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Mechanistic insight into the ANRORC-like rearrangement between 

methylhydrazine and 1,2,4-oxadiazole derivatives.  

Sebastián Gallardo-Fuentes and Renato Contreras 

We herein present the first in-deep theoretical study devoted to elucidate the mechanism of the reaction between 1,2,4-

oxadiazole derivatives towards  methylhydrazine. For this purpose, the reaction between methylhydrazine and some 

polyfluoroaryl-1,2,4-oxadiazole have been employed as model reactions. The analysis of the potential energy surface (PES) 

indicates that the most favorable path involves an initial amine attack at the C(2´) site of the aryl moiety to yield an aryl-

hydrazine intermediate whose thermodynamic stability appears as the main determinant of the favored reaction path. 

Next, the cyclization step leading to a spiro intermediate through a favored 5-exo-trig process appears as rate determining. 

Additionally, this study highlights the relevance of the torsional strain effects on the favored ANRORC pathway. Finally, 

both the origins of the substituent effects on the regioselectivity patterns as well as the need of using a large excess of 

nucleophile to afford the favored ANRORC pathway are discussed. 

Introduction 

The 1,2,4-oxadiazole derivatives are useful building blocks to 

obtain a wide number of biologically active molecules, mainly 

due to its high propensity to rearrange into other more stable 

nitrogen aromatic heterocycles.1 In this context, perhaps the 

most interesting ring transformation process of 1,2,4-

oxadiazole derivatives, involves to so-called ANRORC 

reactions,2-9 whose mechanism may be divided into the 

following three key steps: (i) addition of the nucleophile, (ii) 

ring opening and (iii) ring closure. A sketch of the ANRORC-like 

rearrangement in 1,2,4-oxadiazole derivatives is depicted in 

Scheme 1.  

R1

N

O
N

R2

R1

HN

O
N

R2

Nu
Nu

R1

N
H

OH

N

R2

Nu
Nu

R1

N

Nu
Nu

R2

Addition of

Nucleophile

Ring

Opening

Ring

Closure

Nu-Nu

-NH2OH

 

 
Scheme 1 ANRORC rearrangement of 1,2,4-oxadiazole derivatives with 
bidentate nucleophiles. 

 Despite the broad utility of these reactions, only few 

experimental data have been described in the literature 

oriented to provide sufficient information about their reaction 

mechanism.1 In general, these studies dealt with the 

substitution patterns at the heterocyclic ring and their effect 

on the reaction outcome. However, the main factors that 

determine both, the reactivity and selectivity of these 

reactions are still an open problem. For instance, the origins of 

the regioselectivity patterns in these transformations are often 

been misunderstood and have hitherto been attributed to 

steric hindrance effects.4, 9  

 Rather recently, Palumbo-Piccionello and co-workers 

reported the ANRORC-like rearrangement between methyl-

hydrazine and some 5-polyfluoroaryl-1,2,4-oxadiazoles.10 In 

this transformation, the N(1)-methylindazole regioisomer is 

the predominant product, even though the relative amount of 

N(2)-methyl isomer formed is dependent on the substitution 

pattern at the fluoroaryl moiety. Although some mechanistic 

aspects have been described for this ANRORC-like 

transformation, it is not possible at present to provide enough 

evidence to unambiguously assign the mechanism of this 

rearrangement. The present study represents a significant step 

along this line. The article is organized as follows: we first 

located the most favorable reaction path associated with the 

formation of the preferred N(1)-methyl isomer; next we focus 

on the electronic factors that determine the observed 

regioselectivity. Substituent effects analysis is included in 

order to describe site activation effects at the electrophilic 

center of the substrate.  

Results and Discussion 
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Reaction Mechanism 

In order to better understand the reaction mechanism and the 

effects of the substituent on the regioselectivity of these 

reactions, a full exploration of the potential energy surface 

was performed at the M06-2X/6-31+G(d,p) level of theory.11, 12 

These structures were optimized with the SMD13 corrections to 

mimic solvation effects by N,N-dimethylformamide (DMF) 

used as reaction medium in the experimental study (more 

details for computational procedure are given in ESI). The first 

task herein is to obtain the most favorable reaction path 

associated with the formation of the preferred N(1)-methyl 

isomer, to assess the origins of the regioselectivity afterwards. 

