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The need for precise and flexible synthetic methodology to
underpin modern research in chemical biology and materials
science has fuelled a resurgence of interest in Huisgen 1,3dipolar cycloaddition chemistry. Of late, the in vogue chemistry for the assembly of complex biological molecules and specialist materials has been the copper-catalysed azide alkyne
cycloaddition (CuAAC) reaction. However, in certain circumstances aversion to the copper catalyst flaws this approach
and alternatives have been sought. Click chemistry has de-

veloped beyond the original triazole-forming trick and azides
are no longer the only dipoles pursued as click cycloaddition
partners. This article reviews some of the complications of
the CuAAC reaction and evaluates the potential of nitrile oxide/alkyne cycloaddition (NOAC) as a covalent conjugation
tool. With a focus on applications in nucleic acid chemistry
and materials science it presents the case for a prominent
position for nitrile oxides in the catalyst-free bioconjugation
toolbox.

1. Introduction

materials science. Publications have increased exponentially,
totalling about 5000 to date, including almost 200 review
articles and a specialist monograph.[2] Entire issues of
QSAR & Combinatorial Chemistry [2007, 26 (11–12)], Macromolecular Rapid Communications [2008, 29 (12–13)] and
Chemical Society Reviews [2010, 39 (4)] have been dedicated
to click chemistry; most recently Accounts of Chemical Research has published a themed issue on bioorthogonal
chemistry [2011, 44 (9)].

Transformations classified as “click reactions”[1] encompass those allowing rapid and reliable creation of diverse chemical entities simply by joining molecular pieces
as easily as one might click a buckle. To be in this illustrious
club, reactions must be wide in scope, easily performed under mild conditions, insensitive to oxygen and water and
proceed in a benign solvent or under solvent-free conditions. They must use easily accessible reagents and display
orthogonality with other common reactants. The reactions
ought to be spontaneous, with a thermodynamic driving
force greater than 20 kcal mol–1 and result in almost complete conversion of reactants to a single product without
the need for extensive purification.
During the last decade these privileged reactions have become valued in industry and academia; applications transverse biomedical research, drug design, biotechnology and
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2. The Click Toolbox
The click toolbox is ever expanding and practitioners can
choose their tool to reflect a preference for selectivity or
sensitivity. Favoured reactions include nucleophilic opening
of spring-loaded electrophiles[3a] and nucleophilic addition
to carbonyl substrates yielding oximes and hydrazones,[3b] a
variety of thiol chemistries[4] and cycloaddition reactions
including the Diels–Alder reaction.[5] However, the widespread adoption of the copper(I)-catalysed azide/alkyne cycloaddition – the so-called CuAAC reaction – has made it
almost synonymous with the term “click chemistry”.
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3. The Gold Standard CuAAC Reaction
In its modern genesis,[1,6] the triazole-forming CuAAC
reaction, discovered at the end of the 19th century[7] and
studied extensively by Huisgen[8] in the 1960s, has been utterly transformed. It is now known that the poor kinetics
and selectivity of the classic thermal reaction can be overcome by the addition of a catalytic amount of copper. The
CuAAC reaction is the most championed click reaction,
with applications in supramolecular[9] materials[10] and
polymer chemistry.[11] It has also been central to the synthesis of drug candidates[12] and nucleoside analogues;[13] other
bioinspired applications include protein engineering,[2] biological imaging[14] and biomimetic modelling.[15]

3.1. Drawbacks to Copper-Catalysed Azide/Alkyne
Cycloadditions
Despite its status as the quintessential click reaction, the
CuAAC is not ubiquitously attractive.[16] It requires optimisation of a number of reagents and the need for the
Cu(1) catalyst can be limiting. Toxicity is problematic for
reactivity in living systems, in tissue engineering applications and in development of therapeutics.[17] The cytotoxic
copper ions[18] can cause oxidative damage including DNA
degradation and polysaccharide or protein denaturation.[19]
Catalytic copper ions are incompatible with some synthetic
targets, such as those incorporating chelating or Fischer
carbene moieties.[20] In other cases, product entrapment of
the catalyst ions has necessitated the use of stoichiometric
amounts of copper and has resulted in polymeric materials
with inferior properties to those formed by classical thermal
polymerisation methods.[21] Trace copper is especially problematic in the pharmaceutical sector, where levels must remain below 15 ppm.[22] Catalyst impurities impact negatively on enzyme-linked immunosorbent assays (ELIZA),
on the biochemical properties of labelled phages and the
luminescence characteristics of quantum-dot-functionalised
biomolecules.[23]

tions free of cytotoxicity; practical solutions include conducting the reaction under air-free conditions or with CuIstabilizing ligands (e.g., TBTA, BTTES or BTTAA).[28] The
last two, tris(triazolylmethyl)amines, are especially attractive; they confer improved kinetics and bio-benign status on
the CuAAC reaction. Finally, “ligandless” click ligation or
labelling of unprotected RNA substrates has been facilitated by judicious choice of reaction solvent or alkyne partner.[29]
3.3. Ruthenium as a Replacement for the Copper Catalyst
Ruthenium-catalysed
azide/alkyne
cycloadditions
(RuAACs), with regiochemical complementarity to the Cupromoted version have been developed[27b,30] (Scheme 1).
Several RuII complexes are catalytically active, and whilst
Cp*RuCl(PPh3)2 is the most widely adopted the nature of
the reacting azide informs the choice of catalyst.[31] In some
instances sluggish reactivity can be overcome by microwave
irradiation.[31b] The reaction is compatible with both terminal and internal alkynes, although with the latter there
can be some compromise in regioselectivity.[30b,30c] Applications have been reported in materials[32] and medicinal
chemistry,[33] as well as in the preparation of nucleoside and
sugar derivatives, peptide surrogates and aminoacyl-tRNA
analogues.[34]

Scheme 1. Catalyst-controlled regioselective cycloadditions of azides and terminal alkynes: i) Cp*RuCl(PPh3)2, PhH, reflux;[30b]
ii) sodium ascorbate, CuSO4, tBuOH, H2O, room temp.

