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Abstract: 1,2,3-Triazoles represent a class of heterocycles with interesting properties for application in peptide
sciences since they closely resemble amide bonds while being stable to enzymatic degradation. These
characteristicsmake1,2,3-triazolespromising candidates as amide-bondsurrogates for thedevelopment of novel
peptidomimetics with potentially improved biological characteristics. Despite the potential of the heterocycle as
an amide-bond isoster, only few examples of triazole-based peptidomimetics can be found in the literature.
With the intention to promote this new and promising strategy for peptide modification, this review summarizes
synthetic methods available for the facile preparation of α-amino acid and α-amino alkyne building blocks and
their use for the incorporation of 1,4-disubstituted 1,2,3 triazoles into the backbone of peptides mediated by the
Cu(i)-catalyzed alkyne–azide cycloaddition (CuAAC). In addition, examples of the successful amide-to-triazole
substitution in biologically active peptides are presented.
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Introduction

Peptides are amajor class of pharmaco-
logically active compounds, which benefit
from high specificity and low toxicity. As
such, they offer an attractive alternative to
small molecule therapeutics. However, a
number of peptides of medicinal interest
suffer from poor metabolic stability as a
result of rapid degradation by proteases in
vivo. As a consequence, the discovery of
new structural elements that mimic effec-
tively the physicochemical properties of
an amide bond has been a long-time chal-
lenge for chemists. The replacement of
amide bonds by isosteres or bioisosteres
in biologically active peptides can provide
access to new peptidomimetic structures
with improved biological properties. In
this context, peptide backbone modifica-
tions have become a common strategy for
structure–activity relationship studies of
bioactive peptides and peptide-based drug
design.[1]Tools available for medicinal and
peptide chemists are manifold and range
from amide-related functional groups such
as esters, thioesters, thioamides, hydra-
zides, or ureas,[2] to a variety of hetero-
cycles including tetrazoles, oxazoles, or
1,2,4-triazoles (Fig. 1).[3]

Of the heterocyclic mimetics of am-
ide bonds reported, 1,2,3-triazoles are
of particular interest because they share

both electronic and topological character-
istics with their natural counterpart (Fig.
2).[4] 1,2,3 Triazoles and amide bonds are
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preparation of chiral α-amino alkynes
from the corresponding α-amino acids re-
quires more synthetic steps and proceeds
via an amino aldehyde intermediate, which
is prone to racemization. The synthesis can
be performed by either the Corey-Fuchs or
Seyferth-Gilbert protocol (Scheme 3).[15]
The Corey-Fuchs homologation is a two-
step procedure that requires a strong base
(e.g. butyl lithium), inert conditions, and
low temperature.[15a] The harsh basic con-
ditions of this α-amino acid homologation
protocol bear the risk of racemization of the
α-amino aldehyde intermediate and thus,
milder procedures would be preferable.[16]
In this context, the method reported by
Bestmann andOhira provides a solution.[17]
The Bestmann-Ohira reagent 3 is com-
mercially available, stable and requires
neither a strong base, inert conditions,
or low temperature. Dickson et al. have
published a convenient one-pot procedure
for the synthesis of terminal alkynes from
methyl esters or Weinreb amides using re-
agent 3.[18] The procedure described by the
authors is particularly practical since it is
scalable and avoids the isolation of the sen-
sitive chiral α-amino aldehyde intermedi-
ate. The homologation reaction described
by Bestmann and Ohira is compatible
with all amino acid side chains and clas-
sical protective groups used in solid phase
peptide synthesis, and thus, represents

both planar and of similar size, possess a
high dipolar moment, and feature similar
H-bonding capabilities.[5] In contrast to
amide bonds, the disubstituted heterocycle
is resistant to cleavage by proteases. All
these characteristics make 1,2,3-triazoles
attractive amide-bond surrogates for pep-
tide backbone engineering.

