-bearing Fmoc amino acid 7 could also
be applied to standard Fmoc SPPS to give a single product 5,
which was identical to the major product formed from the Fmoc-
SPPS using 1 (Fig. 1(B)).The glutamine derivative 12, which has
the allyl and Hmb groups on the carboxylic acid group of its
main chain, was synthesized from Boc-L-glutamic acid y-methyl
ester 13 and incorporated by Fmoc SPPS. This strategy resulted
in a single product, which was identical to the byproduct 6 shown
in Scheme 3 (Fig. 1(C)). Based on this result, it was concluded
that the side reaction occurred as a consequence of an
intramolecular imidation during the coupling reaction.

2.3. RCM and diimide reduction of peptides

The RCM reaction was initially attempted using the resin-
bound fully-protected peptide 14a, which is an intermediate in
the formation of 5 (Table 1). When the reaction was conducted in
the presence of 20 mol% of Grubbs 2" generation catalyst in 1,2-
dichloroethane at 70 °C for 60 min, followed by the global
deprotection and cleavage of the peptide from resin, the desired
RCM product 15a was isolated in a low yield of only 24% (Table
1, entry 1). Pleasingly, the yield of the reaction increased
significantly to 97% when o-dichlorobenzene was used as the
solvent at a higher temperature (Table 1, entry 2). The use of the
Hoveyda-Grubbs 2" generation catalyst under the same
conditions gave a slightly lower yield of the desired product
(Table 1, entry 3). When compound 14b bearing a different
amino acid sequence to that of 14a was used as the substrate, and
reacted with 20 mol% of Grubbs 2™ generation catalyst in 1,2-
dichloroethane at 70 °C for 60 min, the corresponding RCM
product was formed in low yield (Table 1, entry 4). Even at an
elevated temperature of 120 °C in the presence of the same
catalyst, the cyclized peptide was obtained in only moderate yield
(Table 1, entry 5). Contrary to expectation, the Hoveyda-Grubbs
2" generation catalyst, which afforded moderate conversion in
the reaction of 14a, resulted in a much higher yield of 15b (Table
1, entry 6). With the cyclized resin-bound peptides 15a and 15b
in hand, we proceeded to investigate the reduction of the olefin
moiety. Several previous studies from the literature have
indicated that the hydrogenation of an olefin moiety on the solid-
phase over a heterogeneous catalyst could be difficult to achieve.
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Fig. 2. HPLC monitoring of the olefin metathesis reaction, followed by the
reduction of the resulting olefin; (A) and (B) linear peptides cleaved from 14a
and 14b, respectively; (C) and (D) lactam bridged peptides cleaved from 15a
(Table 1, entry 2) and 15b (Table 1, entry 6), respectively, following the
olefin metathesis; (E) and (F) lactam bridged peptides cleaved from 17a and
17b, respectively, following the reduction of the olefin; HPLC conditions:
Cosmosil 5C1g-AR-II column, linear gradient of 0.1% (v/v) TFA/MeCN in
0.1% (v/v) TFA ag, 5-45% over 30 min. *non-peptidic compound.

With this in mind, we employed a homogenous reduction
methodology involving a diimide species, which could be
prepared in situ from a suitable sulfonohydrazine and Brgnsted
base.!* The reaction of the resin-bound cyclic peptide 15a with o-
nitrobenzenesulfonyl hydrazine (NBSH) and piperidine at 70 °C
gave 17a (Scheme 5). The progress of the reaction was monitored
by HPLC analysis by collecting an aliquot of the reaction mixture
after the global deprotection and cleavage of the peptide from the
resin (Fig. 2). Given that the reduction did not proceed to
completion within 1 h, the same reaction was performed a second
time after washing the resin with NMP. The reduction reaction
had to be repeated several times in this way to reach completion.
HPLC purification of the crude peptide gave the pure peptide 18a
in 20% isolated yield based on the starting resin. Peptide 16b
containing a different amino acid sequence was also converted to
the corresponding saturated cyclized peptide 18b in 15% isolated
yield under the same conditions. These yields were similar to
those obtained yields, which were in cases using allyl ester and
alloc group as side chain protecting groups.

2.4. Synthesis of indomethacin conjugated lactam-bridged
peptide

Next, we examined the possibility of the combination of our
strategy and the conventional methods using allyl group.
Following abovementioned Fmoc SPPS protocol, the resin-bound
fully-protected peptide 19 was prepared. Then, alloc group was
deprotected and indomethacin was coupled. The obtained product
20 was subjected to the RCM reaction, followed by NBSH
reduction on resin. (Scheme 6) These reactions proceeded
smoothly and afford the desired peptide 21 in 9% isolated yield
based on starting resin (Fig. 3). This result shows our approach
is compatible with conventional method and provides new

orthogonal synthetic strategy toward the site selective

modification of lactam-bridged peptides.
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Fig. 3. HPLC monitoring of the olefin metathesis reaction, followed by the
reduction of the resulting olefin; (A) Peptides cleaved from 19; (B) Peptides
cleaved from 20 after the olefin metathesis; (C) Peptides cleaved after the
reduction of the olefin; HPLC conditions: Cosmosil 5Cg-AR-Il column,
linear gradient of 0.1% (v/v) TFA/MeCN in 0.1% (v/v) TFA aq, 10-50%
over 30 min.