3.4. Alkynes with Enhanced Reactivities – SPAAC
3.2. General Solutions to the Problems of Residual Copper
A palette of tools designed to circumvent problems associated with the presence of residual copper is emerging. In
limited circumstances the reactions might proceed satisfactorily in the absence of copper (e.g. with “activated” substrates[24]) or with the application of specialised experimental techniques (e.g. microcontact printing[25]). However,
more general solutions are desirable. One approach involves
extensive washing to eliminate residual copper ions;[26] another relies on catalyst remediation (e.g., sequestration by
oxide-capped metallic iron nanoparticles, FexOy@Fe).[22]
Alternatively, judicious choice of copper source can facilitate removal by simple filtration [e.g., CuI-zeolites, benchstable copper-in-charcoal or copper nitride (Cu3N) nanoparticles supported on a superparamagnetic silica microsphere].[27] Still other approaches rely on catalyst formula3044
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The poor kinetics of the CuAAC reaction at the concentrations desirable for bioconjugation have been addressed
by the development of strain-promoted azide/alkyne cycloaddition (SPAAC) chemistry. The significant reduction in
the activation barrier makes the requirement for a catalyst
redundant and, depending on the application, SPAAC reactions can compete with the best CuAAC protocols.[23b] Numerous cyclooctyne probes have been developed (Figure 1).
Incremental improvements on first-generation cyclooctynes[23b,35] have yielded azacyclooctynes with enhanced
aqueous solubilities, as well as α-fluorinated and α,α-difluorinated versions with improved kinetics.[20a,36] Diarylcyclooctynes, generated by classical or photochemical approaches,[37] their aza analogues [azadibenzocyclooctynes
(ADIBOs)],[38] including some carrying fluorescent or radio-reporting tags,[39] and the highly sensitive biarylazacy-
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clooctynones (BARACs)[40] all show enhanced reactivities
allowing reactions to occur within minutes rather than
hours. The superior kinetics of these reagents are important
in living systems in which reactivity must be faster than
metabolic probe elimination. In spite of its obvious attractions the SPAAC reaction carries a penalty of poor regioselectivity[38b] and recent in vivo studies revealed that difluorooctyne-based (DIFO-based) probes bind nonspecifically
to mouse serum albumin, presumably through formation of
covalent bonds between cysteine residues and the cyclooctyne.[36d]

Figure 1. Representative cyclooctyne partners in SPAAC reactions.

4. Nitrile Oxides (and Nitrones) – Dipoles of
Enhanced Reactivity
The utility of dipoles other than azides has progressed
click chemistry beyond the triazole conjugating tool. We
and others have focused on nitrile oxide and nitrone cycloadditions; the ensuing cycloadducts – isoxazoles and their
partially saturated analogues – are, like the triazole nucleus,
an important class of heterocycle. The potential issue of
dipole instability, manifest in nitrile oxide dimerisation or
in nucleophile trapping,[41] is minimised by in situ generation and by judicious choice of reacting partner. The isoxazole-generating nitrile oxide-alkyne cycloaddition (NOAC)
has many attractions:
Firstly, there is the ease and range of procedures available
for dipole formation from oxime substrates by direct or indirect oxidative methods, or from nitro precursors in the
presence of aryl isocyanates.[42]
Secondly, there are the attractive kinetics. The NOAC is
estimated theoretically, and observed experimentally[43] to
have more attractive kinetics than similar azide cycloadditions.
Thirdly, there is regioselectivity. Reactions of nitrile oxides with monosubstituted alkynes lead regioselectively to
3,5-disubstituted adducts.[44]
Fourthly, there is synthetic utility. Despite its status as a
rather stable aromatic moiety the isoxazole nucleus masks a
variety of functionalities potentially valuable in subsequent
manipulations.[45] In addition to agrochemical applications,
isoxazole derivatives are valued pharmacophores. Present in
many natural and synthetic bioactive compounds, including
ibotenic acid and the COX-2 inhibitor valdecoxib, the isoxazole system is hydrolytically stable. It shares the isosteric
Eur. J. Org. Chem. 2012, 3043–3058

character of amide and ester bonds and has potential for
π-stacking and H-bonding, and so it has many possible
modes of action with biological molecules.[46]
Finally, in contrast to azides, there are only limited issues
relating to health and safety in the handling of the dipole.[47]

4.1. Catalyst-Promoted Cycloadditions between Alkynes and
Nitrile Oxides/Nitrones
Most nitrile oxide cycloadditions are catalyst-free, but regiocomplementary control has been demonstrated in the
presence of a copper,[48] an N-heterocyclic carbene
(NCH)[49] or a ruthenium catalyst.[50] Both the copper- and
the carbene-mediated reactions promote formation of 3,5disubstituted isoxazoles, whereas ruthenium catalysis favours 3,4-disubstituted ones (Scheme 2). Active copper(I)
catalysts have been obtained from copper(II) sulfate either
by ascorbate reduction or by comproportionation with copper metal. Nitrile oxide generation involved either base
treatment of the desired hydroxamoyl chloride or reaction
between the parent oximes and either chloramine-T or NCS
and base. The reactions, predicted by computational models
to be much faster than with similar azides, do indeed proceed with remarkable acceleration. The catalysed reactions
have been shown to be tolerant of a number of functional
groups, although to date the conjugated oestradiol in Figure 2 remains the only bioinspired example.

Scheme 2. Catalyst-controlled regioselective cycloaddition reactions between nitrile oxides and terminal alkynes. Nitrile oxides
generated in situ either from aldoximes by treatment with chloramine-T[48] or through action of base on imidoyl chlorides
[RC(Cl)=NOH].[49,50]

Figure 2. Oestradiol conjugate prepared by Cu(1)-promoted nitrile
oxide/alkyne cycloaddition.[48a]

Reactions between nitrones and terminal alkynes have
limited synthetic appeal, but depending on their substitution patterns the resulting Δ4-isoxazolines are susceptible to
a variety of decomposition behaviour patterns.[51] Neither
are the CuI-catalysed reactions useful for generating isoxazoline-linked conjugates; under click conditions the ini-
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tially formed cycloadducts undergo immediate collapse to
monocyclic β-lactams through Kinugasa-type reactions; see
Eq. (1).[52]

(1)