For this purpose, the reaction of methylhydrazine with the 

monofluorinated-1,2,4-oxadiazole 1m has been employed as 

model reaction, according to Scheme 2. 

 In this work, two different mechanisms for the 

regioselective conversion of 1m into 2m were computationally 

investigated, following the original proposal of Palumbo-

Piccionello and co-workers.10 According to Fig. 1, path 1 

involves the initial attack of the NH2 moiety of the nucleophile 

to the C(5) site of the heterocyclic ring. This amine attack step 

has an activation barrier of 17.0 kcal/mol (TS-1) and an 

intermediate lying at 9.0 kcal/mol above reactants (Int-1). The 

subsequent step involves a ring opening process from Int-1 

and passing through the TS-2 structure. This bond breaking 

process has an activation barrier of 17.5 kcal/mol and leads to 

an open chain intermediate Int-2. This intermediate can 

undergo an intramolecular nucleophilic attack with 

detachment of o-fluorine as leaving group from the fluoroaryl 

moiety to form the desired N(1)-methyl isomer 2m. The 

computed activation barrier to reach TS-3 reveals that this 

cyclization step is highly disfavored, with a barrier of 22.4 

kcal/mol (yielding 34.3 kcal/mol as overall barrier), and 

therefore qualifying as the rate determining step. It is worth 

mentioning that the efforts to locate transition structures 

associated with the leaving group departure were 

unsuccessful, presumably because this step is extremely fast. 

This hypothesis is reinforced by an IRC analysis, where it is 

possible to note a reaction path that resembles a two-step no 

intermediate mechanism14 for this cyclization stage. Fig. 2 

displays the transition state structures for the ANRORC 

rearrangement via the proposed path 1.  
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Scheme 2 Regioselective ANRORC rearrangement of methylhydrazine 
with 5-(2-fluorophenyl)-3-phenyl-1,2,4-oxadiazole used as model 
reaction. 
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Fig. 1 Relative free energies (in kcal/mol) among the different species 
involved in path 1 for the ANRORC rearrangement of the title 
reactions. 

 

           

  

 

  

 

 

Fig. 2 Transition state structures for the ANRORC-like rearrangement 
of the title reaction via path 1: (a) nucleophilic attack, (b) ring opening 
and (c) ring closure steps. Free energies are given in kcal/mol. In 
parenthesis are given the overall barriers. 

 The second alternative considered is path 2, which is 

depicted in Fig. 3. It begins with the well-known SNAr 

reaction.15-17 Here, the first step is the formation of the σ-

complex that occurs after the nucleophilic attack of the NHMe 

end of the methylhydrazine to the fluoroaryl moiety. This 

amine attack step proceeds via TS-4 with a barrier of 15.4 

kcal/mol and leads to the zwitterionic σ-complex Int-3 located 

to 13.5 kcal/mol above reactants (see Fig. 3).  
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Fig. 3 Relative free energies (in kcal/mol) among the different species 
involved in path 2 for the ANRORC-like rearrangement of the title 
reactions.  

 The second step involves the departure of the leaving 

group, which is predicted to be a facile process with an 

activation barrier of only 1.2 kcal/mol, leading to the 

thermodynamically stable arylhydrazine intermediate Int-4. 

Figs. 4a and 4b show the SNAr transition structures TS-4 and 

TS-5 respectively. From these structures, it is possible to note 

the key role of 1,2,4-oxadiazole moiety in this mechanism. 

