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ABSTRACT

A tandem dimerization −macrocyclization approach using 1,3-dipolar azide −alkyne cycloaddition reactions has been employed in the facile
and convergent solution phase syntheses of C2 symmetric cyclic peptide scaffolds bearing triazole E2-amino acids as dipeptide surrogates.

Hydrogen bond-directed self-assembly of appropriately de-
signed cyclic peptides is an effective method for the prep-
aration of organic nanotubes1,2 for applications in the solid
state, solution phase, membrane environments, and biological
settings.3 Although the structural and functional properties
of self-assembling peptide nanotubes can often be modulated
by varying the cyclic peptide sequence and ring size, their

functional repertoire can be significantly expanded using
cyclic architectures bearing unnatural amino acids or alterna-
tive backbone structures.2 We have recently explored the
utility of 1,4-disubstituted 1,2,3-triazoleε-amino acids as
trans-amide dipeptide surrogates and reported the high-
resolution structural features of these substitutions in the
context ofR-helical coiled-coils,4 rigid â-turn scaffolds,5 and
extendedâ-sheet-like hollow tubular assemblies.2h Consider-
ing that triazoleε-amino acids can be conveniently synthe-
sized via Cu(I)-catalyzed 1,3-dipolar cycloaddition6 between
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amino acid-derived azides and alkynes, we wished to explore
whetherC2 symmetric triazole-substituted cyclic peptides,
useful in the fabrication of self-assembling peptide nanotubes,
could be efficiently synthesized in solution via tandem di-
merization-macrocyclization cycloaddition reactions (Scheme
1).7 We reported recently that peptide1 has high affinity

for self-association in solution and peptide nanotube forma-
tion in the solid state.2h The original synthesis of1 was
accomplished in 43% overall yield by employing Fmoc-
protectedε2-amino acid1c in the solid phase peptide syn-
thesis of the linear peptide precursor, which was subsequently

cyclized via macrolactamization to afford the desired ring
structure (Scheme 1, top route). We envisioned an alternative
strategy for the synthesis of macrocycle1 (Scheme 1, bottom
route) using azido-alkyne functionalized peptide1d via 1,3-
dipolar cycloaddition reactions involving intermolecular
dimerization followed by an intramolecular ring forming
reaction.7 Although this approach could, in principle, produce
a number of linear and cyclic oligomers, we hypothesized

that the backbone conformational preference imposed by the
alternatingR,S-amino acid chirality would kinetically favor
formation of the desired cyclic structure, which is also the
smallest unconstrained cyclic product possible. This route
was expected to provide a facile entry into a series of self-
assembling pseudo-hexapeptide scaffolds via an expedient
solution phase method.

We set out initially to resynthesize previously characterized
cyclic peptide1 in order to evaluate the viability of the
proposed route and its efficiency relative to the macrolac-
tamization method (Scheme 1). Addition of copper(I) iodide,
diisopropylethylamine, and 2,6-lutidine to a millimolar
solution of1d in acetonitrile led to the gradual formation of
a white precipitate from an initially homogeneous reaction
mixture. Analysis of the reaction mixture by RP-HPLC
indicated formation of cyclic pseudo-hexapeptide1 as the
major product (>90%) together with small amounts of the
cyclic trimer and larger oligomers. Despite the excellent yield
and product selectivity, the insolubility of the reaction
products severely complicated isolation of1. Self-assembling
cyclic peptides lacking ionizable side chains generally exhibit
low solubility due to their inherent propensity to form large
tubular assemblies. Although this property is desirable from
the nanotube supramolecular design perspective, it neverthe-
less adds practical difficulty to product isolation. To alleviate
this shortcoming, we took advantage of an amide backbone
N-alkylation strategy which has been shown to prevent
formation of nanotubular aggregates by breaking the network
of extended intermolecular backbone-backbone hydrogen
bonding.8 Our synthetic strategy thus was modified to employ
peptide precursors bearingN-(2,4-dimethoxy)benzyl (Dmb)
amide substituents.9

