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Staudinger Ligation and Reactions – From Bioorthogonal
Labeling to Next-Generation Biopharmaceuticals
Eleftheria Poulou[a, b] and Christian P. R. Hackenberger*[a, b]

Abstract: In this review, we highlight groundbreaking discov-
eries and applications of Staudinger reactions in the
molecular life sciences, starting from the engineering of the
Staudinger ligation as a bioorthogonal reaction until most
recent applications in modern bioconjugation methods to
generate next-generation biopharmaceuticals. Bioorthogonal

reactions refer to a set of chemoselective transformations in
biological environments able to take place in presence of
naturally occurring functional groups. The Staudinger ligation
set a new paradigm of such transformations, resulting in the
development of various labeling and bioconjugation strat-
egies for the modification of (bio-)molecules of interest.

1. Introduction

In recent years, researchers in Chemical Biology have
developed new bioconjugation methods. They rely on the
utilization of chemoselective and bioorthogonal reactions to
manipulate and modify biological entities, thus enabling
powerful tools to study biological mechanisms and generate
promising biopharmaceuticals. Classical organic reactions are
an excellent starting point and source of inspiration for
expanding this toolbox.

The Staudinger reaction is probably the prime example to
illustrate research in this area. In 1919, Meyer and Staudinger
reported a reaction between azides and phosphines to form
iminophosphoranes eventually resulting in a primary amine
and a phosphine oxide in the Staudinger reduction.[1]
Staudinger reactions were frequently exploited in organic
synthesis, proving useful in several chemical
transformations.[2] Several decades later, in 2000, Bertozzi and
Saxon[3] unleashed the unprecedented potential of Staudinger
transformations in a biological context by introducing the
Staudinger ligation, which coined a new paradigm for highly
selective transformations: bioorthogonal reactions.[4] Since
then, many researchers in this area, including our laboratory,
have been inspired by the notion of bioorthogonal reactivity of
azides with various P(III)-reagents and engineered a plethora
of variations. So far, these efforts have resulted not only in
highly selective chemical labeling strategies in living organ-
isms but also in furnishing new bioconjugates applied in
pharmaceutical research.[5]

This review underlines the early applications, the strengths
and weaknesses as well as the evolution of Staudinger
transformations towards bioorthogonal reactions and modern
bioconjugation-related applications.

1.1 The Staudinger Reaction

The Staudinger reaction is known to organic chemists
primarily for the reaction of organic azides 1 and trialkylphos-

phines 2 to form an iminophosphorane 5, which, upon
subsequent hydrolysis, generates a primary amine 7 and a
phosphine oxide 8 in the so-called Staudinger reduction
(Scheme 1). Numerous experimental and computational[6]
studies have been devoted to elucidating the mechanism of
this unique transformation. The Staudinger reaction is initiated
by a nucleophilic attack of the trivalent phosphorus atom to
the terminal nitrogen atom of the azide to yield an intermediate
phosphazide 3 with retention of the phosphorus center. In a
second step, the intermediate phosphazide gets stabilized via a
four-membered ring transition state, which upon release of
molecular nitrogen gives rise to an iminophosphorane 5,
always in equilibrium with its aza-ylide form 6 (Scheme 1).
The kinetics of this two-step process can be second or first
order, respectively, depending on whether the formation of the
phosphazide or the intramolecular decomposition is the rate-
determining step.[2a,7] In the Staudinger reduction, the imino-
phosphorane will ultimately be hydrolyzed to an amine and
phosphine oxide; however, several other pathways are
possible. The nucleophilic nitrogen atom in iminophosphor-
anes can readily react with a variety of electrophiles. One
prime example is the reaction between iminophosphoranes and
aldehydes or ketones in an aza-Wittig reaction to yield
imines.[8]
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The scope of the Staudinger reaction has been thoroughly
explored, and several types of phosphines or other trivalent
phosphorus compounds are tolerated in transforming azides.[2,9]
Nonetheless, the substituents of the P(III)-derivatives and the
azide strongly influence the reaction outcome and rate. For
example, while the reaction between a phosphine with strong
electron-donating substituents and the azide counterpart to
form the phosphazide is irreversible, in the opposite case, the
phosphazide can decompose.[2a,10] As a general observation
following thorough investigations, electron-poor azides and
electron-rich phosphorus compounds can react most
efficiently.[2a] Despite the expanded scope of the Staudinger
reaction and its countless applications,[11] there are certain
drawbacks. The equimolar release of the phosphine oxide, the
sensitivity of many phosphorus compounds towards air and
moisture, and the low stability of the iminophosphoranes/aza-