The discovery of the copper(i)-cata-
lyzedazide-alkynecycloaddition(CuAAC)
by the groups of Meldal and Sharpless in
2002 provided an easy access to 1,4-di-
substituted 1,2,3-triazoles (Scheme 1)
and thus, to peptidotriazoles, a new class
of backbone-modified peptidomimetics.[6]
In 2005, Fokin and co-workers reported
the catalytic transformation of azides and
alkynes mediated by ruthenium(ii), which
gives selective access to 1,5-disubstituted
1,2,3 triazoles (RuAAC) as a structural
variation.[7] Despite the major interest
of the scientific community in CuAAC
and RuAAC, relatively few examples of
triazole-based peptide backbone modi-
fications have been reported. A possible
reason for the moderate use of 1,2,3-tri-
azoles in peptide-based drug design could
be the lack of either commercially avail-
able building blocks or, alternatively, the
limited number of successful examples of
amide-to-triazole substitutions in biologi-
cally relevant peptides. In this mini-review,
we wish to provide a practical guideline of
synthetic methods for the facile prepara-
tion of the building blocks required (chiral
amino alkynes and azido acids) and their
implementation in triazole-based peptide
backbone engineering. While both 1,4-
and 1,5-disubstituted triazoles have been
reported as amide-bond surrogates, e.g. in
small non-peptide molecules,[8] we focus
here on 1,4-disubstituted 1,2,3-triazoles as
trans-amide-bond surrogates in peptides.
A comprehensive overview on the topic
is beyond the scope of this mini-review
and instead, we refer to some recent re-
view articles covering various aspects of
CuAAC and its applications, e.g. in peptide
science.[9]

Synthesis of Building Blocks

Chiral α-azido acid building blocks
can be readily synthesized from the cor-
responding amino acids in a single step by
a diazo transfer reaction with retention of
the stereochemistry (Scheme 2). Two sul-
fonyl-based reagents are commonly em-
ployed for this transformation, triflyl azide
(1) and, more recently, imidazolylsulfonyl
azide (2) .

The synthesis of azides from amines
with triflyl azide 1 was first described by
Cavender and Shiner in 1972.[10] Reagent
1 enables the diazo transfer under mild
conditions, compatible with common pro-

tective groups of amino acid side chains.
In 1996, Alper et al. improved the effi-
ciency of the reaction by adding a divalent
metal catalyst such as Cu(ii) or Zn(ii).[11]
However, the limited solubility of reagent
1 in polar solvents, usually required to dis-
solve α-amino acids and metal catalysts,
demands the careful optimization of the
reaction conditions.[12] In addition, triflyl
azide 1 needs to be prepared freshly and is
a potential explosive. The growing inter-
est in amine-to-azide conversions has led
to the development of another diazo trans-
fer reagent based on an imidazolylsulfonyl
moiety. Goddard-Borger and Stick pro-
posed compound 2 as an inexpensive, safe,
and easy to handle reagent for the synthesis
of azides.[13] With reagent 2, diazo trans-
fer reactions can be performed safely on a
gram-scale without the need of purification
of the product by column chromatography.
On the other hand, it has recently been re-
ported that the hydrochloride of reagent
2 is highly hygroscopic and hydrolyzes
slowly upon storage at room temperature.
Thorough drying and storage at low tem-
perature is recommended in order to pro-
long the chemical’s shelf life.[14] A direct
comparison between reagents 1 and 2 sug-
gests that the latter is equally efficient or
superior to compound 1 in terms of yields
and reaction times, but easier to handle.