3. Conclusion

In conclusion, we have developed a new synthetic method for the
formation of lactam-bridged peptides via the cyclization of lysine
and glutamic acid residues. This new method involves a RCM
reaction between two olefinic amino acid residues, followed by
the reduction of the resulting double bond with diimide. Notably,
this method avoided the need for the selective cleavage of
protecting groups on the lysine and glutamic acid residues. This
methodology therefore represents a new option for the synthesis
of various lactam-bridged cyclic peptides. To further highlight
the overall utility of this newly developed methodology, we are
currently investigating the synthesis of multi-bridged peptides
and evaluating their biological properties. This work will be
reported in due cause.

4. Experimental section

4.1. General methods

For column chromatography, Silica Gel 60 N (KANTO
CHEMICAL CO., INC., spherical, neutral, particle size 63-210
um) was employed. Mass spectra were recorded on a Waters
MICROMASS® LCT PREMIERTM (ESI-TOF). IR spectra were
measured on a JASCO FT-IR 6200 spectrometer. NMR spectra
were measured using a Bruker AV400N or a JEOL GSX300
spectrometer. Chemical shifts were calibrated to the solvent
signal. For HPLC separation, a Cosmosil 5C1s-AR-1l analytical
column (Nacalai Tesque, 4.6 x 250 mm, flow rate 1 mL/min) or a
Cosmosil 5C1s-AR-11 semi-preparative column (Nacalai Tesque,
10 x 250 mm, flow rate 3.0 mL/min) was employed and eluting
products were detected by UV at 220 nm. A solvent system
consisting of 0.1% (v/v) TFA aqueous solution (solvent A) and
0.1% (v/v) TFA in MeCN (solvent B) was used for HPLC elution.
Optical rotation was determined on JASCO P2200 polarimeter.

4.2. Synthesis of glutamine derivatives



4.2.1. 4-Allylcarbamoyl-2-tert-butoxycarbonylamino-butyric acid
methyl ester (3).

To a solution of carboxylic acid 2 (318 mg, 1.22 mmol) in
CH,CI; (10.0 mL) were added 3-amino-1-propene (98.0 uL, 2.43
mmol), DMAP (14.9 mg, 0.122 mmol) and EDC-HCI (280 mg,
2.43 mmol) at 0 °C. After being stirred for 3 h at room
temperature, the reaction mixture was concentrated. The residue
was extracted with EtOAc, and the extract was washed with 5%
(w/v) KHSO4 ag. and brine. The obtained organic layer was dried
over MgSO,, filtered and concentrated. The residue was purified
by column chromatography (hexanes/EtOAc = 1:1 (v/v)) to yield
amide 3 (293 mg, 0.977 mmol, 80%) as a white powder: [o]*% —
15.8 (c 1.55, MeOH); IR (CHCls): Vmax, cm™*: 922, 992, 1451,
1530, 1659, 1712, 1742, 2979, 3082, 3309.; *H NMR (CDClI;,
400 MHz) 6 = 1.42 (9H, 5), 1.91-2.00 (1H, m), 2.11-2.26 (1H,
m), 2.24-2.35 (2H, m), 3.72 (3H, s), 3.86 (2H, dddd J = 5.7, 5.7,
1.5 and 1.5 Hz), 4.27 (1H, m), 5.11 (1H, ddt, J = 10.3, 1.5 and
1.5 Hz), 5.18 (1H, ddt, J = 17.1, 1.5 and 1.5 Hz), 5.28-5.42 (1H,
brd, J=6.5Hz), 5.82 (1H, ddt, J = 16.9, 10.5 and 5.7 Hz), 6.17
(1H, br s); 3C NMR (CDCls, 75 MHz) 6 = 28.4, 28.9, 32.6, 42.1,
52.5,53.2,80.2, 116.4, 134.2, 155.9, 171.9, 172.9; HRMS (ESI-
TOF) m/z calcd for C14H24KN,Os ([M + K]): 339.1322, found:
339.1319.

4.2.2. 4-Allylcarbamoyl-2-tert-butoxycarbonylamino-butyric acid
(4).