5. Bioinspired Syntheses Based on Catalyst-Free
Cycloadditions between Nitrile Oxides/Nitrones
and Terminal Alkynes
5.1. Nucleoside Analogues
Nitrile oxide/alkyne cycloaddition (NOAC) chemistry is
central to the synthesis of a number of bioinspired compounds, including steroid and sugar conjugates, with in situ
generation of active dipoles from oximes, hydroxamoyl
chlorides or nitro compounds.[53] This field is dominated,
however, by the antiviral and anticancer potential of isoxazole nucleoside analogues. Nitrile oxide approaches to nucleoside derivatives with the nucleoside tagged either with
the dipolarophile or with the dipole precursor have been
demonstrated; both nucleobase- and ribose-modified oximes have served as nitrile oxide precursors,[44,54] whereas
alkyne functionalities have more commonly been placed on
the base than on the sugar.[13,55] In the reports to date, NaOCl alone, NaOCl with NEt3, or NCS/NBS with NEt3 have
most frequently been selected as dipole generating agents,
although commercial bleach[55b] and hypervalent iodine reagents such as PhI(OCOCF3)2 (PIFA)[56] present other options. PIFA, suited to generation of both nucleoside and
peptide conjugates, has reasonable functional group tolerance and examples of nucleoside analogues generated by
this methodology are illustrated in Figure 3.[56] In one recent example a solid-phase approach was demonstrated,[13]
though more generally the cycloadditions are reported in
solution with THF or CH2Cl2 as reaction solvent.
Conjugation in aqueous media is highly desirable for bioapplications; accordingly, the preparation of modified nucleosides by NOAC induced by chloramine-T is a significant goal.[57] The use of chloramine-T in the generation of
isoxazole-linked peptidomimetics,[48b] in antibody-catalysed
cycloaddition reactions and in the preparation of 125I-labelled oligonucleotides[58] suggests, with judicious choice of
reactant concentrations, harmony with biological systems.
Chloramine-T mediates nitrile oxide formation from aldoxime precursors; it is also capable of transforming
3046
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Figure 3. Nucleoside conjugates prepared by NOAC; nitrile oxides
generated from oximes by PhI[OC(O)CF3]2-induced oxidation.[56]

hydrazones into nitrile imines.[59] The choice of this reagent
for nitrile oxide generation facilitates a move away from the
biphasic (water/CH2Cl2) systems desirable for the NCS/
NBS NEt3 protocols and found to be valuable for rate enhancements of NaOCl-promoted intramolecular cycloadditions.[60] Chloramine-T is a versatile reagent that can be
used with both acid- and base-sensitive substrates. Issues
relating to base-sensitive substrates have been circumvented
by co-employment of silica gel,[53a] whereas the presence of
a mild base (e.g., NaHCO3) is sufficient to protect acidsensitive functionalities. One plausible mechanism for the
transformation of aldoximes into nitrile oxides through
chloramine-T induction is shown in Scheme 3.[59] For application of the chloramine-T protocol a number of caveats
apply; one should heed Padmavathi’s observations that side
reactions of the initially generated nitrile oxide with excess
chloramine-T (4 equiv.) can give undesired products and detract from the yield of the desired dipole,[59] as well as Rai’s
observations that some reaction partners (e.g., vinyl sulfones) might not be inert to the oxidising power of chloramine-T. A pragmatic solution to the latter problem involves
exposure of the oxime to the chloramine-T prior to addition
of the dipolarophile.[61]

Scheme 3. Mechanism proposed by Padmavathi and co-workers for
the formation of nitrile oxides from oximes through chloramine-T
induction.[59]
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Nucleoside analogues can be formed by nitrile oxide
click chemistry induced by chloramine-T either conventionally in solution or also under solid-phase conditions.[62]
Many antiviral nucleoside analogues require 5⬘-hydroxy
groups for kinase phosphorylation, but some 5⬘-tritylated
derivatives demonstrate inhibition of thymidine phosphorylase and angiogenesis,[63] so access both to 5⬘-protected
and to 5⬘-unprotected thymidine derivatives is important.
Thymidine substrates bearing free hydroxy groups at
their 5⬘-positions, as well as those protected as trityl or dimethoxytrityl ethers, are compatible with the NOAC protocol with chloramine-T induction. Propargyl moieties, easily
introduced at the 3⬘-position of the deoxyribose moiety, can
function as the alkyne handles and the active dipoles can
be generated from the parent oximes by treatment with
chloramine-T in aqueous ethanolic NaHCO3. The one-pot,
catalyst-free protocol avoids issues with reactive oxygen
species and there is no requirement to exclude air from the
reaction. Cycloadditions to the protected and unprotected
nucleosides 1 and 2 are complete after stirring for 1 h at
room temperature (Scheme 4). The reactions allow selective
formation of 3,5-disubstituted isoxazoles 3/4, as is evident
in the 1H NMR spectra of the products; the 4-H protons
of the isoxazole rings are each characterised by a singlet
resonance at about 6.5 ppm. The isoxazole ring protons of
the alternative 3,4-disubstituted regioisomers ought to resonate approximately 1 ppm further downfield.[50]

Scheme 4. Thymidine conjugates prepared through cycloadditions
between terminal alkynes and nitrile oxides generated by the chloramine-T protocol: i) RCHNOH, chloramine-T, NaHCO3, EtOH/
H2O, 1 h, r.t.[62b]

Nucleoside derivatives conjugated with two identical
groups can be accessed by “click-click” NOAC. C3⬘,O,N3Bispropargyl thymidines 5 or 6 (Scheme 5), for example,
with the 5⬘-hydroxy group either tritylated or free, can function as bis-dipolarophiles. These substrates, when exposed
to suitable oximes and chloramine-T, can undergo two independent nitrile oxide/alkyne click cycloaddition reactions.
As was evident from their 1H NMR spectra, the double
cycloaddition products 7/8 form without any compromise
in regioselectivity. Concomitant with cycloaddition is the
disappearance of the alkyne proton resonance and downEur. J. Org. Chem. 2012, 3043–3058

field shifts (ca. 0.5 ppm) in the positions of both the NCH2
and the OCH2 methylene protons. No other regioisomer
was found amongst the crude products.[62b] The regioselectivity of the isoxazole-forming NOAC reaction is thus on a
par with that of the copper-promoted triazole click ligation
procedures.

