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Abstract—The synthesis of [1,2,3]-triazoles through copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition was examined for its util-
ity to generate assembled and scaffolded peptides from peptide and scaffold precursors, which were N-terminally modified with azido

and alkyne moieties, respectively.
© 2005 Elsevier Ltd. All rights reserved.

A central step in convergent synthesis strategies for the
generation of highly complex branched, assembled, or
scaffolded peptides and proteins, is the site-selective liga-
tion of peptide fragments with each other, or their
attachment to defined sites of a molecular scaffold.!
Such ligation reactions include the formation of thiazoli-
dines? or oximes® from mutually reactive precursors, as
well as native chemical ligation through reaction of a
peptide thioester with an N-terminal cysteine* in aque-
ous buffers. Fully protected peptide acids, on the other
hand, are often used for solid-phase fragment
condensation.>

The generation of [1,2,3]-triazoles through 1,3-dipolar
cycloadditions of alkynes to azides,® which belongs to
a group of reactions referred to as click chemistry,” pro-
ceeds at room temperature in the presence of copper(l)
as a catalyst.> 1% This reaction has been used for the
combinatorial synthesis of peptidotriazoles.'®!! A
highly potent acetylcholinesterase inhibitor was selec-
tively assembled, without using a catalyst, in the pres-
ence of the enzyme as a template, in which the alkyne
and azido precursors for the inhibitor were brought into
close spatial proximity.!> We have examined the cop-
per(I)-catalyzed reaction for its utility to generate
assembled and scaffolded peptides from peptide and
scaffold precursors, which were N-terminally modified
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Scheme 1. Generation of assembled peptides 1 through formation of
[1,2,3]-triazoles by ligating protected azido-peptides to resin-bound
alkyne precursors. Reagents and conditions: (a) N3Ac-T(z-Bu)S(z-
Bu)K(Boc)Y (z-Bu)-R(Pbf)-E(O#-Bu)G-OH in the presence of Cul. (b)
cleavage from the resin. See supplementary data for detail.

with azido and alkyne moieties, respectively. The strat-
egy for the solid-phase ligation of assembled peptides
is outlined in Scheme 1. In order to assess the compati-
bility of the method with different types of amino acids,
13 model peptides presenting all types of proteinogenic
trifunctional amino acids were synthesized on solid
phase, and their N-terminal amino group acylated with
propiolic acid. The resin-bound peptides were ligated, in
the presence of Cul as the catalyst, with the protected,
azidoacetylated peptide N3;Ac-T(z-Bu)S(z-Bu)K(Boc)-
Y (t-Bu)R(Pbf)E(Oz-Bu)G-OH. Azidoacetic acid for the
N-terminal acylation was generated in situ from bromo-
acetic acid and sodium azide. Upon cleavage from the
resin, all assembled peptides 1 were obtained in high
purity, as determined by HPLC with UV and ESI-MS
detection (LC-MS, Fig. 1). The few impurities found
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Figure 1. HPLC chromatogram (bottom) and ESI mass spectrum of the peak at 5.49 min (top) of crude 1 with X = W.

in some of the peptides, that is, the dimeric disulfide in
X =C, the aspartimide peptide in X =D and the
Met(O) peptide in X = M (see supplementary data) are
the result of typical side reactions associated with these
amino acids, and unlikely to be a side product of the
cycloaddition reaction.

While the thermal, non-catalyzed 1,3-dipolar cycloaddi-
tion of azides to alkynes is a regio-unspecific reaction
generating a mixture of the 1,4- and 1,5-substituted
[1,2,3]-triazoles, the copper(I)-catalyzed reaction has
been reported to yield selectively the 1,4-substituted tri-
azole.'® This could be confirmed through 'H NMR
spectroscopic  analysis of assembled peptide 2,
which was generated through ligation of N3Ac-Y
(-Bu) GGFLG-OH with resin-bound T(z-Bu)S(z-Bu)K
(Boc)Y (-Bu)R(Pbf)-E(O#-Bu)G (N-terminally acylated
with propiolic acid), as described for 1. The spin systems
(amino acid residues and triazole system) were readily
identified from the two-dimensional TOCSY and
NOESY spectra (see supplementary data). The NOESY
spectra enabled unambiguous sequential assignment of
the amino acid residues from cross-peaks corresponding
to (i, i+ 1) HYHN and (i, i + 1) HYH* NOEs. Strong
NOE effects were observed between the triazole proton
and the N-substituted methylene group, indicating a
close proximity of the triazole proton and the N-substi-
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Figure 2. Structure and section of the 2D NOESY spectrum of 2. The
cross-peak marked with an arrow corresponds to the NOE between the
triazole proton and the N-substituted methylene group.

