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Abstract — Rhodium-catalyzed intramolecular [2+2+2] cycloaddition of
peptide-tethered branched triynes gave cyclic peptides in moderate to excellent
yields. This is a new catalytic protocol for the synthesis of cyclic peptides

containing various amino acids.

INTRODUCTION

Transition metal-catalyzed [2+2+2] cycloaddition of alkynes is a reliable and atom-economical method
for the synthesis of multi-substituted aromatic compounds.' It can be categorized into three types by
substrates: intermolecular reaction of three alkynes, semi-intermolecular reaction of a diyne and a
monoyne, and intramolecular reaction of a triyne. The semi-intermolecular cycloaddition of 1,n-diynes is
useful for the construction of bicyclic compounds, however, most of them are the reactions of 1,6-diynes
with monoynes, which efficiently provide five-membered ring fused bicyclic compounds, and those of
I,n-diynes (n > 8) are quite limited, which provide more than seven-membered ring fused bicyclic
products. In contrast, the intramolecular [2+2+2] cycloaddition of linear triynes, where 1,6-diyne and
monoyne moieties are connected by a long tether, could realize the formation of medium- to large-sized

ring-containing compounds. For example, Oshima reported a Rh-catalyzed cyclotrimerization in the
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biphasic reaction media.” Tanaka disclosed the enantioselective synthesis of ortho- and metacyclophanes
by the reaction of the linear triynes.’ On the other hand, we developed a highly enantioselective reaction
of branched triynes, where nitrogen-tethered 1,6-diyne and alkynyl moieties are connected by the nitrogen
atom of 2-aminophenol and obtained planar-chiral tripodal cyclophanes with excellent ee.* Due to the
rigid structure of ortho-phenylene moiety at the branched point, large ring system of [15]cyclophane
could also be constructed in acceptable yield without high dilution conditions. Recently, we further
achieved the enantioselective reaction of triynes branched by o-amino acid moiety,” which provided a
new strategy for the asymmetric synthesis of aminoindan carboxylic acid (Aic) derivatives.® We focused
on the high tolerability of functional groups in this protocol and considered an intramolecular
cycloaddition of peptide-tethered triynes for the synthesis of cyclic peptides.

Cyclic peptides are important molecules in modern drug discovery, because their conformational
restriction makes them more tolerant to peptitases and interactive to target proteins different from linear
peptides.” Regarding the facile synthesis of cyclic peptides, transition metal-catalyzed reaction has
attracted much attention as an alternative method to conventional intramolecular condensation of linear
peptides with a stoichiometric amount of condensation reagents. Pd-Catalyzed Heck reaction,®
Sonogashira coupling,’ cycloisomerization,"® Suzuki-Miyaura coupling,'' and carbonylative coupling'” are
successful examples. Cu-Catalyzed azide-alkyne cycloadditions have also be reported.” Recently,
Ru-catalyzed olefin metathesis and Pd-catalyzed C-H activation and amination were used as fascinating
approaches.'*'® Herein we disclose a new catalytic approach using [2+2+2] cycloaddition for the

synthesis of cyclic peptides.

RESULTS AND DISCUSSION

As a model substrate, we chose tripeptide-tethered branched triyne la where 1,6-diyne and alkyne
moieties are connected by a Val-Phe-Gly tripeptide tether, and examined intramolecular [2+2+2]
cycloaddition using cationic rhodium catalysts and various diphosphine ligands at 40 °C in
1,2-dichloroethane (DCE) (Table 1). When the Rh catalyst consisting of BARF
(tetrakis(3,5-bis(trifluoromethyl)phenyl)borate) as a counter anion and  (S)-tolBINAP
((8)-2,2’-bis(di-p-tolylphosphino)-1,1°-binaphthyl) as a ligand was used, the reaction proceeded to give
the desired cyclic peptide 2a in moderate yield with high diastereoselectivity (Entry 1). We further
screened other counter anions of the rhodium complex, and trifluoromethanesulfonate (OTf) gave the best
yield and diastereoselectivity among them (Entries 1-3)."” We next tuned the diphosphine ligands:
whereas (S)-BINAP gave poorer diastereoselectivity than (S)-tolBINAP (Entry 4), higher yield and
diastereoselectivity were achieved by more bulky (S§)-xyIBINAP (Entry 5). When we examined

(R)-tolBINAP as an opposite enantiomer, only a diastereomer was detected and it was the same as the
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cycloadduct derived from (S)-tolBINAP (Entry 6). These results mean that the stereoselectivity was
controlled by the chiral peptide tether, not by chiral Rh catalysts." Finally, achiral ligand BIPHEP
(2,2’-bis(diphenylphosphino)-1,1°-biphenyl) also induced almost perfect diastereoselectivity (Entry 7).