Scheme 5. Formation of doubly modified nucleoside derivatives by
click-click NOAC chemistry in solution: i) RCHNOH, chloramineT, NaHCO3, EtOH/H2O, 1 h, r.t.[62b]

Conformation, configuration and conjugation are important features of modified oligonucleotides, and consequently site-specific reactivity is an important synthetic
goal. There is particular interest in substituents at the 2⬘position, which lock the ribose sugar in the C3⬘-endo conformation preferred by the RNAi intracellular machinery.[64] Commercially available 500-Å CPG-succinyl nucleosides 9 [controlled pore glass, Eq. (2)] bearing click-addressable 2⬘-O-propargyl tags can serve as reactive partners
in nitrile oxide/alkyne click chemistry.[65] The protocol involves mixing the desired oxime, as nitrile oxide precursor,
and chloramine-T in aqueous EtOH in advance of exposure
to the resin-supported nucleoside alkynes in an Eppendorf
tube followed by agitation at room temperature. Formation
of the active dipole by the prior mixing of the oxime and
the oxidising agent is rapid; effectively it offers convenient
access to “pre-formed” nitrile oxides. All four natural bases,
with their standard protecting groups, can function as click
partners under these conditions, and after reaction workup
the newly generated isoxazoles are immune to the conditions required for base deprotection. Conjugation can be
achieved both with aliphatic and with aryl nitrile oxides,
but the rates of cycloaddition mirror the steric bulk of the
dipoles. After time intervals ranging between 15 min and
16 h near quantitative conjugation can be achieved. HPLC
analysis is a suitable tool to ascertain click efficiency and
selectivity; typically the ligated adducts elute ca. 6 min later
than the parent propargylated nucleosides.
In addition, derivitisation of CPG-succinyl nucleosides 9
by the chloramine-T-induced NOAC protocol can be directly performed in a DNA synthesis column, by conduction of the reaction with an agitated suspension of resinsupported reactant in an Eppendorf tube[65]; see Eq. (2).
This augurs well for future commercial automation. Indeed,
Carell and co-workers, starting from hydroxamoyl chloride
precursors, have elegantly achieved nitrile oxide/styrene
click conjugation in the DNA synthesizer.[66]
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(2)

5.2. Nucleotide Analogues
To be valuable for synthesis of nucleotide conjugates the
NOAC protocol must demonstrate compatibility with all
components of these complex molecules: that is, the phosphodiester as well as the base and sugar components. Successful click conjugation to the synthetic nucleotide 14
(Scheme 6) provides confirmation that the phosphodiester
moiety can tolerate the NOAC protocol mediated by chloramine-T.[62b] The alkyne-bearing nucleotide was prepared
after coupling of the 5⬘-protected thymidine phosphoramidite 11 with the alkynyl alcohol 12 under standard conditions. Removal of the Dmt protecting group gave 14, which
can, on exposure to chloramine-T in ethanolic NaHCO3,
behave as a click partner with nitrile oxides generated in
situ from the appropriate oximes. The one-pot reaction is
fast at ambient temperature and is complete in under one
hour. It compares favourably with the copper-catalysed for-

mation of triazole-linked dithymidines, which, although
complete within 3 min under microwave activation conditions (80 °C, 300 W), require 24 h to reach ca. 40 % completion at room temperature.[67] The isoxazole-ligated nucleotides 15 and 16 were obtained in 70–80 % yields (Scheme 6).
The characteristic resonance position of the isoxazole 4-H,
in the δ = 6.6 ppm region, confirms the regioselectivity of
the reactions.
Nucleotide analogues can also be prepared by resin-supported NOAC chemistry.[62a,65] Model substrates, anchored
to the resin through their 3⬘-hydroxy groups and carrying
terminal propargyl functionalities at their 5⬘-positions as
the addressable tags (Scheme 7), can be derivitised by the
click conjugation protocol, as illustrated for 17. The reaction involves direct addition of the oxime and chloramineT to a suspension of the resin-supported substrate in ethanolic NaHCO3 in an Eppendorf tube at room temperature.
Formation of isoxazole conjugates such as 18 is complete
in less than an hour. In comparison with analogous copperpromoted triazole ligation strategies the NOAC protocol is
appealing in its simplicity; there is no need to exclude oxygen from the reaction vessel and the number and variety of
reagents requiring optimisation are minimal.

Scheme 7. Isoxazole-ligated synthetic dinucleotides prepared by
NOAC with resin-supported alkyne nucleotides: i) PhCHNOH,
chloramine-T, NaHCO3, EtOH, 1 h, room temp.; ii) cleavage and
deprotection.[62b]

Scheme 6. Isoxazole-ligated synthetic dinucleotides prepared by
NOAC in solution: i) anh. CH3CN, BMT, Ar, 0.5 h, room temp.,
then oxidation; ii) DCA, CH2Cl2, room temp., 0.5 h;
iii) RCHNOH, chloramine-T, NaHCO3, EtOH, 1 h, r.t.[62b]
3048
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Positional control of oligonucleotide modification can be
important; indeed, the delivery capabilities of siRNA conjugates are known to vary with the site of attachment.[68] A
valuable feature of the NOAC protocol is its ability to provide designer conjugates; ligation can, if required, be
achieved at either the 3⬘- or the 5⬘-termini – or both – of
an oligonucleotide substrate. Mono- and bis-ribonucleotide
conjugates 22–24 (Figure 4) can be prepared by resin-supported mono-click, or bis-click-click, cycloadditions. The
reactions can be carried out with nucleotides bearing terminal propargyl appendages either at the 3⬘-end of the molecule (19) or at the 5⬘-end (20), as well as at both the 3⬘and the 5⬘-termini (21). For each of the transformations,
the dipole was pre-formed in aqueous ethanol by treatment
of the desired oxime with chloramine-T. This solution was
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Figure 4. 2⬘-OMe oligoribonucleotide conjugates prepared by NOAC chemistry.[65]

subsequently transferred to an Eppendorf tube containing
a suspension of the resin-supported oligonucleotide. In the
formation of 22 it has been shown that 2⬘-O-propargyl moieties at the 3⬘-terminus of a dinucleotide can be addressed
as click partners. Bulky dipoles react more slowly than
those with lesser steric requirements (e.g., formation of the
naphthyl-substituted cycloadduct requires 4 h to reach
completion at room temperature; in direct comparison, formation of phenyl-substituted isoxazole conjugates requires
only a 15 min reaction time). The formation of the tetramer
23 shows that the NOAC protocol can be used to conjugate
oligonucleotides bearing terminal alkynes at their 5⬘-positions. High levels of cycloaddition efficiency are retained in
the click-click product 24, confirming the robust nature of
the protocol and suggesting future applications of NOAC
in high-density functionalisation.

