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Abstract: Conventional frontier molecular orbital theory is not able to satisfactorily explain the 
regioselectivity outcome of the nitrilimine–alkene cycloaddition. We considered that conceptual 
density functional theory (DFT) could be an effective theoretical framework to rationalize the 
regioselectivity of the title reaction. Several nitrilimine–alkene cycloadditions were analyzed, for 
which we could find regioselectivity data in the literature. We computed DFT reactivity indices at 
the B3LYP/6-311G(2d,p)//B3LYP/6-31G(d,p) and employed the grand potential stabilization 
criterion to calculate the preferred regioisomer. Experimental and calculated regioselectivity agree 
in the vast majority of cases. It was concluded that predominance of a single regioisomer can be 
obtained by maximizing (i) the chemical potential difference between nitrilimine and alkene and  
(ii) the local softness difference between the reactive atomic sites within each reactant.  
Such maximization can be achieved by carefully selecting the substituents on both reactants. 

Keywords: 1,3-dipolar cycloaddition; nitrilimine; alkene; regioselectivity; conceptual density functional 
theory; reactivity indices; softness 

 

1. Introduction 

Nitrilimines are 1,3-dipolar species which belong to the class of nitrilium betaines [1]. Except for 
a few examples [2,3], these are labile intermediates [4] which can be generated in situ by the three 
ways depicted in Figure 1, namely: (i) base-promoted dehydrohalogenation of hydrazonoyl halides 
or nitrohydrazones; (ii) thermolysis of 2,5-disubstituted tetrazoles; and (iii) oxidation of aldehyde 
hydrazones [5]. Cycloaddition of the reactive nitrilimine intermediate A towards an array of 
unsaturated species gives rise to a variety of five-membered heterocycles [5]. Focusing to the alkenes 
as the dipolarophilic counterpart, their cycloaddition with A represents a general method for the 
synthesis of 4,5-dihydropyrazoles [6]. It can be easily argued that the relative orientation of the 
reacting species implies a regioselectivity problem. As far as monosubstituted alkenes are concerned, 
the nitrilimine cycloaddition with both electron-rich and electron-poor dipolarophiles generally 
provides 5-substituted-4,5-dihydropyrazoles (in the following: 5-substituted pyrazolines) B as the 
unique regioisomer. This is the case of aryl-, alkyl-, alkoxy-, alkoxycarbonyl-, and amino-alkenes [5]. 
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Figure 1. General picture describing the formation of nitrilimine intermediate (A) and their regioselectivity 
towards mono- (B) and 1,2-disubstituted (C,D) alkenes. 

The current view to explain the nitrilimine–alkene cycloaddition regioselectivity is based upon 
the perturbation approach (frontier molecular orbital (FMO) theory) [7,8]. Within this frame, 
cycloadditions to electron-rich alkenes are LUMO-dipole controlled giving rise to 5-substituted 
pyrazolines [7]. On the other hand, in the case of electron-poor alkenes, a dominant HOMO-dipole 
control should be at work giving a prevalence of 4-substituted pyrazolines. Since such a prevision is 
in contrast with experimental facts, an explanation accounting for the formation of 5-substituted 
pyrazolines has been proposed assuming that steric requirements should overcome electronic effects [5]. 

In the case of 1,2-disubstituted alkenes as the dipolarophilic species, nitrilimine cycloaddition 
generally provides a mixture of the possible pyrazolines C and D [5,6]. Here again, the FMO theory 
provides a qualitative rationale based on the assumption that the atomic coefficients of the C=C 
double bond must have similar values [7]. 

In light of the above statements, it may appear that the FMO treatment of the nitrilimine–alkene 
cycloaddition regioselectivity looks somewhat puzzling since ad hoc assumptions are required to 
rationalize the experimental results. Thus, a theoretical frame able to predict the regioselectivity of 
the nitrilimine–alkene cycloaddition should be needed since, to the best of our knowledge, no 
improvement over the FMO treatment of this subject has been reported yet. A direct approach to the 
problem would encompass locating the regioisomeric transition states (TSs) and comparing the 
difference in electronic or Gibbs energy with the experimental regioselection. These energies should 
be computed at the highest affordable level of theory and basis set, possibly including solvent effects. 
Such a direct approach would provide accurate results, which however would be based on the global 
molecular energies. For the synthetic chemist, the results would be difficult to transfer to other 
reactions and would not provide further or novel insight in the structure/regioselectivity relationship. 