Table 1. Screening of counter anions and ligands for Rh catalyst

Ph
(0]
2 0 )_U\

N

Ph/\k\\H
Os__NH
NH

(@]

54

HN NH
/// o)
[Rh(cod),]X (10 mol%)
Ligand (10 mol%) (@)
ol
1,2-dichloroethane, 40 °C, 1 h HN Ph NH

——Ph

CbzN ©

. —

H Ph

— CbzN
H
Ph
1a 2a
Entry* X Ligand Yield (%) dr?
] BARF (S)-tol BINAP 55 10:1
2 BF, (S)-tol BINAP 63 12:1
3 OTf (S)-tolBINAP 69 13:1
4 OTf (S)-BINAP 65 6:1
5 OTf (S)-xyIBINAP 75 20:1
6 OTf (R)-tolBINAP 62 >20:1
7 OTf BIPHEP 75 >20:1

“Triyne was added dropwise to a solution of the Rh catalyst over 1 h.
’ Diastereomeric ratio was determined by integration of 'H-NMR spectra.

Under the reaction conditions of entry 7 in Table 1, we screened triynes with various tethers (Table 2).
The reaction of triyne 1b having a dipeptide tether smoothly proceeded to give 2b quantitatively (Entry 1).
The reaction of triyne 1c¢ and 1d possessing Phe-Val-Gly and Gly-Val-Phe tripeptide tethers, respectively,
proceeded to give the corresponding cyclic peptides 2¢ and 2d in moderate to good yield (Entries 2 and 3).
The cycloaddition of triyne 1e with a tetrapeptide tether also proceeded, but the yield of the desired cyclic
peptide 2e was low due to the formation of unidentified by-products (Entry 4). In each entry, excellent to

almost perfect diastereoselectivity was achieved.
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Table 2. Reaction of triynes with various peptide-tethers

N\ Peptide
P // p
o N2 [Rh(cod),]OTf (10 mol%) \
BIPHEP (10 mol%) Ph NH
——Ph 1,2-dichloroethane, 40 °C, 1 h o
(@)
CbZ||:l| — Ph CbzﬁlI
Ph
1b-e 2b-e
Entry* Triyne Peptide Yield (%) dr”
1 1b Val-Phe 99 (2b) 520:1
2 le Phe-Val-Gly 65 (2¢) 10:1
3 1d Gly-Val-Phe 59 (2d) >20:1
4 le Val-Phe-Ala-Gly 24 (2e) >20:1

“Triyne was added dropwise to a solution of the Rh catalyst over 1 h.
’ Diastereomeric ratio was determined by integration of 'H-NMR spectra.

In place of peptide-tethered triynes consisted of only neutral amino acids, we tried the reaction of triynes

1f and 1g, which contained basic and acidic amino acid moieties, respectively (Scheme 1). The reaction

Csz

H
NCbz NH,
N
H O O
same as Pd/C (50 wt%)
Table 2 NH Hs ( 1 atm) NH
—) —)
| MeOH, rt, 2.5 h
Csz Csz
1f 2f: 76%, dr =>20:1 3f: quant.
BnOzC

IZ

CO2Bn CO,H
o N
O O
same as Pd/C (50 wt%)
Table 2 H2 1 atm)
Ph NH
MeOH rt, 2 h

19 2g: 44%, r—>20.1 3g: 99%

Scheme 1. Synthesis of cyclic peptides containing basic or acidic amino acid moiety
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of triyne 1f possessing Val-Lys(Cbz) dipeptide tether smoothly proceeded to the desired cyclic peptide 2f
in good yield. The reaction of triyne 1g with Val-Glu(OBn) dipeptide tether was sluggish and three hours
were required for the reaction to complete, but the cyclic peptide 2g was obtained in moderate yield. The
Cbz and benzyl groups of cycloadducts 2f and 2g were readily removed by the conventional reductive

treatment, and unprotected cyclic peptides 3f and 3g were obtained quantitatively.

In conclusion, we have developed the Rh-catalyzed intramolecular [2+2+2] cycloaddition of
peptide-tethered branched triynes. The present reaction provides a new protocol for the catalytic synthesis
of cyclic peptides, and moderate to excellent yield was achieved along with almost perfect

diastereoselectivity.