ylides have limited its widespread use in biological applica-
tions.

1.2 Original Development of the Staudinger Ligation

The Staudinger ligation, first reported by Bertozzi in 2000,[3]
remains among the most acknowledged bioorthogonal reac-
tions. The ligation uses organic azides and phosphines bearing
an electrophilic trap, namely an ester, to yield one single
ligated product via an amide bond (Scheme 2a). Mechanisti-
cally similar to the Staudinger reduction, a nucleophilic attack
of the phosphorus 9 to the terminal nitrogen atom of the azide
10 initiates the reaction. Release of molecular nitrogen gives
rise to an iminophosphorane 11, which again is in equilibrium
with its aza-ylide form 12. The nucleophilic nitrogen atom of
the iminophosphorane 11 can be trapped by the proximal
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Scheme 1. Mechanism of the Staudinger reaction.
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electrophilic moiety installed initially on the phosphine to
form a cyclic oxazaphosphetane intermediate 13. Finally,
hydrolysis of the intermediate takes place to afford the amide-
linked ligated product. Owing to the residual phosphine oxide
moiety on the end product, the Staudinger ligation – in
particular after the development of the traceless variant (see
subsection 1.3) – was later termed ‘’non-traceless’’.

Since the first report, many efforts have focused on
expanding the scope and investigating the kinetic parameters
of this ligation reaction.[12] A wide range of reactants is well
accepted; however, both sterics and electronics profoundly
affect the reaction rate and product formation. For example,
the ester leaving group did not play an important role in the
reaction rate; however, the addition of bulky groups led to
significant aza-ylide hydrolysis leading to the formation of
phosphine oxide and amine instead of the ligated product. In
contrast, substituting the phenyl groups directly attached to the
phosphorus plays a decisive role in the reaction rate. Similar to
the Staudinger reduction, electron-donating substituents on the
phosphorus and electron-withdrawing substituents on the azide
notably enhanced the reaction rate. This observation guided
the development of perfluoroarylated azides as a reaction
counterpart in the Staudinger ligation. In this version, which
was termed nonhydrolysis Staudinger ligation, the produced
iminophosphorane is stable towards hydrolysis (Scheme 2b),
and the reaction rates were two orders of magnitude higher
than the classical ligation.[13] Lastly, exploration of the solvent
effect revealed that the ligation proceeded more rapidly in

polar protic solvents, such as H2O, which suggests its
suitability for most biological applications.[3,5a,b,14]