We therefore considered using the tools provided by conceptual density functional theory (DFT) [9,10], 
a theoretical framework which made it possible to rigorously define many chemical quantities (e.g., 
electronegativity) and to compute them from the molecular energy and electron density. Conceptual 
DFT provides many reactivity indices summarizing the changes occurring when a molecule accepts 
or donates electrons during a reaction. Often, both global (molecular) and local reactivity indices can 
be defined and calculated. For instance, the local softness can be defined as the derivative of the 
electron density with respect to the electron chemical potential at fixed molecular geometry [11]. Local 
indices (usually condensed to atomic indices) form a practical toolkit to study the reactivity at different 
sites within a molecule and provide results expressed in a language appealing to the synthetic chemist. 
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Regioselectivity is clearly amenable to investigation based on local (atomic) reactivity indices 
and literature offers many examples of regioselectivity of 1,3-dipolar cycloadditions (1,3-DCs) that 
were successfully explained using DFT-based reactivity indices [12]. A general criterion to point out 
the preferred regioisomer resulting from an addition reaction has been derived by minimizing the 
grand potential Ω [13]. This approach, which is based on the energy and electron density of the 
reactants only and does not require the calculation of the TSs, was applied to the quantitative study 
of the regioselectivity of the 1,3-DCs of azides [14] and nitrile oxides [15]. This theoretical framework 
allowed us to rationalize the regioselectivity in the nitrilimine–alkyne [16] and the nitrilimine–allene 
cycloadditions, too [17]. The present paper is aimed at investigating the regioselectivity for the 
nitrilimine–alkene cycloaddition within the framework of the conceptual DFT. 

2. Results and Discussion 

A number of regioselectivity data of the nitrilimine–alkene cycloaddition were taken from the seven 
relevant papers that represent the core of this subject. These data, which are collected in Tables 1–3 and 
accompanied by the corresponding reaction schemes, can be naturally classified into three groups 
according to the nitrilimine substituents. Reaction group (RG) I comprises reactions between  
1-X1-ethenes and C-methoxycarbonyl-N-(4-Y-phenyl)nitrilimines 1 [18]. These reactants yielded the 
5-(X1)-pyrazolines 2 only (see Scheme 1 and Table 1). 

 

 1a 1b 1c 1d
Y H OMe Me NO2 X1 = n-BuO, CN, CO2Et, n-Bu 

Scheme 1. Cycloaddition between nitrilimines 1 and 1-X1-ethenes giving 5-(X1)-pyrazolines 2. 

Table 1. Cycloaddition between nitrilimines 1 and 1-X1-ethenes (reaction group (RG)-I) giving  
5-(X1)-pyrazolines 2 (% yields). 

X1 
Y

H (1a) OMe (1b) Me (1c) NO2 (1d) 

n-Bu 17 52 31 0 
n-BuO 15 27 24 10 
CO2Et 95 93 95 3 

CN 56 80 78 0 

In RG-II we collated data regarding the cycloaddition between C-ethoxycarbonyl-N-phenyl 
nitrilimine 3 and several mono- and disubstituted-(E)-1,2-ethenes [19] (see Scheme 2 and Table 2). 
Again, 1,3-DCs in RG-II yielded selectively the 5-(X1)-pyrazolines 4 in the case of 1-X1-ethenes. Using 
disubstituted chalcone, (Table 2, entry 9), a mixture of pyrazolines 4 and 5 was obtained. Since we 
were surprised that the 1,3-DC of 3 with ethyl crotonate (Table 2, entry 7) [19] was reported to give 
pyrazoline 4 only, we performed the new cycloaddition between ethyl crotonate and 1a, which gave 
a regioisomer mixture (Table 2, entry 8). So, the datum previously reported for the cycloaddition 
between ethyl crotonate and 3 should be considered incorrect (see also the regioselectivity outcome 
of methyl crotonate with diphenylnitrilimine 6, Table 3, entry 2). 
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Scheme 2. Cycloaddition between nitrilimine 3 and mono- or disubstituted ethenes giving regioisomeric 
pyrazolines 4 and 5. 

Table 2. Cycloaddition between nitrilimines 3 and 1a and mono- or disubstituted ethenes giving 
regioisomeric pyrazolines 4 and 5 (RG-II). 

Entry Nitrilimine X1 X2 
Yield (%) Product Ratio 
4 5 4:5 

1 3 n-Bu H 80 0 100:0 
2 3 n-BuO H 100 0 100:0 
3 3 CO2Me H 80 0 100:0 
4 3 CONH2 H 81 0 100:0 
5 3 CN H 70 0 100:0 
6 3 Ph H 85 0 100:0 
7 3 CO2Et Me 100 0 100:0 
8 1a CO2Et Me 62 16 79:21 
9 3 COPh Ph 43 29 60:40 

Finally, RG-III comprises the reactions of diphenylnitrilimine 6 with acrylonitrile (X1 = CN) [20,21] 
and several disubstituted (E)-1,2-ethenes [22–24] (see Scheme 3 and Table 3). All reactions in this 
group yielded both regioisomers 7 and 8 spanning a largely different product ratio. 

 
Scheme 3. Cycloaddition between diphenylnitrilimine 6 and mono- or disubstituted ethenes giving 
regioisomeric pyrazolines 7 and 8. 

We now turn to the analysis of these regioselectivity data using local DFT-based reactivity indices. 
Due to the large number of molecular systems investigated, we only present the data strictly needed 
for the discussion. 

