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Abstract - Molecular rearrangements of O-N bond-containing azoles (1-oxa-2-

azoles) represent a wide class of reactions by which various heterocycle-to-

heterocycle transformations can be performed as alternative synthetic 

methodologies. The material presented in this review is an extensive survey of 

both thermal and photochemical methodologies that have been applied to 

fluorinated oxadiazoles, and shows how molecular rearrangements can be an 

alternative and in some cases the most convenient route for the synthesis of 

several fluorinated heterocycles.  
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1. INTRODUCTION 
 

Fluorinated heterocycles represent an interesting class of compounds which are applied as agrochemicals, 

pharmaceuticals, or in new material sciences, and their synthesis constitutes a rather intriguing and 

challenging research area.1,2 Typically, two main strategies are used when synthesizing fluorinated 



heterocyclic compounds: i) fluorination or perfluoroalkylation reactions, by which the fluorinated group 

is directly introduced into the heterocyclic structure; ii) the building-block strategy, by which the 

fluorinated heterocyclic structure is built-up from acyclic fluorinated precursors through conventional 

heterocyclization reactions such as cycloadditions or cyclocondensations.2 Although the first 

methodology may appear the most appropriate, it is not applicable in cases where the low reactivity of the 

substrate or the regioselectivity of the reaction is a main concern. The presence of functional groups in the 

heterocycle could also, in some cases, prevent the use of the first approach in the synthesis of fluorinated 

or perfluoroalkylated systems. Therefore, the building-block strategy appears to be the more suitable 

approach, for the synthesis of fluorinated heterocyclic compounds, especially when such structures 

contain sensitive functional groups. 2 

Within the building-block strategy one can in principle apply all conventional procedures for 

heterocyclization reactions. The key step for this strategy consists of constructing the appropriate 

fluorinated acyclic precursor. However, conventional heterocyclization reactions are sometimes difficult 

due to the modification in reactivity induced by the fluorinated moiety.  

Considering the several examples reported in recent literature, we summarize here a series of  generally 

applicable methodologies which exploit heterocyclic rearrangements as a new strategy for the synthesis 

of fluorinated heterocycles. It is worthy to note that heterocyclic rearrangements (thermally or 

photochemically induced) represent a wide class of reactions largely studied from a mechanistic point of 

view and as an alternative methodology in synthesis.3-5 This new strategy introduces the concept of using 

an easily accessible fluorinated heterocyclic system as a precursor itself, which can be transformed into a 

different fluorinated heterocyle by means of thermal or photochemical processes. Still belonging to the 

building-block strategy category, this approach takes the advantage from the in situ formation and 

subsequent heterocyclization (whenever not concerted) of fluorinated acyclic precursors (often non 

isolable as intermediates) originated from the reaction of the starting heterocyclic system.  

This review collects the reported examples under thermal and photochemical methods, and primarily 

focuses on transformations of O-N bond-containing azoles such as fluorinated 1,2,4-oxadiazoles and 

1,2,5-oxadiazoles (furazans).  

 
2. THERMAL METHODS 

 
2.1. The Boulton-Katritzky Rearrangement 

 

The most general pattern explaining the rearrangements of five-membered heterocycles is represented by 

the Boulton-Katritzky pattern (Scheme 1):3b a starting heterocycle containing a participating three atom 



side-chain rearranges, in a thermal or base catalysed process, into the final ring through an internal 

nucleophilic substitution pattern.3b-3f, 6 
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In most cases, these rearrangements have been used in synthetic protocols and examples of this approach 

for the obtainment of fluorinated heterocycles are rather recent: for instance, 3-amino-5-

polyfluorophenyl-1,2,4-oxadiazoles (6) (Scheme 2) were synthesized through the ring-degenerate 

rearrangement of 3-acylamino-1,2,4-oxadiazoles.7,8 Here, the thermal equilibration of 5-methyl-3-

polyfluorobenzoylamino-1,2,4-oxadiazoles (3) [easily obtained by aroylation of the 3-amino-5-

methyloxadiazole (5) with the appropriate polyfluorobenzoyl chloride in benzene/pyridine] produced a 

mixture of both the ring degenerate isomers (3) and (4) in an 80:20 ratio reflecting the balance between 

the electron withdrawing character of the polyfluorophenyl moiety (which stabilizes the carbamoyl group 

in 3), and the poor diaryloid contribution to the stabilization of 4.8a,e,g However, acid hydrolysis of this 

mixture induced a dynamic shift in the ring-degenerate equilibrium and produced the expected 3-

aminocompounds (6)in about 75 % yields.7 

 

