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 The regioselectivity of the [3+2] cycloaddition reactions between trans-β-nitrostyrene and C,N-
diarylnitryle imine analogues as three atom components (TACs) has been studied with the use 
of Conceptual Density Functional Theory in the framework of Molecular Electron density 
Theory. Global and local reactivity indices were determined. Presented quantum-chemical 
computations showed that, for the reaction of nitroalkene with diphenylnitryle imine, the most 
favourable reaction path is determined by the nucleophilic attack of C3 carbon atom of TAC on 
an electrophilic Cα carbon atom of nitroalkene. Therefore, the creation of 1,3,4-triphenyl-5-nitro-
Δ2-pyrazoline, according to channel B, is more probable. Similarly, to presented conclusion, for 
reactions of nitroalkene with nitryle imines containing an ED group at para position of the phenyl 
ring also the most favourable reaction paths run through channel B leading to 1,3,4-triaryl-5-
nitro-Δ2-pyrazolines. In turn, reactions of nitroalkene with nitryle imines containing an EW 
group at para position of the phenyl ring have the opposite preference and the most favourable 
reaction paths is channel A leading to 1,3,5-triaryl-4-nitro-Δ2-pyrazolines. 
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1. Introduction  
 

     
     Heterocyclic chemistry is currently one of the most dynamically developing branches of science 1-3. New compounds of 
this class are still wanted, due to wide application of these compounds, both in medicine as well as in industry4-9. Among 
all five- and six-membered nitrogen-containing heterocycles like 1,2-oxazolidine analogues of nicotine10, isoxazolines11,12, 
and pyrrolidines13, the pyrazoline system is becoming more and more popular (Fig. 1)14-17.  
 

 
 

Fig. 1. Publications on pyrazolines indexed by Scopus database18 since 1960. 
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       Pyrazolines (dihydropyrazoles) are five-membered heterocyclic organic compounds containing two adjacent nitrogen 
atoms. The double bond is situated within the heterorganic ring. Depending on the position of the double bond one can 
distinguish Δ1-, Δ2- as well as Δ3-pyrazolines (Fig. 2)14,15,19. 

 

Fig. 2. Structures and atom numeration of pyrazoline ring.  

       There are several methods of pyrazoline synthesis. The most common include cyclocondensation of α,β-unsaturated 
carbonyl with hydrazine20, 1,3-alkylation of hydrazines with 1,3-dihalo-propanes21, intramolecular cyclization of 
hydrazones22 as well as [3+2] cycloaddition (32CA) reaction of alkene with diazocompounds (Δ1-pyraolines), nitrylimines 
(Δ2-pyrazolines) as well as azomethine imines (Δ3-pyrazolines)23,24. Among other synthetic methods, 32CA reactions are 
the most universal. Depending on the three atom components (TACs)25 used, it is possible to obtain a pyrazoline containing 
the double bond in different positions26,27.  
       In the framework of this paper, the regioselectivity for synthesis of new nitro substituted analogues of Δ2-pyrazolines 
was studied. For this purpose, as the model nitroalkene the trans-β-nitrostyrene (1) was selected. This nitroalkene can be 
characterized by high reactivity in organic synthesis, ability to insert both sterically crowded phenyl groups as well as 
extremely active and easy to convert NO2 group, which additionally stimulates biological activity of nitroalkenes28-30. In 
turn, in a role of TACs we decided to use a series of C,N-diarylnitryle imines 2a-m. For such defined addents, reactions can 
be theoretically realised by two regioisomeric paths, leading to cycloadducts with the nitro group at 4 (3a-m) or 5 (4a-m) 
position (Scheme 1). 
       Similar reactions, including 32CAs between 2-aryl-1-cyano-1-nitroethenes and diarylnitryle imines were recently tested 
by us. The DFT computational study of these reactions shown, that the polar processes of nitryle imines with nitroalkenes 
are realised through the interaction of Cα carbon atom of nitroalkene with the carbon atom of –N=N=C– nitrile imine 
fragment. However, the regioselectivity of not all studied 32CA reactions could have been determined due to the non-polar 
nature of these processes31. 
       Presented research is a continuation of studies of electronic properties of nitroalkenes and different types of TACs, and 
the studies of selectivity of 32CA reactions including these addents32. For this purpose, the Conceptual Density Functional 
Theory (CDFT) in the framework of Molecular Electron Density Theory (MEDT)33 was applied. 
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Scheme 1. Theoretically possible 32CA reaction paths between trans-β-nitrostyrene (1) and C,N-diarylnitryle imines 2a-
m. 
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       CDFT is a branch of density functional theory, developed by American theoretical chemist Robert Parr in the end of 
20th century. CDFT’s approach is to connect well established chemical concepts, like electronic chemical potential μ and 
chemical hardness η, with electronic structure of a molecule, thus allowing those values to be computed. Based on those, 
the indication of global electronic properties of substrates can be made. As an effect, it is possible to assign addends to 
either the role of electrophile or nucleophile in studied reaction (Table 1). Furthermore, with application of either Parr or 
Fukui functions, not only global, but also local electronic properties of a molecule can be estimated34 thus allowing to 
predict reactivity of molecules in the studied reaction, based only on substrates structure35. 