In Tables 4–6 the chemical potential μ and the global softness S of the monosubstituted and (E)-
1,2-disubstituted ethenes and of nitrilimines 1, 3 and 6 are reported. The substituent effect on μ is 
significant and agrees with common chemical knowledge (electron donating/accepting substituents 
increase/decrease μ). The monosubstituted ethenes and propenes (X1 = Me) are less soft than the 
nitrilimines but the substituted styrenes (X1 = Ph) and stilbenes (X1 = Ph, X2 = aryl) are about as soft 
as the nitrilimines, evidencing the role of aryl rings in making molecules softer. 
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Table 3. Cycloaddition between diphenylnitrilimine 6 and mono- or disubstituted ethenes giving 
regioisomeric pyrazolines 7 and 8 (RG-III). 

Entry X1 X2 
Overall Yield Product Ratio 

7 + 8 (%) 7:8 
1 CN H 66 97:3 
2 CO2Me Me 95 64:36 
3 CO2Me Ph 95 67:33 
4 Me Ph 82 28:72 
5 i-Pr Ph 98 31:69 
6 OMe Ph 65 65:35 
7 Br Ph 88 15:85 
8 NO2 Ph 81 69:31 
9 4-MeO-C6H4 Ph 95 50:50 

10 4-NO2-C6H4 Ph 74 35:65 

Table 4. Calculated chemical potential μ and global softness S of the investigated 1-X1-ethenes. 

1-X1-Ethenes 
X1 μ (eV) S (eV−1)

n-Bu −4.41 0.101 
n-OBu −4.05 0.112 
CO2Et −5.07 0.098 
CO2Me −5.10 0.095 
CONH2 −4.77 0.103 

CN −5.31 0.093 
Ph −3.98 0.118 

Table 5. Calculated chemical potential μ and global softness S of the investigated (E)-[1-(X1), 2-(X2)]-ethenes. 

(E)-[1-(X1), 2-(X2)]-Ethenes 
X1 X2 μ (eV) S (eV−1)
Me CO2Me −4.70 0.099 
Me CO2Et −4.74 0.102 
Ph Me −3.73 0.121 
Ph i-Pr −3.76 0.124 
Ph OMe −3.62 0.129 
Ph Br −4.09 0.125 
Ph COPh −4.71 0.147 
Ph CO2Me −4.59 0.132 
Ph NO2 −5.30 0.137 
Ph 4-OMe-Ph −3.65 0.155 
Ph 4-NO2-Ph −4.84 0.170 

Table 6. Calculated chemical potential μ and global softness S of the investigated nitrilimines. 

R1–C≡N+–N−-(4-Y-C6H4) 

Nitrilimine Y R1 μ (eV) S (eV−1) 

1a H CO2Me −4.35 0.143 
1b OMe CO2Me −4.05 0.152 
1c Me CO2Me −4.22 0.146 
1d NO2 CO2Me −5.24 0.162 
3 H CO2Et −4.31 0.143 
6 H Ph −3.82 0.156 
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When basing on the grand potential criterion to explain regioselectivity [13], the first step is to 
classify the reacting molecules as electron-donating or -accepting in order to use the local softness for 
nucleo- or electro-philic attack, respectively. We carried out this classification by considering the 
electron chemical potential of the reactant molecules since we are interested in the direction of the 
electron transfer at the very beginning of the 1,3-DC, before that electron reshuffling becomes 
important [25]. This initial step has been shown to determine the regioselectivity in 1,3-DCs [14–17]. 
Of course, we are aware that other global DFT indices have been successfully proposed to describe 
the molecular ability to donate or accept electrons, such as Parr’s electrophilicity index ω [26], the 
electroaccepting ω+ and electrodonating ω− powers [27], and the nucleophilicity index N [28]. 
However, these indices were proposed and applied as reactivity descriptors rather than indices showing 
the direction of the initial electron transfer. For instance, Parr’s ω was successfully employed to classify 
electrophiles in 1,3-DC reactions [29] and shown to be closely related to the computed activation energy 
of the Diels–Alder reaction of ethenes with cyclopentadiene [30]. The nucleophilicity index N was 
also employed for classification [31] and shown to closely correlate to nucleophilic rate constants [32]. 

The direction of electron transfer was thus evaluated on the basis of the electron chemical potential, 
as shown in Tables 7–9 where the μ(nitrilimine)—μ(ethene) differences are listed. A positive difference 
means that the nitrilimine donates electrons to the ethene. The direction of electron transfer depends 
on the substituents on both alkene and nitrilimine, as expected on the basis of the electron demand 
of the substituents. It is noteworthy that in each reaction group, cases where the nitrilimine acts as 
nucleophile or electrophile can be found. 

Table 7. Electron chemical potential difference μ(nitrilimine 1)–μ(ethene) in eV for the RG-I. Positive 
values indicate that the nitrilimine transfers electrons to the ethene. 

