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Abstract Nitrilium betaine 1,3-dipoles are ubiquitous reagents in organic 

chemistry, with applications ranging from natural product synthesis to 

materials science. Given the high reactivity of these zwitterionic motifs, they 

are invariably generated in situ from a suitable precursor, prior to use. This 

short review summarizes the recent progress in the development of modern 

approaches towards the formation of these 1,3-dipoles, and their 

applications within a diverse range of fields.  

 

1. Introduction 

2. Nitrile Ylides 

2.1 2H-Azirine Rearrangement 

2.2 Addition of Nitriles to Carbenes 

3. Nitrile Imines 

3.1 2,5-Tetrazole Thermolysis 

3.2 2,5-Tetrazole Photolysis 

3.3 Diaryl Sydnone Photolysis 

4. Nitrile Oxides 

4.1 Hypervalent Iodine 

4.2 The Nitroso Radical 

4.3 Green Chemistry Approaches 

4.4 Other Methods 

5. Conclusions 

Key words 1,3-dipole, dipolar cycloaddition, nitrilium betaine, nitrile ylide, 

nitrile imine, nitrile oxide, photochemistry 

1. Introduction 

The venerable cycloaddition reaction between a 1,3-dipolar 

species and an appropriate dipolarophile represents a 

fundamental transformation within organic chemistry, with the 

pioneering studies of Huisgen and colleagues from the 1960s 

establishing a platform that has advanced from strength to 

strength over the past half a century.1 The formation of a broad 

array of heterocyclic motifs through 1,3-dipolar cycloaddition 

has found application in a plethora of fields, including medicinal 

chemistry,2 natural product synthesis,3 chemical biology4 and 

materials science.5 More recently, the reactivity of 1,3-dipoles 

with different nucleophilic motifs has also gained prominence,6 

highlighting their versatility as reactive intermediates. 

While more than twenty examples of 1,3-dipoles have been 

characterised or implicated in reaction pathways, all adhere to 

the same core structural scaffold of an a-b-c format, with 4 

electrons shared across the pz orbitals of the 3 atoms (Scheme 

1a).1d,1e Dipoles can then be subdivided into different categories based on the hybridisation of the central “b” atom- the allyl 

anions (sp2 hybridised, with a bent structure) and the 

propargyl/allenyl anions (sp hydridised, with a linear 

structure). This review focuses on a family of propargyl/allenyl 

1,3-dipoles known as the nitrilium betaines, with the general 

formula C=N=X, comprising the nitrile ylides (NYs, X = C),7 

nitrile imines (NIs, X = N),8 and nitrile oxides (NOs, X = O).9 The 

properties and applications of the nitrilium betaines are also 

extremely diverse, and consequently synthetic approaches 

towards their generation are in high demand. However, this is 

complicated by the extensive reactivity of these species, which 

often precludes their isolation and necessitating formation in 

situ. This article aims to highlight the advances in the generation 

and applications of these valuable 1,3-dipolar motifs over the 

past 10-15 years. 

 

Scheme 1 (a) The two main classes of 1,3-dipole. (b) Three members of the 

nitrilium betaine 1,3-dipole family and their associated properties 
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With the general dipole formula C=N=C, there is limited 

literature evidence relating to the detection of the NY in 

comparison to the other two members of the nitrilium betaines. 

Nevertheless, this species remains a valuable tool in the 

formation of several N-heterocyclic motifs.10 The NY is a 

relatively electron-rich dipole, and its cycloaddition with 

alkenes is typically under NYHOMO-dipolarophileLUMO control 

(type I, Scheme 1b).11 This enhanced electron-density also 

influences the dominant resonance contributors to NY structure, 

with the allenic form most prominent. Many NYs also possess 

considerable carbenic character, and consequently may also 

participate in 1,1-cycloadditions.12 The impact of these 

resonance forms induces a more symmetrical distribution of 

electron density in comparison to the NI and the NO,13 and as 

such somewhat counterintuitively, nucleophiles may add to the 

anionic terminus of the NY.14 

The most common approach towards NY formation is through 

dehydrochlorination of the corresponding imidoyl chloride.10,14a 

This method can furnish a reversible, and therefore stable, 

source of the dipole through treatment with a tertiary organic 

base such as triethylamine (Scheme 2). Alternative approaches, 

which have the subject of more recent development, include the 

rearrangement of 2H-azirines, and addition of carbenes to 

nitriles. 