To date, one of the most significant examples of using the
Staudinger ligation as a bioconjugation method is Bertozzi’s
first report, where cell surface glycans were selectively labeled
with biotin.[3] More specifically, an azide functionalized sugar,
N-azido-acetyl-mannosamine (ManNAz), was delivered to the
cell surface of Jurkat cells via the carbohydrate biosynthetic
pathway in a process referred to as metabolic oligosaccharide
engineering (MOE).[15] Ligation of the azide-containing cell-
surface glycans with a biotin functionalized phosphine and
subsequent binding with fluorescein-labeled avidin beads lead
to fluorescence increase in ManNAz treated cells (Scheme 3a).
Similarly, MOE was employed to incorporate N-azidoacetylga-
lactosamine (GalNAz) into mucin-type O-linked glycopro-
teins, which can then be orthogonally labeled via the
Staudinger ligation.[4] This selective chemical tag provided a
novel approach for the challenging enrichment of O-linked
glycoproteins in proteomics analyses. A few years later,
Bertozzi and coworkers were able to demonstrate the ability to
label cell-surface glycans in living organisms without adverse
effects in their physiology. Laboratory mice were injected with
Ac4ManNAz for seven consecutive days and subsequently
injected with a FLAG-bearing phosphine to perform the
Staudinger ligation in vivo. The mice were euthanized and
their splenocytes were isolated, probed utilizing a fluorescent
anti-FLAG antibody and cell-surface SiaNaz was quantified
via flow cytometry (Scheme 3b). Only splenocytes from mice
treated with Ac4ManNAz exhibited an increase in fluorescence

Scheme 2. a) Reaction and mechanism of the original Staudinger ligation; b) principle and scope of the nonhydrolysis Staudinger ligation
yielding a stable iminophosphorane.
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compared to untreated mice, indicating the successful imple-
mentation of the Staudinger ligation in living animals.[16]

In 2009 Sun et al. utilized the Staudinger ligation in a
similar manner to Bertozzi to functionalize the surface of
liposomes with glycans in aqueous conditions. Notably, the
integrity of the lipid bilayer was not influenced offering a
versatile approach to modify liposomes with various modal-
ities, to provide functional vesicles.[17] The construction of
antibody-label conjugates was also attemted via the Staudinger
ligation. In one example van Dongen and colleagues produced
azide-modified antibodies to selectively react with radiolabled
phosphines for tumor specific imaging and therapy[18]
(Scheme 4). Despite the promising in vitro results, injection of
the radiolabeled agents in mice did not yield effective labeling
due to the oxidation of the phosphine probes and the slow
kinetics of the Staudinger ligation. In addition to antibodies
the Staudinger ligation was employed to label G protein-
coupled receptors, transmembrane proteins implicated in
various processes.[19] Huber et al. made use of amber codon
suppression to incorporate azide-containing amino acids in

rhodopsin and set out to fluorescently label the protein in a
site-specific manner.[20] However, the hydrophobicity of the
fluorescein-phosphine label and the slow reaction kinetics
hampered the application.

The Staudinger ligation and its broadened scope inaugu-
rated the field of bioorthogonal chemistry and has been a
valuable tool in several systems. Since its first report by
Bertozzi a wide range of chemical transformations have been
developed to successfully probe biology even in vivo. Never-
theless, certain drawbacks including the significantly slow
reaction kinetics and the residual bulky and hydrophobic
phosphine oxide moiety, have limited its widespread use, as
highlighted in some of the afore-mentioned examples.

1.3 Traceless Staudinger Ligation

The traceless Staudinger ligation was reported shortly after the
introduction of the original variant. Bertozzi[21] and Raines[22]
published, almost simultaneously, the design and use of
phosphines bearing a cleavable electrophilic trap. In these

Scheme 3. a) The first application of the Staudinger ligation for cell-surface glycan labeling,[3] b) In vivo application of Staudinger ligation for
quantification of azide-containing cell-surface sialic acid.[16]

Review

Isr. J. Chem. 2023, 63, e202200057 (4 of 14) © 2022 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.



studies, whose findings contrast with the initial Staudinger
ligation, the phosphine oxide is released from the target
biomolecule upon hydrolysis, granting access to a native
amide bond (Scheme 5).

The mechanism of the traceless Staudinger ligation is
similar to all other Staudinger transformations. Initially, the
trivalent phosphorus atom in phosphines of type 15 nucleo-
philically attacks an azide 16, forming an aza-ylide 17. The
nitrogen atom of the aza-ylide intramolecularly attacks the
electrophilic ester to afford an amidophosphonium salt 19 via
a tetrahedral intermediate 18.