RG-I, MeO2C–C≡N+–N−-(4-Y-C6H4)

X1 
Y

H (1a) OMe (1b) Me (1c) NO2 (1d) 
n-Bu 0.06 0.37 0.20 −0.83 

n-OBu −0.30 0.004 −0.17 0.07 
CO2Et 0.72 1.02 0.85  

CN 0.96 1.26 1.09  

Table 8. Electron chemical potential difference μ(nitrilimine)–μ(ethene) in eV for the RG-II. Positive 
values indicate that the nitrilimine transfers electrons to the ethene. 

RG-II
X1 X2 EtO2C–C≡N+–N–Ph (3) MeO2C–C≡N+–N–Ph (1a) 

n-Bu H 0.10  
n-OBu H −0.26  
CO2Me H 0.79  
CONH2 H 0.46  

CN H 1.00  
Ph H −0.33  

CO2Et Me 0.43 0.39 
COPh Ph 0.40  

When 1-X1-ethenes and nitrilimines 1 are considered (RG-I, Table 7), the direction of the electron 
transfer is mainly dictated by the nitrilimine Y substituent but the effect of the ethene X1 substituent 
is also significant. In RG-II and -III (Tables 8 and 9), the effect of the alkene substituents can be more 
clearly seen since a single nitrilimine is used as a substrate in each RG. 
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Table 9. Electron chemical potential difference μ(diphenylnitrilimine 6)–μ(ethene) in eV for the  
RG-III. Positive values indicate that the nitrilimine transfers electrons to the ethene. 

RG-III
X1 X2 Ph–C≡N+–N–Ph (6)

CN  1.49 
CO2Me Me 0.88 

Me Ph −0.09 
i-Pr Ph −0.06 

OMe Ph −0.20 
Br Ph 0.27 

CO2Me Ph 0.76 
NO2 Ph 1.47 

4-OMe-Ph Ph −0.18 
4-NO2-Ph Ph 1.02 

The electrophilic s+ or nucleophilic s− local softness is chosen for each reactant pair consistently with 
their chemical potential difference and condensed to individual atoms using Hirshfeld population 
analysis [33]. The grand potential stabilization ΔΩ can now be computed for the pathways leading to the 
two possible regioisomers. The grand potential stabilization difference δΔΩ = ΔΩ(5-X1) − ΔΩ(4-X1) 
between the pathways leading to regioisomers 5 and 4 is reported in Tables 10–12. A negative δΔΩ 
indicates that the 5-(X1)-pyrazoline regioisomer is favored (see Section 3. Computational Methods). 

Table 10. Grand potential stabilization difference δΔΩ = ΔΩ(5-X1) − ΔΩ(4-X1) (meV) for 1,3-DC of 
nitrilimines 1 to alkenes. Negative values indicate that the 5-X-pyrazoline regioisomer is favored. 

RG-I, MeO2C–C≡N+–N−-(4-Y-C6H4)

X1 
Y

H (1a) OMe (1b) Me (1c) NO2 (1d) 
n-Bu −0.002 −0.114 −0.027 −0.341 

n-OBu −0.045 −3 × 10−6 −0.014 −1.022 
CO2Et −0.302 −0.844 −0.479 −0.010 

CN −0.536 −1.211 −0.768 −0.002 

Table 11. Grand potential stabilization difference δΔΩ = ΔΩ(5-X1) − ΔΩ(4-X1) (meV) for 1,3-DC of 
nitrilimines 3 and 1a to alkenes. Negative values indicate that the 5-X-pyrazoline regioisomer is favored. 

RG-II
X1 X2 EtO2C–C≡N+–N–Ph (3) MeO2C–C≡N+–N–Ph (1a) 

n-Bu H −0.006  
n-OBu H −0.036  
CO2Me H −0.422  
CONH2 H −0.159  

CN H −0.577  
Ph H −0.061  

CO2Et Me −0.029 −0.024 
COPh Ph −0.049  
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Table 12. Grand potential stabilization difference δΔΩ = ΔΩ(5-X1) − ΔΩ(4-X1) (meV) for 1,3-DC of 
diphenylnitrilimine 6 to alkenes. Negative values indicate that the 5-X-pyrazoline regioisomer is favored. 

RG-III
X1 X2 Ph–C≡N+–N–Ph (6)

