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 This review presents the current state of knowledge on the (3+2) cycloaddition (32CA) reactions 
involving heteroarene N-oxides. While aromatic amine oxides behave similarly to nitrones, their 
participation in cycloaddition processes is chemically distinct due to the thermodynamic stability 
of the aromatic ring system. The manuscript critically examines these reactions, focusing on the 
competition between the formation of stable fused isoxazolidines and the tendency toward 
rearomatization. The latter often leads to spontaneous ring opening, elimination, or complex 
rearrangements rather than the isolation of the primary cycloadduct. 
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1. Introduction  
   

     The isoxazolidine ring, also known as tetrahydro-1,2-oxazole, represents a fundamental class of saturated five-membered 
heterocyclic compounds containing nitrogen and oxygen atoms in adjacent positions (1 and 2)1. It serves as the saturated 
analogue of isoxazole and is isomeric with 1,3-oxazolidine, where the heteroatoms are separated by one carbon atom. In 
the realm of medicinal chemistry, the isoxazolidine scaffold is recognised as a ‘privileged structure’ due to its remarkable 
ability to mimic essential biological motifs, including nucleosides, carbohydrates, peptide nucleic acids (PNA), amino acids, 
and steroids2-3. Consequently, isoxazolidine-containing derivatives have attracted considerable attention in pharmaceutical 
research. 

     Extensive studies have demonstrated the broad spectrum of biological activities exhibited by these compounds. 
Isoxazolidine-based drugs have shown potent antiviral properties, acting as inhibitors of HIV-1 replication, as well as 
significant antibacterial, anti-inflammatory, and antifungal activities4-7. Furthermore, these molecular frameworks have 
been identified as effective DNA intercalators, transcriptional activators, and inhibitors of advanced glycation end (AGE) 
product formation. The most universal method for the synthesis of isoxazolidines is via (3+2) cycloaddition (32CA)8-10 

reactions involving nitrones11-12. Much work has been devoted to these reactions, from preparative2,13-17, kinetic18-20, and 
mechanistic 21-24 perspectives. Although oxides of aromatic amines are not formally classified as nitrones, they possess a 
structural motif that allows them, in practice, to react as three-atom components (TACs) within the 32CA scheme24. 
However, the reactivity of heteroarene N-oxides is fundamentally distinct from that of classic nitrones. The participation of 
an aromatic N-oxide in a cycloaddition requires the disruption of its aromatic ring system. Consequently, the primary fused 
isoxazolidine adducts are often thermodynamically unstable due to the loss of resonance energy. Experimental evidence 
has shown that these initial intermediates frequently undergo spontaneous transformations—such as ring opening, 
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elimination, or rearrangement, driven by the strong thermodynamic tendency of the system to rearomatize20-23. This work 
is an attempt to illustrate the scientific efforts in this specific area, analyzing the current state of knowledge regarding the 
(3+2) cycloaddition reactions involving heteroarene N-oxides. 

2. Analysis of the state of knowledge (3+2) cycloaddition of heteroarene N-oxides 

     An example of the aforementioned processes can be found in the reaction of the parent hetarene N-oxide (pyridine N-
oxide) with perfluoropropylene (Scheme 1)1. Indeed, it was reported earlier that pyridine N-oxide reacted with HFP 
(hexafluoropropylene) at elevated temperatures and pressures (autoclave) to give 2-(1,2,2,2-tetrafluoroethyl)pyridine25. 
This result was later confirmed by Banks et al.26 who expanded the scope of the reaction and attempted to elucidate its 
mechanism. It was suggested that the reaction proceeded via initial cycloaddition (probably, stepwise) of HFP to N-oxide 
with the formation of 2,2,3-trifluoro-3-(trifluoromethyl)-3,3a-dihydro-2H-isoxazolo[2,3-a]pyridine. Subsequent 
elimination and rearomatization gives an anion, which undergoes a retro-aldol-type fragmentation to provide the final 
product. This supposition was supported by the formation of difluorophosgene, but isoxazolidine intermediate was never 
observed, perhaps because under harsh conditions it rapidly reacted further. Under much milder conditions, it was possible 
to isolate and characterise intermediate isoxazolidine although in a low yield of 5%27. 
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Scheme 1. Reaction of pyridine N-oxide with perfluoropropylene. 

      Investigation into the cycloaddition of HFP and quinoline N-oxide under different conditions revealed that 
tetrafluoroethyl-substituted azines are not the sole products. This finding prompted a reassessment of the reaction (Scheme 
2)28. Notably, conducting the reaction in a DMF/D2O mixture. 
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      As another example, in the 32CA of 3,5-dichloropyridine N-oxide and tosyl isocyanate an unstable oxa-2,4-diazoline 
system is formed29. The cycloaddition proceeds at room temperature in a benzene solution with full regioselectivity. This 
adduct, under the reaction conditions, converts spontaneously into the corresponding benzazo-1,3-oxazole system (Scheme 
3). 
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Scheme 3. 32CA of 3,5-dichloropyridine N-oxide and tosyl isocyanate. 