Raines and coworkers performed numerous studies to
verify that the reaction proceeds via an acyl transfer, building
on previous literature showing that iminophosphoranes can
undergo acyl-transfer reactions.[23] In the last step, hydrolysis
of the amidophosphonium salt 19 yields an amide 21 with a
loss of phosphine oxide 20.

The factors affecting the product formation, kinetic
processes, and yield of the Staudinger ligation have been
thoroughly investigated. In general, the reaction exhibits rate

constants of ~10� 3 M� 1 s� 1. Solvent polarity, pH, and the
choice of reaction counterparts can significantly affect the
ligation efficiency. Table 1.1 summarizes various phosphine
reagents utilized for several ligation strategies as well as
corresponding solvents and yields of the reactions.

As a general observation, ligations with less sterically
hindered amino acids, such as glycine residues, are most
efficient, while bulky substituents decrease the yields. To
overcome this, Raines reported using phosphinothiol 15h,
which bears two electron-donating substituents, rendering the
phosphorus more nucleophilic to enhance the reaction rate.[25]
Nonetheless, the added electron density on the phosphorus
results in higher sensitivity towards oxidation. Kiessling and
coworkers aimed at stabilizing phosphinothiol precursors by
borane protection,[27] which can be deprotected under basic
conditions to couple glycosylazides and asparagine to obtain
an N-glycosylated amino acid or in intramolecular reactions
for medium-sized lactam synthesis.[32] Shortly after that, the
Hackenberger group used acidic deprotection strategies for the
chemoselective cyclization of medium-sized peptides.[35] In

Scheme 4. Schematic overview of the van Dongen approach[18] to apply the Staudinger ligation to create efficacious antibody-label or antibody-
toxin conjugates.

Scheme 5. Reaction principle and mechanism of the traceless Staudinger ligation.
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Table 1. The phosphines explored in the traceless Staudinger ligation, yields, and solvent conditions reported.

Coupling Solvent Yield (%) Refs.

Gly� Gly
Gly� Phe
Ala� Phe
Gly� Leu

DMF/H2O
DMF/H2O
DMF/H2O
DMF/H2O

>95
36
32
6

[21]
[24]

Gly� Gly DMF/H2O 38 [21–22]

Gly� Gly DMF/H2O 11 [21–22]

Gly� Gly DMF/H2O <95 [21]

Gly� Gly
Phe� Gly
Gly� Ser
Ala� Ala

DMF/H2O
DMF/H2O
DMF/H2O
DMF

<95
92
92
36

[25]

Gly� Gly DMF/H2O 39 [26]

Asp� Glycosyl DMF 54 [27]

Ala� Ala
Phe� Ala

DMF
1,4-dioxane

82
84

[25]

Gly� Gly H2O <50 [28]

Gly� Gly H2O <65 [29]
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2007, the Raines group designed water-soluble phosphino-
thiols 15 i and 15j.[28–29] The dimethylamino substituents
appear to contribute to water solubility and minimize aza-ylide
protonation. Very recently, Inoue and colleagues designed
phosphine 15k and combined on the same scaffold substitu-
ents with electron-donating and electron-withdrawing
properties.[30] They further used this phosphine with fine-tuned
reactivity to perform Staudinger ligations for the synthesis of
the natural product yaku’amide B, achieving sterically-
demanding, native β,β-dialkylated α,β-dehydro linkages. Soon
after, Kumar et al. demonstrated the use of the air-stable
phosphine 15 l for successive ligations of simple and sterically
hindered amino acids with excellent yields of 78–95%.[31]

In recent years, the traceless Staudinger ligation has proved
a valuable tool for peptide synthesis and macrocyclization.
Nevertheless, some disadvantages have limited its use in the
applications mentioned above: The slow kinetics might lead to
aza-ylide hydrolysis if the acyl transfer does not occur fast
enough, thereby not yielding the desired amide bond.
Furthermore, the occasional poor solubility and mainly the
sensitivity of the phosphines towards oxidation has been the
main obstacle to further applications.