 

Scheme 2 The generation of NYs using imidoyl chlorides and base 

2.1 2H-Azirine Rearrangement 

The rearrangement of 2H-azirine species to afford NYs has been 

known for many years, with seminal reports from Padwa and 

Schmid in 1972.15 While thermolysis of these strained 

heterocycles often leads to large number of different 

decomposition products,16 photolysis can afford clean 

isomerisation to the corresponding 1,3-dipole.17 While this 

transformation has remained mechanistically ambiguous,18 

recent computational efforts by Lui and Cao have significantly 

improved the understanding of this photoisomerization.19 2H-

Azirines were shown to undergo an n → π* excitation to the first 
excited singlet state with absorption of 248 nm light, stimulating 

C-C bond cleavage (Scheme 3). Ultrafast relaxation to the 

ground state then afforded the corresponding NY. Both azirine 

substitution pattern and the wavelength of light employed18b,20 

were found to be important factors on the efficiency of the 

reaction, with lower-energy light prompting cleavage of the C-N 

bond via the triplet excited state. 

 

Scheme 3 Photolysis of appropriately substituted 2H-azirines using 248 nm 

can afford access to NYs 

In 2013, Kirschning reported the application of 2H-azirine 

rearrangements in the formation of NYs when employing 

continuous flow photochemistry.21 Initial photochemical 

formation of the azirine from a vinyl azide starting material was 

followed by the desired isomerisation, with the NY trapped by 

several different dipolarophiles (Scheme 4). 

 

Scheme 4 NY generation through the photoisomerisation of vinyl azides in 

flow. 

2.2 Addition of Nitriles to Carbenes 

The treatment of an appropriate transition metal with an 

electron-deficient diazo species is well known to afford the 

corresponding metal carbenoid complex.22 The introduction of a 

nitrile motif in the presence of this carbene can lead to the 

formation of an NY 1,3-dipole, as first noted by Kende in 1982.23 

Recent developments in this field of chemistry have greatly 

diversified both the palette of applicable transition metals, and 

the library of different heterocyclic products afforded by the 

transformation. This method of NY generation is most 

commonly employed during intramolecular rearrangements, 

involving transition metals such as rhodium, ruthenium, copper, 

silver, and gold (Scheme 5).24 
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Scheme 5 The treatment metal carbenoids with nitrile motifs can generate 

the NY dipole, which then may undergo an intramolecular rearrangement 

with an adjacent π-electron system. 

A less common application of this method of NY generation is in 

the intermolecular reaction of the resulting dipole. This 

manifold was first demonstrated by Liu in 2014, where gold-mediated formation of α-carbonyl NYs was quenched by the 

intermolecular addition of pyridine N-oxide derivatives (Scheme 

6a).25 This was followed by a 2015 report from Ma, who employed copper in the trapping of α-trifluoromethyl NYs with 

benzaldehydes (Scheme 6b).26 The capture of the 1,3-dipole 

with carboxylic acids that stimulate a subsequent Mumm-

rearrangment has also been reported recently.27 

 

Scheme 6 The intermolecular trapping of carbene-generated NYs using 

nucleophiles and electrophiles. 

Intermolecular 1,3-dipolar cycloadditions have also been 

exemplified in this field of chemistry. In an example from 2018, 

Bao and Wan demonstrated the synthesis of 1,2,4-triazoles 

through the cycloaddition of NYs and diazonium salts.28 The 

transformation was facilitated through a copper(I) catalyst, with 

a variety of α-diazocarboxy esters, alkyl nitriles and aryl 

diazoniums shown to be compatible substrates (Scheme 7). 