N

O
N

N

O
Me

H F
F

F

Y
X

N

N
O

O

N

H

Me F
F

F

Y
X

N

O
N

NH2

Me

N

N
O

H2N F
F

F

Y
X

H+ / EtOHArFCOCl

3 4

5 6

a: X = Y = F
b: X = H; Y = F
c: X = Y = H

Scheme 2

 



These results are noteworthy since attempts to obtain the same fluorinated oxadiazoles by conventional 

routes (e.g., through the acylcyanamide method9) were unsuccessful. Unfortunately, because of the 

structure dependant reactivity of 3-acylamino-1,2,4-oxadiazoles towards the ring-degenerate 

interconversions,8 this approach was not applicable to the synthesis of 3-amino-5-perfluoroalkyl 

derivatives such as 9 (Scheme 3). In fact, the equilibration between the corresponding ring-degenerate 

components (7) and (8) can be considered irreversibly shifted towards the perfluoroalkanoylamino 

component (7).7 As a confirmation of this hypothesis, it has been found that acetylation of the 3-amino-5-

perfluoroheptyloxadiazole (9) directly produced compound (7) as a result of the ring-rearrangement of 8 

as soon as it is formed.7 
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2.2. The “Four Side-chain Atoms” Rearrangement 
 

Within the class of heterocyclic rearrangements involving an internal nucleophilic attack from a side-

chain, the involvement of a four-atom chain will result in a five- to six-membered ring conversion. In this 

context, the transformation of N-(1,2,4-oxadiazol-3-yl)-β-enamino ketones into the corresponding 

pyrimidine N-oxides through the initial formation of bicyclic pyrimidinium salts, followed by ring-

opening of the oxadiazole moiety, has been previously documented.10 In the example below, the reaction 

between the 3-amino-5-methyl-1,2,4-oxadiazole (5) with the fluorinated 1,3-diketone (10) in perchloric 

acid/acetonitrile medium did not allow the isolation of the pyridinium salt (11) (Scheme 4). A typical 

work-up of the reaction with water and sodium hydrogen carbonate directly produced the 

aminopyrimidine N-oxide (13) (in 40 % yields) together with some amounts of the corresponding 

acetylamino derivative (12).11 These findings represent preliminary results on this topic, and, since one 

can vary the fluorinated diketone fragment, this synthesis could be considered a very simple and 

promising methodology to obtain fluorinated 2-aminopyrimidine-N-oxides of the general type (14). In 

fact, attempts to perfom an N-oxidation reaction of fluorinated 2-amino-pyrimidines by conventional 

methods (with hydrogen peroxide in acetic acid, or with m-chloro-perbenzoic acid) failed. 
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2.3. The ANRORC-type Rearrangement 

 
Among ring-interconversion reactions is the ANRORC rearrangement which consists of the Addition of a 

Nucleophile to a π-deficient heterocycle, followed by Ring-Opening and Ring-Closure steps;4 this  

pattern, which is largely documented in the azine series,4,12 is observed also for five-membered 

heterocycles with particular substituents.4,13 With this approach, an easily accessible fluorinated 

heterocycle can be transformed into a different one containing the heteroatoms originally belonging to the 

nucleophilic reagent.  
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ANRORC-like reactions involving fluorinated heterocycles different from 1-oxa-2-azoles have been 

conducted by aminolysis or hydrazinolysis of 2,5-diperfluoroalkyl-1,3,4-oxadiazoles (16) (Scheme 5).14 

Following the expected mechanism, the reaction leads to diperfluoroalkyl-1,3,4-triazoles (15) or (17) 



either directly or through subsequent heterocyclization of the intermediates. A similar reaction is reported 

for the 2-perfluoropropyl-5-phenyl-1,3,4-oxadiazole (18): aminolysis of 18 produces open-chain 

compound (19) which undergoes cyclodehydration into 20 by treatment with phosphorus pentoxide. 