CN H −0.579 
CO2Me Me −0.050 

Me Ph −2.5 × 10−5 
i-Pr Ph −1.1 × 10−5 

OMe Ph −3.9 × 10−6 
Br Ph 0.005 

CO2Me Ph 4.4 × 10−4 
NO2 Ph −0.213 

4-OMe-Ph Ph 6.1 × 10−5 
4-NO2-Ph Ph −0.144 

All reactions in RG-I yielded the 5-X1-substituted-4,5-dihydropyrazole 2 only, though with 
largely different yield (see Table 1 and Scheme 1). Such experimental outcome is correctly predicted 
by the computed δΔΩ difference, which is negative for all reactions in RG-I. The agreement should 
however be considered qualitative since the very large experimental regioselection towards 2 corresponds 
to both reasonably large values (reactions where X1 and Y have opposite electron demand) and very low 
values of δΔΩ (reactions where X1 and Y have similar electron demand). Such large variation in the 
computed δΔΩ differences can be traced back to the corresponding large variation in chemical 
potential difference between reactants. For instance, μ in butylvinylether (X1 = n-OBu) and  
C-methoxycarbonyl-N-(4-methoxyphenyl)nitrilimine 1b differ by as little as 4 meV (see Table 7) and make 
δΔΩ very small. Recall also that the chemical potential difference appears squared in the expression for 
δΔΩ (see Equation (6)). These results seem less satisfying than our previous investigation of the 
nitrilimine–alkyne cycloaddition [16], where a quantitative correlation between experimental 
regioselectivity and δΔΩ was obtained, but it should be noted that RG-I comprises several ethenes 
with widely different electron demand while we previously considered a single acetylenic dipolarophile, 
i.e., methyl propiolate. Thus, the present qualitative agreement can be considered satisfactory. 

RG-II comprises the 1,3-DCs between nitrilimine 3 and 1a and several mono- and 1,2-disubstitued 
ethenes (see Table 2 and Scheme 2). All reactions in this RG were reported to yield the 5-(X1)-
pyrazoline with the exception of ethyl crotonate (Table 2, entry 8) and chalcone (Table 2, entry 9), which 
undergo cycloaddition, yielding a product ratio 4:5 = 5-X1:4-X1 = 79:21 and 60:40, respectively. The 
computed δΔΩ difference is, in any RG-II reaction, negative, in agreement with the experiment. 
However, as in the RG-I case, we hold this agreement as qualitative since δΔΩ for ethyl crotonate 
(−0.024 meV) and chalcone (−0.049 meV) are more negative than for 1-hexene (−0.006 meV). Thus, the 
latter would be expected to display lesser regioselectivity than the former ones but 1-hexene actually 
yields the 5-X1 regioisomer only. 

Finally, RG-III comprises the 1,3-DCs of diphenylnitrilimine 6 with acrylonitrile and several  
1,2-disubstitued ethenes. This is the most interesting group since extensive quantitative regioselectivity 
data can be found in the literature. All reactions in RG-III gave a regioisomeric mixture of cycloadducts 
(see Scheme 3 and Table 3), ranging from 7:8 = 5-X1:4-X1 = 97:3 to 15:85. These data allow us to 
investigate whether there is a quantitative relationship between δΔΩ and the regioisomeric product 
ratio. The quantity log10(4-X1:5-X1) is proportional to the difference of the activation energy between 
the pathways leading to the two regioisomers and is negative when the 5-X1 regioisomer is favored, 
similarly to δΔΩ. 

Inspection of Table 12 and Figure 2 reveals several details about the 1,3-DC to diphenylnitrilimine 6. 
The regioselectivity of the reactions of 6 with electron-poor alkenes acrylonitrile (X1 = CN), methyl 
crotonate (X1 = CO2Me, X2 = Me), bromostyrene (X1 = Br, X2 = Ph), and nitrostyrene (X1 = NO2, X2 = Ph) 
are in qualitative agreement with the DFT-based prediction and, moreover, log10(4-X1:5-X1) and δΔΩ 
are approximately linearly correlated. It should however be noted that the grand potential 
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stabilization criterion fails to predict the regioselectivity of the 1,3-DC between 6 and electron-poor 
4-nitrostilbene (X1 = 4-NO2-Ph, X2 = Ph). We currently have no explanation for this failure. In the 
remaining cases, we note that δΔΩ is very small in contrast with the significant experimental 
regioselectivity, varying from 5-X1:4-X1 = 67:33 to = 28:72. 

The small δΔΩ values are due to the combination of several effects which are best discussed 
with reference to Equation (6) (see Section 3. Computational Methods). First, the small softness 
difference between the two termini of the diphenylnitrilimine [s(C1) − s(N3)] and between the sp2 
carbons of substituted styrenes [s(C1) − s(C2)] makes δΔΩ small since such softness differences 
multiply each other in the expression of δΔΩ. These small softness differences, due to the almost 
symmetric substituents and the electron-reservoir effect of aryl rings, show that the reactivity of the 
atomic sites within each reactant is very similar. Furthermore, in some cases, the chemical potential 
difference Δμ between nitrilimine and alkene is also small. This makes δΔΩ even smaller since it is 
proportional to Δμ2. Conversely, when the alkene substitution is single (acrylonitrile) or the strong 
electron acceptor NO2 is present, both the local softness difference between the sp2 carbons of the 
alkene and the chemical potential difference increase. Electronic effects thus show up as a sizeable 
δΔΩ and correlate with log10(4-X1:5-X1). 

(a) (b)

Figure 2. Plot of the grand potential stabilization difference δΔΩ = ΔΩ(5-X) − ΔΩ(4-X) vs. the 
logarithm of the regioisomeric product ratio log10(4-X1:5-X1) for the 1,3-DC of diphenyl nitrilimine 6 
with 1,2-disubstitued ethenes and acrylonitrile (X1 = CN). Panel (b) is an enlargement of panel (a) near 
the origin of the co-ordinate axes. When not specified, X2 = Ph is intended. 