tuent, thus providing strong evidence for the selective
formation of the 1,4-substituted triazole (Fig. 2). This
was further confirmed by the observation of a three-
bond correlation between protons of the N-substituted
methylene group and the protonated olefinic carbon of
the triazole ring.

The triazole ligation method was further tested for its
utility to generate scaffolded peptides, in which peptide
fragments are presented in a conformationally con-
strained, discontinuous fashion through a molecular
scaffold.'>'* Three different protected peptide acids,
which were synthesized on 2-chlorotrityl resin, and N-
terminally acylated with azidoacetic acid, were attached
in a site-selective fashion to three sites of the scaffold,
affording scaffolded peptide 3. The synthesis is outlined
in Scheme 2.

A resin-bound cyclic scaffold molecule containing two
orthogonally protected lysine residues, as well as a 4-
nitrophenylalanine residue, as selectively addressable
attachment points for protein fragments, was synthe-
sized on solid phase. The scaffold was cyclized through
intramolecular thioether formation between the N-
terminal bromoacetyl moiety and the SH group of the
C-terminal cysteine residue. After removal of the ivDde
group from the e-amino group of one scaffold lysine
residue, the free amino group was acylated with
the symmetrical anhydride of propiolic acid, fol-
lowed by ligation with N3;Ac-AR(Pbf)PGY(7-Bu)-
LAFPR(Pbf)MG-OH in the presence of Cul. The
Aloc group was removed from the second scaffold lysine
residue, and the free amino group acylated with propi-
olic acid, followed by ligation with N3;Ac-T(z-Bu)S
(-Bu)K(Boc)Y(#-Bu)R (Pbf)E(Oz-Bu)GG-OH. After
reducing the nitro group with tin(II) chloride,'* and
acylating the resulting aromatic amino group with pro-
piolic acid, the third triazole was formed through liga-
tion with N3;Ac-Y(#-Bu)GGFLG-OH. The resulting
scaffolded peptide was cleaved from the resin, purified
by preparative HPLC, and analyzed by LC-MS (Fig. 3).

In summary, the regioselective, copper(I)-catalyzed 1,3-
dipolar cycloaddition of alkynes to azides, yielding 1,4-
substituted [1,2,3]-triazoles, has been successfully used
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Scheme 2. Generation of scaffolded peptide 3. Reagents and conditions: (a) Removal of the ivDde group. (b) Acylation with propiolic acid. (c)
Ligation with N3Ac-AR(Pbf)PGY (-Bu)LAFPR(Pbf)MG-OH. (d) Removal of the Aloc group. (e) Ligation with N3Ac-T(#-Bu)S(#-Bu)K(Boc)Y
(-Bu)-R(Pbf)E(Oz-Bu)GG-OH. (f) Reduction of the nitro group. (g) Ligation with N3Ac-Y(#-Bu)GGFLG-OH. (h) Cleavage from the resin. See

supplementary data for detail.

to generate assembled and scaffolded peptides from al-
kyne and azido peptide and scaffold precursors, respec-
tively. This strategy is expected to be particularly useful
for the generation of combinatorial libraries of assem-
bled and scaffolded peptides through cross-combination
of mutually reactive alkyne and azido peptide and scaf-
fold precursors, respectively. Furthermore, the free car-
boxy groups of the resulting molecules are points for
further chemical modification, for example, through
the intra- or intermolecular formation of ester and

amide bonds. The extension of this ligation method to
the use of unprotected peptide precursors is in progress.
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Figure 3. HPLC chromatogram (bottom) and ESI mass spectrum of the peak at 7.34 min (top) of purified 3.

Supplementary data

Experimental detail of the syntheses, LC-MS data of 1,
NMR data of 2, ESI-MS data of 3. Supplementary data
associated with this article can be found, in the online
version, at doi:10.1016/j.tetlet.2005.04.107.
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