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Abstract—Here we report the first Staudinger ligations which yield tetra- and pentapeptides starting from N-terminal �-azido
peptides and C-terminal peptide o-(diphenylphosphine)phenyl esters. Mass spectrometric analysis of the reaction mixture provided
a better insight into the mechanism of the Staudinger ligation and has been used to explain the observed intermediates and to
optimize the ligation reaction. As a result, the optimized reaction enables the chemoselective coupling of peptides containing
amino acids other than glycine at the ligation site. © 2003 Elsevier Science Ltd. All rights reserved.

Among the existing methodologies for the chemical
synthesis of large polypeptides or mini-proteins, the
native chemical ligation1 as developed by Kent and
co-workers has the highest potential.

Despite several reported successful syntheses2 the native
chemical ligation methodology is restricted in its use by
the requirement of an N-terminal cysteine residue or a
cysteine-mimicking auxiliary of the C-terminal peptide
segment.3

Recently, a novel chemoselective ligation reaction has
been described, based on a modified Staudinger reac-

tion developed earlier for the modification of cell-sur-
face glycans,4 which uses C-terminal phosphine
(thio)esters and N-terminal azides.5 This so-called
Staudinger ligation should be independent of the nature
of the amino acid side chain at the N-terminus of the
C-terminal peptide fragment. However, so far it has
only been used for acetyl transfer to an azido acid5b or
for the synthesis of dipeptides in which at least one
glycine residue was present.5a,c,6

To explore the possibilities of the Staudinger ligation
for the total synthesis of proteins, we studied the liga-
tion process of peptide fragments by mass spectrometry

Figure 1. Phosphines and azido peptides used in this study.
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in order to monitor the formation of the ligation
product, the intermediates and by-products. This
resulted in optimized reaction conditions, with respect
to the presence of reagents and temperature, for carry-
ing out a Staudinger ligation. Thus, a chemoselective
ligation of peptide fragments was found to be possible
affording penta- or hexapeptides and which is indepen-
dent of the presence of a glycine residue at the ligation
site (Fig. 1 and Scheme 1).

Although thioesters are for obvious reasons popular in
chemical ligation strategies, we envisioned (oxy)esters
as promising alternatives. In fact protein synthesis in
Nature involves the use of (oxy)esters of ribose in
aa-tRNA substrates.7 Thus, by proper tuning of the
reactivity of an ester and/or the reaction conditions, it
should be possible to use ultimately (oxy)esters in
chemical ligation strategies for efficient synthesis of

proteins. In addition, thioesters are not always synthe-
tically easy to access. Thus, it was decided to use
(oxy)esters, e.g. the o-(diphenylphosphine)phenol auxi-
liary,5b to transfer a peptidyl fragment to an azido
peptide in a Staudinger ligation.

Ligation of phosphine 18 and azide 39 was carried out
at 50 mM in THF/H2O 3/1 v/v as originally described
by Bertozzi and co-workers.4a,5b The reaction was mon-
itored by TLC and EI-MS. It was found that the
iminophosphorane (intermediate I in Scheme 2) was
formed almost instantaneously. An intramolecular O�
N-acyl shift may result in the formation of amidophos-
phonium salt IIa followed by collapse to IIb. However,
I and IIa/b have identical molecular mass and therefore
it is difficult to distinguish between these intermediates.
Despite its presumed rapid hydrolysis, I/II was found
to be very stable and 5 (Boc-Val-Gly-Phe-Leu-OMe)
was formed in minimal amounts and by-products

Scheme 1. The Staudinger ligation affording a pentapeptide which is independent of the presence of a glycine residue at the
ligation site.

Scheme 2. Proposed reaction mechanism of the Staudinger ligation.14 This mechanism is based on mass spectroscopic analysis of
the reaction mixture. The amino acid residues in italics indicate the site of ligation.
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resulting from, e.g. the hydrolysis of the ester bond and
oxidation of the phosphine were found as major prod-
ucts instead.

In order to attempt to reduce the by-product formation
and/or to increase the concentration of possible inter-
mediate IIb, it was decided to run the Staudinger
ligation with only one equivalent or in the absence of
water. After hydrolysis, the equilibrium mixture should
result in the preferred formation of ligation product 5.
Indeed, TLC and EI-MS analysis showed only the
formation of I/II, and 5 was isolated in 25% yield.
Apparently, the absence of excess water favored the
intramolecular acyl substitution. The next step in the
optimization process was to increase the temperature,
as was mentioned in the literature,4b 47°C should be
ideal. Running the Staudinger ligation at this tempera-
ture resulted in the formation of 5 in an increased yield
of 36%. NMR analysis showed that the phenylalanine
retained its chiral integrity since no diastereomers could
be detected which is in agreement with the data of
Raines and co-workers.6

These optimized reaction conditions10 were used for the
ligation of peptides 2 and 3 in which glycine residues
are absent at the ligation site and Boc-Val-Gly-Ala-
Phe-Leu-OMe 6 was obtained in a satisfactory yield of
32%.

Since one of the major goals of chemical ligation strate-
gies of peptides is the ligation of unprotected peptides,
azido peptide 411 was used as a model of an unpro-
tected peptide. This model peptide was also chosen to
study any non-specific aminolysis of the phosphine by
the nucleophilic �-amino group of the lysine residue.
Ligation of 1 and 4 resulted in formation of Boc-Val-
Gly-Leu-Lys-Phe-NH2 7 in a somewhat disappointing
yield of 6%. NMR studies showed the presence of an
amide-NH–Leu-�CH correlation, however, an amide-
NH–Lys-�CH2 correlation was also found,12 hence a
non-specific aminolysis could not be ruled out.13

Finally, ligation of peptides 2 and 4 resulted in the
formation of Boc-Val-Gly-Ala-Leu-Lys-Phe-NH2 8,
which could only be detected by EI-MS. It should be
mentioned, however, that the formation of the interme-
diate I/II resulting from 2 and 4 was rapid and unam-
biguously detected by EI-MS and was stable for at least
2 h in aqueous THF. The apparent stability of said
intermediates may have resulted in a slow product
formation and a low yield.

An explanation for the slow formation of the ligation
product might be the increased steric congestion in the
intermediates due to the presence of the amino acid side
chains or due to the increased length of the peptide
fragments. This may interfere with formation of the
optimal conformation of the six-membered transition-
state which is necessary for the intramolecular nucleo-
philic attack of the iminophosphorane resulting in the
O�N acyl shift.

In conclusion, we have shown that N-terminal peptidyl
azides and C-terminal peptide o-(diphenylphos-

phine)phenyl (oxy)esters are suitable synthons for the
synthesis of, up to now, pentapeptides featuring the
Staudinger ligation.14 Moreover, we have also shown
that chemical ligation of peptides is independent of the
presence of glycine residues at the ligation site. Under
present investigation is further optimization of the con-
ditions of the Staudinger ligation and although there
may still lay a considerable way ahead, the possibility
of now having relatively hindered amino acids at the
ligation site (Ala, Leu, Phe) gives confidence that this
will be successful and that also large peptides can be
synthesized by chemical ligation independent of their
sequence.
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