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Small peptides having a 3-bromobenzyl group at the C-
termini and n-alkynoyl group at the N-termini undergo a
smooth copper-free intramolecular Sonogashira coupling
reaction to afford the corresponding cyclic peptides in
moderate yields. Scope and limitations of this macrocycliza-
tion is demonstrated with di-, tri-, and tetrapeptides.

The enhanced bioavailability, biological specificity, and
reduced conformational flexibility of cyclic peptides make
them attractive leads in modern drug discovery.1 Several
methods are known for cyclic peptide synthesis, including
disulfide bond formation,2 ring-closing metathesis,3 SN-
Ar coupling,4 Heck coupling,5 and free-radical reactions.6
Cyclization of peptides introduces an extra element of

constraint (e.g., double bond, aromatic ring, etc.), which
confers conformational restriction to the peptide leading
to an entropically advantageous mode of binding to the
target protein.7,8 In connection with a project on pepti-
domimetics,9 we are interested in developing novel and
efficient methods for macrocyclizations to furnish cyclic
peptides with various linkers. We envisaged the intro-
duction of a rigid linker with an aryl alkynyl moiety in
macrocycle A from the corresponding precursor B through
sp-sp2 bond formation using a Pd-catalyzed intra-
molecular Sonogashira coupling (Scheme 1).

The Sonogashira macrocyclization on resin-bound pep-
tide appears to be the only known example for the
synthesis of cyclic peptides using this reaction.10 This
reaction generally is cocatalyzed by copper(I) and uses
an amine as a base and a phosphine as a ligand for
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palladium.11 This Note describes our preliminary studies
on the copper-free Sonogashira reaction on acyclic peptide
B. The synthesis of precursors based on B for Sonogash-
ira coupling are summarized in Scheme 2.

Thus, the N-Boc-Ala-OH 1 was reacted with 3-bro-
mobenzylamine to give compound 2 using standard
solution-phase peptide coupling ((EDC, HOBt, Et3N,
DCM). The Boc deprotection (TFA/DCM) on 2, followed
by coupling with N-Boc-Leu-OH, furnished the peptide
3 in 89% yield. Removal of the Boc on 3, followed by
coupling with N-Boc-Phe-OH, gave tripeptide 4. Finally,
deprotection of 4, followed by coupling with readily
available n-alkynoic acids, gave desired acyclic precursors
5a-c in excellent yields.

Initially, the acyclic peptide 5a was subjected to a
variety of known Sonogashira conditions, which resulted
in the isolation of dimer 6 as the sole product. The
formation of compound 6 can be explained by Glaser-type
oxidative dimerization of the alkyne, which is one of the
side reactions commonly encountered in Sonogashira
reactions.12 However, reacting 5a under the copper-free
Sonogashira coupling conditions12,13 involving a bulky,
electron-rich phosphine ligand [Pd(OAc)2, (o-tolyl)3P, and
EtN(i-Pr)2 ] in acetonitrile at 110 °C resulted in formation
of the desired cyclic peptide 7a in 12% isolated yield. We
then subjected 5b and 5c to copper-free Sonogashira
coupling conditions, and to our delight, both reactions
afforded the corresponding cyclic peptides 7b and 7c,
respectively, in moderate yields (Scheme 3). It is interest-
ing to note that increase in the chain length between the

SCHEME 2a

a Conditions: (a) 3-bromobenzylamine, Et3N, HOBt, EDC, DCM;
(b) i. TFA/DCM, ii. N-Boc-Leu-OH, Et3N, HOBt, EDC, DCM; (c) i.
TFA/DCM, ii. N-Boc-Phe-OH, Et3N, HOBt, EDC, DCM; (d) i. TFA/
DCM, ii. n-alkynoic acid, Et3N, HOBt, EDC, DCM.

SCHEME 3a

a Conditions: (a) (PPh3)2PdCl2, CuI, Et3N, CH3CN + DMF, room temperature, 15 h. (b) Pd(OAc)2, (o-tolyl)3P, EtN(i-Pr)2, CH3CN, 110
°C, 15 h.
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alkyne and the amide bond resulted in a higher isolated
yield of the cyclic peptide. Thus, the peptide incorporating
6-heptynoic acid afforded compound 7c in 35% isolated
yield compared to the 12% isolated yield of the cyclic
peptide incorporating 4-pentynoic acid.14 All the cyclic
peptides were purified on silica gel column chromatog-
raphy and characterized using various spectral tech-
niques (see Experimental Section).