mild conditions, good modification effect and no influence
on the bioactivity of RNA.[75]
5.3.1. On-Resin Conjugation
Nitrile oxide/alkyne cycloaddition chemistry promoted
by chloramine-T can provide isoxazole-linked oligonucleotide conjugates. Propargyl-terminated, CPG-supported
DNA substrates 25 (Scheme 8) can be ligated after reaction
with nitrile oxides generated in situ. The reactions take
place in aqueous ethanolic NaHCO3 at rates dependent on
the steric demands of the dipole partners (0.5 to 18 h). In
all cases, product integrity is readily established by HPLC
analysis and MALDI-TOF-MS data. Potential concerns relating to side reactions between the nitrile oxides and the
nucleobases could be ruled out after a control experiment
that returned CPG-supported decathymidylate 25a unchanged under the conditions of the NOAC reaction.[62a]

5.3. Oligonucleotide Conjugates
The need to provide chemically modified oligonucleotides for a range of biological and therapeutic applications
has focused much synthetic effort in this direction.[69] Pioneering research by the groups of Sella,[70] Carell,[19a,66,71]
Brown,[72] Morvan[73] and others[74] offers an insight into
the value of the CuAAC reaction for triazole-mediated
DNA ligation, whereas we and others have developed
NOAC chemistry as an effective, catalyst-free alternative.
The acceptance of dipolar cycloaddition chemistry as a
platform for oligonucleotide conjugation is reflected in the
number of commercial sources offering diverse click reagents. In general, the marketed products involve azide dipoles, although a kit and a method for modifying in vitro
synthesized RNA through click reactions including nitrile
oxides and nitrones, as well as azides, is claimed. The kit
consists of phosphoramidites or nucleoside triphosphates
bearing one component of the click cycloaddition reaction
together with a biomolecular probe with the complementary functionality. It claims the capability for modification
of RNA either during or after the chemical synthesis, with
potential advantages including low cost, easy operation,
Eur. J. Org. Chem. 2012, 3043–3058

Scheme 8. Isoxazole conjugates prepared by NOAC with resin-supported alkyne-oligonucleotides: i) RCHNOH, chloramine-T,
NaHCO3, EtOH, room temp.; ii) cleavage and deprotection. R =
phenyl, 1-naphthyl, 9-anthracenyl. a) DNA = T10. b) DNA = 5⬘
TCG CAC ACA CGC 3⬘.[62a]

5.3.2. Click Prior to Conjugation
Prospective problems of operational efficiency or functional group tolerance in the preparation of isoxazole-ligated oligonucleotides can be avoided by coupling of phosphoramidite building blocks already bearing the moiety to
be conjugated. Although click-generated designer triazole
phosphoramidites have been prepared by CuAAC chemistry,[76] isoxazole analogues are virtually unknown.[77] The
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isoxazole building blocks 28 (Scheme 9), with pendant hydroxy functionalities, can be prepared by the NOAC protocol with induction by chloramine-T; the reactions involve
in situ dipole generation from the oximes 27 and trapping
with phenyl propargyl ether. The click-generated products
can be converted into the phosphoramidites 29, which can
in turn be employed as monomers for either manual or
automated solid-phase coupling to the 5⬘-terminus of a
growing oligonucleotide (Scheme 9).[78] Yields of conjugates
30, derived from isoxazoles generated off-resin, compare
favourably with those obtained for similar conjugates con-

structed by on-resin NOAC chemistry with alkyne-modified
DNA substrates (Figure 5, path b).[62a]

6. Strain-Promoted Cycloadditions of Nitrile
Oxides (Nitrones) and Alkynes
The first examples of strain-promoted nitrile oxide cycloaddition involved norbornene-modified DNA substrates.[79]
The strained alkene, introduced into a growing DNA strand
by way of a modified thymidine phosphoramidite, is suited
to cycloaddition with a variety of nitrile oxides generated
in situ either from hydroxamoyl chlorides or directly by
treatment of the parent oxime with NCS. The success of the
reaction forming the 2-isoxazoline – see Eq. (3) – is based
on the release of about 6 kcal mol–1 of angular strain energy
of the norbornene ring system. An attractive feature of this
reaction is its applicability to automation on a DNA synthesiser; however, although being exo-selective it proceeds
without regioselectivity.[79]

(3)

Scheme 9. NOAC induced by chloramine-T, isoxazole phosphoramidite formation and preparation of DNA conjugates:
i) chloramine-T, EtOH/H2O, HC⬅CCH2OPh, room temp., 18 h;
ii) BMT, (iPr2N)2POCH2CH2CN, (iPr2)NH, room temp., MeCN,
30 min; iii) BMT, (iPr2)NH, room temp., MeCN, 30 min; iv) oxidation, cleavage and deprotection.[78]

Figure 5. Retrosynthetic routes to oligonucleotide conjugates utilising a) off-resin,[78] and b) on-resin[62a] NOAC chemistry.
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A number of groups have capitalised on the potential,
pioneered by Bertozzi and co-workers,[35a] of cyclooctynes
as highly reactive dipolarophiles. With these substrates,
which release almost 18 kcal mol–1 of strain energy during
cycloaddition, the requirement for a (cytotoxic) catalyst to
promote azide/alkyne cycloaddition is redundant and the
azide/alkyne reaction earns the revered status of biocompatibility. Although numerous applications with living systems
have been reported,[36d,40,80] this chemistry has more recently been exploited in the nucleic acids space. Examples
include room-temperature labelling of DIBO-modified (dibenzocyclooctyne-modified) oligonucleotides either at the
5⬘- or the 3⬘-termini with fluorescent or oligosaccharide
groups; the same handle is exploited in formation of 5⬘labelled DNA- or RNA-peptidic or sugar conjugates[37c,81]
and in templated DNA ligation.[72b] In their reactions with

Figure 6. DNA ligation product formed by SPAAC chemistry.[72b]
For clarity only one regiosiomer of the triazole conjugates is
shown.
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azides, dibenzocyclooctynes are found to be more reactive
cycloaddition partners than monocyclic octynes; formation
of the templated DNA ligation product shown in Figure 6
is thus complete within the first minute of exposure. Significantly, it is observed that Cu(1) strongly inhibits the
SPAAC, probably as a result of complexation to the cyclic
alkyne.[72b]

azide substrates includes benzyl, cinnamyl, glucose, coumarin, biotin and cholesterol azides (Figure 8). Potential drug
delivery applications[74a] make conjugation to cholesteryl
dipoles significant; earlier syntheses of cholesterol conjugates by CuAAC either at the monomer level, prior to oligonucleotide synthesis, or directly to a resin-supported oligonucleotide-alkyne required microwave assistance (60 °C,
45 min).[74a,84]