 

Scheme 7 The 1,3-dipolar cycloaddition of diazonium salts and NYs generated 

from metal carbenes 

3. Nitrile Imines 

In many ways, the NI 1,3-dipole could be considered the 

quintessential example of a nitrilium betaine. Due to the 

incorporation of a nitrogen atom at the anionic terminus, this 

motif often exhibits reactivity that could be consistent with 

either the NY or the NO, with a substantial dependency on 

substituents determining the inherent properties of the dipole. 

For example, both the allenic and propargylic resonance 

contributions of NIs are well-documented, with electron-rich 

motifs increasing the prominence of the allenic form (Scheme 

1b).8a,29 Following Sustmann’s classification,11 NIs are a type II 

dipolarophile, with both HOMO and LUMO mixing implicated in 

1,3-dipolar cycloaddition. As a consequence, any form of 

electronic manipulation of the dipolarophile should increase the 

rate of NI cycloaddition, with ethene gas hypothetically 

considered the least efficient substrate.11b However, excessive 

lowering of the NIHOMO through the inclusion of electron-

withdrawing groups can, in some cases, promote type I dipole 

reactivity.30 In contrast to NYs, NIs react with nucleophiles 

through addition to the neutral terminus, owing to the increased 

prominence of the propargylic resonance form.31 

Dehydrochlorination of hydrazonyl chlorides is the most 

conventional method of NI formation, in direct analogy with the 

NY.32 However, recent advances in controlled heterocycle 

decomposition have stimulated widespread application of 2,5-

tetrazoles and diaryl sydnones as alternative sources of the 

dipole. 

3.1 2,5-Tetrazole Thermolysis 

Substitution of the 2- and the 5-positions of a tetrazole motif can 

lead to thermal decomposition of the heterocycle at high 

temperatures, affording one equivalent of the corresponding NI. 

The generation of N2 gas as a by-product renders this 

transformation irreversible. Tetrazole thermolysis was first 

utilised by Huisgen as early as 1959 (Scheme 8a).33 Critical to 

this approach, as later confirmed by Baldwin,34 was the 

influence of the 2-substituent of the tetrazole, with increased 

electron-withdrawing properties enhancing the rate of tetrazole 

decomposition (Scheme 8b). Very recently, Murakami and co-

workers have demonstrated that N-triflyl tetrazoles can furnish 

the corresponding NI at temperatures as low as 10 °C, by 

successfully employing these substrates in the preparation of a 

library of 1,2,4-triazoles (Scheme 8c).33 Generation of the 1,3-

dipole in the presence of an excess of both alkyl and aryl nitriles 

afforded the products in good yields. 
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Scheme 8 (a) Huisgen’s initial report on NI cycloaddition employing tetrazole 
thermolysis. (b) Tetrazole decomposition is accelerated through increased 

electron deficiency of the N-substituent. (c) Recent literature has 

documented the room temperature formation of N-triflyl NIs from tetrazoles. 

DTBMP = 2,6-di-tert-butylpyridine. 

 

3.2 2,5-Tetrazole Photolysis 

First disclosed in 1967,36 the photolysis of 2,5-tetrazoles to 

afford NIs is often a preferred approach to the thermal method 

owing to the relatively mild reaction conditions. UV-B light (λ 
270-330 nm) is typically sufficient to facilitate the 

transformation at room temperature, providing the N-

substituent is an aryl group. 

Despite the application of this protocol for over half a century, a 

comprehensive mechanistic study was not reported until 2017 

(Scheme 9).37 Excitation from the ground state of the tetrazole 

to the first singlet excited state is facilitated through the transition of an electron from a π→π* orbital. Whereas 

excitation of 2H-azirines was found to afford NYs directly from 

the singlet excited state, 2,5-tetrazoles must first undergo 

intersystem crossing to a triplet state prior to NI formation. As a 

consequence, the efficiency of dipole formation from 2,5-

tetrazoles is highly dependent on the degeneracy of their singlet 

and triplet excited states.  

 

Scheme 9 Photochemical generation of the NI 1,3-dipole from 2,5-tetrazoles 

proceeds via an excited triplet state. 