However, the aminolysis of the 1,2,4-oxadiazole analogue (21) failed (Scheme 5).15 

Recent ANRORC examples involve the reaction of 5-perfluoroalkyl-1,2,4-oxadiazoles with bifunctional 

nucleophiles such as hydrazines16 or hydroxylamine,17 by which 5-perfluoroalkyl-1,2,4-triazoles  or the 

regioisomers 3-perfluoroalkyl-1,2,4-oxadiazoles, respectively, are formed (Schemes 6, 7, and 8). 

 

2.3.1. ANRORC Reactions with Hydrazines: In the reaction of 5-perfluoroalkyl-oxadiazoles (22) with 

hydrazine,16 the formation of 5-perfluoroalkyl-1,2,4-triazoles (23) goes through the following steps: i) the 

addition of the nucleophilic reagent at the C(5) of the oxadiazole ring (whose electrophilic character is 

markedly enhanced by the perfluoroalkyl group); ii) the ring-opening (into 24) followed by a ring-closure 

(into 25) involving the β-nitrogen atom of the hydrazine and the C(3) of the original oxadiazole 22; iii) 

the re-aromatization reaction by elimination of a molecule of hydroxylamine. In this final step, the higher 

thermodynamic stability of the formed 1,2,4-triazole ring with respect to the 1,2,4-oxadiazole, plays a 

determining role.18 A significant solvent effect has been reported for this reaction, where the use of DMF 

enhanced the nucleophilic character of the reagent in the first step of the reaction and minimized the 

unproductive hydrolysis of open-chain intermediates.16 

N

O
N

R

RF

N

N
N

R

RF

H

NH2-NH2

MeOH or DMF (rt) 

22
23

NH

NRF

NH2

NOH

R

24

R  = Ph, C11H23
RF = CF3, C3F7, C7F15

NH2-NH2 - NH2OH

Scheme 6

N

N
N

R

RF

H

H

NHOH

25  
Overall, this ANRORC-like reaction is dependant upon the marked electrophilic character of the C(5) 

which is determined by the presence and position of the fluorinated group [in fact, neither 5-methyl-3-

phenyl- nor 5-phenyl-3-perfluoroheptyl-1,2,4-oxadiazoles reacted with hydrazine under the same 



conditions]. Furthermore, the use of a bifunctional nucleophile is fundamental in allowing the subsequent 

closure to form a new heterocyclic structure [in fact, 5-perfluoropropyl-3-phenyl-1,2,4-oxadiazole (21) 

(Scheme 5) did not react with a monofunctional nucleophile such as methylamine]. Finally, the driving-

force of the reaction is found in the heterocyclization of open-chain intermediates into the more stable 

1,2,4-triazole heterocycle.16 
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When methylhydrazine was used, the reaction, performed in DMF, produced the expected 1-methyl 

substituted triazoles (30) and, interestingly, the non-methylated triazoles (31), which is explained by 

assuming a demethylation process in the final aromatization step (Scheme 7). In the case of the 5-

trifluoromethyl derivative (26a), the reaction produced the 1-methyltriazole (30a) in 70% yields and a 

small percent of the corresponding unsubstituted compound (31a). In contrast, in the case of the 5-

perfluoroheptyl derivative (26c), compounds (30c) and (31c) were obtained in 49 and 22% yields, 

respectively. This clearly showed that the regioselectivity of the nucleophilic attack of the unsymmetrical 

reagent depends on steric effects exercised by the perfluoroalkyl group.16 
 

2.3.2. ANRORC Reactions with Hydroxylamine: In the case of the reaction with hydroxylamine as a 

bifunctional nucleophile, the entering atoms (N-O, from the reagent) and the leaving ones (O-N, from the 

oxadiazole ring) are the same, therefore a ring-degenerate rearrangement is expected. In fact, the reaction 

of a series of 5-perfluoroalkyl-1,2,4-oxadiazoles (22) with hydroxylamine in DMF at room temperature 

produced excellent yields of regioisomers 3-perfluoroalkyl-1,2,4-oxadiazoles (32), resulting in a virtual 