6.1. Click Conjugation to Monocyclic Alkynes
Complex syntheses and unfavourable kinetics with bulky
dipoles can limit the preference for cyclooctynes of enhanced reactivity (e.g., diaryl or fluorinated variants) as azide click partners. Recently it has been remarked that the
steric requirement of the conjugating moiety limits the extent of peptide polymer conjugation.[82] Simple unactivated
monocyclic octynes with reduced lipophilicity and limited
steric bulk could therefore be valuable. The ensuing adducts
ought to have superior aqueous solubilities and reduced
tendencies to interact with hydrophobic biomolecules, characteristics valued in drug delivery, biomedicine and imaging. For these reasons, our group were interested in developing protocols for strain-promoted conjugation to oligonucleotides bearing monocyclic octyne moieties. The
range of commercially available azide dipoles and the widespread adoption of click imaging by non-chemists inspired
us to explore azides as well as nitrile oxide dipoles.
6.1.1. Click Conjugation between Azides and Monocyclic
Alkynes
Resin-supported oligonucleotide cyclooctynes such as 31
(Figure 7), constructed from the new phosphoramidite 32,
were found to be resilient to the standard conditions of solid-phase oligonucleotide synthesis. Click cycloaddition to
the monocyclic strained alkyne can be achieved at room
temperature with use of 20 equivalents of azide, at an effective concentration of ca. 140 mm,.[83] The reaction medium
is dictated by dipole solubility and the time required for
formation of the triazole conjugates 33 (20 min/16 h) is directly influenced by the size of the dipole. The range of

Figure 7. Phosphoramidites, DNA-cyclooctynes and triazoleligated oligonucleotides prepared by SPAAC.[83]

Despite the obvious attractions of solid-phase syntheses
(SPS), the precondition that the final products be inert to
the cleavage/deprotection protocols can be prohibitive. To
allow for such eventualities and to claim full versatility for
SPAAC with monocyclic cyclooctynes a solution-phase synthesis of the triazole-ligated fluorescein conjugate 34 (Figure 9) has been demonstrated.[83] The observed propensity
of the fluorescein core to lactonise under the basic conditions required for cleavage of the conjugate from the resin
precludes its synthesis by the resin-supported approach. An
aqueous solution of DNA-cyclooctyne, obtained from 31
after deprotection and cleavage from the resin, can thus be
conjugated after exposure to an aqueous DMF solution of
fluorescein azide. The reaction requires agitation at room
temperature overnight. Optimum rates of conversion to the
conjugate (≈80 %) require a doubling of the number of azide
equivalents (40 equiv.) relative to that required for analogous solid-phase reactions.

Figure 8. Selected azide click partners for SPAAC with DNA-cyclooctyne 31.[83]
Eur. J. Org. Chem. 2012, 3043–3058
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Figure 9. Triazole-ligated DNA conjugate prepared in solution
phase by SPAAC.[83]

6.1.2. Click Conjugation between Nitrile Oxides and
Monocyclic Alkynes
Recent studies on the relative reactivities of nitrile oxides,
nitrones and diazocarbonyl derivatives as alternatives to azide dipoles in reaction with cyclooctynes suggest inferior
kinetics (with respect to azides) for diazocarbonyl moieties
and superior reactivities for strain-promoted alkyne/nitrile
oxide cycloaddition (SPANOC).[43b,56] Theoretical studies
concluded that bond angle and strain release, together with
the attainment of aromatic status in the isoxazole product,
are the driving forces for the reaction.[85] The relative reactivities of nitrones are closely related to their structures,
with cyclic nitrones being the most effective dipoles.[43b,86]
Interestingly, in spite of their modest reactivities, peptides
bearing nitrone moieties can still be trapped with dibenzocyclooctyne (DIBO) derivatives at rates sufficiently high to
permit selective tagging of proteins and complex carbohydrates.[87] The rate constant for [3+2] addition of bicyclo[6.1.0]nonyne (BCN) 35 (Figure 10) to benzonitrile oxide
(1.8 m–1 s–1) was found to be greater by a factor of 10 than
that observed for the corresponding reaction with benzyl
azide.[56] Similar results were observed with DIBO; benzonitrile oxide (generated in situ from the hydroxamoyl chloride) reacted about 60 times more rapidly than benzyl azide
(Scheme 10). Oximation, oxidation and cycloaddition can
be streamlined as a one-pot reaction, which is especially
attractive from an experimental perspective. The potential
of the telescopic process, which is based on on keeping the
dibenzocycloalkyne separate from the hydroxylamine, is evident from its ability to yield biotin-labelled carbohydrates
and sialic-acid-labelled glycoproteins (Scheme 11).[43b]
Isoxazole nucleoside conjugate 36 (Figure 10) can be
formed by PIFA-induced nitrile oxide/alkyne cycloaddition
to BCN 35. The reaction, which occurs within minutes in
aqueous methanol under ambient conditions, suggests that
this approach can be valuable for applications requiring derivatisation of unprotected nucleosides.[56] It is well known
that nitrile oxides have a tendency to dimerise in the absence of a suitable reaction partner, but a further word of
caution with regard to the use of hypervalent iodine reagents is prompted by the observation that aliphatic or aromatic aldoximes, in the presence of (diacetoxyiodo)benzene
(DIB) or [hydroxy(tosyloxy)iodo]benzene (HTIB) can yield,
rather than the expected nitrile oxides (or their dimerization
products), the corresponding N-acetoxy and N-hydroxyamides.[88]
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Figure 10. Bicyclo[6.1.0]nonyne (BCN) 35 and nucleoside analogue
36, formed by strain-promoted nitrile oxide/alkyne cycloaddition
(SPNOAC).[56]

Scheme 10. Cycloaddition between dibenzocyclooctynol (DIBO)
and benzyl azide or benzonitrile oxide dipoles.[43b]

Scheme 11. Telescopic one-pot SPNOAC; BAIB = bis(acetoxy)iodobenzene.[43b]