Over the past 15 years, tetrazole photolysis as an NI source has 

captured the attention of the bioorthogonal chemistry 

community. Given the well-established efficiency of 1,3-dipolar 

cycloaddition reactions, the opportunity to generate a NI motif 

in the absence of any exogenous reagents other than a 

dipolarophile is evidently well-suited to orthogonal ligation 

strategies for biomolecular applications. This was first 

accomplished by Lin in 2008,38 and has since found further 

application in protein ligation,39 peptide stapling,40 and 

chemosensors.41,42 Recently, the reactivity of NIs with carboxylic 

acids has risen to prominence, with considerable application in 

photo-affinity labelling technologies (Scheme 10a).43 

Similar ligation strategies involving NIs have also recently been 

employed within macromolecular chemistry and materials 

science.44 Light-activated formation of the dipole and its 

subsequent capture has contributed greatly towards novel 

approaches in polymer synthesis45 and surface modification 

(Scheme 10b).46 

In addition to its application in the liberation of NYs from 

azirines, flow photochemistry has also been employed in the 

generation of NIs from tetrazoles. This was first achieved by our 

own laboratory in 2019, during the development of a novel 

method of metal-free C-C bond formation between NIs and aryl 

boronic acids.47 A subsequent report bolstered the application 

of this emerging field through the formation of highly reactive 

N-acyl NIs in flow, which underwent intramolecular 1,5-

rearrangment to furnish a diverse palette of 1,3,4-oxadiazoles 

(Scheme 11).48 The introduction of the flow manifold was 

shown to significantly reduce reaction time while 

simultaneously improving reaction yield. 

 

Scheme 10 Examples of the recent applications of 2,5-tetrazole photolysis in 

chemical biology and materials chemistry. 
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One of the primary drawbacks in the application of tetrazole 

photolysis as an NI source is the necessity of high-energy UV-B 

light. Consequently, numerous reports have contributed to the 

preparation of 2,5-tetrazoles with progressively higher λmax 

values over the past decade. Driven primarily by the groups of 

Lin,49 Blinco and Barner-Kowollik,50 this research has afforded 

several different approaches towards lowering this activation 

energy, including scaffold conjugation,49a-d,50a two-photon 

excitation,49e and the application of upconversion nanoparticles 

(Scheme 12).50b 

 

Scheme 11 Flow photochemistry can be utilised in the manipulation of highly 

reactive NI species. DIC = N, N’-Diisopropylcarbodiimide. 

 

Scheme 12 Modification of the functional groups augmenting the tetrazole 

nucleus may have a substantial impact on the λmax of the moiety. 

3.3 Diaryl Sydnone Photolysis 

The sydnone motif is an intriguing structure, widely regarded as 

the most well-studied example of the mesoionic heterocycle 

substrate class.51 The species is characterised by a zwitterionic 

five-membered ring, with a pendant oxygen atom at the 5-

position. Sydnones are known to undergo cycloaddition 

reactions with dipolarophiles under thermal conditions, with 

subsequent loss of CO2 affording pyrazoline cycloadducts.52 

As first reported by Piek and co-workers in 1966, diaryl 

sydnones are also photoreactive.53 Ensuing literature reports 

soon intimated the generation of a NI 1,3-dipole following 

decarboxylation upon exposure to UV light (Scheme 13).54 

Despite furnishing the same product upon combination with a 

dipolarophile, this represented a distinct deviation from the 

mechanism of thermal sydnone cycloadditions, where the NI is 

not implicated. 

 

Scheme 13 Photochemical generation NIs through diaryl sydnones. 

Despite the considerable applicability of the methodology, very 

little literature activity has been reported on the photolysis of 

diaryl sydnones since the 1970s. Recently, however, this method 

of NI formation has been re-established through the work of Yu 

and co-workers.55 The generation of the dipole from 3,4-diaryl 

sydnones has been employed in several bioorthogonal ligation 

processes, in addition to peptide stapling. A library of strained 

alkene, alkyne and azobenzene dipolarophiles have 

demonstrated compatibility within this manifold. Owing to the 

strained ortho-configuration of the two aromatic motifs of the 

sydnone, thermal cycloaddition is disfavoured, promoting light-

activated pyrazoline formation via the NI intermediate (Scheme 

14). 