In comparison to α-azido acids, the
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Examples of Biologically Active
Triazolopeptides

Because of its high efficiency and spec-
ificity, the CuAAC is particularly suited for
macrocyclizations. As a consequence, the
majority of triazole-containing peptidomi-
metics reported are cyclic peptides. One of
the first examples published by Bock et al.
describes the replacement of several amide
bonds within the amino acid sequence of
cyclic tyrosinase inhibitor 4 (Fig. 3). All
the resulting triazolopeptides 5–7 were as
active as the parent cyclopeptide 4 with
regards to inhibition of the tyrosinase.[25]
Interestingly, the use of CuAAC and thus
the 1,2,3-triazole amide bond mimic, was
required since the cyclization of com-
pounds 4–7 could not be achieved by tra-
ditional peptide cyclization strategies due
to the ring strain involved.[26,27]

Davis et al. have reported triazolopep-
tide 9, an analogue of sansalvamide A (8),
an inhibitor of heat shock protein 90 with
cytotoxic effect against several cancer cell
lines.[28] In their work, the authors studied
the utility of different moieties as amide-
bond surrogates (1,2,3-triazole, oxazole,

the method of choice for the preparation
of amino alkynes. Yet, verification of the
optical purity of α-amino alkyne products
is recommended because partial racemiza-
tion of certain amino acids in the course
of the homologation reaction has recently
been disputed in the literature.[16a,19]

Synthesis of Triazolopeptides

Azido- and alkyne building blocks can
be built into the backbone of peptides by
classical methods of solid-phase or solu-
tion peptide chemistry.[11b,20] The triazole
can be incorporated by different strate-
gies. For example, the synthesis of small
cyclic triazolo-peptides is usually achieved
by solution-phase synthesis of the precur-
sor followed by cyclisation employing the
CuAAC (Scheme 4A; see examples in the
following section). For the synthesis of
longer triazolopeptides, the triazole can be
incorporated during peptide elongation by
coupling of a triazole-containing dipeptide
mimic by classical SPPSmethods (Scheme
4B).[19a] Alternatively, the heterocycle can
be installed on solid support by CuAAC of
an alkyne precursor with an immobilized
azide (Scheme 4C).[21] Finally, peptide
fragments functionalized with azides and
alkynes can be conjugated by CuAAC in
solution, a strategy that has been proven
useful as a ligation method for the assem-
bly of larger proteins by CuAAC.[22]

Various experimentally determined
reaction conditions have been reported
for the CuAAC in solution and on solid
support. While a thorough discussion of
this aspect cannot be covered in this mini-
review, general practical aspects are dis-
cussed instead. The CuAAC is a metal-cat-
alyzed, stepwise reaction that requires the
presence of an active copper(i) species, an
azide, an alkyne, and a proton acceptor.[6c]
The reaction is very robust provided that
all the aforementioned reactants are main-
tained in solution and that the copper(i)
is not oxidized or disproportionated. In
particular, the copper(i) source should be
chosen in accordance to the solvent system
employed. In general, copper(i) halides or
[Cu(CH

3
CN)PF

6
] are the preferred Cu(i)

source to perform the CuAAC in organic
solvents such as THF, DMSO, or toluene.
Employment of these salts often requires
an equivalent of an amine base such as
triethylamine, diisopropylethylamine, or
piperidine.[6b,c] For CuAAC conjugations
in aqueous media , the in situ generation
of Cu(i) catalyst from Cu(ii) salts in the
presence of a reducing agent, e.g. sodi-
um ascorbate, has become the method of
choice. Water-soluble sources of copper(i)
have found frequent application because
Cu(ii) salts are often cheaper and available
in higher purity than copper halides. The

combination of CuSO
4
and sodium ascor-

bate is particularly suited for CuAACs in
polar solvents, such as water, alcohols,
acetonitrile, DMF, or mixtures thereof.

If the substrates of the CuAAC pos-
sess potential coordination or chela-
tion sites for copper species (e.g. car-
boxylates, phosphates, thiols, imid-
azoles, or amines) it is recommended
to add a stabilizing ligand to prevent
sequestering of the copper catalyst.[23]
In addition, the presence of such ligands
often accelerates the reaction and prevents
the oxidation of the Cu(i) catalyst.[24]
A large number of stabilizing ligands for
Cu(i) has been reported of which polytri-
azole-based systems have been employed
most frequently. Among these readily ac-
cessible and structurally diverse ligands,[25]
tris-(benzyltriazolylmethyl)amine (TBTA)
is commercially available and thus, most
commonly used.