1.4 Staudinger-Phosphite and -Phosphonite Reaction

Chemoselective Staudinger-phosphite and -phosphonite reac-
tions have been introduced by Hackenberger and coworkers[33]
and have enabled a plethora of modification strategies for
azide-containing biomolecules and polymers. Here, phos-
phines used in the classical Staudinger reaction are replaced
by a phosphite (P(OR)3) or phosphonite (P(OR)2R’). The
development of this type of reaction is based on early studies
of Kabachnik et al., in which substitution of the alkyl- or aryl-
residues of phosphines by alkoxy groups and subsequent
hydrolysis did not lead to complete cleavage of the P� N bond

in the intermediate imidate, but afforded phosphin-, phos-
phon,– and phosphoramidates.[34]

In the Staudinger-phosphite reaction, an azide 23 is reacted
with a symmetrical or unsymmetrical phosphite 22a or 22b
via an intermediate phosphorimidate 24a or 24b, which is in
equilibrium with its aza-ylide form 25a or 25b. Hydrolysis of
the phosphorimidate leads to the formation of phosphorami-
date 26a or 26b, in which one of the alkoxy groups of the
phosphorus counterpart is released (Scheme 6). The alkoxy
group‘s liberation can occur by direct water attack to the
phosphorus atom of the aza-ylide or the alkyl group in an
arbuzov-type reaction.[35]

For symmetrical phosphites, the release of the alkoxy
group leads to one single phosphoramidate. Unsymmetrical
phosphites can yield different products depending on the
substituents. The Hackenberger group studied the influence of
the substituents and found that benzoxy and phenoxy groups
are more prone to be released compared to the aliphatic groups
and longer chains of aliphatic groups are more retained than
the shorter ones.[36]

Significant advantages of applying phosphites in chemo-
selective Staudinger reactions include their resistance towards
oxidation, especially compared to previously used trialkyl
phosphines, and their easy synthetic accessibility, given that
most of these phosphites can be produced by commercially
available phosphoramidite-building blocks that are routinely
used in DNA-synthesis. Organic solvents, aqueous media, and
cell lysates are well-tolerated conditions for the Staudinger-
phosphite reaction.[37] However, phosphites are prone to hydro-
lyze, mostly at acidic pH, depending on the alkoxy substitu-
ents. For example, trimethyl phosphite displayed over 50%
hydrolysis in aqueous solutions of neutral pH, while for a
polyethyleneglycol (PEG) -substituted phosphite, less than
20% hydrolysis was observed under the same
conditions.[33a,37–38]

Table 1. continued

Coupling Solvent Yield (%) Refs.

β,β-dialkylated α,β-dehydroamino acids
H2O/1,4-
dioxane

<75 [30]

Gly� Gly/Ala/Trp
Phe/Leu/Ile/Tyr/Lys
Ala� Ala
Glu� Gly/Ala

DMF/H2O/Et3N
DMF/H2O/Et3N
DMF/H2O/Et3N

<80
78
<88

[31]
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Since its first report, the scope of the Staudinger-phosphite
reaction has been significantly expanded. In an initial study,
Hackenberger and coworkers used a phosphite with photo-
cleavable groups and an azidophenylalanine-containing protein
affording a phosphotyrosine mimic.[33a,38] Access to site-
specifically phosphoramidate-linked glycopeptides and lipi-
dated peptides has also been granted via the unsymmetrical
Staudinger-phosphite reaction.[39] PEG-substituted phosphites
have been employed in reactions with azide-containing
peptides and proteins in which the resulting branched PEG-
architecture substantially improved the stability of bioconju-
gates even inside living cells.[38,40] This reaction was further
explored to chemically synthesize naturally occurring labile
phosphorylations, more specifically, phospholysine (pLys)[41]
and phosphocysteine (pCys)[42] peptides (Scheme 7). Taken
together with a recent publication where the Staudinger

phosphite reaction was used to produce stable, non-hydro-
lyzable phospholysine mimics,[43] the toolbox to study these
rare and poorly understood phosphorylation sites is greatly
expanded.[44]