The sluggish reactivities of monocyclic cyclooctynes afford an opportunity to showcase the attributes of nitrile
oxides as dipoles. Strain-promoted cyclooctyne/nitrile oxide
click cycloadditions between the resin-supported DNA-cyclooctyne 31 (Figure 7) and a range of nitrile oxides generated in situ can be achieved in near-quantitative yields
within 10 min at room temperature. Reaction conditions are
straightforward: a solution of the nitrile oxide dipole, generated by pre-mixing the parent oximes and chloramine-T (in
a 1:1 ratio), is added to a suspension of the resin-supported
oligonucleotide in an Eppendorf tube. Solvent choice –
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EtOH, DMF, water or mixtures of the same – is dictated
by dipole solubility issues. As expected, the selectivity observed in addition to the terminal alkyne is sacrificed with
the cyclic substrate. The regioisomeric isoxazole-DNA conjugates 37/38 (Figure 11) represent the first examples of
resin-supported DNA ligation by exploitation of a monocyclic alkyne as click partner. On comparison with similar
acyclic substrates (e.g., 25) it is clear from the reduction in
activation barrier associated with the cyclic alkyne that the
click reaction can be executed with a much reduced concentration of dipole.[89] The reaction is tolerant of nitrile oxides
bearing bulky aryl groups, including pyrenyl groups, and is
also compatible with the hydroxy functional group, which
could represent a useful handle for further modification of
DNA. Finally, formation of the coumarin conjugates 39
(only one regioisomer shown) suggests that this method can
be used to provide fluorescently labelled conjugates.

decorated structures have been formed by copper-free and/
or copper-mediated azide/alkyne cycloadditions;[25] substrates include representatives bearing one free and a variety
of orthogonally protected alkyne residues,[71,93] one azide
and one alkyne functionality[94] and a terminal and a cyclic
alkyne moiety, as well as those carrying various combinations of free alkynes, protected alkynes and cyclic alkynes.[95]
Orthogonal, azide/alkyne and nitrile oxide/alkene click
cycloaddition chemistries can be applied to high-density
DNA functionalisation. DNA strands (ca. 300 base pairs)
richly decorated with styrene and propargyl functionalities
can undergo rapid CuAAC reactions upon addition of
azido sugars, together with a Cu(1) catalyst, to form intermediate triazole-ligated sugar-DNA conjugates. After purification (by ethanol precipitation), the styrene units, which
are inert to azides, can then by trapped by the more reactive
nitrile oxide dipole (Scheme 12).[66]

Figure 11. Isoxazole-ligated DNA conjugates prepared by
SPANOC. R = phenyl, 1-naphthyl, 2-fluorophenyl, 1-pyrenyl, 2-(2hydroxyethoxy)phenyl.[89] For purposes of clarity, only one regiosiomeric isoxazole will be drawn from this point forward.

6.2. Click-Click and Click-Clunk Cycloadditions – Multiply
Functionalised Substrates
Complex molecular architectures have been assembled by
multiple click reactions (click/click) on a single substrate
(e.g., cross-linking), by stepwise or bisclick reactions or
high-density functionalisation of DNA molecules.[19a,70b,90]
More complex architectures have been achieved by modulation of a range of click chemistries (click/clunk).[10] Successive chemoselective ligations, either stepwise or one-pot,
avoid tedious purification procedures and generally furnish
high yields of products. For these reasons substrates bearing
combinations of orthogonal “clickable” groups have been
designed; examples of complementary reactivity include oxime bond formation, copper(I)-mediated alkyne/azide cycloaddition and thioether bond formation, CuAAC/radical
coupling reactions SPAAC/thiol ene photochemistry and
epoxy-amine/thiol-ene coupling.[91] Threefold orthogonality
has been demonstrated with SPAAC, Diels–Alder and thiol
ene chemistries in designer decorated nanoparticles.[92] Iterative click reactions furnishing doubly and triply triazoleEur. J. Org. Chem. 2012, 3043–3058

Scheme 12. Click-clunk postsynthetic DNA functionalisation by
copper-promoted and copper-free cycloadditions.[66]

7. Applications in Supramolecular and Polymer
Chemistry
In polymer chemistry, click reactions are valued both for
polymer growth and for modification of the polymer after
the polymerisation process.[2] Traditional approaches to designer polymers have involved controlled incorporation of
functional moieties.[96] Modification of the polymeric frame
has obvious attractions, however, and the ability to control
architecture and degree of functionalisation by click-type
chemistry is very attractive.[2,11a] The limitations of the copper-promoted reaction, and the masked synthetic potential
of the isoxazole ring, prompted us and others to explore
the potential of nitrile oxides as click cycloaddition partners

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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for formation of supramolecular constructs or polymers of
predefined structure.
7.1. NOAC in the Construction of Supramolecular and
Polymer Architectures
An early reference to nitrile oxides as clickable functionalities appears in patent literature describing multivalent
dendrimers as pharmaceutical or diagnostic agents, encompassing peptides, oligopeptides, proteins and carbohydrates.[97] Rotaxanes can be formed by click end-capping
reactions between nitrile oxides and alkyne-bearing pseudorotaxane substrates (Scheme 13).[98] For these applications
superior results are found with preformed stable dipoles;
the click capping reactions are distinctly less successful
when in situ dipole generation is attempted with hydroxamoyl chlorides and NEt3, AgOTf or MS (4 Å). Isoxazole-containing [2]rotaxanes (Scheme 13) can be obtained
in good yields after reactions either at room temperature
(ca. 1 d) or at reflux in CH2Cl2 (ca. 2 h) or 1,2-dichloroethane (ca. 20 min). At higher temperatures there is a slight
sacrifice in yield attributed to entropy-driven dissociation
of the pseudorotaxane.