     The formation of a stable cycloadduct has been observed in only a few cases upon the reaction of N-oxides with 
alkenes. The driving force for such reactions is apparently a reduction in the strain in these molecules (Scheme 4, 5). This 
example faces same elimination as in the example above (Scheme 2), therefore it reinforces the theory proposed by Loska 
R. and Makosza28.  
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Scheme 4. Postulated mechanism for the reaction of 2,3-dimethylpyridine C-oxide with alkenes 
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Scheme 5. Postulated mechanism for the reaction of 2,3-dimethylpyridine N-oxide with but-2-yne. 

     Quinoxaline N,N'-dioxide has a greater tendency than other N-oxides to give stable cycloadducts. An example of this 
can be found in the reaction of this dioxide with N-phenylmaleimide, which proceeds at 80 ℃ in DMF for 12 h at both the 
N-oxide groups (Scheme 6): 
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Scheme 6. Reaction of quinoxaline N,N’-dioxide with N-phenylmaleimide. 

     The successful isolation of compound 2,2,3-trifluoro-3-(trifluoromethyl)-3,3a-dihydro-2H-isoxazolo[2,3-a]quinoline 
(Fig. 1) may be attributed to a lower resonance energy, and hence lower driving force for aromatization in the quinoline 
ring system than in the pyridine series. Interestingly, it is stable at room temperature, and it does not undergo spontaneous 
transformation into the elimination product, although the reaction of quinoline N-oxide with alkene proceeds readily at room 
temperature. Apparently, the presence of a basic solvent (DMF) is necessary to initiate the elimination process. Note that 
HFP reacts similarly with nitrones to give stable isoxazolidines. Azine N-oxides are analogues of nitrones. However, due 
to loss of aromaticity in the adduct, they are unstable and convert to substituted azines27. 

N

O

F3C

F

FF

 

Fig. 1. 2,2,3-trifluoro-3-(trifluoromethyl)-3,3a-dihydro-2H-isoxazolo[2,3-a]quinoline. 

     The primary requirement for a successful cycloaddition is the complementary electronic nature of the reagents. However, 
in most reported reactions, the electron density in the N-oxide is greater than in 2-pi-components. Thus, the reagents are 
matched: the most reactive alkenes bear the largest number of electron-withdrawing substituents, while the most reactive 
N-oxides possess the largest number of electron-donating substituents. Furthermore, the activity of N-oxides increases in 
going from monocyclic to polycyclic compounds. The question of the possibility of carrying out reactions with inversed 
electronic nature of the reagents remains open. In this regard, considerable interest is found in the work of Wittig and 
Steinhoff, who described the reaction of quinoline N-oxide or pyridine N-oxides containing electron-withdrawing 
substituents with 1,4-epoxy- 1,4-dihydronaphthalene (Scheme 7). In this case, the reaction occurs between the HOMO of 
the 1,4-epoxy-1,4-dihydronaphthalene and the LUMO of the N-oxide. We should note that a stable (3+2)-cycloadduct is 
isolated as the reaction product. 
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Scheme 7. Reaction of quinoline N-oxide with 1,4-epoxy- 1,4-dihydronaphthalene. 

     Dimethyl acetylenedicarboxylate (DMAD) was one of the first chemicals used to bond with aromatic N-oxides. Hamana 
and others showed how unordinary these reactions could be when they studied how quinoline N-oxide reacted with DMAD. 
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Their work showed that these reactions could go in many different ways30. The reaction of 3-bromo-4-methoxyquinoline 
N-oxide with DMAD under dioxane conditions (room temperature or reflux) resulted in a complex product mixture. 
Analysis suggests that these compounds likely arise from an initial isoxazoline intermediate (Scheme 8). While one product 
was consistent with a simple N-O bond cleavage pathway, the formation of the other two, a methyl 2-(3-bromo-4-
methoxyquinolin-2-yl)acetate, and a dimethyl 2-(3-bromo-4-oxoquinolin-1(4H)-yl)-3-methoxymaleate, implied a more 
intricate mechanism. By postulating an aziridine intermediate, the subsequent C–C bond fragmentation can account for the 
ylide and vinylquinoline products. In contrast, C–N bond cleavage provides a plausible route to (Z)-3-(3-bromo-4-
methoxyquinolin-1-ium-1-yl)-1,4-dimethoxy-1,4-dioxobut-2-en-2-olate. A similar reaction course has been observed for 
the cycloaddition of DMAD to 1,2-dimethylbenzimidazole 3-oxide [31-32].  
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Scheme 8. Cycloaddition of DMAD and 3-bromo-4-methoxyquinoline N-oxide. 