EXPERIMENTAL

General. All reactions were examined under an argon atmosphere in oven-dried glassware with a
magnetic stirring bar. Dehydrated 1,2-dichloroethane was purchased from Wako Pure Chemical
Industries Ltd. (Wako) and degassed by argon bubbling before use. Other reagents were purchased from
Wako, Kanto, TCI, or Aldrich and were used without further purification. Flash column chromatography
was performed with silica gel (Kanto Chemical Co., Inc. 60 N). Preparative thin-layer chromatography
(PTLC) was performed with silica gel-precoated glass plates (Merck 60 GF254) prepared in our
laboratory. NMR spectra were measured with JEOL ECX500 ('"H NMR, 495.13 MHz; "C NMR, 124.5
MHz) using TMS as an internal standard, CDCl; and CD,OD were used as solvents. High-resolution mass
spectra (HRMS) were measured with an electrospray ionization (ESI)-orbitrap mass spectrometer.
Val-Phe-Gly-tethered triyne (1a): a yellow solid; mp 107 °C; "H NMR (CDCls) & 7.52-7.12 (m, 22H),
7.07 (s, 1H), 6.96 (s, 1H), 6.18 (s, 1H), 5.24 (d, /= 12.2 Hz, 1H), 5.10 (d, /= 12.2 Hz, 1H), 4.84-4.70 (m,
1H), 4.13-4.05 (m, 1H), 4.05-3.96 (m, 3H), 3.96-3.89 (m, 1H), 3.49 (d, J=13.4 Hz, 1H), 3.36 (d, /= 7.8
Hz, 1H), 3.32 (d, J = 7.8 Hz, 1H), 3.17-3.02 (m, 2H), 2.95-2.83 (m, 1H), 2.16 (t, J = 2.5 Hz, 1H),
2.13-2.04 (m, 1H), 0.75 (d, J = 6.8 Hz, 3H), 0.58 (d, J = 6.8 Hz, 3H); °C NMR § 172.9, 172.0, 171.5,
169.3, 156.7, 137.6, 135.3, 131.9, 128.9, 128.9, 128.8, 128.7, 128.7, 128.6, 128.5, 128.5, 128.0, 128.0,
126.8, 122.7, 122.2, 86.1, 85.1, 83.6, 82.8, 79.8, 71.3, 67.9, 61.2, 54.9, 43.4, 36.6, 29.2, 29.2, 29.1, 27.7,
26.2, 19.4, 17.2; HRMS (ESI) m/z caled for C47H47NsNaOg ([M+Na]): 800.3409. Found: 800.3419. [a]*’p
34.2 (¢ 1.13, CHCI3).

Val-Phe-tethered triyne (1b): a pale yellow solid; mp 94 °C; '"H NMR (CDCls) & 7.41-7.26 (m, 15H),
7.25-7.11 (m, 7H), 6.74 (d, J = 5.3 Hz, 1H), 5.75 (s, 1H), 5.28 (d, /= 12.2 Hz, 1H), 5.14 (d, /= 12.2 Hz,
1H), 4.90-4.80 (m, 1H), 4.25-4.16 (m, 1H), 4.14-4.07 (m, 1H), 3.99-3.89 (m, 1H), 3.65-3.54 (m, 1H),
347 (d,J=17.6 Hz, 1H), 3.34 (d,J=17.5 Hz, 1H), 3.17 (d, /= 17.6 Hz, 1H), 3.07 (d, J = 17.5 Hz, 1H),
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2.93-2.82 (m, 1H), 2.21 (t, J = 2.5 Hz, 1H), 2.18-2.07 (m, 1H), 0.71 (d, J = 7.0 Hz, 3H), 0.43 (d, J=7.0
Hz, 3H); °C NMR § 172.4, 171.0, 170.5, 156.4, 138.0, 135.3, 131.9, 131.8, 128.9, 128.9, 128.7, 128.6,
128.5, 128.4, 128.2, 126.6, 122.7, 122.1, 86.1, 85.1, 83.5, 82.7, 79.9, 71.2, 68.0, 61.4, 60.8, 54.2, 36.9,
29.3,28.9,27.7, 26.5, 19.5, 16.7 (two pairs of peaks at the aromatic region are overlapped); HRMS (ESI)
m/z caled for C4sHysN4NaOs ([M+Na]): 743.3196. Found: 743.3204. [a]*’b 30.7 (¢ 1.13, CHCL).
Phe-Val-Gly-tethered triyne (1c): a pale yellow solid; mp 105 °C; "H NMR (CDCls) & 7.75-7.25 (m,
15H), 7.24-6.87 (m, 9H), 5.73 (s, 1H), 5.16-4.93 (m, 1H), 4.73 (d, J = 12.1 Hz, 1H), 4.65-4.51 (m, 1H),
4.34-4.21 (m, 1H), 4.15-3.93 (m, 3H), 3.90-3.72 (m, 1H), 3.42-2.82 (m, 6H), 2.41-2.24 (m, 1H), 2.15 (t, J
= 2.5 Hz, 1H), 0.90 (d, J = 6.9 Hz, 3H), 0.83 (d, J = 6.9 Hz, 3H); °C NMR (CDCl3) § 172.0, 171.9, 171.8,
169.2, 156.0, 135.3, 135.2, 131.8, 129.2, 129.1, 129.0, 128.8, 128.8, 128.7, 128.6, 128.5, 128.4, 128.1,
127.5, 122.7, 122.2, 86.0, 85.0, 83.6, 82.6, 79.9, 71.1, 67.9, 61.2, 60.2, 55.6, 43.3, 36.6, 29.0, 28.0, 25.8,
19.4, 17.8 (a pair of peaks at the alkyl region are overlapped); HRMS (ESI) m/z calcd for C47H47NsNaOg
([M+Na]): 800.3409. Found: 800.3419. [a]*’p 127.6 (¢ 1.11, CHCls).