Table 1. Global electrophile and nucleophile scale according to Domingo34,36. 
Electrophile Nucleophile 

Marginal Moderate Strong Super Marginal Moderate Strong Super 

 ω < 0.8 0.8 < ω < 1.5 1.5 < ω < 3.0 ω ≥ 3.0  N < 2.0 2.0 < N < 3.0 3.0 < N < 4.0 N ≥ 4.0 

      In turn, MEDT is an approach, established by Spanish theoretical chemist Luis Ramon Domingo, in an effort to assess 
reactivity of compound based on electron density distribution ρ(x,y,z) in molecule. MEDT is the next step for rationalisation 
of chemical reactivity, after valence bond theory and frontier molecular orbital theory. In contrast to previous theories, 
MEDT is based on electron density instead of wave functions Ψ(x,y,z)27. Electron density distribution ρ(x,y,z) in contrast to 
wave functions can be measured, whereas wave functions are solutions of Shrödinger’s equation, and are purely 
mathematical constructs (ρ(x,y,z) =|Ψ(x,y,z)|²). The application of electron density also simplifies computations37. 
 
2. Results and Discussion 
 

2.1. Global electronic properties 

       In the first part of our research, we decided to shed light on global electronic properties for trans-β-nitrostyrene (1) and 
C,N-diarylnitryle imines 2a-m in order to investigate the nature of their interactions. All of global reactivity indices, namely 
electronic chemical potential μ, chemical hardness η, global electrophilicity ω, global nucleophilicity N, were determined 
via calculations based on B3LYP/6-31G(d) theory level in the gas phase34,38,39 and are given in Table 2. 

Table 2. Global electronic properties for the studied addents. 
  μ [eV] η [eV] ω [eV] N [eV] 

1  -4.79 4.31 2.66 2.17 
2a N-position 

ED group 

-2.96 3.39 1.29 4.47 
2b -3.14 3.60 1.37 4.18 
2c -3.29 3.72 1.45 3.99 
2d N-position 

EW group 

-3.58 3.77 1.70 3.84 
2e -3.54 3.62 1.73 3.77 
2f -3.71 3.54 1.95 3.64 
2g  -3.37 3.78 1.50 3.86 
2h C-position 

ED group 

-2.92 3.97 1.07 4.21 
2i -3.16 3.94 1.27 3.99 
2j -3.29 3.80 1.43 3.93 
2k C-position 

EW group 

-3.57 3.71 1.72 3.84 
2l -3.59 3.36 1.91 3.82 

2m -3.72 3.33 2.07 3.70 

      Table 2 shows that the electronic chemical potential34 of trans-β-nitrostyrene (1), μ = -4.79, is lower when compared to 
μ of all C,N-diarylnitryle imines 2a-m. It means that the flux of the electron density will take place from TACs 2a-m to 
nitroalkene 1 (Fig. 3). Thus, all studied 32CA reactions can be classified as the forward electron density flux (FEDF)40. 