Ester 3 (200 mg, 0.666 mmol) was dissolved in THF (2.00 mL),
MeOH (1.00 mL) and H,0 (1.00 mL). To the solution was added
LiOH-H,O (55.0 mg, 1.33 mmol) at 0 °C. After 2 h stirring at
room temperature, the solution was acidified with 1 M HCI aq.
The reaction mixture was extracted with EtOAc and the extract
was washed with brine, dried over MgSO,, filtered and
concentrated in vacuo. The residue was purified by column
chromatography (hexanes/EtOAc = 1:2 (v/v)) to yield carboxylic
acid 4 (162 mg, 0.566 mmol, 85%) as a white powder: [a]'%p —
3.86 (c 2.21, MeOH); IR (CHCI3): Vmax, cm™: 1452, 1535, 1698,
2980, 3089, 3330.; *H NMR (CDCls, 400 MHz) 5 = 1.43 (9H, s),
1.93-2.10 (1H, m), 2.12-2.24 (1H, m), 2.28-2.54 (2H, m), 3.87
(2H, dd, J = 5.7 and 5.0 Hz), 4.15-4.35 (1H, m), 5.13 (1H, d, J =
10.4 Hz), 5.19 (1H, d, J = 16.9 Hz), 5.62 (1H, br d, J = 6.8 Hz),
5.81 (1H, ddt, J = 16.9, 10.4 and 5.7 Hz), 6.73 (1H, br s), 8.78
(1H, br s); ¥C NMR (CDCls, 75 MHz) 6 = 28.4, 29.2, 32.6, 42.6,
53.1, 80.5, 116.8, 133.7, 156.2, 173.6, 174.2; HRMS (ESI-TOF)
m/z caled for CisHKN:Os (M + KJ*): 325.1166, found:
325.1151.

4.2.3. 4-Allylcarbamoyl-2-(9H-fluoren-9-
ylmethoxycarbonylamino)-butyric acid (1).

To Boc derivative 4 (45.0 mg, 0.157 mmol) were added TFA
(2.00 mL) and H,0 (0.200 mL) at 0 °C. The reaction mixture was
stirred at room temperature for 2 h and concentrated to remove
TFA. Resulting concentrate was diluted with THF (5.00 mL) and
10% (w/v) Na,COj3 ag. (5.00 mL). After addition of Fmoc-OSu
(53.0 mg, 0.157 mmol), the solution was stirred at room
temperature for 12 h and then concentrated. The concentrate was
extracted with EtOAc, and the organic phase was washed with 1
M HCI agq. and brine, dried over MgSO,, filtered and
concentrated. The obtained residue was purified by column
chromatography (hexanes/EtOAc = 1/1 (v/v)) to yield Fmoc
derivative 1 (39.0 mg, 95.5 pmol, 61%) as a white powder: [o]*%5
~7.82 (c 0.515, MeOH); IR (KBr): Vmax, cm™: 936, 991, 1447,
1542, 1650, 1692, 2943, 3296.; *H NMR (DMSO-ds, 400 MHz) §
= 1.69-1.85 (1H, m), 1.58-1.98 (1H, m), 2.20-2.35 (2H, m),
3.64-3.80 (2H, br m), 4.00 (1H, dt, J = 5.9 and 8.4 Hz), 4.17—
4.37 (3H, m), 5.04 (1H, ddt, J = 10.3, 1.7 and 1.6 Hz), 5.12 (1H,

ddt, J =17.3, 1.7 and 1.7 Hz), 5.78 (1H, ddt, J = 17.3, 10.3 and
5.1 Hz), 7.33 (2H, t, J = 7.4 Hz), 7.42 (2H, t, J = 7.4 Hz), 7.52
(1H,d,J=59Hz),7.73(2H,d,J=74 Hz),7.89 2H,d,J=7.4
Hz), 8.04 (1H, t, J = 5.7 Hz); *C NMR (DMSO-dg, 75 MHz) 6 =
27.3, 30.3, 40.8, 46.7, 54.1, 65.7, 115.0, 120.1, 125.3, 127.1,
127.6, 135.2, 140.7, 143.8, 143.9, 156.0, 171.2, 173.8; HRMS
(ESI-TOF) m/z calcd for Cax3H24KN2Os ([M + K]*): 447.1322,
found: 447.1335.

4.2.4. 2-Allylaminomethyl-5-methoxy-phenol (9).