Gly-Val-Phe-tethered triyne (1d): a pale yellow solid; mp 200 °C; 'H NMR (CD;OD) & 7.14 (m, 20H),
5.25-5.09 (m, 2H), 4.69-4.62 (m, 1H), 4.01 (d, J = 7.2 Hz, 1H), 3.98-3.92 (m, 2H), 3.87 (d, /= 17.1 Hz,
1H), 3.35-3.32 (m, 3H), 3.31-3.24 (m, 2H), 3.12 (d, J = 17.1 Hz, 1H), 2.97-2.85 (m, 1H), 2.44-2.36 (m,
1H), 2.14-1.99 (m, 1H), 0.85 (d, J = 6.8 Hz, 3H), 0.79 (d, J = 6.8 Hz, 3H) (five NH protons could not be
assigned); °C NMR (CD;OD) & 175.3, 174.9, 172.6, 162.9, 156.4, 136.9, 136.6, 131.5, 131.4, 129.0,
128.2, 128.2, 128.1, 127.9, 127.7, 127.7, 127.3, 127.3, 126.5, 123.2, 123.2, 84.1, 83.5, 83.4, 71.1, 66.7,
61.4, 60.3, 54.7, 43.2, 41.0, 40.4, 39.9, 37.4, 29.6, 28.3, 25.9, 18.2, 17.8; HRMS (ESI) m/z calcd for
C47H47N5NaOg ([M+Na]): 800.3410. Found: 800.3419. [0]*’p -27.6 (¢ 1.07, MeOH).
Val-Phe-Ala-Gly-tethered triyne (1e): a white solid; mp 231 °C; '"H NMR (CDCls) & 7.45-7.27 (m,
21H), 7.25-7.10 (m, 3H), 6.95 (d, J = 3.5 Hz, 1H), 5.85 (s, 1H), 5.24 (d, J = 12.1 Hz, 1H), 5.04 (d, J =
12.1 Hz, 1H), 4.63-4.53 (m, 2H), 4.17-4.02 (m, 2H), 4.02-3.98 (m, 1H), 3.98-3.87 (m, 2H), 3.52 (dd, J =
14.8, 3.1 Hz, 1H), 3.38 (dd, /= 17.4, 3.3 Hz, 2H), 3.12 (d, /= 17.4 Hz, 1H), 3.06-3.00 (m, 1H), 3.00-2.90
(m, 1H), 2.13 (t, J = 2.5 Hz, 1H), 2.02-1.88 (m, 1H), 1.52 (d, J = 7.3 Hz, 3H), 0.72 (d, J = 7.0 Hz, 3H),
0.61 (d, J = 7.0 Hz, 3H); C NMR (CDCls) & 173.5, 173.0, 172.5, 172.0, 169.4, 156.6, 137.5, 135.0,
131.8, 131.8, 129.2, 128.9, 128.9, 128.7, 128.6, 128.6, 128.5, 128.0, 122.4, 121.8, 86.6, 85.5, 82.8, 82.3,
80.3, 70.8, 68.2, 61.9, 61.1, 56.4, 49.5, 43.2, 36.0, 29.2, 28.8, 27.8, 26.3, 19.2, 17.5, 17.1 (two pairs of
peaks at the aromatic region are overlapped); HRMS (ESI) m/z calcd for CsoHs:NgNaO; ([M+Nal)):
871.3779. Found: 871.3790. [a]*°p 8.3 (¢ 1.05, MeOH).

