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ABSTRACT

Copper(II)-induced oxidative aminolysis of hydrazides generates Cu(I), the catalyst of the azide�alkyne cycloaddition. This feature was exploited
to design a novel solid phase detaching three-component reaction permitting the conversion of supported peptide hydrazides into 1,2,3-triazole
linked C-terminal neoglycopeptides.

Multicomponent reactions (MCRs) represent a chemi-
cal process involving at least three reactants for the in-
herent formation of several covalent bonds in one opera-
tion.1 By definition, MCRs are chemo- and regioselective,
convergent step-efficient procedures and take place with
high atom economy.2 Another important feature implies
the diminution of waste production due to the decrease of
synthetic or isolation steps along with saving time.3

Since its discovery reported byMeldal4 and Sharpless,5 the
copper(I)-catalyzed Huisgen6 1,3-dipolar cycloaddition of

organic azides and terminal alkynes (CuAAC) has been
playing an outstanding role in various fields of chemistry
and biochemistry7 research. The resulting 1,4-disubsti-
tuted 1,2,3-triazoles are obtained in high yields with ex-
clusive regioselectivity under mild reaction conditions.
However, only few reports describe the implementation
of CuAAC in MCRs.8,9 Most of these MCRs were de-
signed to circumvent the handling of azides, whose synth-
esis and isolation can be problematic due to their potential
explosive or unstable nature. For example, three-component
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copper catalyzed reactions inwhich azides are generated in
situ from corresponding alkyl8 or aryl9 halides and sodium
azide in the presence of terminal alkynes give access to
diversely substituted 1,2,3-triazoles.
We describe hereinafter a novel three-component reac-

tion based on a Cu(II)-triggered aminolysis of peptide
hydrazide resin and an azide�alkyne cycloaddition se-
quence. This process is delimited by the dashed square in
Scheme 1.

One of the components of this MCR is the protected
peptidyl resin2, which is obtained fromarylhydrazine resin
1 using standard solid phase peptide synthesis (SPPS).
Copper(I), the catalyst of CuAAC, is generated in situ
during oxidation of arylhydrazine resin 2 by copper(II).
Aminolysis of the resulting supported peptidyl diazene
resin 3 by azido amine 4 releases the protected azido
peptide 5 in solution. Cu(I) formed in the first step of the
MCR catalyzes the CuAAC between azido peptide 5 and
alkyne 6 to give triazole 7. Finally, removal of peptide

protecting groups furnishes target peptide 8. Overall, this
MCR encompasses four chemical transformations: the
oxidation of hydrazide 2 into diazene 3, the reduction of
Cu(II) into Cu(I), the diazene aminolysis which results in
the detachment of the peptide chain from the resin, and
finally the CuAAC.
This proof of concept study is illustrated with the

synthesis of neoglycopeptides, for which the R group is a
carbohydrate or carbohydrate mimic in the general for-
mula 8 (Scheme 1). Several reports describe the application
of CuAAC for the synthesis of these biologically signifi-
cant conjugates10 using either alkynyl11 or azido12 oligo-
saccharides. Recently, Brimble et al.13 has combinedNative
Chemical Ligation and CuAAC in a one-pot process
leading to neoglycopeptides from unprotected propargyl-
peptides and azido glycans.14 However, the strategy de-
picted in Scheme 1 constitutes the first MCR approach to
neoglycopeptides.
Neoglycoconjugates 8 (R= carbohydrate/carbohydrate

mimic) feature a sugar moiety directly linked to the
C-terminus of the peptide chain. The preparation of such
neoglycoconjugates has not been reported before. Conse-
quently, as a step toward the study of the MCR, we
undertook their synthesis by a stepwise approach as shown
in Scheme 2. Model sequence Ac-ILKEPVYX (X=Gly,
Ala, Ser, Val, or His) was assembled on resin 1, which
allows Fmoc-SPPS and racemization-free synthesis of
peptide amides by mild Cu(II)-oxidative aminolysis of
the hydrazinocarbonyl bond.15 3-Azidopropylamine hy-
drochloride 4 required for the oxidative aminolysis reac-
tion was obtained in two steps starting from commercially
available N-(3-bromopropyl)phtalimide (see Supporting
Information). The use of this ammonium salt avoids the
handling of 3-azidopropylamine, which is volatile.16 For-
mation of acyldiazene intermediate 3 (Scheme 1) from
protected peptide hydrazide resin 2 requires 2 equiv of
Cu(II). We used for this step 0.5 equiv of Cu(OAc)2 with
air bubbling to allow the recycling of the formed Cu(I)
into Cu(II) by molecular oxygen (Scheme 2). Oxidative
aminolysis of model peptidyl resins 2a�e followed by