 

Scheme 14 The ring strain induced by the ortho relationship between the 

pendant aryl motifs of 3,4-sydnones promotes cycloaddition through a NI 

intermediate. 

4. Nitrile Oxides 

The NO 1,3-dipole represents the most widely studied example 

of the nitrilium betaine family, serving as an accessible 

isooxazoline precursor in a number of reports.1d,3a,9b,56 Due to 

the incorporation of a strongly electronegative oxygen atom at 

the anionic terminus, the NO shares several key properties with 
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electron-deficient examples of the closely related NI species, and 

both exist as propargylic linear structures.8,9 While this motif 

often exhibits reactivity consistent with NIs, the NO should be 

treated as an electrophilic dipole, with lower FMO energies than 

any other example discussed thus far. The dipole is classically defined as type II in accordance with Sustmann’s classification 
system,11 however in many cases orbital mixing with electron-

rich alkenes is considerably more efficient, predominantly 

proceeding under NOLUMO-dipolarophileHOMO control (type III, 

Scheme 1b). Consequently, electron-donating dipolarophile 

substituents significantly enhance the rate of NO cycloaddition. 

Unlike the electron-rich NY, the electron-deficient nature of the 

NO directs reactivity of nucleophiles to the neutral carbon 

terminus.57 

While other nitrilium betaines primarily decompose in the 

absence of a suitable reaction partner, most NO species are 

prone to dimerization, affording 1,2,5-oxadiazole-2-oxides.58 

NOs also exhibit marginally improved energetic stability relative 

to NYs and NIs, and stable examples of the species can be 

isolated at room temperature with the introduction of 

appropriate steric occlusion (Scheme 15a).56b,59 It should be 

noted that examples of stable NI derivatives are also known, 

although much less common.8a,60 

There are three fundamental approaches towards the 

generation of NO species: dehydrochlorination of the associated 

hydroximoyl chloride species,9b,61,62 the oxidation of aldoximes 

(Scheme 15b),61,62d,63 or the dehydration of nitroalkanes.9b,62j,64 

Due to the prevalence of NO 1,3-dipolar cycloaddition in several 

fields of synthetic organic chemistry, recent literature has 

emphasized the development of milder reaction conditions 

towards this valuable species. Alternative methods include the 

oxidation of oximes using hypervalent iodine reagents, utilising 

the nitroso radical as a NO source, the advancements of green 

protocols for the generation of NOs, and some further methods 

that have been also been developed. These are discussed in the 

following sections. 

 

Scheme 15 (a) Several NO species may be isolated under ambient under 

ambient conditions through the incorporation of appropriately bulky 

substituents. (b) Two of the most common methods of NO formation 

originate from manipulation of the aldoxime motif. 

4.1 Hypervalent Iodine 

Traditional methods towards the preparation of NOs have 

utilised the iterative halogenation/dehydrohalogenation of 

aldoximes as outlined above. However, this approach requires 

multiple steps, and necessitates the generation of a reactive 

hydroximoyl chloride intermediate, often unstable under 

ambient conditions.62f,65 The liberation of the NO dipole through 

the direct oxidation of the corresponding aldoxime represents a 

much more synthetically tractable approach. 

In 2004, Das identified the application of hypervalent iodine as 

the oxidant in this valuable transformation.66 The introduction 

of hypervalent iodine reagents has since emerged as an 

attractive method of dipole formation due to their ubiquity, low 

toxicity, ease of handling and facile reactivity.67 In the late 

2000s, the application of this reaction manifold was further 

refined, culminating in NO formation under extremely mild 

conditions (Scheme 16a).65c,68 Hypervalent iodine reagents used 

for the generation of NO species have also been exemplified by 

its application in the synthesis of the Cortistatin family of natural products in 2009, and in the construction of (−)-