Val-Lys(Cbz)-tethered triyne (1f): a pale yellow solid; mp 184 °C; '"H NMR (CDCls) & 7.47-7.21 (m,
21H), 7.21-7.09 (m, 1H), 6.91 (s, 1H), 5.95 (s, 1H), 5.21-5.09 (m, 2H), 5.05 (s, 2H), 4.95 (s, 1H),
4.51-4.37 (m, 1H), 4.27-4.17 (m, 1H), 4.17-4.06 (m, 1H), 3.98-3.85 (m, 1H), 3.51-3.25 (m, 2H), 3.17 (t, J
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= 15.0 Hz, 1H), 3.14-3.00 (m, 3H), 2.40-2.23 (m, 1H), 2.19 (t, J = 2.5 Hz, 1H), 2.11-1.91 (m, 2H),
1.53-1.24 (m, 4H), 0.89 (d, J = 7.0 Hz, 3H), 0.82 (d, J = 7.0 Hz, 3H); °C NMR (CDCl3) & 172.4, 171.6,
170.9, 156.5, 156.3, 136.7, 135.6, 131.9, 131.9, 128.9, 128.8, 128.8, 128.6, 128.6, 128.5, 128.4, 128.1,
128.1, 128.0, 122.7, 122.3, 85.9, 85.0, 83.7, 83.0, 79.9, 71.2, 67.7, 66.6, 61.4, 60.6, 53.2, 40.8, 30.7, 29.8,
29.3,29.2, 27.6, 26.4, 23.3, 19.6, 17.4; HRMS (ESI) m/z calcd for CsoHs3NsNaO; ([M+Na]): 858.3286.
Found: 858.3837. [a]*°p 59.5 (¢ 1.07, CHCL;).

Val-Glu(OBn)-tethered triyne (1g): a pale yellow solid; mp 101 °C; "H NMR (CDCls) & 7.47-7.39 (m,
1H), 7.39-7.22 (m, 20H), 7.17-7.01 (m, 1H), 6.83 (d, J = 5.7 Hz, 1H), 5.78 (s, 1H), 5.18-5.00 (m, 4H),
4.55-4.45 (m, 1H), 4.22 (dd, J = 5.7, 4.1 Hz, 1H), 4.13 (ddd, J = 17.5, 5.3, 2.6 Hz, 1H), 3.93 (ddd, J =
17.5,5.3, 2.6 Hz, 1H), 3.53-2.99 (m, 4H), 2.59-2.26 (m, 4H), 2.19 (t, J = 2.5 Hz, 1H), 2.14-1.95 (m, 1H),
0.89 (d, J = 7.0 Hz, 3H), 0.78 (d, J = 7.0 Hz, 3H); *C NMR (CDCl;) & 172.8, 172.4, 170.8, 170.8, 156.4,
135.8, 135.5, 131.9, 131.9, 128.8, 128.8, 128.6, 128.6, 128.5, 128.5, 128.4, 128.3, 128.3, 128.2, 122.7,
122.2, 86.1, 85.0, 83.7, 82.9, 79.8, 71.2, 67.9, 66.5, 61.3, 60.6, 52.9, 31.4, 29.2, 29.1, 27.8, 26.5, 26.3,
19.6, 17.3; HRMS (ESI) m/z calcd for C4sHasNsNaO; ([M+Na]): 815.3406. Found: 815.3415. [0]*® 85.9
(c 0.82, CHCl).