The Dmb backbone modifications were expected to render
the peptides highly soluble in most typical organic solvents
and be readily removed under strongly acidic conditions.
SubjectingN-Dmb-substituted azido-alkyne1a (Scheme 2)
to a similar reaction condition used in the tandem dimer-
ization-macrocyclization of1d gave a homogeneous reac-
tion mixture that was>90% cyclic product1b by HPLC
analysis. The improved solubility of the heterocyclic peptide
allowed facile purification by preparative HPLC providing
80% isolated yield of1b. The Dmb groups were removed
by treatment with TFA/TMSOTf/anisole (8:1:1) to afford free
peptide1, which could be isolated quantitatively by trituration
upon addition of diethyl ether to the reaction mixture.
Similarly, azido-alkynes2a and 3a were used to prepare
heterocyclic products2 and 3 in good isolated yields and
product selectivity (Scheme 2), suggesting the likely general-
ity of this approach.

The use of Dmb substituents and the resulting enhanced
solubility of heterocyclic peptides also enabled facile postsyn-
thetic modifications (Scheme 3). For example, cyclic peptide
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Scheme 1. Alternative Routes to Cyclic Peptide1

a HPLC yield;bratio of cyclic dimer (1) to cyclic trimer by HPLC.

Figure 1. Structures of (a) a dipeptide and (b) a triazoleε-amino
acid dipeptide surrogate.
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4 havingp-carboxyphenylalanine side chains could be readily
prepared starting from azido-alkyne 4a bearing ap-iodo-
phenylalanine residue by its conversion to4b using copper
with a tris(benzyltriazolylmethyl)amine ligand10 and sub-
sequent Pd0-catalyzed carboxylation of the aryl iodides
with acetic anhydride and formate.11 Selective removal of
the side chain protective groups in2b and3b by treatment
with TFA in the absence of TMSOTf led to soluble cyclic
architectures that could be further derivatized at their
periphery. Accordingly, the Boc-protected amines in het-
erocyclic peptide3b were deprotected and then reacted with
4′-substituted terpyridyl carboxylic acid12 to afford, after
Dmb group removal, peptide5 for potential use in the design
of metallopeptide nanotubular assemblies. In another ex-
ample, the side chains of heterocyclic peptides2b and 3b
were first selectively deprotected in the presence of TFA
and then condensed by dimerization via macrolactamization
to afford tricyclic peptide6. Dmb removal yielded pep-
tide 7, which represents a covalently captured minimal
repeating motif of a self-assembling heterocyclic peptide
nanotube.2h,13

It should be noted that the approach of tandem dimeriza-
tion-macrocyclization can also be generalized for the
expedient synthesis of unsymmetrical cyclic peptide se-
quences by taking advantage of the statistical product
distribution arising from the reaction of two different linear
azido-alkynes. As an example, subjecting an equimolar
mixture of peptides1a and 3a to the standard reaction
conditions gave a 1:1 mixture of homo- and heterodimeric
products from which8 was readily isolated in 31% yield.
This approach could provide a rapid and convergent route(10) Chan, T. R.; Hilgraf, R.; Sharpless, K. B.; Fokin, V. V.Org. Lett.
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Scheme 2. Synthesis ofC2 Symmetric Heterocyclic Peptides

a Ratio of the desired cyclic dimer to cyclic trimer by analytical
HPLC.

Scheme 3 Postsynthetic Modification of Heterocyclic Peptides

a Product isolated as a mixture of dimer and trimer.

Org. Lett., Vol. 7, No. 20, 2005 4505



for the preparation of combinatorial libraries of heterocyclic
peptide structures from readily available starting materials.
In summary, the approach described here should provide a
convenient entry for the design and synthesis of a variety of

heterocyclic pseudo-hexapeptide structures with potential
utility in biological and materials settings.
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Scheme 4. Synthesis of a Nonsymmetric Triazole Cyclic
Peptide
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