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Here we report a novel modification of our previously reported “Staudinger ligation” that generates an amide bond from an azide and a
specifically functionalized phosphine. This method for the selective formation of an amide bond, which does not require the orthogonal
protection of distal functional groups, should find general utility in synthetic and biological chemistry.

Chemoselective ligation reactions are now established toolS|i NG

for diverse applications in chemistry and biologyhe

Scheme 1. The Staudinger Ligation

functional groups that participate in these transformations

are mutually reactive and tolerant of numerous coexisting L _— ’@JCL)OCH
functional groups, thus eliminating the need for protecting R’Q’(ocm 3T> R ® 0 3
group strategies. For example, the condensation of aldehydes PRy o Py T T
or ketones with hydrazide or aminooxy groups to form P o

hydrazones and oximes respectively has found widespread l -OCH;

utility in the synthesis of highly functionalized biomolecifles
and libraries of druglike small moleculés.

We have recently reported a modification of the Staudinger
reaction that allows the chemoselective formation of amide-
linked products from azides and triaryl phosphines (Scheme

1)# Termed the “Staudinger ligation”, this reaction proceeds
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by the nucleophilic attack of a phosphine on an azide to form o one of the aryl rings of the phosphine traps the aza-ylide
an aza-ylide intermediate. A methoxycarbonyl group situated j, an intramolecular fashion, resulting in an amide-linked
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phosphine oxide after hydrolysis. The phosphine and azide
react with such high selectivity and the intramolecular
acylation step is so fast that the transformation can be
executed among complex biomolecules in an aqueous
medium on the surfaces of living cefl§ he broad potential
utility of the Staudinger ligation in biological chemistry has
prompted us to explore related reactions as tools for organic



synthesis. Ideally, the reaction would produce an amide bond | R

between two coupling partners without an intervening
triarylphosphine oxide group. Here we report the first
example of such a “traceless” Staudinger ligation.

The phosphines we designed for this purpose incorporate
two key elements (Scheme 2). First, the acyl component

Scheme 2. Design of a Phosphine Reagent for the Selective
Formation of Amides from Azides
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destined for the amide bond is attached to an aryl ring by a

cleavable linkage. The nucleophilic nitrogen atom of the aza-
ylide attacks the carbonyl group, displacing the cleavable
linkage and attached phosphonium group. Hydrolysis of the
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rearranged adduct produces an amide bond and liberates §2MPound4. In each case, intramolecular transfer of the
phosphine oxide. Second, at least two aromatic phosphine@Cetyl group from the phosphine to an azide-bearing com-

substituents were included to impart stability toward oxida-
tion under ambient conditions.

Four suitable phosphine$-4, Scheme 3) are synthesized
to test the traceless Staudinger ligation. Compolirnwias

Scheme 3. Phosphines Designed To Test the Traceless
Staudinger Ligation
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prepared by reaction of diphenylphosphine with paraform-
aldehyde to give the known compourif followed by
acetylation (Scheme 4a). Compoudvas synthesized by
Pd-mediated coupling of diphenylphosphine with 2-iodophe-
nol to afford the known compouné? which was then
acetylated (Scheme 4b). Imidazole was transformed to
imidazole phosphin&’ (Scheme 4c), which was acetylated
to yield compound3. Finally, ortholithiation of thiophenol
followed by reaction with chlorodiphenylphosphine yielded
intermediate3® (Scheme 4d), which was acetylated to provide
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pound would indicate a successful ligation reaction.

Compoundl (50 mM) was reacted with an azidonucleo-
sideé® (9, 50 mM) in wet THF, and the reaction was monitored
by reversed-phase HPLC over a 24-h period (Schenié 5).
The azidonucleoside was selected to demonstrate a modicum
of functional group compatibility, since the intramolecular
cyclization obviates the need for protection of coexisting
functional groups! We speculated that the aza-ylide inter-
mediate [10] would share key similarities with that generated
during the original Staudinger ligation (Scheme 1), i.e.,
intramolecular reaction via a five-membered ring transition
state and an alkoxy anion leaving group. However, the only
products observed were those of aza-ylide hydrolysis,
compoundsll and 12. The traceless Staudinger ligation
productsl3 and14 were not observet.We concluded that
the flexibility of the methylene bridge id0 sufficiently
reduced the rate of cyclization such that the hydrolysis
reaction pathway predominated.

Phosphine2 introduces conformational rigidity into the
aza-ylide intermediate, similar to the phosphine depicted in
Scheme 1, although the intramolecular reaction nhow must
proceed via a six-membered ring transition state. When
was reacted with azid@ (both reagents at 50 mM) in wet
THF, only the desired Staudinger ligation products were
observed (Scheme 6a). There was no evidence by HPLC
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Scheme 5. Reaction ofl Yields Hydrolysis Products
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analysis of aza-ylide hydrolysis products. Thus, a rigid reactivity of the thioester toward nucleophilic attack would
structure linking the phosphine and acyl group appears torender compound4d a superior substrate. Furthermore,
be essential for efficient acyl transfer in the presence of water. thioesters are of particular interest by virtue of their utility
In an effort to increase the rate of the reaction, we designedin the convergent assembly of proteins from unprotected
imidazole phosphine3, which would form an aza-ylide peptide fragments, a technique termed native chemical
capable of N-to-N acyl migration through a five-membered ligation® Surprisingly, the initial products during the reaction

ring transition state. The reaction 8fwith azide9 in wet
THF (both reagents at 50 mM) also produced ligation
products in high yield (Scheme 6b), with no evidence of aza-
ylide hydrolysis. However, the reaction proceeded more
slowly than that in Scheme 6a, perhaps the result of
phosphine deactivation by the electron-withdrawing imida-
zole group. In principle, phosphorus lone-pair reactivity could
be increased by relieving conjugation with neighboring aryl
substituents. Accordingly, we prepared the dicyclohexyl
analogue of3, but found it prone to air-oxidation and
therefore impractical for our intended applications.

Scheme 6. Reactions oR and3 Yield Ligation Products
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Finally, we examined thioester phosphihé a traceless
Staudinger ligation reaction wit. In light of the success
with ester phosphing, we hypothesized that the enhanced

Org. Lett., Vol. 2, No. 14, 2000

were those of aza-ylide hydrolysis. After several days the
ligation products were observed, but these may have arisen
from direct acylation of the amine obtained from azide
reduction with thioested. Further optimization may be
required to render a phosphine thioester amenable to the
reaction.

In conclusion, we developed a novel reaction for the
formation of amide bonds that capitalizes on the inherent
selectivity of the Staudinger reaction between azides and
phosphines. The reaction is compatible with diverse func-
tional groups and should prove useful in organic synthesis
and biological chemistry. The optimal substrates were phenol
ester and\-acylimidazole phosphines which are generated
readily by acylation of simple precursors. Refinements of
these preliminary studies may yield new methods for peptide
couplings and for the modification of cellular components.
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