Typical procedure for the Rh-catalyzed cycloaddition: BIPHEP (10 mol%, 2.6 mg) and
[Rh(cod),;]OTf (10 mol%, 2.3 mg) were placed in a dried schlenk tube, which was then evacuated and
backfilled with argon (%3). To the reaction vessel was added 1,2-dichloroethane (0.5 mL). While stirring
the solution at room temperature for 5 min, hydrogen gas was introduced, and the solution was further
stirred for 30 min at room temperature. After removal of the solvent and hydrogen gas under reduced
pressure, argon gas was introduced. 1,2-Dichloroethane (0.5 mL) was added and the reaction vessel was
immersed in an oil bath of 40 °C for 5 min. Then, triyne 1 (0.05 mmol) in 1,2-dichloroethane (2.5 mL)
was added dropwise via syringe pump over 1 h. After the reaction finished, the solvent was removed
under reduced pressure, and the crude products were purified by preparative TLC to give analytically
pure cycloadduct 2. The diastereomeric ratio was determined by integration of 'H-NMR spectra.
Val-Phe-Gly-tethered cycloadduct (2a): a pale yellow solid; mp 202 °C; '"H NMR (CDCls) & 7.47-7.06
(m, 22H), 6.31 (s, 1H), 6.24-5.95 (m, 2H), 5.75 (s, 1H), 5.06 (s, 2H), 4.67-4.49 (m, 1H), 4.23-3.88 (m,
5H), 3.79 (t, J= 7.5 Hz, 1H), 3.34-3.19 (m, 1H), 3.14-2.97 (m, 1H), 2.97-2.77 (m, 3H), 2.00 (s, 1H), 0.77
(brs, 3H), 0.73 (brs, 3H); °C NMR (CDCl3) & 173.2, 170.6, 170.2, 168.8, 155.1, 141.7, 139.7, 138.9,
138.8, 137.4, 136.5, 135.0, 134.0, 130.5, 129.6, 129.3, 128.9, 128.6, 128.5, 128.5, 128.1, 128.0, 127.9,
127.9, 127.7, 67.1, 66.5, 58.1, 57.4, 43.5, 42.7, 42.1, 40.7, 37.2, 33.1, 18.8, 17.3 (two pairs of peaks at the
aromatic region are overlapped); HRMS (ESI) m/z calcd for C47H47NsNaOg ([M+Na]): 800.3408. Found:
800.3419. [a]”b 24.9 (c 1.46, CHCL).
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Val-Phe-tethered cycloadduct (2b): a white solid; mp 145 °C; '"H NMR (CDCl3) & 7.65-7.11 (m, 22H),
6.08 (s, 1H), 6.01-5.85 (m, 1H), 5.71 (s, 1H), 5.01 (s, 2H), 4.74-4.55 (m, 1H), 3.94-3.81 (m, 1H), 3.76 (dd,
J=13.3, 3.2 Hz, 1H), 3.72-3.57 (m, 1H), 3.56-3.08 (m, 6H), 1.89 (s, 1H), 0.74 (brs, 3H), 0.56 (d, J=4.8
Hz, 3H); "C NMR (CDCl3) & 172.9, 172.6, 170.6, 155.8, 141.2, 139.0, 138.1, 138.1, 137.8, 136.7, 136.2,
135.8, 135.7, 129.1, 128.9, 128.7, 128.6, 128.4, 128.3, 128.2, 128.0, 127.9, 127.6, 127.1, 68.1, 66.9, 62.9,
61.2,44.7, 42.4, 40.2, 35.0, 31.8, 29.8, 18.6 (two pairs of peaks at the aromatic region are overlapped);
HRMS (ESI) m/z caled for C4sHyN4NaOs ([M+Na]): 743.3196. Found: 743.3204. [0]*’p -126.9 (¢ 1.71,
CHCls).

Phe-Val-Gly-tethered cycloadduct (2¢): a pale brown solid; mp 169 °C; "H NMR (CDCls) & 7.51-7.26
(m, 20H), 7.23-7.00 (m, 3H), 6.69 (s, 1H), 6.42 (s, 1H), 6.20 (s, 1H), 5.15-5.05 (m, 2H), 4.62-4.52 (m,
1H), 4.41-4.30 (m, 1H), 4.26-4.02 (m, 4H), 3.46 (dd, J=17.2, 3.5 Hz, 1H), 3.36-3.17 (m, 2H), 2.92 (d, J
=15.9 Hz, 1H), 2.65-2.52 (m, 1H), 2.45-2.31 (m, 1H), 1.62-1.49 (m, 1H), 0.78 (d, J = 6.7 Hz, 3H), 0.54
(d, J = 6.7 Hz, 3H); >C NMR (CDCl;) § 172.7, 170.7, 170.6, 168.4, 154.7, 148.4, 142.3, 139.7, 139.1,
139.1, 137.9, 136.9, 136.6, 134.0, 130.5, 129.8, 129.2, 128.5, 128.5, 128.1, 128.0, 128.0, 127.8, 127.7,
127.6, 66.4, 66.1, 63.0, 54.8, 43.6, 42.9, 42.8, 40.9, 37.9, 29.3, 19.2, 19.0 (two pairs of peaks at the
aromatic region are overlapped); HRMS (ESI) m/z calcd for C47H47NsNaOg ([M+Na]): 800.3409. Found:
800.3419. [a]**p 73.1 (¢ 1.27, CHCL).

