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CONJUGATED NITROALKENES IN CYCLOADDITION 

REACTIONS. 17*. MECHANISM OF (2+3) CYCLOADDITION 

BETWEEN (E)-3,3,3-TRIFLUORO-1-NITROPROP-1-ENE AND 

(Z)-N-METHYL-C-PHENYLNITRONE IN THE LIGHT OF 

REACTIVITY INDICES THEORY AND B3LYP/6-31G* 

CALCULATIONS 

 
R. Jasiński1**, J. Socha1, and A. Barański1 

 
Analysis of the reactivity indices shows the polar character of the (2+3) cycloaddition between (E)-3,3,3-tri-
fluoro-1-nitroprop-1-ene and (Z)-N-methyl-C-phenylnitrone. This is confirmed by exploration of reaction 
paths by B3LYP/6-31G(d) algorithm. Although the transition complexes involved in the reaction mechanism 
are considerably asymmetric and polar, the reactions proceed via a one-step mechanism. 
 
Keywords: nitroalkene, nitrone, B3LYP/6-31G* calculations, (2+3) cycloaddition. 
 

  
 Zanda et al. [2] have found recently that the cycloaddition of (E)-3,3,3-trifluoro-1-nitroprop-1-ene (1) to 
(Z)-N-methyl-C-phenylnitrone (2) yields a mixture of (rel-3S,4R,5S)- (3) and (rel-3S,4S,5R)-2-methyl-4-nitro-
3-phenyl-5-(3,3,3-trifluoromethyl)isoxazolidines (4) as the only reaction products. 
 The stereospecificity of reaction paths A and B suggests a concerted mechanism [3]. However, in the 
case of [4+2] -electron cycloadditions involving strongly π-deficient alkenes, such as is obviously nitroalkene 
1, a two-step  zwitterionic mechanism [4-7] in the formation of products 3 and 4 may compete with the 
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concerted mechanism. The latter may occur stereospecifically if the rotation barrier (G≠

rot) within the 
zwitterionic intermediate is higher than the heterocyclic ring closure barrier (G≠

cycl), thus precluding the 
formation of the alternative products 5 and 6 [5]. It should be noted at this point  that a two-step mechanism in 
the reaction between compounds 1 and 2 is more likely than in the case of diarylnitrone–nitroalkene (2+3) 
cycloaddition, because the global electrophilicity of compound 2 is lower than that of diarylnitrones [8]. 
Moreover, the nucleophilic oxygen atom in the CNO moiety of compound 2 is relatively weakly shielded. On 
the other hand, it is known that the presence of CF3 groups in the vicinity of the reaction centers may favor 
stabilization of zwitterionic intermediates [4]. 
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 To study the nature of the changes that occur in reactions 1+23 and 1+24, our investigation 
included: (i) analysis of electron interactions between reactant molecules with respect to the recently widely 
promoted [8-10] theory of reactivity indices and (ii) B3LYP/6-31G*(PCM) [11, 12] simulations of competing 
reaction pathways A and B. 
 The reactivity indices, that is, the electronic chemical potential (global electrophilicity (and static 
polarity (N0) of reactants 1 and 2, were calculated using the relationships [8-10]: 
 

= 2/2 
N02–1η 2+η1 

 

 where = (EHOMO+ELUMO)/2 and = ELUMO–EHOMO. 
 
 Reaction pathways were studied as we did before with respect to the cycloaddition reaction of (Z)-C,N-di-
phenylnitrone to nitroethene [13], (E)-3,3,3-trichloro-1-nitropro-1-ene [14], and 2-nitroprop-1-ene [15]. In 
particular, for structure optimization of the reactants and the reaction products, the Berny algorithm [16] was 
applied. First-order saddle points were localized using the QST2 procedure. Stationary points were checked by 
vibrational frequency analyses to see whether they constituted minima or maxima on the potential energy 
surface. All transition structures showed a single imaginary frequency, whereas reactants, products, and pre-
reaction complexes had none. The intrinsic reaction coordinate path was traced in order to check the energy 
profiles connecting each transition structure to the two associated minima of the proposed mechanism. For the 
optimized structures, the thermochemical data for temperature 298 K and pressure 1 atm were computed using 
vibrational analysis data. For the calculations of the solvent effect, the PCM algorithm of Tomasi et al. [12] was 
used. 
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 Consistently with the previous [13, 15] conventions, in this paper the pre-reaction complexes are 
denoted as LM and the transition complexes as TS. They are distinguished by appending the letters A and B, 
depending on the reaction pathway. 

 
 

Fig. 1. Views of (E)-3,3,3-trifluoro-1-nitroprop-1-ene (1) and (Z)-C-phenyl-N-methylnitrone (2) 
in toluene solution according to B3LYP/6-31G*(PCM) calculations. 