     Building upon their previous findings, Sharma et al. investigated the scope of this reaction using substituted quinoline 
N-oxides. Initially, a series of 2-arylquinoline N-oxides bearing diverse aryl substituents were reacted with 2-
(trimethylsilyl)phenyl trifluoromethanesulfonate under optimized conditions. Applying 18-crown-6 with KF as the fluorine 
ion source to substituted(R – H, Ar – C6H5) 2-arylquinoline in acetonitrile resulted in exclusively the desired product and 
84% yield (Scheme 9). Sufficient yields of the desired products were obtained when employing quinoline N-oxides 
equipped with either electron-donating (e.g., -OMe) or electron-withdrawing (-NO2) para-substituents on the aryl group33.  
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Scheme 9. Reaction and mechanism of substituted 2-arylquinolines with 2-(trimethylsilyl)phenyl 
trifluoromethanesulfonatesekwencja. 
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     A novel synthetic strategy was conceived for the efficient preparation of pyrrolo[2,1-a]isoquinolines and pyrrolo[1,2-
α]quinolines. The proposed mechanism involves a tandem (3+2) cycloaddition/ring-opening/N-nucleophilic addition 
sequence, conducted under catalyst- and additive-free conditions. Initial research focused on generating an isoxazolo[3,2-
α]quinoline intermediate, such as 1,3-diphenyl-2-((2-phenyl-3aH-isoxazolo[2,3-α]quinolin-3-yl)methylene)propane-1,3-
dione, through a (3+2) cycloaddition reaction (Scheme 10)34. Only the stage involving cycloadduct formation is illustrated, 
as the subsequent transformations are beyond the scope of this review. 

N+ N

O
-

Ph

O

Ph

O

Ph

+ O

Ph

O
Ph

Ph

O

90oC, DMC,
12h, 90%

H

NH

O

Ph

O
Ph

Ph

O

Ring-oppening

 

Scheme 10. Generation of 1,3-diphenyl-2-((2-phenyl-3aH-isoxazolo[2,3-a]quinolin-3-yl)methylene)propane-1,3-dione. 

     1,4-diphenylbut-3-yne-1,2-dione and isoquinoline N-oxide were employed as the model substrates to screen reaction 
conditions (Scheme 11). To the delight of the research group, dione smoothly reacted with N-oxide in CH3CN at 35 °C, 
affording the desired cycloaddition that is followed by ring opening and nucleophilic addition, the final reaction products 
were obtained in high yields, and their structures were confirmed by X-ray product. Other solvents were applied in course 
of studies, with THF resulting in the best yield of 90%. Side product 2-hydroxy-4-(isoquinolin-1-yl)-2,5-
diphenyldihydrofuran-3(2H)-one, formed via O-nucleophilic addition, was identified as the major byproduct and was 
obtained in no more than 7% yield. 
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Scheme 11. Synthesis of 1-benzoyl-3-hydroxy-3-phenylpyrrolo[2,1-a]isoquinolin-2(3H)-one 
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     In a study focused on synthesizing fluorine-containing heterocycles, researchers developed several versatile building 
blocks. One such building block, ethyl-2-hydropolyfluoroalk-2-enoates (where R is a polyfluoroalkyl or perfluoroalkyl 
group), has been extensively investigated. These compounds were found to react efficiently with certain N-oxides, yielding 
the corresponding 32CA product in high yields. The cycloaddition reaction was conducted in methylene chloride at room 
temperature. Ethyl-2-hydropolyfluoroalk-2-enoates readily reacted with 3,4-dihydroisoquinoline N-oxide to produce 
stereoisomeric 5-fluoroalkylisoxazolidines (Scheme 12). 
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Scheme 12. 32CA of 3,4-dihydroisoquinoline 2-oxide with 2-hydropolyfluoroalk-2-enoates.  

     When quinoline N-oxide was reacted with ethyl-2-hydropolyfluoroalk-2-enoates, the anticipated cycloadduct was not 
observed in the postreaction mixture (Scheme 13). Instead, a product of ring-opening was isolated. In summary, the 
regiospecific (3+2) cycloaddition reaction between ethyl-2-hydropolyfluoroalk-2-enoates and nitrones was successfully 
achieved under mild conditions35. 
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Scheme 13. Reaction of quinoline N-oxide with 2-hydropolyfluoroalk-2-enoate. 