Gly-Val-Phe-tethered cycloadduct (2d): a white solid; mp 190 °C; '"H NMR (CDCls) § 7.53-7.28 (m,
14H), 7.20-7.07 (m, 7H), 6.81 (s, 1H), 6.67 (s, 1H), 6.24-5.91 (m, 3H), 5.04 (s, 2H), 4.53-4.43 (m, 1H),
4.43-4.30 (m, 2H), 3.95-3.82 (m, 3H), 3.62-3.52 (m, 2H), 3.41-3.28 (m, 1H), 3.06-2.84 (m, 2H), 2.60 (d,
J =153 Hz, 1H), 1.80-1.66 (m, 1H), 0.59-0.51 (m, 6H); °C NMR (CDCl3) & 173.5, 170.6, 169.5, 169.4,
154.7, 141.9, 139.6, 139.5, 139.3, 139.1, 138.4, 138.1, 137.7, 136.3, 134.8, 130.9, 129.5, 128.8, 128.7,
128.7, 128.6, 128.3, 128.2, 127.8, 126.8, 66.6, 66.4, 62.3, 55.7, 43.6, 43.4, 41.2, 40.2, 36.2, 29.3, 18.7,
17.8 (two pairs of peaks at the aromatic region are overlapped); HRMS (ESI) m/z calcd for
C47H47N5NaOg ([M+Na]): 800.3411. Found: 800.3419. [0]**p -39.0 (¢ 1.19, CHCI;).
Val-Phe-Ala-Gly-tethered cycloadduct (2e): a pale yellow solid; mp 300 °C (decomp.); 'H NMR
(CDCl) & 7.76-7.61 (m, 1H), 7.52-7.26 (m, 15H), 7.25-7.16 (m, 3H), 7.15-7.02 (m, 2H), 6.77-6.61 (m,
2H), 6.56 (s, 1H), 6.05 (d, J = 7.7 Hz, 1H), 5.79 (s, 1H), 5.39 (s, 1H), 5.11-4.99 (m, 2H), 4.81-4.62 (m,
1H), 4.30 (ddd, J = 17.2, 13.9, 4.3 Hz, 2H), 4.17-4.09 (m, 1H), 4.02-3.83 (m, 2H), 3.75-3.44 (m, 4H),
3.10 (d, J = 15.2 Hz, 1H), 2.88-2.71 (m, 1H), 2.72-2.55 (m, 1H), 2.25 (br, 1H), 1.21 (d, J = 7.2 Hz, 3H),
0.79 (d, J = 6.5 Hz, 3H), 0.64 (d, J = 6.5 Hz, 3H); °C NMR (CDCl;) & 173.5, 171.6, 171.3, 170.9, 168.2,
156.0, 140.0, 139.4, 139.3, 138.2, 137.4, 136.7, 135.9, 135.7, 130.3, 129.7, 129.1, 129.0, 128.9, 128.7,
128.6, 128.5, 128.4, 128.4, 128.1, 127.8, 127.8, 127.7, 67.1, 66.3, 59.1, 53.4, 51.3, 43.1, 42.9, 42 .4, 38.9,
30.5, 29.8, 19.2, 16.9, 16.4; HRMS (ESI) m/z calcd for CsoHs,N¢NaO; ([M+Na]): 871.3779. Found:
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871.3790. [a]*°p -7.76 (¢ 0.52, CHCI).