Mitrephorone in 2020. In both cases, facile NO liberation 

afforded heavily functionalised heterocyclic motifs critical to 

formation of the complex biomolecules (Scheme 16b).69 

The overall atom-economy and environmental impact of this 

protocol was substantially improved in 2013, with the 

application of catalytic quantities of iodine through the 

introduction of a terminal oxidant. Simultaneous reports from 

the Yan and Zhdankin laboratories achieved NO formation via 

the introduction of mCPBA or Oxone® to regenerate the active 

I(III) species following aldoxime oxidation (Scheme 17).70 

Catalytic iodine has since been employed in the synthesis of 

oxadiazoles and isoxazolines through NO cycloaddition, 

employing  trifluoromethanesulfonic acid as an additive.71 
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Scheme 16 (a) The oxidation of aldoximes by an iodine(III) species. (b) The 

application of NOs generated through hypervalent iodine oxidation in total 

synthesis. 

 

Scheme 17 The formation of NOs employing catalytic quantities of I(III) and a 

terminal oxidant. HFIP = hexafluoroisopropanol; TFE = trifluoroethanol. 

4.2 The Nitroso Radical 

As discussed in Section 2.2, the NY 1,3-dipole can be generated 

through the interaction of a nitrile motif and a metal carbenoid, 

with carbene insertion affording the nitrilium betaine. As first 

reported by Wan and coworkers in 2017, similar protocols may 

be employed as a source of NOs, whereby the trapping of the 

carbene by a nitroso radical may generate the dipole (Scheme 

18).72 This was accomplished via the in situ fragmentation of 

tert-butyl nitrite in the presence of a copper carbene complex, 

with the resulting NOs employed in the construction of a diverse 

library of isoxazolines under mild conditions.72a In 2018, the 

Wan laboratory expanded the scope of this procedure, 

incorporating ß-keto esters as an alternative dipolarophile, to 

generate densely substituted isoxazoles.72b Similar reactivity 

was demonstrated by Wang in 2019, with the application of 

alkyne derivatives to trap the nitrilium betaine species, forming 

substituted isoxazoles.73  

 

Scheme 18 Metal carbenoids may combine with the nitroso radical in situ to 

afford the NO 1,3-dipole. 

While all above examples required prior isolation of preformed 

diazo components, in situ generation of these compounds is also 

achievable. Very recently, Hu and coworkers disclosed an 

oxidative NO cycloaddition employing commercially available 

amines with tert-butyl nitrite and dipolarophiles to form 

isoxazoline or isoxazole motifs in the presence of zinc bromide 

and a rhodium catalyst (Scheme 19a).74 This elegant one-pot 

procedure represents a valuable approach towards NO 

formation due to the utilisation of abundant and unreactive 

starting materials. Additionally, this protocol demonstrates 

impressive chemoselectivity, with the generation of several 

highly reactive intermediate species over the course of the 

reaction pathway. It is proposed that tert-butyl nitrite performs 

a dual role in the reaction, by facilitating the oxidation of the 

amine to the corresponding diazo species, which then furnishes 

the NO 1,3-dipole in an analogous manner to the mechanism 

described above. The NO was then trapped by several 

dipolarophiles, highlighting the applicability of the protocol. 

 

Scheme 19 (a) The generation of NOs from metal carbenes with the in situ 

formation of the diazo precursor, facilitated by the dual role of tert-butyl 

nitrite. (b) Nitrosylation of methyl ketones can furnish C-acyl NOs in the 
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presence of organic nitrites. 

Zhang disclosed an alternative method for the liberation of NOs 

in situ in 2019, utilising tert-butyl nitrite and methyl ketones 

(Scheme 19b).75 This C(sp3)-H bond functionalization is an 

attractive alternative to the above methodologies as it does not 

require the use of transition metal catalysts, while further 

reinforcing the versatility of organic nitrite reagents and their 

applications in NO formation. 