C(5)-C(3) annular switch.17 The reaction follows the ANRORC pattern, where the heterocyclization of 



the dioxime-like intermediate (35) followed by the displacement of hydroxylamine is driven by the 

formation of  the more stabilized 3-perfluoroalkyloxadiazoles (32) in an irreversible ring-degenerate 

rearrangement. A theoretical study on representative substrates substantiated the higher stability of the 3-

perfluoroalkyl substituted 1,2,4-oxadiazoles with respect to the corresponding 5-perfluoroalkyl 

derivatives (Table 1) and explains the irreversible process shifted towards the 3-perfluoroalkyl- 

oxadiazoles. 
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Table 1. Yields and Calculated ∆E for the Ring-Degenerate Rearrangement of Representative 22 

R  RF  Substrate  Product Yield  Calcd ∆E 
 
Ph  CF3  22a   32a  74  -17.8 
 
p-NO2C6H4 CF3  22d   32d  94  -13.3 
 
p-MeOC6H4 CF3  22e   32e  82  -19.8 



In summary for this reaction it was observed that: i) the hydroxylamine acts as a reagent in the first step 

and as a leaving group in the final one, therefore, the reaction develops even by using low molar ratios of 

the reagent; ii) steric effects of the C(5)-perfluoroalkyl group affect nucleophilic attack in the first step; 

iii) electron withdrawing substituents that increase the electrophilic character of the C(3) of the 

oxadiazole ring, where the ring closure takes place, speed-up the reaction; iv) the ring-degenerate 

rearrangement is a thermodynamically irreversible process. 

Since the preparation of 5-perfluoroalkyloxadiazoles is an efficient reaction using the 

perfluoroacylation/cyclodehydration of amidoximes,15,19 the above rearrangement represents an elegant 

approach for the synthesis of 3-perfluoroalkyl substituted 1,2,4-oxadiazoles, whereas conventional 

methods18,20 through an acylation/cyclodehydration reaction of fluorinated amidoximes sometimes require 

drastic conditions or produce low yields. 

In the above ANRORC-type rearrangements, different bifunctional nucleophiles able to attack the C(5) 

and to allow subsequent heterocyclization could be used for the synthesis of various five-membered as 

well as six-membered fluorinated heterocycles.  

 

 
3. THE PHOTOCHEMICAL APPROACH 

 

The synthetic application of photoinduced rearrangements of O-N bond containing azoles follows the 

general pattern reported in Scheme 9. In accordance with this scheme, photolytic intermediates (or their 

fragments) resulting from the cleavage of the ring O-N bond can develop into different heterocyclic 

structures with or without the involvement of a reacting species G present in the photoreaction medium. 

Several examples for non-fluorinated substrates are reported from our laboratories and regard the 

photochemistry of 1,2,5-oxadiazoles (furazans)21-23 and 1,2,4-oxadiazoles.21, 24-26 In this section we will 

emphasize some applications of photoinduced rearrangements of the above oxadiazoles in the synthesis 

of fluorinated compounds. 
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3.1. The Photochemistry of 1,2,5-Oxadiazoles (Furazans)  

 

This approach exploits  the photofragmentation pattern of the furazan heterocycle into a nitrile and a 

nitrile oxide species and follows previous results described for non-fluorinated substrates.21-23 Irradiation of 

3-perfluoroalkanoylamino compounds (39) (easily accessible in almost quantitative yields from the 3-

aminofurazan (38) and perfluoroacylating reagents by conventional procedures) at λ = 313 nm in 

methanol and in the presence of ammonia or primary aliphatic amines produces the corresponding 3-

amino- or 3-N-alkylamino-5-perfluoroalkyl-1,2,4-oxadiazoles (40) in 30-50 % yields (Scheme 10).27 