RG-III nicely shows how substitution affects the electronic factors leading to regioselectivity. 
Indeed, in the cases where δΔΩ is small, electronic effects related to the initial electron transfer 
between reactants are weak and scarcely affect regioselectivity. Other electronic effects, such as the 
“charge reshuffling” term [25] could be responsible for the regioselection. However, considering how 
crowded pyrazolines 7 and 8 are, it is reasonable to think that steric hindrance effects have a more 
important role in determining the regioselectivity when the alkene is 1,2-disubstituted. 

3. Computational Methods 

All DFT calculations were performed by means of the GAUSSIAN 09 program suite [34] using 
the hybrid B3LYP functional. The molecular geometry of the neutral nitrilimines and alkenes was 
fully optimized using the 6-31G(d,p) basis set by computing the force constants at every optimization 
step. The geometry of all neutral compounds corresponds to an energy minimum (no imaginary 
frequencies). The molecular wavefunction of the neutral compounds was computed using the 6-
311G(2d,p) basis set at the 6-31G(d,p) geometry. The molecular wavefunction of the mono-cationic 
and mono-anionic species was calculated using the 6-311G(2d,p) and 6-311G++(2d,p) basis sets, 
respectively, in both cases at the 6-31G(d,p) geometry of the neutral molecule. Global DFT-based 
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reactivity indices were computed within the finite difference approximation using the energy of the 
cationic and anionic species to compute the vertical ionization potential (I) and electron affinity (A), 
respectively. 

I = EN₀−1 − EN₀;     A = EN₀ − EN₀+1 (1) 

where E(N), N = N0 − 1, N0, N0 + 1, is the molecular energy of the cationic, neutral, and anionic system, 
respectively. In this way, the electron density relaxation due to the removal/addition of one electron 
from/to the molecular system is taken into account. The electron chemical potential μ and the global 
softness S were computed as: 

2
I Aμ += − ;      1S

I A
=

−
 (2) 

The atomic electron populations pi were calculated performing Hirshfeld population analysis 
[33] with hydrogens summed into heavy atoms. The local softness s was condensed to individual 
atoms [35] using Hirshfeld atomic electron populations [36]. The local softness of atom i was 
computed as:  

s+ 
I  = pi(N0 + 1) – pi(N0) (3) 

for a reactant undergoing nucleophilic attack, and as: 

s− i  = pi(N0) − pi(N0 − 1) (4) 

for electrophilic attack, where pi(N), N = N0 − 1, N0, N0 + 1, is the electron population of atom i in the 
cationic, neutral, and anionic system, respectively. 

Because of the general agreement about the concertedness of 1,3-DCs, we used the maximization 
of the grand potential stabilization as regioselectivity criterion due to two bond-forming interactions. 
This principle is a generalization of the hard–soft acid-basis principle and yields a quantitative 
regioselectivity criterion for 1,3-DCs [13]. Let us denote the grand potential variation ΔΩ for the 
formation of the 5-X- and 4-X-pyrazoline as ΔΩ(5-X) and ΔΩ(4-X), respectively. Then, the formation 
of the 5-X-pyrazoline is favored when: 

δΔΩ = ΔΩ (5-X) − ΔΩ(4-X) < 0, (5) 

which can be rewritten as: 

δΔΩ = (1/2) (μa − μn)2 P {[s(a, C1) − s(a, C2)] [s(n, C1) − s(n, N3)]} < 0 (6) 

where μa and μn are the chemical potential of the alkene and nitrilimine, respectively, s(a, C1) is the 
local atomic softness of carbon C1 of the alkene (and similarly for the other local softnesses), and P is 
a non-negative rational function of all local softnesses. Clearly, the sign of Expression (6) only 
depends on the term in curly braces. 

4. Conclusions 

The analysis of the regioselectivity of the 1,3-DC of mono- and di-substituted alkenes to 
nitrilimines based on calculated DFT reactivity indices and the grand potential stabilization criterion 
indicated the preferred regioisomers in agreement with experimental findings in the vast majority of 
the considered cases. However, the grand potential stabilization criterion is not able to quantitatively 
predict the regioisomers ratio of nitrilimine–alkene 1,3-DCs, probably because of the ample gamut of 
analyzed reactions. Of course, our approach is approximate under other respects. For instance, it is 
assumed that the energy difference between the TSs is only due to the electronic energy while 
vibrational and solvation effects are neglected. While it is recognized that 1,3-DCs are scarcely 
affected by solvent effects [37], vibrational (i.e., finite temperature) effects could be another reason 
for the lack of quantitative agreement between calculation and experiment. 