First, by acting as an electro-withdrawing group capable of 

activating the ipso position of the aryl moiety and secondly, 

allowing the formation of an intramolecular hydrogen-bond 

(HB) interaction which has been proposed to play a key role in 

the SNAr mechanism.18-20 This process is followed by an 

intramolecular nucleophilic attack of the β nitrogen of the 

intermediate Int-4 on the C(5) atom of the oxadiazole group to 

give the spiro intermediate Int-5. This step takes place via a 

favored 5-exo-trig
21 transition structure TS-6 and shows a 

barrier of about 20.4 kcal/mol. The high energy barrier 

obtained for this step is attributed to two main factors, arising 

from an aryl-oxadiazole distortion at the TS structure, namely: 

(i) the loss of a resonance stabilization as response to the lack 

of co-planarity between the aryl and oxadiazole moiety and (ii) 

the torsional effects imposed by the aryl tether that resembles 

an 1,3-allylic strain,22 as shown in Fig. 4c. Indeed, the 

intermolecular nucleophilic attack of NH2 moiety at C(5) atom 

of the azole ring (via TS-1) lies 3.4 kcal/mol lower than the 

corresponding intramolecular amine attack that take place via 

TS-6 transition structure. In the last step the spiro 

intermediate can undergo a ring-opening process to yield the 

desired N(1)-methyl isomer. For this ring cleavage process, two 

scenarios are possible. The first one involves a pathway that 

start at the proposed Int-5 structure and proceeds via TS-7 

with an activation barrier of about 9.4 kcal/mol, (see Fig. 4d). 

On the other hand, a second scenario implies a ring opening 

process that take place via the zwitterionic structure TS-7zw 

(Fig. 4e). Nevertheless, our calculations indicate that this bond-

breaking process is highly disfavored with a transition 

structure (TS-7zw) lying at 27.2 kcal/mol above the most 

favored TS-7 structure. This difference in the reactivity 

patterns, which may at first glance be attributed to a process 

with an early transition state,23-25 can be understood as a 

response to stereo-electronic effects. In this context, the C-O 

bond-breaking process is better assisted by the unshared 

electron pair located at the NH functionality of indazole 

fragment instead of the electron pair delocalized at the 1,2,4-

oxadiazole moiety (see Figs. 4d and 4e).  

 On the other hand, because of their key role in the ring 

opening step, the formation of intermediate Int-5 from Int-

5zw via a proton transfer mechanism has also been explored in 

detail (see Fig. 5). In order to test this prognosis, two 

competitive reaction pathways were further considered. The 

first attempt was the evaluation of a plausible intramolecular 

proton transfer between the NH2 functionality of indazole 

fragment towards N4 site of oxadiazole moiety via TS-PT1 

transition structure (see Fig. 5). 

 

     

 

 

 

 

       

 
 

Fig. 4 M06-2X/6-31+G(d,p) transition state structures for the ANRORC 
rearrangement of the title reactions. (a) nucleophilic attack, (b) leaving 
group departure step, (c) cyclization stage via favored 5-exo-trig 
process, and  intramolecular ring opening step transition state via a 
neutral intermediate (d) of through a zwitterionic intermediate (f). 
Free energies are given in kcal/mol. Distances in Å.  
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Fig. 5 Proton transfer step to give the key intermediate Int-5 

 However, our results show that this intramolecular proton 

shift is highly disfavored; with an overall activation barrier of 

45.6 kcal/mol (relative to Int-4). A second possibility involves a 

nucleophile-assisted proton transfer between the same 

fragments, but this time assisted by a second nucleophile 

molecule. This proton shift catalyzed by a second nucleophile 

molecule takes place via TS-PT2 transition structure in Fig. 5. 

This process was calculated to have a barrier of 2.4 kcal/mol. It 

must be stressed that this result is consistent with the 

experimental observation where the use of a large excess of 

nucleophile plays a key role on the reaction outcome.  

 During the review process of this article, a referee called 

our attention to consider exploring an alternative mechanism 

which involves the formation of a ketenimine intermediate. 

However, our calculations reveal that this proposed 

mechanism is highly disfavored: the ketenimine intermediate 

lies 46.8 kcal/mol (ΔΔG≠) higher than the corresponding 

Meisenheimer-like intermediate (Int-3) described herein. 