To a solution of 2-hydroxy-4-methoxybenzaldehyde 8 (2.00 g,
13.1 mmol) in CH,Cl, (40.0 mL) were added MgSO, (7.91 g,
65.7 mmol), allylamine (1.97 mL, 26.3 mmol) and AcOH (0.400
mL), and the mixture was stirred at room temperature for 20 min.
It was then filtered to remove MgSO, and concentrated in vacuo.
The obtained residue was diluted with MeOH (40.0 mL). To the
solution was added NaBH, (991 mg, 26.2 mmol) at 0 °C and the
resulting mixture was stirred at room temperature. After 1 h, the
reaction was quenched with saturated NaHCOj3 ag. The reaction
mixture was concentrated and then diluted with EtOAc. The
obtained organic phase was washed with saturated NaHCO3 aqg.
and brine, dried over MgSO,, filtered and concentrated. The
obtained crude material of 9 (2.33 g, 12.1 mmol, 92%) as pale
yellow oil was used for a next reaction without further
purification: IR (CHCls): Vma, cm™: 1385, 1445, 1592, 1620,
2836, 2935.; *H NMR (CDCls, 400 MHz) § = 3.30 (2H, ddd, J =
6.1, 1.5 and 1.5 Hz), 3.74 (3H, s), 3.93 (2H, s), 5.19 (1H, ddt, J =
10.3, 1.5 and 1.3 Hz), 5.22 (1H, ddt, J = 17.1, 1.5, 1.3 Hz), 5.90
(1H, ddt, J=17.1, 10.3 and 6.1 Hz), 6.33 (1H, dd, J=8.3 and 2.5
Hz), 6.45 (1H, d, J = 2.5 Hz), 6.57 (2H, br s), 6.88 (1H, d, J = 8.3
Hz); *C NMR (CDCls, 75 MHz, 50 °C) § = 50.8, 51.4, 55.3,
102.1, 105.0, 114.8, 117.3, 129.0, 135.1, 159.4, 160.5; HRMS
(ESI-TOF) m/z caled for Ci;HisKNO, ([M + K]%): 232.0740,
found: 232.0747.

4.2.5. 4-[Allyl-(2-hydroxy-4-methoxy-benzyl)-carbamoyl]-2-tert-
butoxycarbonylamino-butyric acid methyl ester (10).

To a solution of carboxylic acid 2 (1.10 g, 4.21 mmol) and 9 (885
mg, 4.58 mmol) in CH,Cl (10.0 mL) was added a solution of
DCC (869 mg, 4.21 mmol) in CH,Cl, (10.0 mL) at 0 °C. The
reaction mixture was stirred at room temperature. After 2 h,
precipitated N,N -dicyclohexylurea was filtered off and the
filtrate was concentrated. The residue was purified by column
chromatography (hexanes/EtOAc = 1/1 (v/v)) to yield amide 10
(1.65 g, 3.78 mmol, 90%) as colorless oil: [a]*°> —10.1 (¢ 1.02,
MeOH); IR (CHCIs): Vmax, cm™: 1365, 1441, 1507, 1618, 1712,
1743, 2977, 3342, 3728.; *H NMR (CDCls, 400 MHz) 6 = 1.38
(9H, s), 1.89-2.02 (1H, m), 2.11-2.23 (1H, m), 2.35 (1H, ddd, J
=16.3, 7.9 and 6.5 Hz), 2.42 (1H, dt, J= 17.3 and 6.5 Hz), 3.68
(3H,s), 3.71 (3H, s), 3.87 (2H, d, J = 5.2 Hz), 4.19-4.33 (1H, m),
4.28 (1H,d J=14.8 Hz), 4.35 (1H, d, J = 14.8 Hz), 5.17 (1H, d,
J=17.3 Hz), 5.25 (1H, d, J = 10.4 Hz), 5.27-5.36 (1H, br m),
5.74 (1H, ddt, J = 17.3, 10.4 and 5.2 Hz), 6.31 (1H, dd, J = 8.25
and 2.6 Hz), 6.43 (1H, d, J = 2.6 Hz), 6.91 (1H, d, J = 8.25); *C
NMR (CDCls, 75 MHz, 50 °C) ¢ = 27.8, 28.3, 29.0, 46.4, 49.8,
52.2,53.4,55.2, 80.0, 102.8, 105.7, 114.7, 117.7, 131.8, 132.0,
155.5, 157.6, 161.6, 172.6, 174.4; HRMS (ESI-TOF) m/z calcd
for C»H3N2NaO; ([M + Na]*): 459.2107, found: 459.2086.

4.2.6. 4-[Allyl-(2-hydroxy-4-methoxy-benzyl)-carbamoyl]-2-tert-
butoxycarbonylamino-butyric acid (11).