The present analysis showed that achieving a good electronically-controlled regioselectivity sets 
requirements on both the reactants considered in themselves and the particular reactant pair that will 
undergo the 1,3-DC. Reactants should have large softness difference between their atoms involved 
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in the bond formation and should be chosen so that they have largely different electron chemical 
potential. A large intramolecular softness difference between reactive atomic sites is easy to achieve 
for mono-substituted alkenes; much less so for substituted styrenes and stilbenes and for nitrilimines. 
A large chemical potential difference between the reactants can be obtained when substituents with 
opposite electron demand are present on the nitrilimine and alkene. 

Acknowledgments: We thank one of the reviewers for the insightful comments which prompted us to clarify 
the scope and limitations of this report. 

Author Contributions: G.M. and A.P. together conceived and planned the research, discussed the results, and 
wrote the manuscript. G.M. collected and checked regioselectivity data from the literature and carried out a 
novel cycloaddition. A.P. carried out the calculations. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Huisgen, R. Historical Note, General Principle and Mechanistic Criteria. In 1,3-Dipolar Cycloaddition 
Chemistry; Padwa, A., Ed.; Wiley: New York, NY, USA, 1984; Volume 1, pp. 1–176. 

2. Sircard, G.; Baceiredo, A.; Bertrand, G. Synthesis and reactivity of a stable nitrile imine. J. Am. Chem. Soc. 
1988, 110, 2663–2664. 

3. Fauré, J.-L.; Réau, R.; Wong, M.-W.; Koch, R.; Wentrup, C.; Bertrand, G. Nitrilimines: Evidence for the 
Allenic Structure in Solution, Experimental and Ab Initio Studies of the Barrier to Racemization, and First 
Diastereoselective [3 + 2]-Cycloaddition. J. Am. Chem. Soc. 1997, 119, 2819–2824. 

4. Bégué, D.; Qiao, G.; Wentrup, C. Nitrile Imines: Matrix Isolation, IR Spectra, Structures, and Rearrangement 
to Carbodiimides. J. Am. Chem. Soc. 2012, 134, 5339–5350. 

5. Bianchi, G.; De Micheli, C.; Gandolfi, R. 1,3-Dipolar cycloadditions involving X=Y groups. In The Chemistry 
of Double-Bonded Functional Groups; Patai, S., Ed.; John Wiley & Sons: London, UK, 1977; Volume 1, pp. 369–532. 

6. Huisgen, R.; Grashey, R.; Sauer, J. Cycloaddition reactions of alkenes. In The Chemistry of Alkenes; Patai, S., 
Ed.; Interscience: New York, NY, USA, 1964; Volume 1, pp. 739–953. 

7. Houk, K.N.; Sims, J.; Duke, R.E., Jr.; Strozier, R.W.; George, J.K. Frontier molecular orbitals of 1,3 dipoles 
and dipolarophiles. J. Am. Chem. Soc. 1973, 95, 7287–7301. 

8. Houk, K.N.; Sims, J.; Watts, C.R.; Luskus, L.J. Origin of reactivity, regioselectivity, and periselectivity in 
1,3-dipolar cycloadditions. J. Am. Chem. Soc. 1973, 95, 7301- 7315. 

9. Chermette, H. Chemical reactivity indexes in density functional theory. J. Comput. Chem. 1999, 20, 129–154. 
10. Domingo, L.R.; Ríos-Gutiérrez, M.; Pérez, P. Applications of the Conceptual Density Functional Theory 

Indices to Organic Chemistry Reactivity. Molecules 2016, 21, 748. 
11. Gázquez, J.L.; Méndez, F. The Hard and Soft Acids and Bases Principle: An Atoms in Molecules Viewpoint. 

J. Phys. Chem. A 1994, 98, 4591–4593. 
12. Geerlings, P.; De Proft, F.; Langenaeker, W. Conceptual Density Functional Theory. Chem. Rev. 2003, 103, 

1793–1874. 
13. Ponti, A. DFT-Based Regioselectivity Criteria for Cycloaddition Reactions. J. Phys. Chem. A 2000, 104, 8843–8846. 
14. Molteni, G.; Ponti, A. Arylazide Cycloaddition to Methyl Propiolate. DFT-Based Quantitative Prediction of 

Regioselectivity. Chem. Eur. J. 2003, 9, 2770–2774. 
15. Ponti, A.; Molteni, G. DFT-HSAB Prediction of Regioselectivity in 1,3-Dipolar Cycloadditions: Behaviour 

of (4-Substituted) benzonitrile Oxides towards Methyl Propiolate. Chem. Eur. J. 2006, 12, 1156–1161. 
16. Ponti, A.; Molteni, G. DFT-Based Quantitative Prediction of Regioselectivity: Cycloaddition of Nitrilimines 

to Methyl Propiolate. J. Org. Chem. 2001, 66, 5252–5255. 
17. Molteni, G.; Ponti, A. Assessment of mechanistic hypotheses of 1,3-dipolar cycloaddition of (arylsulfonyl) 

allene to nitrilimines by DFT reactivity indices. Tetrahedron 2003, 59, 5225–5229. 
18. Molteni, G.; Ponti, A.; Orlandi, M. Uncommon aqueous media for nitrilimine cycloadditions. I. Synthetic 

and mechanistic aspects in the formation of 1-aryl-5-substituted-4,5-dihydropyrazoles. New J. Chem. 2002, 
26, 1340–1345. 