 

      A method for C-2 alkenylation of quinoline N-oxides was reported, using a simple Brønsted acid as the catalyst. It was 
found that the very common and inexpensive acetic acid (AcOH) was the best additive to drive this reaction. The process 
was carried out in DMSO solvent at 140 ∘C for 40 hours. Under these conditions, quinoline N-oxides successfully coupled 
with both acrylates and styrenes.  
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Scheme 14. C-2 alkenylation of quinoline N-oxide, using a simple Brønsted acid as the catalyst.  
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     This reaction was noted for being very easy to perform and readily scalable to make large, gram-scale quantities of the 
product. The general mechanism for these Brønsted acid-catalysed reactions follows the same sequence: It begins with a 
cycloaddition where the quinoline N-oxide reacts with alkene to form a five-membered ring intermediate called an 
isoxazolidine. This intermediate then undergoes cleavage of the N–O bond and a process called rearomatization to restore 
the stability of the quinoline ring, resulting in an alcohol molecule. Finally, the AcOH catalyst promotes an elimination 
reaction (removing water, a process known as dehydration) to yield the final alkenylated product (Scheme 14)3. 
Heteroaromatic N-oxides have the ability to take part in (3+2)-cycloaddition reactions when treated with electron-deficient 
alkenes. A number of examples of this reactivity have been documented (Scheme 15). As a representative instance, the 
cycloaddition between N-methyl maleimide and (Z)-2-styrylquinazoline 3-oxide proceeded smoothly at ambient 
temperature. This reaction successfully yielded the cycloadduct as a mixture of two diastereomeric isoxazolidines in high 
combined yield36. 
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Scheme 15. The cycloaddition between N-methyl maleimide and quinoline (Z)-2-styrylquinazoline 3-oxide. 

     In a different study involving a (3+2) cycloaddition between an alkynone and isoquinoline N-oxide, the initial product 
formed is an isoxazolo[3,2-a]isoquinoline. Subsequent ring opening of the isoxazolo moiety generates an intermediate that 
rapidly equilibrates with its tautomeric form via imine–enamine tautomerism. The reaction is completed by an 
intramolecular nucleophilic substitution involving one of the stable tautomeric forms of the intermediate. This final step 
yields the complex fused ring system, 14-benzoylbenzo[5,6]azepino[2,1-a]isoquinolin-13(8H)-one, as the final product 
(Scheme 16)37.  
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Scheme 16. Proposed reaction mechanism of (3+2) cycloaddition between an alkynone and isoquinoline N-oxide, with 
the initial product formed as isoxazolo[3,2-a]isoquinoline. 
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     An experimental study was conducted on the (3+2) cycloaddition (32CA) reaction using 3,4-dihydroisoquinoline-N-
oxides and N-vinylpyrrole. This reaction was designed to create a new type of polyheterocyclic compound, specifically, 
pyrrolyl-substituted isoxazolo[3,2-a]isoquinolines (Scheme 17). The authors observed that this transformation proceeded 
without the use of any catalyst. It exclusively yielded the ortho pyrrolyl-substituted tetrahydro-1H-isoxazolo[3,2-a] 
isoquinoline38.  
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Scheme 17. An experimental study was conducted on the (3+2) cycloaddition (32CA) reaction using 3,4-

dihydroisoquinoline 2-oxide with 2-phenyl-1-vinyl-1H-pyrrole. 
3. Conclusion 
 

      A comprehensive analysis of the literature demonstrates that the (3+2) cycloaddition of heteroarene N-oxides constitutes 
a unique and chemically complex subset of cycloaddition reactions. While these heteroaromatic substrates can formally 
react as cyclic nitrones to form fused isoxazolidine rings, their chemical behavior is overwhelmingly dictated by the 
thermodynamic driving force to restore aromaticity. As highlighted by numerous studies, the isolation of the primary (3+2) 
cycloadduct is generally the exception rather than the rule. In most instances, the loss of resonance energy upon 
cycloaddition renders the isoxazolidine intermediate highly unstable, promoting rapid N–O bond cleavage. This inherent 
instability leads the reaction along various pathways, typically yielding products of rearomatization, such as alkenylated 
heterocycles, or complex rearranged scaffolds instead of the simple cycloadducts obtained from standard nitrones. Stable 
fused isoxazolidine systems are typically achieved only when the resonance energy of the starting heterocycle is 
comparatively low, or when highly reactive 2-π-electron components are employed under carefully controlled, mild 
conditions. Consequently, the (3+2) cycloaddition of heteroarene N-oxides should be regarded not simply as a preparative 
route to isoxazolidines, but rather as a highly versatile strategy for the regio- and stereoselective functionalization of 
heteroaromatic cores via transient isoxazolidine intermediates. 
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