To a solution of 10 (900 mg, 2.06 mmol) in THF (6.40 mL) and
MeOH (2.40 mL) was added a solution of LiOH-H,O (173 mg,
4,12 mmol) in H,O (1.60 mL) at 0 °C. The reaction mixture was
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stirred at room temperature for 1 h and quenched with 5% (w/v)
KHSO, ag. The solution was extracted with EtOAc, and the
organic phase was washed with 5% (w/v) KHSO, ag. followed
by brine, dried over MgSO,, filtered and concentrated. The
residue was purified by column chromatography (CHCls/MeOH
= 100/1 (v/v)) to yield 11 (821 mg, 1.94 mmol, 94%) as a white
powder: [0]*p —2.44 (¢ 1.02, MeOH); IR (CHCI3): Vma, cm™:
929, 963, 1610, 1713, 2877, 2980, 3013, 3325.; *H NMR (CDCls,
400 MHz) & = 1.40 (9H, s), 1.94-2.11 (1H, m), 2.14-2.31 (1H,
m), 2.42 (1H, dt, J = 16.2 and 6.9 Hz), 2.47-2.60 (1H, m), 3.73
(3H, s), 3.90 (2H, br d, J = 4.5 Hz), 4.15-4.29 (1H, m), 4.32 (1H,
d, J = 15.1 Hz), 4.38 (1H, d, J = 15.1 Hz), 5.19 (1H, d, J = 17.2
Hz), 5.27 (1H, d, J = 10.4 Hz), 5.48 (1H, br d, J = 7.1 Hz), 5.75
(1H, ddt, J = 17.2, 10.4 and 4.5 Hz), 6.34 (1H, dd, J = 8.4 and 2.5
Hz), 6.46 (1H, d, J = 2.5 Hz), 6.93 (1H , d, J = 8.4 Hz), 9.17—
9.42 (1H, br s); *C NMR (CDCls, 75 MHz, 50 °C) 6 = 27.8, 28.3,
29.2, 46.2, 49.8, 53.0, 55.3, 80.3, 102.6, 105.8, 114.4, 118.0,
1315, 132.1, 155.9, 157.3, 161.5, 174.9, 175.2; HRMS (ESI-
TOF) m/z calcd for CxH3oKN2O7 ([M + K]): 461.1690, found:
461.1697.

4.2.7. 4-{Allyl-[2-(tert-butyl-dimethyl-silanyloxy)-4-methoxy-
benzyl]-carbamoyl}-2-(9H-fluoren-9-ylmethoxycarbonylamino)-
butyric acid (7).

To a solution of Boc derivative 11 (2.25 g, 5.09 mmol) in CHxCl,
(50.0 mL) were added TBSOTf (4.67 mL, 20.3 mmol) and 2,6-
lutidine (3.56 mL, 30.5 mmol) at 0 °C. The reaction mixture was
stirred at 0 °C for 1 h and at room temperature for additional 2 h.
The solution was concentrated in vacuo and then diluted with
10% (w/v) Na,COs ag. (10.0 mL). The solution was neutralized
with 2 M NaOH aqg. (5.00 mL) at 0 °C, and THF (10.0 mL) and
Fmoc-OSu (1.89 g, 5.60 mmol) were added to the solution. After
14 h stirring at room temperature, the mixture was acidified with
1 M HCI ag. and extracted with EtOAc. The organic phase was
washed with brine, dried over MgSQ.,, filtrated and concentrated.
The residue was purified by column chromatography (CHClIs/
MeOH = 200/1 — 20/1 (v/v)) to yield 7 (2.96 g, 4.49 mmol, 88%)
as a white powder: [o]*p 17.3 (¢ 1.05, CHClIs); IR (CHCls): Viax,
cm: 978, 1446, 1505, 1610, 1721, 2953.; *H NMR (CDClIs, 300
MHz, mixture of rotamers, 50 °C) ¢ = 0.25 (3.6H, s), 0.26 (2.4H,
s), 1.00 (5.4H, s), 1.00 (3.6H, s), 1.90-2.11 (1H, m), 2.17-2.38
(1H, m), 2.50-2.72 (1H, m), 2.87-3.11 (1H, m), 3.73 (1.2H, s),
3.75 (1.8H, s), 3.82-3.97 (2H, br m), 4.10-4.50 (5H, m), 4.56-
4.72 (1H, dd) 5.07-5.24 (2H, m), 5.63-5.85 (1H, m), 6.12 (1H,
br), 6.39 (1H, dd, J = 7.5 and 2.4 Hz), 6.50 (1H, dd, J = 8.3 and
2.4 Hz), 6.89 (0.4H, d, J = 7.5 Hz), 7.11 (0.6H, d, J = 8.3 Hz),
7.30 (2H, t,J = 7.3 Hz), 7.39 (2H, t, J = 7.3 Hz), 7.53-7.54 (2H,
m), 7.76 (2H, d, J = 7.4 Hz); *C NMR (CDCls, 75 MHz, mixture
of rotamers) § = —4.0, —4.0, -3.6, 25.7, 25.9, 27.7, 27.9, 28.4,
29.3, 46.3, 47.1, 49.8, 53.1, 53.6, 55.3, 67.3, 102.6, 105.8, 114.3,
114.4, 118.0, 120.0, 125.2, 125.3, 127.2, 127.8, 131.4, 1315,
132.1, 141.3, 143.7, 143.9, 156.0, 156.5, 157.4, 161.6, 174.9,
175.2; HRMS (ESI-TOF) m/z calcd for Cs7;HagN2NaO-Si ([M +
Na]*): 681.2972, found: 681.3302.

4.2.8. 4-[Allyl-(2-hydroxy-4-methoxy-benzyl)-carbamoyl]-4-tert-
butoxycarbonylamino-butyric acid methyl ester (19).