Scheme 1. Principle of Three-Component Reaction
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deprotection in TFA and reversed-phase (RP) HPLC
purification successfully furnished C-terminal azido pep-
tides9a�dwith 12�29%overall yields starting from resin 1.
Synthesis of peptide 9e with the C-terminal His residue
was problematic whose yield was only 4%. This is prob-
ably due to the capacity of the imidazole group to chelate
with copper.
The Cu(I)-catalyzed 1,3-azide�alkyne cycloaddition

was optimized using azido peptide 9b (X = Ala) and
4-phenyl-1-butyne 6a (R = CH2Ph) as a model alkyne
(Scheme 2). Several solvents and catalysts were screened at
room temperature. The CuI/DIEA system in DMF4 was
unsatisfactory. Likewise, no product formation was ob-
served with CuSO4 3 5H2O/sodium ascorbate (NaAsc) 10/
100 mol % catalyst in aqueous acetonitrile. Alternately,
this catalyst successfully yielded 1,3-triazole 8a in 4 h using
tBuOH/H2O as solvent (99% convertion, 89% isolated,
entry 1, Table 1). Decreasing CuSO4 3 5H2O/ascorbate
loading to 5/50 mol % led to a conversion of 93%, but
the reaction time needed to be extended to 20 h. Con-
sequently, optimized reaction conditions corresponded
to CuSO4 3 5H2O/NaAsc 10/100 mol % in tBuOH/H2O
1/1 by vol.
The utility of this procedure was confirmed by examin-

ing a series of alkyne monosaccharides 6b,c and mannose
mimics17 6d,e along with C-terminal azido peptides 9a�d

(72�82% isolated yields, entries 2�5, Table 1). Cycloaddi-
tion of His peptide 9e with lactose derivative 6f permitted
the isolation of neoglypeptide 15 albeit with a lower yield
(entry 5, Table 1).
These preliminary experiments set the stage for studying

the MCR between protected peptide hydrazide resin 2,

3-azidopropyl amine hydrochloride 4, and alkyne 6. As pre-
viously indicated, the oxidative aminolysis of the hydrazide
bond requires 2 equiv of Cu(II). The use of substoichio-
metric amounts of Cu(II) for this step must be compen-
sated by the introduction of an oxidant in the process, such
as molecular oxygen, which oxidizes Cu(I) back to Cu(II).
However, azide�alkyne cycloaddition requires mainte-
nance of a high concentration of Cu(I) in solution. This
is usually achieved by using Cu(II) and a reductant such as
sodium ascorbate. At first glance, these two chemical
reactions appear incompatible. But this apparent problem
can be resolved by using stoichiometric amounts of Cu(II)
for the hydrazide oxidation step andbyworking rigorously
under an inert atmosphere (O2<1ppm), thereby avoiding
the oxidation of Cu(I) to Cu(II).
Optimization of experimental conditionswas performed

using protected peptide hydrazide resin 2b (X = Ala), 2

Scheme 2. Stepwise Synthesis of 1,2,3-Triazole Peptides 10�15 Table 1. Yields for 1,2,3-Triazole Peptides 10�15

a Isolated yields. Products were purified by RP-HPLC.
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equiv of ammonium salt 4, 2 equiv of 4-phenyl-1-butyne
6a, and 2.5 equiv of copper(II) acetate in the presence ofN,
N-diisopropylethylamine (DIPEA) (Scheme 3, Table 2).
We first examined the influence of the solvents on the
MCR efficiency. Dichloromethane (entry 3, Table 2)
proved superior to THF (entry 1) and DMF (entry 2); this
may be due to the better swelling of the polystyrene resin in
the former solvent. In each case, C-terminal azido peptide
9b was identified as a major side product (∼30% by RP-
HPLC). Using amixture of pyridine and dichloromethane
for the MCR improved the isolation of target peptide 10
(entry 4) and decreased the proportion of 9b 2-fold. In a
control experiment, we replaced Cu(II) by Cu(I) using
pyridine/dichloromethane as solvent. Formation of pep-
tide 10was not observed, but the 1,2,3-triazole product 16
formed from the cycloaddition of azidopropylamine 4 and
4-phenyl-1-butyne 6a could be isolated with a 84% yield
(entry 5). This experiment shows the importance of Cu(II)
for triggering the MCR. Note that 1,2,3-triazole product
16 can be formed during the MCR once Cu(I) has been
generated during the hydrazide oxidation step. 16 can
participate also in the aminolysis of diazene resin 3

(Scheme 1). Peptide 7 is thus potentially the end product
of two different chemical pathways.
The application of the MCR to peptidyl resin 2b (X =

Ala) and shikimic derivative 6d successfully furnished
neoglycopeptide 17. We used only 1.5 equiv of amine 4

for this reaction to furtherminimize the formation of azido
peptide 9b, which was indeed barely detected in the crude
product. TheRP-HPLC chromatogram shown in Figure 1
highlights the good purity of the crude neoglycopeptide 17
releasedduring theMCR.A similar resultwasobtained for
the MCR involving resin 2a (X = Gly) and quinic
derivative 6e (entry 7, Table 2).
In conclusion, we have described a novel Cu(II)-

triggered MCR based on an oxidative aminolysis 1,3-
cycloaddition sequence. The MCR process requires a
peptide hydrazide resin, an amino azide linker, and an

alkyne, resulting in the formation of peptides modified at
the C-terminus through an amino 1,2,3-triazole linker.
Cu(I), the catalyst of the 1,3-cycloaddition reaction, is
formed during the oxidative aminolysis step, which also
allows the cleavage of the peptide from the solid sup-
port. The MCR was applied to the synthesis of a novel
family of neoglycopeptides. This reaction can poten-
tially be used for the synthesis of a large variety of
peptide derivatives starting from Fmoc-SPPS as-
sembled peptidyl resins.
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Table 2. Results for the MCR�Deprotection Sequence

a 2 equiv of amine 4. b 1.5 equiv of amine 4.

Figure 1. RP-HPLC chromatogram of the crude MCR with
peptidyl resin 2b (X = Ala) and shikimic derivative 6d.