Even though some general procedures
and reaction conditions can be defined for
performing the CuAAC with peptidic sub-
strates, it should be noted that individual
optimizations may be required in certain
cases in order to achieve optimal results.
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thiazole, or pseudoprolines) in the same
position (Fig. 3). Evaluation of the com-
pounds in vitro revealed that only triazole
and thiazole heterocycles could be incor-
porated in the peptide without reduction
of its cytotoxicity. In the case of triazole
derivative 9, the potency of reference com-
pound 8 was maintained in terms of the in-
hibition of cell proliferation.

Horne et al. have replaced an iso-
leucyl-pipecolyl residue by an isoleucyl-
1,2,3-triazole-alanyl dipeptide mimic in
apicidin 10, an inhibitor which binds with
nanomolar affinity to several subtypes of
histone deacetylases, (HDACs; Fig. 4).[19c]
Interestingly, the modification changed the
subtype-specificity of the original com-
pound. Compared to apicidin 10, triazo-
lopeptide 11 showed an 8-fold decreased
inhibitory effect against HDAC-subtype 1
while the affinity against HDCA-subtype
3 was retained.

Cyclic peptides containing the amino
acid sequence Arg-Gly-Asp (cRGD) bind
to α

v
β
3
integrins, which are involved in

tumor angiogenesis and metastasis. Thus,
a variety of cRGD-based compounds have
been developed to target specifically tu-
mor cells. In 2008, Liu et al. published the
synthesis of a mimic of cyclopeptide 12
in which the d-phenylalanyl residue was
replaced by a glycyl-1,2,3-triazole-glycyl
dipeptide mimic (Fig. 4).[29] In vitro studies
performed with both compounds showed
that triazolopeptide 13 had an affinity to-
wards its receptor comparable to that of the
parent compound 12.

Sunflower trypsin inhibitor 1 (SFTI-1)
is a potent, cyclic protease inhibitor with

a turn conformation crucial for its activ-
ity. Tischler et al. have replaced a trans-
amide bond located between the prolyl
and the alanyl residue of SFTI-1 analog 14
by a prolyl-1,2,3-triazole-alanyl dipeptoid
(Fig. 4).[21] In their work, the authors report
the use of both 1,4- and 1,5-disubstituted
1,2,3-triazoles as amide-bond surrogates.
As expected, only compound 15 deriva-
tized with a 1,4-disubstituted triazole ad-
opted a conformation close to the one of
cyclopeptide 14 and exhibited nanomolar
affinity against bovine trypsin.

The examples discussed above demon-
strate the feasibility of the substitution of
amide bonds by 1,2,3-triazole heterocycles
in the backbone of peptides. Surprisingly,
application of 1,2,3-triazoles as amide-
bond surrogates in linear, biologically
active peptides has not yet been reported.
Thus, we have recently started a research
program directed towards the study of
1,2,3-triazoles as stabilizing elements in
linear peptides. The results of these inves-
tigations will be reported in due time.

Conclusions

Despite the widespread use of the
CuAAC in all fields of chemistry, relative-
ly little attention has been paid so far to
the potential of 1,4-disubstituted 1,2,3 tri-
azoles as amide-bond bioisosteres for pep-
tide backbone engineering. In this mini-
review, we provide a general and practi-
cal guideline for the synthesis of α-azido
acids and α-amino alkynes and their use
for amide-to-triazole substitution in the

backbone of peptides with the intention to
make this novel methodology for peptide
modification more accessible. As more
azide and alkyne building blocks become
commercially available and the number of
examples of reported triazolopeptides in-
creases, we expect that the presented strat-
egy will find broad application in the field
of peptide science, e.g. for tumor targeting
with peptides for drug delivery, imaging,
or peptide receptor therapy.
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