The chemoselective Staudinger-phosphonite reaction, first
reported in 2011,[33b] follows the same principle as the
Staudinger-phosphite reaction, starting this time with a
nucleophilic attack of the trivalent phosphorus of a phosphon-
ite 27 to the azide 28. Finally, a phosphonamidate 31 is formed
via an intermediate phosphonimidate 29 (Scheme 8).

Phosphonites are less stable than phosphites towards air
oxidation and hydrolysis. Consequently, in initial studies, the
Staudinger-phosphonite reaction was performed in dry organic
solvents.[33b,45] To perform the Staudinger phosphonite reaction
in aqueous systems, Hackenberger and coworkers employed
borane-protected phosphonites, which can be deprotected

Scheme 6. Mechanism of the Staudinger-phosphite reaction.

Scheme 7. a) Synthetic access to phospholysine (pLys) peptides from the solid support via the Staudinger-phosphite reaction, b) Synthesis of
phosphocysteine (pCys) peptides using phosphites with electron-deficient disulfides.
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under basic conditions using DABCO.[33b,46] The deprotected
phosphonites are then stable for a sufficient time to allow
reaction with azides in solution.

Building upon these observations, unsaturated ethynyl-
phosphonites were borane-protected and used for modular
chemoselective azide-azide couplings by combining copper-
catalyzed azide-alkyne cycloaddition (CuAAC) and the Stau-
dinger-phosphonite reaction (Scheme 9a).[46] This method was
successfully applied in the embodiment of lactose into
azidopolyglycerol, a functionalized polymer used for lectin
binding studies.

This transformation laid the basis for discovering a new
Cysteine-selective bioconjugation reaction. Upon chemoselec-
tive reactions with azides, ethynyl- or vinyl-phosphonites yield
electron-deficient phosphonamidates, which show excellent
reactivity with thiols and yield various peptide- and protein-
conjugates (Scheme 9b).[47] This observation led to the devel-

opment of the so-called P5-labeling technology, which we
cover in detail in the following subsection 1.5.

1.5 P5-labeling: Bioconjugation of Unsaturated P(III)-
Reagents

As mentioned in the previous subsection, vinyl- and ethynyl-
phosphonamidates bear an electrophilic unsaturated carbon
atom, which can be attacked by thiol nucleophiles leading to
the formation of stable bioconjugates. In 2019, the Hack-
enbeger group introduced the use of ethynyl-phosphonami-
dates for modular Cysteine-selective protein
bioconjugations.[47] The method comprises two main trans-
formations. First, an electron-rich ethynyl phosphonite 32 is
reacted chemoselectively with an azide, yielding an electron-
poor phosphonamidate 33 that undergoes a subsequent

Scheme 8. Mechanism of the Staudinger phosphonite reaction.

Scheme 9. a) Sequential azide-azide coupling by CuAAC and Staudinger-phosphonite reaction using borane-protected alkyne phosphonites, b)
Electron-poor phosphonamidates derived from ethynyl- or vinyl-phosphonites selectively react with cysteines.
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cysteine-selective reaction with proteins and antibodies (Sche-
me 10a). The facile installation of a Cysteine-selective P(V)-
electrophile on complex azide-containing molecules together
with the exceptional cysteine selectivity, the tunable reactivity
depending on the phosphorus O-substituents, and the excellent
stability of the final thiol-adducts in biological media render
P5-labeling a most valuable and unique bioconjugation tool.