MeO._ O
A OMe
N
Boc—N \/Q
H o OH

19

Amide 19 was prepared from carboxylic acid 13 in a manner
similar to that described for 10. Colorless oil (496 mg, 1.14 mmol,
76%): [0]*b —21.8 (¢ 1.09, CHCIs); IR (CHCI3): Vmax, cm™: 961,
1367, 1442, 1507, 1619, 1710, 1736, 2838, 2977.; 'H NMR
(CDCls, 400 MHz, mixture of rotamers) 6 = 1.40 (9H, s), 1.66—
1.84 (1H, m), 1.88-2.04 (1H, m), 2.29-2.51 (2H, m), 3.65 (3H, s),
3.75 (3H, s), 4.01-4.21 (2H, m), 4.33 (1H, d, J = 14.8 Hz), 4.41
(2H, d, J = 14.8 Hz), 4.62 (1H, br t, J = 8.8 Hz), 5.25-5.39 (3H,
m), 5.86 (1H, ddt, J = 16.9, 10.6 and 5.2 Hz), 6.33-6.41 (1H, m),
6.47 (1H, d, J = 2.6 Hz), 6.96 (1H, d, J = 8.4 Hz); *C NMR
(CDCls, 75 MHz, mixture of rotamers) ¢ = 28.4, 28.8, 29.5, 46.2,
49.7, 50.0, 51.7, 55.4, 55.4, 80.2, 102.2, 102.9, 105.7, 106.0,
114.2, 115.0, 118.7, 119.7, 131.0, 132.1, 132.3, 133.3, 157.5,
157.6, 160.8, 161.8, 173.3, 174.5; HRMS (ESI-TOF) m/z calcd
for C2;H3:NoNaO7 ([M + Na]*): 459.2107, found: 459.2108.

4.2.9. 4-[Allyl-(2-hydroxy-4-methoxy-benzyl)-carbamoyl]-4-tert-
butoxycarbonylamino-butyric acid (20).

HO_ O
J OMe
N
Boc—N \/g
H o OH
20

Carboxylic acid 20 was prepared from amide 19 in a manner
similar to that described for 11. A white powder (66.9 mg, 0.158
mmol, 88%): [0]*®¥ —40.3 (c 0.388, MeOH); IR (CHCls): Vmax,
cm: 1366, 1441, 1508, 1618, 1708, 2926, 2976, 3505, 3658.; *H
NMR (DMSO-ds, 400 MHz, mixture of rotamers) § = 1.28, (1.6H,
brs) 1.36 (2.7H, s), 1.37 (4,7H, s), 1.60-1.73 (1H, m), 1.74-1.89
(1H, m), 2.21 (1H, t, J = 6.9 Hz), 2.26 (1H, t, J = 6.9 Hz), 3.67
(3H, s), 3.71-4,66 (5H, m), 4.97-5.13 (0.7H, m), 4.13-5.29
(1.3H, m), 5.52-5.74 (0.3H, m), 5.76-5.93 (0.7H, m), 6.27-6.45
(2H, m), 6.88-7.09 (2H, m), 9.60 (1H, br s); *C NMR (CDCls,
75 MHz, mixture of rotamers) 0 = 26.8, 27.1, 27.9, 28.2, 29.8,
29.9,43.0, 44.2, 46.5, 48.9, 49.6, 54.9, 78.2, 101.2, 104.3, 104.5,
115.3, 115.6, 116.0, 117.1, 122.4, 129.4, 129.7, 133.2, 133.7,
155.4, 1555, 156.3, 159.0, 159.6, 171.6, 172.7, 174.0; HRMS
(ESI-TOF) m/z calcd for Cz1H3N2NaO7 ([M + Na]*): 445.1951,
found: 445.1963.

4.2.10. 4-{Allyl-[2-(tert-butyl-dimethyl-silanyloxy)-4-methoxy-
benzyl]-carbamoyl}-4-(9H-fluoren-9-ylmethoxycarbonylamino)-
butyric acid (12).