Click polymerisation between homo-ditopic nitrile oxides and bifunctional terminal olefinic and acetylenic
monomers is a simple, yet powerful tool suited to applications in materials chemistry.[99] Taketa and co-workers show
in their work (Scheme 14) that molecular sieves (4 Å) can
function both as base and as dehydrating agent for in situ
generation of bisnitrile oxides from hydroxamoyl dichloride
precursors. Polycycloadditions can be executed with diynes;
more recently it has been shown that bisnitriles are also
suitable polymerisation partners.[99] Polymerisation is
achieved at 80 °C in DMF with a 1:1 ratio of reactants. The
high degree of homogeneity of the polyisoxazole products
is attributed to the regiochemical preference for formation
of the 3,5-disubstituted isoxazole: polydispersity indexes are
typically between 1.3 and 2.0. The isoxazole ring can be
envisaged as masking a range of functionalities including
aldol, diketone, amino alcohol etc. and Takata and coworkers have begun to unveil this potential, demonstrating
controlled or complete reduction to poly(β-aminoenones)
or poly(β-amino alcohols).[99]

Scheme 14. Polymer formation by NOAC between bis(nitrile oxides) and diynes and transformation of the polyisoxazole by controlled and full reduction.[99]

In a further elaboration of macromolecular architecture
it has been shown that trifunctional aromatic nitrile oxides
can behave as crosslinking agents. Dipole formation from
the trioximes is facilitated by treatment of the parent oximes either with N-chlorosuccinimide and Et3N or with
bromine and NaOH.[100]

7.2. Post-Synthetic Click Modification of Polymers by
NOAC

Scheme 13. Click end-capped [2]rotaxanes prepared by NOAC.[98]
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Chain-end polymer functionalization can be achieved
through NOAC chemistry. Alkyne-functionalised biocompatible telechelic copolymers 40 and 41 (Figure 12) succumb to the chloramine-T-induced NOAC protocol. The
click products, arising from reaction with aryl nitrile oxides,
formed in situ from the parent oximes, are illustrated in
Figure 12. The reactions are easily executed at room temperature in aqueous ethanol in the presence of NaHCO3.
Generally, cycloaddition is complete in 16 h, although if
progress is poor – with sterically encumbered dipoles, for
example – repetition of the dose of oxime and chloramineT after 12 h enhances the conversion. Purification of the
conjugated polymeric products from excess reagents can be

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12. Chain-end polymer modification by post-synthetic NOAC modification at the α-terminus; R = phenyl, 2-fluorophenyl, 2nitrophenyl, 1-naphthyl, 9-anthracenyl.[101a]

easily achieved by dialysis. The near quantitative reaction
was confirmed as highly regioselective by 1H NMR spectroscopic analysis. Compatibility of the NOAC protocol with
the inherent polymer structure is confirmed by size exclusion chromatography (SEC), turbidity and cloud point
measurements, which show the click functionalized polymers 42 and 43 to have the same molecular weights and
molecular weight distributions prior and subsequent to
click modification.[101a]
Copper-free NOAC and copper-promoted CuAAC cycloadditions can be combined in a new embodiment of
click-clunk cycloaddition chemistry for post-synthetic
modification of polymer substrates at their α- and
ω-termini.[101b] The potential of this chemistry is demonstrated with model, heterotelechelic, polystyrene polymers
44 (Scheme 15), bearing α-alkyne and ω-azido end-groups.
The poor kinetics of the azide/alkyne cycloaddition in the
absence of a catalyst permit orthogonal modification of un-

symmetrical substrates bearing these functionalities. Initial
exposure of 44 to the nitrile oxide (generated in situ) efficiently traps the alkyne moiety in a NOAC reaction. The
active dipole for the NOAC can be formed in the presence
of the polymer by NEt3-induced dehydrochlorination of the
precursor hydroxyamoyl chloride. During the formation of
45 the azide dipole remains inert. After purification, by simple precipitation from methanol, the cycloaddition potential of the azide moiety of the polymeric intermediate 45
can be unlocked. Addition of an external alkyne together
with a copper catalyst yields the doubly modified polymers
46. Both the isoxazole- and the triazole-forming reactions
proceed with excellent regioselectivities and chemical yields.
The incorporation of a fluorescein moiety in 47 suggests
possible application in polymer labelling for biomedical
studies. Molecular weight and molecular weight distribution measurements of the click-clunk polymers 46 mirror
those of the precursors, suggesting that both the NOAC

Scheme 15. Click-clunk end-capping of α-alkyne-ω-azidopolystyrene polymers by complementary NOAC and CuAAC chemistries; R =
phenyl, 1-naphthyl; R⬘ = CH2OH, C(O)CH3.[101b]
Eur. J. Org. Chem. 2012, 3043–3058
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Scheme 16. Control of click, clunk or click-clunk functionalization by choice of reaction conditions: i) dibenzocyclooctyne, MeOH,
room temp.; ii) BAIB, MeOH, room temp.; iii) dibenzocyclooctyne (R substuituent), MeOH room temp., then dibenzocyclooctyne (R⬘
substuituent), BIAB.[43b]

and the CuAAC chemistries are suited to post-synthetic
polymer modification.
In another manifestation of the orthogonality of azides
and nitrile oxides, Sanders and co-workers have shown that,
with judicious choice of reaction conditions, controlled
modification of bifunctional azidooxime substrates 48 is
possible (Scheme 16). If the reactants are simply mixed in
MeOH at room temperature a triazole-forming SPAAC results in formation of 49. However, in the presence of BAIB,
the latent oxime rapidly provides a nitrile oxide with which
the azide is insufficiently reactive to compete for the dipolarophile and an isoxazole forms through a SPANOC reaction, to afford 50. Sequential azide/nitrile oxide cycloadditions allow the creation of multifunctional products 51 in
one-pot fashion simply by controlling the order of addition
of the reagents.[43b]

Conclusions
This review has covered some of the shortcomings of the
azide/alkyne click reaction and overviewed the most commonly applied solutions to the problems associated with
copper toxicity and residual catalyst ions. It proposes that
nitrile oxide/alkyne cycloaddition (NOAC) reactions and
strain-promoted nitrile oxide/alkyne cycloadditions
(SPNOACs) can be likened to “molecular adhesives” capable of weaving components together in a catalyst-free environment, without the need for any specialised reaction setup. Although the propensity of nitrile oxides to get involved
in side reactions, including dimerisation and nucleophilic
attack, might have discouraged some researchers from
studying their potential as a conjugation methodology, the
kinetics of the nitrile oxide alkyne/cycloaddition can confer
favoured status on this dipole and justify application of the
term “superglue” to the NOAC reaction. This article fo3056

www.eurjoc.org

cuses primarily on applications in the spheres of nucleic
acid and polymer chemistry, but it cannot be doubted that
applications of nitrile oxide click cycloadditions will continue to emerge across the broad field of conjugation chemistry. It can be concluded that NOAC holds great promise
as a premier player in the click toolbox and will certainly
contribute to future creative advances in chemical biology
as well as in materials science.
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