Although yields of isolated products were not excellent [because of the photoreactivity of the first-formed 

oxadiazoles (40) under irradiation conditions, see later], this methodology appears significant because 

conventional procedures for the synthesis of these targeted fluorinated oxadiazoles produced very poor 

results. 
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A similar approach has been applied to the synthesis of 3-amino- (or 3-N-substituted amino) 5-

pentafluorophenyl-1,2,4-oxadiazoles (45) by photolysis of the pentafluorobenzoylaminofurazan (44) at λ 

= 254 nm in methanol and in the presence of either ammonia, primary or secondary aliphatic amines (ZH 

in Scheme 11).28 Since the electronic nature of the oxadiazole ring activates the nucleophilic substitution 

at the 5-perfluorophenyl moiety, thermal displacement of fluoride anion by the nitrogen nucleophile or by 



the solvent under reaction conditions produces a series of para-substituted polyfluoroaryl-1,2,4-

oxadiazoles (46) and (47) (Scheme 11). 
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3.2. The Photochemistry of 1,2,4-Oxadiazoles 
 
It is well known that the photochemistry of the 1,2,4-oxadiazole heterocycle is characterized by the 

cleavage of the weakest O-N bond of the ring, producing open chain intermediates which then develop 

into different products. The products formed depend upon the nature and position of substituents in the 

ring, as well as the presence of an interacting reagent able to generate precursors for subsequent  

heterocyclization reactions.21,24-26 A particular example of photoreactivity of 1,2,4-oxadiazoles is 

represented by the ring-photoisomerization into 1,3,4-oxadiazoles by the ring contraction–ring expansion 

route.29-31  
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The occurrence of this process appears to be restricted to 1,2,4-oxadiazoles bearing an XH group (such as 

NH2 or NHR) at C(3) and was found to be favored by the presence of a base in the photoreaction medium 

(Scheme 12).30  Interestingly, in the case of the 3-amino-5-alkyl-1,2,4-oxadiazoles (50) irradiated at λ = 

254 nm in methanol and in the presence of TEA, two competing pathways have been observed:31 

formation of the 1,3,4-oxadiazoles (51) on one hand and the 5-amino ring-degenerate 1,2,4-oxadiazoles 

(52) on the other. The formation of the ring degenerate isomers has been explained by assuming the 

occurrence of a competing internal cyclization-isomerization route, involving a N(2)-C(5) bond formation 

in the first step, followed by sigmatropic shift and isomerization (see later). 
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These peculiar photoreactivities have been exploited for fluorinated structures. Thus, studying the 

irradiation of 3-amino-5-perfluoroalkyloxadiazoles (52) a marked photoreactivity was observed, and this 

behavior was ascribed to a sinergic effect of the amino group at C(3) and the perfluoroalkyl group at  

C(5), which determines a significant red-shift in the UV absorption spectra of about 30 nm for the 

fluorinated substrates compared with the non-fluorinated analogues.32,33 The irradiation of compounds 

(53) at λ = 313 nm in methanol containing TEA followed the expected competing routes leading to 2-

amino-5-perfluoroalkyl-1,3,4-oxadiazoles (58) as the major component (50-60 %) and the 5-amino-3-

perfluoroalkyl-1,2,4-oxadiazoles (59) (15-20 %) (Scheme 13).33 Also in this case, the photochemical 

methodology in synthesis of 2-amino-5-perfluoroalkyl-1,3,4-oxadiazoles has been emphasized. In turn, 

for 5-amino substituted 3-perfluoroalkyl-1,2,4-oxadiazoles or the 5-N-substituted amino derivatives (62), 

a general synthetic methodology was reported by aminolysis of the 5-trichloromethyl-3-

perfluoroheptyloxadiazole (61) with primary or secondary aliphatic amines (Scheme 14).32 
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Photoreactivity of 3-N-methylamino-5-perfluoroalkyl-1,2,4-oxadiazoles (63) has been found to be 

different from that observed for the 3-amino compounds (53).34 In fact, irradiation of compounds (63) in 

the presence of various nitrogen reagents produces competing pathways leading to the 1,3,4-oxadiazoles 

(65) (27-53 %) (ZH acting as a base) and the 1,2,4-triazoles (68) (21-27 %) (ZH acting as a nucleophile). 

A ring contraction route involving the endocyclic nitrogen [to the diazirine (66)] on one hand and the 

involvement of the exocyclic nitrogen [to the diazirine (67)] on the other has been suggested (Scheme 15). 