Fmoc derivative 12 was prepared from Boc derivative 20 in a
manner similar to that described for 7. A white powder (62.2 mg,
94.4 pmol, 62%): [a]*°> —21.9 (¢ 1.00, CHCI3); IR (CHCI3): Vimax,
cm™ 936, 978, 1505, 1583, 1612, 1712, 2858, 2931, 3015,
3286.; 'H NMR (DMSO-ds, 300 MHz, 100 °C) § = 0.24 (6H, s),
0.98 (9H, s), 1.74-2.02 (2H, m), 2.30 (2H, t, J = 2.9 Hz), 3.70
(3H, s), 3.84-4.03 (2H, br m), 4.17-4.25 (1H, br m), 4.25-4.36
(2H, br m), 4.39-4.51 (2H, br m), 4.51-4.60 (1H, br m), 5.07 (1H,
s), 5.11 (1H, s), 5.75 (1H, br m), 6.36 (1H, d, J = 2.4 Hz), 6.48
(1H, dd, J = 2.4 and 8.4 Hz), 6.99 (1H, br d, J = 8.4 Hz), 7.06-
7.23 (1H, brm), 7.31 (2H, td, J =7.3and 2.2 Hz) 7.41 (2H, t, J =
7.3 Hz), 7.68 (2H, dd, J = 7.5 and 2.2 Hz), 7.86 (2H,d, J =75
Hz); 3C NMR (CDCls, 75 MHz, 50 °C, mixture of rotamers) 6 =
-3.9, -3.8, 18.6, 26.1, 28.7, 29.0, 29.7, 29.9, 43.3, 45.3, 47.6,
48.4, 49.3, 50.7, 50.8, 55.5, 67.4, 105.8, 106.0, 106.6, 106.9,
117.5, 117.9, 118.7, 119.7, 120.2, 125.4, 127.3, 127.9, 130.0,
132.7, 133.0, 141.6, 144.1, 144.2, 154.6, 154.9, 156.3, 156.7,
160.1, 160.4, 172.2, 172.7, 176.8, 176.8; HRMS (ESI-TOF) m/z



calcd for CsHisNoNaO-Si ([M + Na]): 681.2972, found:
681.3004.

4.3. General procedures for peptide synthesis
4.3.1. Solid-phase peptide synthesis

Peptides were synthesized on Rink Amide AM resin (0.62 mmol
amine/g) using standard Fmoc SPPS.

Coupling condition: Fmoc-Xaa-OH (5.0 eq.), DIC (5.0 eg.), and
HOBt-H,0 (5.0 eq.) in DMF, 1.5 h, at room temperature.

TFA cleavage: TFA/TIPS/H,O (95:2.5:2.5 (v/v), 50 ulL/1 mg
resin), 1.5 h, at room temperature.

4.3.2. Olefin metathesis

Completed dried resin (20.0 mg, 12.4 umol) was swollen in
degassed solvent (1,2-dichloroethane or o-dichlorobenzene (620
uL)) for 10 min. A solution of Grubbs catalyst (Grubbs 2"
generation catalyst (2.11 mg, 2.48 umol) or Hoveyda 2™
generation catalyst (1.55 mg, 2.48 pmol) in solvent (1,2-
dichloroethane or o-dichlorobenzene (620 uL)) was added to the
resin. The reaction was monitored by HPLC after TFA cleavage.
The reaction progress was quantified based on peak areas (= A)
of HPLC as follow.

Conversion (%) = (Acyclized product) / [(Acyclized product + Asubstrate peptide) ]
x 100

4.3.3. Reduction of resin-supported peptide using NBSH

Hydrogenation of a resin-supported peptide was carried out
according to a literature'®. A solution of 0.7 M NBSH and 1.4 M
piperidine in NMP (200 uL) was added to dried resin (20.0 mg,
12.4 umol) and the reaction mixture was heated at 70 °C. The
reaction was monitored by HPLC after TFA cleavage. When the
reduction had been still incomplete, resin was washed with NMP
and a fresh reagent was added for further reaction. This
procedure was repeated four times.

4.4. Preparation of model peptides 5 and 13

Peptides were synthesized according to the section “Solid-phase
peptide synthesis”

Fmoc SPPS using 1

Peptide 6 (minor peak): retention time = 20.9 min (Analytical
HPLC conditions: linear gradient of solvent B in solvent A, 15 to
40% over 30 min); LRMS (ESI-TOF) m/z calcd for Cs;Hg2N15011
([M + H]"): 1090.7, found: 1090.3.

Peptide 5 (major peak): retention time = 21.5 min (Analytical
HPLC conditions: linear gradient of solvent B in solvent A, 15 to
40% over 30 min); LRMS (ESI-TOF) m/z calcd for CsiHg2N15011
([M + H]"): 1090.7, found: 1090.4.

Fmoc SPPS using 7

Peptide 5: a white lyophilized powder (4.4 mg, 3.31 umol, 33%);
retention time = 21.9 min (Analytical HPLC conditions: linear
gradient of solvent B in solvent A, 15 to 40% over 30 min);
retention time = 29.3 min (Semi-preparative HPLC conditions: A
linear gradient of solvent B in solvent A, 15% to 40% over 30
min); LRMS (ESI-TOF) m/z calcd for CsiHg:N1sO11 (M +
2H]?"): 545.9, found 545.9.

Fmoc SPPS using 12

Peptide 6: a white lyophilized powder (3.2 mg, 2.44 umol, 24%);
retention time = 21.0 min (Analytical HPLC conditions: linear
gradient of solvent B in solvent A, 15 to 40% over 30 min);
retention time = 25.5 min (Semi-preparative HPLC conditions: A

linear gradient of solvent B in solvent A, 15% to 40% over 30
min); LRMS (ESI-TOF) m/z calcd for CsiHeoNisOu ([M +
2H]?"): 545.9, found 545.8.