 
 By comparing  values, it is seen that charge transfer in both reactions proceeds from nitrone 2 
( = -0.1244 a.u.) to nitroalkene 1 (= -0.1711 a.u.). This is also confirmed by the  values 1.35 and 3.24 eV, 
respectively. Because the electrophilicity difference (of reactants 1 and 2 is much higher than 1 eV, (2+3) 
cycloaddition reactions involving them can be regarded as polar processes [8]. The charge transferred in the 
reaction transition complex from the nitrone substructure to the nitroalkene substructure can be evaluated based 
on the N0 index. It is 0.26 e for both reactions. Therefore, , and N0 values confirm that the reactions 
tested may proceed through polar intermediates. 
 When the reactivity indices are known, the nature of interactions between the reactant molecules 
(Fig. 1) during cycloaddition can be predicted [8-10]. This, however, is insufficient to predict whether such 
reactions are concerted or they proceed, instead, through a stage of a zwitterionic intermediate as two-stage 
processes. 
 Hence, the next stage of our study included B3LYP/6-31G*(PCM) simulations of actual reaction 
pathways A and B. We assumed that both reactions occurred in toluene. This solvent was used as the reaction 
medium also in earlier studies [2]. 

 
 

Fig. 2. The reaction profiles for (2+3) cycloaddition reaction between nitroalkene 1 
and nitrone 2 in toluene solution according to B3LYP/6-31G*(PCM) calculations. 
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 The calculations revealed a considerable similarity of energy profiles for both pathways (Fig. 2). In both 
cases, only one transition state (TS) preceded by the pre-reaction complex (LM) energy minimum was found 
between the enthalpic minima of the reactants 1+2 and corresponding cycloadducts 3 or 4. The attempts to find 
zwitterionic intermediates on pathways A and B were unsuccessful. 
 The presence of LMA and LMB on the reaction pathways reduces the enthalpy of the reacting system by 
3.6 and 6.2 kcal/mol, respectively, and its entropy – by as much as 31.4 and 29.2 cal/mol·K. No charge transfer 
is observed between the complex substructures (t ≈ 0.0 e). Therefore, they are not charge-transfer complexes 
[17, 18]. Both have features of orientation complexes [19], because the reaction centers are located in them 
identically, as subsequently observed in cycloadducts 3 and 4 (Fig. 3). 
 

 
 

 
 

 
 

Fig. 3. Views of LM and TS structures for (2+3) cycloaddition reaction between nitroalkene 1 
and nitrone 2 in toluene solution according to B3LYP/6-31G*(PCM) calculations. 
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TABLE 1. Selected Molecular Properties of Critical Structures (R, L, D, T) 
and Eyring Parameters (∆H≠, ∆S≠) of (2+3) Cycloaddition Reaction 
between Nitroalkene 1 and Nitrone 2 according to B3LYP/6-31G*(PCM) 
Calculations (Toluene, 298 K) 

 
C(3)–C(4) C(5)–O(1) D t*3 , 

Path Structure 
r*, Å l*2 r, Å l*2 

∆l 
D e 

∆H≠ 

kcal/mol 
∆S≠, cal/ 
mol·K 

 
A 

 
LMA 

 
4.559 

 
— 

 
2.824 

 
— 

 
— 

 
4.94 

 
0.00 

 
-3.6 

 
-31.4 

 TSA 2.484 0.42 1.722 0.80 0.38 6.54 0.23 9.2 -49.6 

 3 1.574 — 1.435 — — 3.05 0.15 –15.4 -50.8 

B LMB 5.575 — 3.066 — — 3.46 0.01 -6.2 -29.2 

 TSB 2.407 0.46 1.726 0.80 0.34 6.16 0.21 8.2 -48.8 

 4 1.567 — 1.438 — — 1.95 0.14 -16.3 -49.1 

_______ 
* Interatomic distance. 
*2 Index l was calculated according to the formula given in [15]. 
*3

 Index t was calculated according to the formula given in [20]. 
 
 The formation of TSA and TSB coincides with increase in the system enthalpy of activation (H≠) by 9.2 
and 8.2 kcal/mol, respectively, and decreased in the entropy of activation (S≠) by 49.6 and 48.8 cal/mol·K. 
High negative ∆S≠ values suggest a concerted reaction mechanism. This is also confirmed by the geometric 
parameters of the complexes (Fig. 3, Table 1). New -bonds within them are formed simultaneously, even 
though the degree of their formation (l) varies (the C(5)–O(1) bond forms most rapidly). The corresponding 
length in both TS's is ~1.72 Å (l = 0.80), while the distance between reaction centers at C(3) and C(4) is more 
than 2.40 Å  (l < 0.46). Therefore, the structures of TSA and TSB are largely asymmetric. This is confirmed by 
the l = lC(5)–O(1) - lC(3)–C(4) values (Table 1) being 0.38 and 0.34, respectively. The TSA and TSB complexes are 
distinctly polar. This is verified (Table 1) by their dipole moment values (D) and the degree of charge transfer 
between substructures (t). However, the asymmetry of the complexes is not high enough to induce an ionic 
reaction. 
 Finally, it should be concluded that analysis of reactivity indices and results from exploration of 
reaction paths indicate polar character of the (2+3) cycloaddition between (E)-3,3,3-trifluoro-1-nitroprop-1-ene 
and (Z)-N-methyl-C-phenylnitrone. However, although the transition complexes involved in the reaction 
mechanism are considerably asymmetric and polar, the reactions still proceed via a one-step mechanism. 
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