The construction of antibody-drug conjugates (ADCs)
containing stable phosphonamidate linkages was the epitome
of applications for P5-labeling.[48] The Staudinger-phosphonite
reaction performed between phosphonite 34 and an azide
bearing an N-hydrosuccinimide (NHS) ester 35 affords a
building block 36 for the generation of an ADC with the
hydrophobic payloads monomethyl auristatin E (MMAE) and
monomethyl auristatin F (MMAF) (Scheme 10b).[49] Clinically
approved ADCs, like Adcetris®, carry maleimide linkers
known to undergo thiol exchange reactions in biological fluids,
leading to premature release of the toxin.[50] Notably, substitut-
ing the maleimide with the phosphonamidate linkage gave rise
to significantly more stable ADCs retaining 90% of the toxin
in rat serum over the course of 7 days, while in the case of the
maleimide-linked Adcetris® only 30% of the payload was
retained. A similarly significant finding was that the phospho-
namidate-linked ADC exhibited advantageous in vivo efficacy
at a lower dose (Scheme 10c).

A few months later, the reaction between vinyl-phosphon-
ites and azides was applied to generate peptide macrocycles
enabling access to pharmacologically relevant stapled
peptides.[51] The asset of this technique lies in the capacity to
further modulate the macrocycle‘s properties by just installing

different functional moieties through alteration of the O-
substituents of the phosphonite.

These results encouraged Hackenberger and coworkers to
investigate the applicability of other classes of P(V)-electro-
philes in bioconjugation. In 2019, the use of vinylphosphono-
thiolates was reported for the thiol-thiol conjugation of
biomolecules.[52] In a similar principle of converting an
electron-rich phosphonite to an electron-deficient phosphona-
midate via the Staudinger-phosphonite reaction, a nucleophilic
thiol is transformed into an electrophilic vinylphosphonothio-
late that can subsequently capture another thiol group. In more
detail, a thiol-containing (bio-)molecule is first turned into an
electrophilic mixed disulfide 37 with the addition of 2,2’-
dithiobis(5-nitropyridine), which is reacted in situ with dieth-
ylvinylphosphonite 38 under acidic conditions to yield a
vinylphosphonothiolate 39 in less than a minute (Scheme 11a).
This method was successfully applied in antibody labeling and
site-specific conjugation of proteins containing a unique
cysteine residue. In a model application, ubiquitin-ubiquitin
and ubiquitin-α-synuclein constructs with a non-hydrolyzable
vinylphosphonothiolate linkage were synthesized and recog-
nized as substrates for further enzymatic ubiquitination
(Scheme 11b).

Hackenberger and colleagues further expanded the reper-
toire of P(V)-based electrophiles by designing novel dieth-
ynyl-phosphinates for bioconjugation reactions.[53] These mol-
ecules allow for a facile double thiol modification since they
bear two electrophilic positions. Such compounds are easily
accessible, starting from diethyl phosphoramidous dichloride
40 performing a Grignard reaction with ethynyl magnesium
bromide. Tetrazole-mediated exchange of the diethylamino

Scheme 10. a) Staudinger-phosphonite reaction between an electron-rich ethynyl-phosphonite and an azide yields an electron-deficient
phosphonamidate for selective thiol bioconjugation; b) reaction scheme for the synthesis of a P5-module for subsequent antibody-toxin
conjugation, c) generation of stable and efficacious ADCs bearing the P5-linkage technology.
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substituent with the desired alkoxy group and oxidation with
hydrogen peroxide in the last step affords the final diethynyl-
phosphinate 41 (Scheme 12a). As for phosphonamidates and
phosphonothiolates, diethynyl phosphinates exhibit excellent
thiol selectivity and stability of the double-thiol adducts under
physiological conditions, allowing their application in several

bioconjugation reactions. Apart from protein-protein or pep-
tide-protein conjugation, one prime example is the implemen-
tation of diethynyl phosphinates in antibody rebridging.
Reduction of the four interchain disulfides and reaction with
diethynyl phosphinates leads to the rebridged half-antibody
and the full construct with a precise antibody-to-cargo ratio of

Scheme 11. a) One pot-synthesis of vinylphosphonothiolate electrophiles, b) Ubiquitin- α-synuclein conjugate via a stable phosphonothiolate
linkage is recognized as a substrate for subsequent enzymatic ubiquitination.