4.5. Preparation of resin-supported peptide 15a and 15b

Olefin metathesis was performed according to the section “Olefin
metathesis”.

16a: a white lyophilized powder (3.4 mg, 2.63 pmol, 26%);
retention time = 23.2 min (Analytical HPLC conditions: A linear
gradient of solvent B in solvent A, 15% to 40% over 30 min);
retention time = 25.8 min (Semi-preparative HPLC conditions: A
linear gradient of solvent B in solvent A, 18% to 38% over 30
min);

LRMS (ES'-TOF) m/z calcd for C49H88N15011 ([M + H]+): 10627,
found 1062.4.

16b: a white lyophilized powder (2.9 mg, 2.22 pmol, 22%);
retention time = 15.8 min (Analytical HPLC conditions: A linear
gradient of solvent B in solvent A, 15% to 40% over 30 min);
retention time = 21.2 min (Semi-preparative HPLC conditions: A
linear gradient of solvent B in solvent A, 10% to 35% over 30
min); LRMS (ESI-TOF) m/z calcd for CsgHgsN16O012 ([M + H]"):
1077.7, found 1077.4.

4.6. Preparation of peptide 18a and 18b

Hydrogenation and cleavage from the resin were carried out
according to the section “Reduction of resin-supported peptide
using NBSH”

18a: a white lyophilized powder (3.2 mg, 2.5 umol, 20%);
retention time = 24.4 min (Analytical HPLC conditions: A linear
gradient of solvent B in solvent A, 15% to 40% over 30 min);
retention time = 24.1 min (Semi-preparative HPLC conditions: A
linear gradient of solvent B in solvent A, 10% to 30% over 30
min); LRMS (ESI-TOF) m/z calcd for CaHgiN1sO11 ([M +
2H]?): 532.9, found: 532.9.

18b: a white lyophilized powder (2.4 mg, 1.8 umol, 15%);
retention time = 16.3 min (Analytical HPLC conditions: A linear
gradient of solvent B in solvent A, 15% to 40% over 30 min);
retention time = 28.9 min (Semi-preparative HPLC conditions: A
linear gradient of solvent B in solvent A, 15% to 40% over 30
min); LRMS (ESI-TOF) m/z calcd for CagHgsNigO12 (M +
2H]?): 540.7, found: 540.4.

4.7. Preparation of Peptide 21

The resin-bound fully-protected peptide 19 was prepared
according to the section “Solid-phase peptide synthesis”. The
obtained 19 (10.0 pumol) was added to a solution of Pd(PPhs).
(34.7 mg, 30.0 umol), N-methylmorpholine (11.0 pL, 0.10 mmol),
AcOH (22.0 pL, 0.385 umol) in CHCI; (407 pL). After 6 h
shaking at room temperature, the resin was washed with CHCl,,
20% (v/v) piperidine/DMF and DMF respectively. Indomethacin
was coupled with generated amine using the general coupling
condition of Fmoc amino acids mentioned above. The obtained
resin-bound fully-protected peptide 20 was subjected to olefin
metathesis, followed by NBSH reduction according to the section
“Olefin metathesis” and “Reduction of resin-supported peptide
using NBSH”. The completed resin was globally deprotected and
peptide 21 was obtained after HPLC purification.

Peptide 21: an off-white lyophilized powder (1.7 mg, 0.885 umol,
9%); retention time = 19.7 min (Analytical HPLC conditions:
linear gradient of solvent B in solvent A, 20 to 60% over 30
min); retention time = 26.7 min (Semi-preparative HPLC
conditions: A linear gradient of solvent B in solvent A, 25% to
45% over 30 min); LRMS (ESI-TOF) m/z calcd for
C79H125CIN2O19 ([M + 2H]?): 846.5, found 846.2.
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Table 1. Reaction conditions for the RCM reaction.
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16a: R'= AI; R>=RIL; R*=QL ; :
16b: R'= A; R?= IRT; R% QQL Tvoemes
Entry Peptide Catalyst? Solvent Temperature (°C) Time (min) Conversion® (%)
1 l4a Grubbs 2 1,2-dichloroethane 70 60 24
2 l4a Grubbs 2 o-dichlorobenzene 120 10 97
3 l4a Hoveyda-Grubbs 2m o-dichlorobenzene 120 10 70
4 14b Grubbs 2 1,2-dichloroethane 70 60 9
5 14b Grubbs 2 o-dichlorobenzene 120 10 45
6 14b Hoveyda-Grubbs 2 o-dichlorobenzene 120 10 92

220 mol% of Grubbs catalyst was used.; ® Conversion was determined by HPLC separation and peak areas (=A) of cyclized peptide 16a, 16b (=Acyciized product)
detected at 220 nm as a fraction of the sum of the unreacted peptide (Acyclized product + Asubstrate peptide)-
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Scheme 6. Synthesis of indomethacin-conjugated lactam-bridged peptide.
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