Having demonstrated that reacting the acyclic precur-
sors 5 under the copper-free intramolecular conditions

gave the corresponding cyclic peptides 7, we extended the
scope of this reaction to other acyclic peptide precursors
by varying the amino acids and the size of the acyclic
peptide. The change at the i + 1 amino acid residue from
leucine to valine (compound 8) gave desired cyclization
in 36% yield to furnish cyclic peptide 9. Similarly,
dipeptide 10 underwent smooth cylization to furnish 11
in 32% yield. However, the tetrapeptide 12 gave a poor
yield of the corresponding cyclic peptide 13 (Scheme 4).14

These preliminary studies indicate that the yields of the
cyclization of these peptides under the copper-free So-
nogashira conditions used are dependent upon both the
number of amino acid residues and the chain length of
the incorporated n-alkynoic acids.

In conclusion, we have demonstrated that copper-free
Sonogashira coupling conditions can be used for the
macrocyclization of di-, tri-, and tetrapeptides to produce
cyclic peptides with rigid linkers leading to useful pep-
tidomimetics. To the best of our knowledge, this is the
first report of copper-free intramolecular Sonogashira
macrocyclization for the synthesis of cyclic peptides.
These cyclic peptides may prove to be useful in under-
standing the utility of constrained structures in the
search for novel lead molecules.

Experimental Section

Typical Procedure for Sonogashira Macrocyclization
for 7c. Pd(OAc)2 (72 mg, 0.32 mmol) and (o-tolyl)3P (195 mg,
0.64 mmol) were added to warm HPLC-grade acetonitrile (1.2
L) and refluxed at 110 °C for 30 min. Then acylic peptide 5c
(500 mg, 0.80 mmol) was added in single portion, and the
reaction was continued for 15 min at the same temperature.
Finally, N-ethyldiisopropylamine (0.7 mL, 4 mmol) was added.
After 15 h, the reaction mixture was filtered through a pad of
Celite and washed with hot acetonitrile (100 mL). The filtrate
was concentrated, and the product was isolated as a white solid
(243 mg, 35%) after flash column chromatography on (230-400)
silica gel using CH2Cl2/MeOH (98:2) as eluent. mp 289-290 °C;
[R]D +6.80 (c 0.5, DMSO); IR (KBr), 3315, 2929, 1652, 1590,
1524, 1467 cm-1; 1H NMR (DMSO-d6, 400 MHz) δ 8.29 (m, 2H),
8.19 (t, J ) 5.37 Hz, 1H), 7.28-7.14 (m, 10H), 4.50 (dd, J1 )
7.25 Hz, J2 ) 16.12 Hz, 1H), 4.41-4.36 (m, 2H), 4.20-4.16 (m,
1H), 4.05 (dd, J1 ) 4.84 Hz, J2 ) 16.12 Hz, 1H), 3.12 (dd, J1 )
4.57 Hz, J2 ) 13.97 Hz, 1H), 2.80 (dd, J1 ) 10.21 Hz, J2 ) 13.97
Hz, 1H), 2.38 (t, J ) 6.98 Hz, 2H), 2.19-2.14 (m, 1H), 2.03-
1.98 (m, 1H), 1.73-1.44 (m, 7H), 1.26 (d, J ) 7.25 Hz, 3H), 0.84
(dd, J1 ) 6.18 Hz, J2 ) 14.24 Hz, 6H); 13C NMR (DMSO-d6, 50
MHz) 172.5, 172.4, 171.6, 170.6, 139.7, 138.3, 137.9, 134.6, 129.1,
128.9 (2C), 128.8, 128.1 (2C), 127.9, 126.2, 126.1, 123.5, 54.3,
50.2, 49.1, 41.8, 41.0, 35.8, 34.9, 27.9, 24.6, 23.8, 23.2, 21.6, 18.6,
16.9; ESMS m/z 545.5 (M+, 100%); HRMS calcd for C32H41N4O4
545.3127, found 545.3115.
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SCHEME 4a

a Conditions: (a) Pd(OAc)2, (o-tolyl)3P, EtN(i-Pr)2, CH3CN, 110
°C, 15 h.
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