These results confirm that the SNAr pathway is the dominant 

mechanism for the initial nucleophilic attack step of the title 

reactions. 

 Finally, by comparing the PES for both proposed 

mechanism (Figs. 1 and 3), it is possible to note that the 

reaction path that begins with the initial attack of NHMe end 

of the nucleophile at the 2´-position of the fluoroaryl moiety 

appears as the most favorable path. Nevertheless, it is 

interesting to note that the energetically lower path that 

proceeds via 5-exo-trig cyclization as the rate determining step 

(TS-6) is only 2.0 kcal/mol lower in free energy than the 

corresponding rate determining TS-3 structure. According to 

these results, we suggest that the prevalence of this reaction 

pathway is controlled by the preferential formation of the Int-

4 intermediate, whose thermodynamic stability with respect to 

Int-1 appears as the driving force for this mechanism. 

Substituent effects on the regioselectivity patterns 

Having established the most favored path, we now evaluate 

the origins of the regioselective formation of N(1)-methyl 

isomer instead of the N(2)-methyl isomer. According to the 

results discussed above, the rate determining step involves an 

intramolecular process that begins at the aryl-hydrazine 

intermediate Int-4 region of the PES. Because the 

intramolecular nucleophilic attack is a first order process, the 

ratio of regioisomers population can be expressed as follows: 

 
����

����
		

���������

���������
� ���������

���������
																�1�; 

 

 In this equation [P1] and [P2] are the concentrations of 

N(1)-methyl and N(2)-methylindazole isomers (the reaction 

products), whereas the [Int-4(N1)]/[Int-4(N2)] ratio refers to 

the relative populations of aryl-hydrazine intermediates. This 

ratio can be readily obtained by using the Curtin-Hammett 

principle.26 The exponential factor assesses the contribution of 

intramolecular process to the observed regioselectivity. In this 

context, we envisage that the regioselectivity patterns may be 

ascribed to the preferential formation of the N(1)-methyl aryl-

hydrazine intermediate (Int-4(N1) in equation 1).  

 The computed activation barrier for the rate determining 

transition structure that leads to N(2)-methylindazole isomer 

as product is predicted to be only 0.3 kcal/mol lower than the 

corresponding TS-4 (see ESI for more details). Furthermore, 

the ΔΔG≠ values calculated for the regioselective addition of 

methylhydrazine at the C(2´) position of aryl moiety (6.4 

kcal/mol) is in good agreement with the experimental data 

obtained for the model reaction, where the exclusive 

formation of N(1)-methyl isomer is reported in high yield. This 

result not only confirms the hypothesis previously advanced, 

but also highlights the relevance of torsional strain effects27 on 

the rate determining step, that are clearly more important 

than the electronic effects.   

 On the other hand, the enhanced amount of N(2)-

methylindazole is related to the substitution pattern at the aryl 

moiety. In this context, when the 5-(2-fluorophenyl) 

substituent on the 1,2,4-oxadiazole moiety is replaced by the 

5-(2,3-difluoro-4-methoxyphenyl) group the experimental 

selectivity is 19.3:1. On the other hand, in the presence of a 

polyfluorinated group, namely 5-(2,3,5,6-tetrafluoro-4-

methoxyphenyl) the yield of N(2)-methyl isomer is increased 

with a regioselectivity of 4.3:1 (see Scheme 3). Therefore, we 

located the transition structures for the attack of 

methylhydrazine on C(2´) site (analogous to TS-4) for 

fluorinated substituted 1,2,4-oxadiazol, namely TS-2a, TS-2b, 

TS-3a and TS-3b in order to assess the role of substitution 

patterns on the regioselectivity. For this purpose, we 

compared their observed selectivities with the predicted ΔΔG≠ 

values. This substituted transition structures are shown in Fig. 

6.  
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Fig. 6 Relative free energies (in kcal/mol) of the regioisomeric transition 
state for the addition of methylhydrazine towards 1,2,4-oxadiazole 
derivatives. Distances are given in Å.  