4.3 Green Chemistry Approaches 

The development of more environmentally friendly reagents 

and reaction conditions is of contemporary importance to the 

field of organic chemistry, and indeed this ethos is also apparent 

in 1,3-dipolar cycloaddition methodology. In particular, 

increasing interest in NO chemistry has led to various 

developments in more sustainable approaches towards its 

generation and applications in N,O-heterocycle synthesis.76,77 In 

one such example from 2010, Yao introduced a protocol 

detailing the construction of tricyclic isoxazole derivatives 

involving NO generation under aqueous solvent conditions 

(Scheme 20a).76a The application of this “on water” approach to 
1,3-dipole generation mitigates the financial and environmental 

impacts of a more conventional organic solvent. NO formation 

was accomplished using direct oxidation of an aldoxime by an 

iodine(III) reagent (Section 4.1). Similar methodology has also 

been reported by Kittakoop, through the generation of the 

dipole from hydroximoyl halides in aqueous solutions 

containing an acidic buffer.76b Cycloadditions conducted under 

these conditions proceeded with excellent regio- and 

stereoselectivity to furnish a broad library of isoxazolines and 

oxadiazoles. 

In contrast to the modification of the solvent system, the 

sustainability of NO generation may also be improved through 

the introduction of less hazardous reagents. A recent report by 

Tong disclosed a transformation outlining dipole formation 

through aldoxime oxidation using Oxone® and NaCl.77 The 

relative abundance and high stability of these additives is a 

considerable advantage over other oxidising agents that are 

commonly employed in NO synthesis. The overall efficiency of 

this protocol was further improved through the application of a 

multicomponent reaction of aldehydes, hydroxylamine, and 

alkenes for the synthesis of isoxazolines via a NO intermediate. 

 

Scheme 20 (a) The generation and subsequent reactivity of NOs under 

aqueous conditions. (b) The application of mild oxidation conditions may 

have a significant impact on the sustainability of NO formation protocols. 

4.4 Other Approaches 

While conventional NO release from hydroximoyl halides is one 

of the most established routes towards the 1,3-dipole, recent 

literature examples have disclosed similar motifs that employ 

alternative leaving groups in an effort to improve their stability 

and general compatibility with other moieties. In 2000, Carreira 

developed a dehydrative protocol for the generation of NOs 

from O-silylated hydroxamic acids upon treatment with triflic 

anhydride (Scheme 21).78 However, despite the apparent 

applicability of this methodology, no further reports of this 

approach towards NO formation appeared until 2019, when 

Bonifazi adapted the methodology to afford the regioselective 

preparation of 3,5-disubstituted isoxazoles from a NO 

intermediate.79 Quantitative generation of the 1,3-dipole has 

reportedly been accomplished in under 3 minutes when 

employing this protocol. 

 

Scheme 21 The triflation of hydroxamic acid derivates and their subsequent 

desilyation has been exemplified as a reliable source of the NO dipole. 

NO generation may also be achieved via decarboxylation 

enabled by photoredox catalysis. As first disclosed by Leonori in 

2016, two consecutive single-electron transfer processes 

stimulated by a ruthenium(II) photocatalyst and blue LEDs 

afforded the dipole from a selection of N-hydroxyimino acid 

derivatives (Scheme 22).80 The NO was subsequently employed 

in the synthesis of a multitude of five-membered heterocyclic 

motifs. 

 

Scheme 22 Single-electron transfer enabled by photoredox catalysis has been 

shown to furnish NOs from relatively inert N-hydroxyimino acid precursors. 

5. Conclusions 

The chemistry of the nitrilium betaine 1,3-dipoles has enjoyed a 

raft of different developments over the past 60 years, with 

multiple applications in a diverse array of disciplines reinforcing 

the remarkable versatility of this unique family of reactive 

intermediates. As demonstrated by the considerable literature 

activity over the past 15 years, research into the generation of 

these compounds remains a fruitful area of investigation, 

necessitated primarily by the continued application of the NI 

and NO dipoles in ligation chemistry and total synthesis, 

respectively. It is likely that the substantial potential 
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applications of these species will continue to further advance 

the development of different approaches towards nitrilium 

betaine formation well into the next decade.  
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