19. Shimizu, T.; Hayashi, Y.; Nishio, T.; Teramura, K. The Reaction of N-Aryl-C-ethoxycarbonylnitrilimine with 
Olefins. Bull. Chem. Soc. Jpn. 1984, 57, 787–790. 



Molecules 2017, 22, 202 12 of 12 

 

20. Gladstone, W.A.F.; Aylward, J.B.; Normen, K.O.C. Reactions of lead tetra-acetate. Part XVIII. Oxidation of 
aldehyde hydrazones: A new method for the generation of nitrilimines. J. Chem. Soc. C 1969, 2587–2598, 
doi:10.1039/J39690002587. 

21. Huisgen, R.; Seidel, M.; Wallbillich, G.; Knupfer, H. Diphenyl-nitrilimin und seine 1.3-dipolaren additionen 
an alkene und alkine. Tetrahedron 1962, 17, 3–29. 

22. Clovis, J.S.; Eckell, A.; Huisgen, R.; Sustmann, R. 1.3-Dipolare Cycloadditionen, XXV. Der Nachweis des 
freien Diphenylnitrilimins als Zwischenstufe bei Cycloadditionen. Chem. Ber. 1967, 100, 60–70. 

23. Huisgen, R.; Sustmann, R.; Wallbillich, G. 1.3-Dipolare Cycloadditionen, XXIX. Orientierungsphänomene 
bei der Anlagerung von Nitriliminen an α.β-ungesättigte Carbonester, Vinyläther und Enamine. Chem. Ber. 
1967, 100, 1786–1801. 

24. Clovis, J.S.; Eckell, A.; Huisgen, R.; Sustmann, R.; Wallbillich, G.; Weberndörfer, V. 1.3-Dipolare Cycloadditionen, 
XXVIII. Diphenylnitrilimin und arylkonjugierte Alkene. Chem. Ber. 1967, 100, 1593–1601. 

25. Damoun, S.; Van de Woude, G.; Méndez, F.; Geerlings, P. Local Softness as a Regioselectivity Indicator in 
[4 + 2] Cycloaddition Reactions. J. Phys. Chem. 1997, 101, 886–893. 

26. Parr, R.G.; von Szentpály, L.; Liu, S. Electrophilicity index. J. Am. Chem. Soc. 1999, 121, 1922–1924. 
27. Gázquez, J.L.; Cedillo, A.; Vela, A. Electrodonating and Electroaccepting Powers. J. Phys. Chem. A 2007, 111, 

1966–1970. 
28. Domingo, L.R.; Chamorro, E.; Pérez, P. Understanding the reactivity of captodative ethenes in polar 

cycloaddition reactions. A theoretical study. J. Org. Chem. 2008, 73, 4615–4624. 
29. Pérez, P.; Domingo, L.R.; Aurell, M.J. Contreras, Quantitative characterization of the global electrophilicity 

pattern of some reagents involved in 1,3-dipolar cycloaddition reactions. Tetrahedron 2003, 59, 3117–3125. 
30. Domingo, L.R.; Sáez, J.A. Understanding the mechanism of polar Diels-Alder reactions. Org. Biomol. Chem. 

2009, 7, 3576–3583. 
31. Jaramillo, P.; Domingo, L.R.; Chamorro, E.; Pérez, P. A further exploration of a nucleophilicity index based 

on the gas-phase ionization potentials. J. Mol. Struct. THEOCHEM 2008, 865, 68–72. 
32. Domingo, L.R.; Pérez, P. The nucleophilicity N index in organic chemistry. Org. Biomol. Chem. 2011, 9, 7168–7175. 
33. Hirshfeld, F.L. Bonded-atom fragments for describing molecular charge densities. Theor. Chem. Acc. 1977, 

44, 129–138. 
34. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; 

Mennucci, B.; Petersson, G.A.; et al. Gaussian 09, Revision C.01; Gaussian, Inc.: Wallingford, CT, USA, 2009. 
35. Yang, W.; Mortier, W.J. The use of global and local molecular parameters for the analysis of the gas-phase 

basicity of amines. J. Am. Chem. Soc. 1986, 108, 5708–5711. 
36. De Proft, F.; Van Alsenoy, C.; Peeters, W.; Langenaeker, W.; Geerlings, P. Atomic charges, dipole moments, 

and Fukui functions using the Hirshfeld partitioning of the electron density. J. Comput. Chem. 2002, 23, 
1198–1209. 

37. Kadaba, P.K. Role of Protic and Dipolar Aprotic Solvents in Heterocyclic Syntheses via 1,3-Dipolar 
Cycloaddition Reactions. Synthesis 1973, 1973, 71–84. 

Sample Availability: Samples of the compounds are not available from the authors. 

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