Scheme 12. a) Synthetic route to obtain diethynyl phosphinate electrophiles; b) Rebridging of trastuzumab via a fluorescein-diethynyl
phosphinate affords a conjugate with an antibody-to-fluorophore ratio of 4. The antibody still retains activity after rebridging.
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four. The latter was demonstrated with a fluorescein-function-
alized diehtynyl phosphinate Trastuzumab to additionally
prove with fluorescence microscopy that the antibody‘s
function was not compromised upon rebridging.[53] Trastuzu-
mab is a recombinant monoclonal antibody that binds to the
extracellular domain of Her2, a receptor overexpressed in
breast cancer patients.[54] The functionalized Trastuzumab only
stained cell membrane on Her2 positive cells, while no
fluorescence signal was observed on the Her2 negative cell
line, verifying the antibody‘s integrity (Scheme 12b).

Recently, Hackenberger et al. published the discovery of
ethynyl triazolyl phosphinates (ETPs) for modular bioconjuga-
tion reactions.[55] Essentially, azide-containing molecules can
undergo CuAAC-reactions with a diethynyl phosphinate 41 in
aqueous buffer to yield an ethynyl triazolyl phosphinate 42
(Scheme 13). The resulting electrophile shows a remarkably
higher reactivity towards cysteine, about tenfold compared to
the previously reported diethynyl phosphinates and phospho-
namidate electrophiles. The triazole-induced faster kinetics
were predicted by density functional theory calculations,
which previously were also applied to predict the kinetics of
thiol addition to other P(V)-electrophiles.[56] Thiol selectivity
of the ethynyl triazolyl phosphinates was probed in proteome-
wide experiments, in which the intrinsic selectivity of
cysteines was verified.[55] The capacity of such electrophiles to
be employed in the formation of bioconjugates - such as
protein-protein conjugates - in fully aqueous systems, together
with the fast access to labeled antibodies and ADCs, further
prove the outstanding potential of ETP-reagents in even
challenging bioconjugation schemes.

2. Summary & Future Objective

Owing to Bertozzi’s seminal report of the bioorthogonal
Staudinger ligation about twenty years ago, scientists in the
field of Chemical Biology have strived to implement the
Staudinger reaction and its variants in a plethora of
bioconjugation reactions. Tuning the reactivity, air stability,

and water solubility of the phosphine reagents has enabled
even in vivo applications. To broaden the potential of
Staudinger ligation, phosphites and phosphonites were em-
ployed in chemoselective reactions with azides to furnish new
Cysteine-selective P(V) electrophiles, enabling the synthesis
of numerous bioconjugates. Building on this, new P5-labeling
was implemented as a singularly valuable bioconjugation
platform displaying superior reactivity and facile installation
on biologically relevant molecules to generate functional
protein conjugates and next-generation biopharmaceuticals.

Combining synthetic chemistry and biology in the engi-
neering of highly selective labeling reactions has resulted in
answers to long sought biological questions of high impor-
tance. On this note, the Staudinger ligation has led to
unprecedented opportunities for researchers in the chemical
and molecular life sciences and laid the foundation of
bioorthogonal reactions, which have been recognized not only
by this year’s Wolf Award but also a couple of months later
with the Nobel Prize in 2022 to Carolyn Bertozzi.

Currently, we are witnessing how researchers further
advance this field by addressing limitations and discover new
applications. We anticipate the development of novel reactions
of even higher specificity and in vivo compatibility, which will
enable bioconjugation chemistries to be widely applied in the
clinics to battle currently untreatable pathologies.
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