In addition, irradiation of 63 in the presence of TEA produced both the expected compounds 65 (36-

38 %) and the corresponding 3-methoxytriazoles (70) (17-32 %) arising from the involvement of the 

solvent methanol as nucleophile (Scheme 15). Similar photoreactions have also been applied to the 3-N-

propylaminooxadiazole (71) irradiated in the presence of MeNH2 [leading to 72 (22 %) and 73 (50 %)] or 

in the presence of TEA [leading to 73 (36 %) and 74 (37 %)] (Scheme 16).34 
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Furthermore, considering the synthetic procedure leading to 3-N-alkylamino-5-perfluoroalkyl-1,2,4-

oxadiazoles (that is, irradiation of 3-perfluoroalkanoylaminofurazans in the presence of primary aliphatic 

amines, see Scheme 10),27 irradiation of the perfluoroalkanoylaminofurazans (39) in the presence of an 

excess of methylamine has been re-evaluated with the intention to perform a one-pot  

phototransformation. In a typical experiment, irradiation of compound (39a) in the presence of an excess 

of methylamine, besides the 3-N-methylamino-1,2,4-oxadiazole (63a) (8%), produced the 2-N-

methylamino-1,3,4-oxadiazole (65a) (45 %) and the 3-N-methylamino-1,2,4-triazole (75a) (10 %). 

Similarly, prolonged irradiation of 39b in the presence of an excess of methylamine produced 63b (42  

%), 65b (25 %) and 75b (16 %) (Scheme 17).34 

This general one-pot methodology has been successfully used also in the case of trifluoromethylated 

compounds for which 1,2,4-oxadiazoles were difficult to isolate. As expected, irradiation of compound 

(76) in the presence of an excess of methylamine or propylamine produced the 2-N-alkylamino-5-

trifluoromethyl-1,3,4-oxadiazoles (78) (32 %) (whose structure was also confirmed by X-ray analysis 

performed on 78a) and 1-alkyl-3-N-alkylamino-1,2,4-triazoles (79) (15-27 %) (Scheme 18).34 
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The photochemistry of 1,2,4-oxadiazoles was also reported as a way to synthesize quinazolin-4-ones 

containing a perfluoroalkyl group at C(2) or a polyfluorinated benzofused moiety.35 Similarly to what was 

reported for non-fluorinated substrates,26 irradiation of 3-perfluoroalkyl-5-phenyl- 1,2,4-oxadiazoles 80 or 

of 5-polyfluorophenyl-1,2,4-oxadiazoles 82 at λ = 365 nm in acetonitrile and in the presence of pyrene, 

produced the fluorinated quinazolin-4-ones 81 or 83, respectively, in acceptable preparative scale yields 

(in the range of 35-75%) (Scheme 19). A plausible explanation of these photoreactions assumes a 

photoinduced electron-transfer process from excited pyrene to the ground state oxadiazole. An energy 

transfer process from excited pyrene to the oxadiazole has been ruled out on the basis of singlet state 

energies of oxadiazole substrates. The resulting oxadiazole radical-anion will be the species undergoing 

the cleavage of the ring O-N bond. Subsequent hetrocyclization of open chain intermediates at the phenyl 

or polyfluorophenyl moiety will involve a back-electron transfer process (Scheme 20). The same 

phototransformation (with lower yields, however) has also been obtained by irradiating oxadiazoles 80 or 

82 at λ = 313 nm in MeOH/TEA medium. In this case the electron-transfer process involves the excited 

oxadiazole component and TEA as the electron donor species. 
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4. CONCLUDING REMARKS 

 
In conclusion, we wish to emphasize that the heterocyclic rearrangement pattern of O-N bond containing 

azoles could be generally exploited for the synthesis of fluorinated heterocycles. This is valid both in the 

case of the thermal approach and in the case of photoinduced processes. Although in some photoinduced 

reactions yields of desired products are not excellent, the photochemical approach still represents a valid 

alternative for obtaining targeted fluorinated heterocyclic compounds when thermal or conventional 

procedures present some difficulties. 
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