 As shown in Fig. 6, the presence of an o-fluorine 

substituent at the fluoroaryl moiety capable of engaging into 

an intramolecular HB interaction with the nucleophile 

facilitates the nucleophilic attack of NH2 moiety towards the 

oxadiazole compounds 1a with respect to the model substrate 

1m. This response can be explained as a site activation effect 

that elicits an enhancing of the nucleophilicity of the attacking 

site of the alpha-nucleophile.28 In round words; in the absence 

of this interaction, the nucleophilic attack (and the 

regioselectivity patterns) is governed by the difference 

between the intrinsic nucleophilic nature of both NH2 and 

NHMe sites,29, 30 whereas when a site activation mechanism is 

feasible, the activating effects at the reaction centre seems to 

be more important for the regioselectivity of the reaction. On 

the other hand, the polarization effects induced by fluorine 

groups at the C(5´) and C(6´) sites cause a lowering in the 

selectivity patterns (see for instance transition structures TS-

2b and TS-3b in Fig. 6). Therefore, the calculated selectivity of 

N(1)-methyl isomer for both mono-fluorinated and 

polyfluorinated compounds agrees well with the higher 

regioselectivity observed for this isomer. 

 On the other hand, we evaluated the feasibility of forming 

the N(2) methyl isomer by means of a competitive reaction 

path, that involve the initial amine attack of the NHMe end of 

the methylhydrazine nucleophile on the C(5) site of oxadiazole 

moiety. The transition structures involved in this path are 

depicted in Fig. 7. 

 
 

  
 

 

Fig. 7 M06-2X/6-31+G(d,p) optimized transition state structures for the 
feasibility of the formation of the N(2)-methyl isomer along the probable 
competitive path involving (a) nucleophilic attack of the NHMe group on 
C(5) site;  (b) ring opening and (c) ring closure steps. Free energies are given 
in kcal/mol. Distances are given in Å. 

 Finally, it must be noted that the TS structure for the 

nucleophilic attack step of NHMe end of methylhydrazine on 

the C(5) site of oxadiazole functionality lies 0.3 kcal/mol higher 

than the corresponding amine attack on C(2´) site of fluoroaryl 

moiety, suggesting that both amine attack mechanisms can be 

competitive. However, even in presence of electro-

withdrawing groups at the fluoroaryl moiety, the 

intramolecular SNAr process is still highly disfavored, with an 

overall activation barrier of 41.3 kcal/mol. Thereby, these 

results discard the role of the initial nucleophilic attack step on 

the reaction outcome as it was proposed elsewhere.  

Conclusions 

Herein we have presented an in-depth theoretical study on the 

ANRORC-like rearrangement of methylhydrazine with 1,2,4-

oxadiazole derivatives. This first computational study on the 

mechanism of the title reaction provides a deeper 

understanding on the origins of reactivity and regioselectivity 

of these processes. Thus, the main results obtained in this 

study are summarized as follows: (i) the most favourable path 

involve an initial amine attack onto the C(2´) site of the aryl 

moiety to yield an aryl hydrazine intermediate whose 

thermodynamic stability appears as the driving force for this 

ANRORC-like path, (ii) the cyclization step to yield a spiro 

intermediate appears as the rate determining step. This 

response is due to the torsional strain effects presents at the 
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transition state where the reacting atoms are arranged in a 5-

exo-trig mode and the aryl tether is settled in a 1,3-allylic-like 

fashion, (iii) the nucleophilic-assisted proton transfer is a 

crucial step for the achievement of desired methylindazole as 

reaction product, (iv) the regioselectivity patterns are 

determined by site activation effects brought about by an 

intramolecular HB interaction at the transition state. Thus, in 

the absence of this interaction, the regioselectivity patterns 

are governed by the difference between the intrinsic 

nucleophilic nature of both NH2 and NHMe ends. These 

conclusions are in good agreement with the experimental data 

reported by Palumbo-Piccionello and co-workers. 
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