Val-Lys(Cbz)-tethered cycloadduct (2f): a pale yellow solid; mp 165 °C; '"H NMR (CDCls) & 7.69-7.02
(m, 22H), 6.56 (s, 1H), 6.12 (s, 1H), 5.86 (s, 1H), 5.12-4.94 (m, 5H), 4.67-4.55 (m, 1H), 3.76-3.54 (m,
3H), 3.45-3.23 (m, 3H), 3.20-3.07 (m, 3H), 2.11-1.80 (m, 3H), 1.80-1.69 (m, 2H), 1.27-1.14 (m, 2H),
0.81 (s, 6H); °C NMR (CDCls) § 172.8, 172.6, 171.3, 156.5, 155.9, 141.1, 139.1, 138.0, 138.0, 137.8,
136.7, 135.8, 135.7, 129.1, 129.0, 128.6, 128.4, 128.2, 128.2, 128.2, 128.1, 128.0, 127.8, 127.6, 127.6,
68.1, 66.9, 66.7, 62.1, 61.0, 44.6, 42.2, 40.8, 32.0, 29.4, 29.0, 23.8, 18.9, 18.8, 14.3; HRMS (ESI) m/z
caled for CsoHs3NsNaO; ([M+Na]): 858.3824. Found: 858.3837. [a]*’p -92.9 (¢ 2.59, CHCL).
Val-Glu(OBn)-tethered cycloadduct (2g): a white solid; mp 122 °C; 'H NMR (CDCls) & 7.61-7.06 (m,
22H), 6.52-6.38 (m, 1H), 6.09 (br, 1H), 5.76 (s, 1H), 5.02-4.87 (m, 4H), 4.68-4.54 (m, 1H), 3.76-3.51 (m,
4H), 3.36-3.25 (m, 2H), 3.24-3.11 (m, 1H), 2.48-2.23 (m, 4H), 1.97 (br, 1H), 0.85 (brs, 3H), 0.80 (brs,
3H); >C NMR (CDCly) & 172.9, 172.6, 172.4, 170.5, 155.8, 141.1, 139.0, 138.1, 137.9, 137.8, 135.7,
136.0, 135.7, 129.0, 129.0, 128.7, 128.6, 128.6, 128.5, 128.4, 128.3, 128.2 128.0, 127.9, 127.7, 68.1, 66.7,
61.1, 61.0, 61.0, 42.3, 32.0, 30.8, 24.4, 18.9, 18.9, 18.8, 18.8 (two pairs of peaks at the aromatic region
are overlapped); HRMS (ESI) m/z calcd for C4sHisN4sNaO; ([M+Na]): 815.3406. Found: 815.3415. [a]>p
-76.9 (c 1.03, CHCl3).

Val-Lys-tethered cyclic peptide (3f): a pale yellow solid; mp 197 °C (decomp.); 'H NMR (MeOD) &
7.76-7.13 (m, 11H), 4.59 (d, J=13.2 Hz, 1H), 3.74 (d, /= 13.2 Hz, 1H), 3.62 (d, J = 8.8 Hz, 1H), 3.43 (4,
J = 8.2 Hz, 1H), 3.32-3.28 (m, 1H), 3.27-3.15 (m, 2H), 3.15-3.04 (m, 2H), 2.85 (t, J = 7.6 Hz, 2H),
2.30-2.09 (m, 1H), 2.02-1.84 (m, 2H), 1.72-1.57 (m, 2H), 1.46-1.28 (m, 2H), 0.95-0.78 (m, 6H) (six NH
protons could not be assigned); BC NMR (MeOD) o 179.8, 176.8, 176.2, 145.3, 143.0, 142.2, 141.9,
141.9, 141.8, 141.4, 139.6, 132.8, 132.3, 132.2, 131.7, 131.5, 131.4, 72.8, 64.9, 64.5, 51.5, 46.0, 44.7,
43.5, 35.8, 32.4, 31.1, 27.3, 22.8, 22.3; HRMS (ESI) m/z calcd for C3sH4NsO5 ([M+H]): 568.3281.
Found: 568.3282. [a]*p -82.3 (¢ 1.39, MeOH).

Val-Glu-tethered cyclic peptide (3g): a white solid; mp 193 °C (decomp.); 'H NMR (MeOD) &
7.96-7.12 (m, 11H), 4.65-4.55 (m, 1H), 3.81-3.68 (m, 1H), 3.61 (d, J = 8.4 Hz, 1H), 3.57-3.49 (m, 1H),
3.41-3.33 (m, 1H), 3.27-3.11 (m, 3H), 2.46-2.31 (m, 1H), 2.31-2.17 (m, 3H), 2.03-1.86 (m, 1H),
0.96-0.84 (m, 6H) (five NH protons and a CO,H proton could not be assigned); °C NMR (MeOD) &
176.5, 174.0, 172.5, 172.0, 140.8, 139.1, 138.2, 137.9, 137.6, 137.2, 135.9, 128.6, 128.2, 128.2, 127.7,
127.6, 127.4, 67.9, 60.7, 60.5, 46.0, 41.7, 39.5, 31.9, 31.7, 24.8, 18.3, 17.8 (a pair of peaks at the alkyl
region are overlapped); HRMS (ESI) m/z caled for C33H37N4Os ([M+H]): 569.2759. Found: 569.2758.
[a]”b -100.2 (¢ 1.43, MeOH).
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