 
Fig. 3. Flux of the electron density in 32CA reaction paths between trans-β-nitrostyrene (1)  

and C,N-diarylnitryle imines 2a-m. 
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      Polar cycloaddition reactions require the participation of good electrophiles and good nucleophiles. Useful information 
about the polarity of a reaction may be obtained from the difference in the global electrophilicity between components 
involved in the reaction Δω. The polarity of the processes can be related with nonpolar reactions, when Δω < 1 eV, or polar 
reactions, when Δω > 1 eV41,42. The global electrophilicity power Δω for all studied 32CAs were determined and are given 
in Table 3. 

Table 3. Global electrophilicity power Δω of studied reactions. 
Reaction 1 + 2a 1 + 2b 1 + 2c 1 + 2d 1 + 2e 1 + 2f 1 + 2g 1 + 2h 1 + 2i 1 + 2j 1 + 2k 1 + 2l 1 + 2m 

Δω [eV] 1.37 1.29 1.21 0.96 0.93 0.71 1.16 1.59 1.39 1.23 0.94 0.75 0.59 

      The global electrophilicity power Δω41 index for the 32CA reaction between trans-β-nitrostyrene (1) and diphenylnitryle 
imine (2g) is 1.16 eV (Table 3). For this reason, this 32CA reaction should be classified as polar 36,41,42. Introduction of an 
electron donating (ED) group like –N(CH3)2 (2a and 2h), –OCH3 (2b and 2i) or –CH3 (2c and 2j) at para position of the 
phenyl ring in diphenylnitryle imine (2g), irrespectively which phenyl ring is substituted, slightly increases the global 
electrophilicity power Δω indices for 32CA reactions of these nitrile imines (2a-c and 2h-j) with nitroalkene 1 (Table 3). 
As a consequence, these 32CA reactions should also be classified as of a polar character36,41,42. In turn, introduction of 
electron withdrawing (EW) group like –Cl (2d and 2k), –CF3 (2e and 2l) or –CH3 (2f and 2m) at para position of the phenyl 
ring in diphenylnitryle imine (2g), irrespectively which phenyl ring is substituted, slightly reduces the global electrophilicity 
power Δω indices for 32CA reactions of these nitrile imines (2d-f and 2k-m) with nitroalkene 1 (Table 3). Therefore, these 
32CA reactions should be classified on the borderline between polar and non-polar processes36,41,42. 

      Calculated electrophilicity index ω38 of trans-β-nitrostyrene (1) is 2.66 eV and the calculated nucleophilicity [39] N 
index for this compound 1 is 2.17 eV (Table 2). These values give the conclusion that nitroalkene 1 can be classified on the 
borderline between strong and super-electrophile as well as on the borderline between marginal and moderate nucleophile 
in a polar reaction within the electrophilicity and nucleophilicity scale34,36. 

      Calculated electrophilicity index ω of diphenylnitryle imine (2g) is 1.50 eV and the calculated nucleophilicity N index 
for this compound 2g is 3.86 eV (Table 2). These values give the conclusion that the TAC 2g can be classified on the 
borderline between moderate and strong electrophile as well as on the borderline of strong and super-nucleophile in a polar 
reaction within the electrophilicity and nucleophilicity scale34,36. 

       Introduction of an ED group like –N(CH3)2 (2a and 2h), –OCH3 (2b and 2i) or –CH3 (2c and 2j) at para position of the 
phenyl ring in diphenylnitryle imine (2g), independently which phenyl ring is substituted, changes global properties of these 
compounds insensibly. In particular, electrophilicity indices ω of these TACs are slightly reduced, 1.29 (2a), 1.37 (2b), 1.45 
(2c), 1.07 (2h), 1.27 (2i), 1.43 (2j) respectively (Table 2), as well as their nucleophilicity indices N are slightly increased, 
4.47 (2a), 4.18 (2b), 3.99 (2c), 4.21 (2h), 3.99 (2i), 3.93 (2j) respectively (Table 2).  

       In turn, introduction of an EW group like –Cl (2d and 2k), –CF3 (2e and 2l) or –CH3 (2f and 2m) at para position of 
the phenyl ring in diphenylnitryle imine (2g), independently which phenyl ring is substituted, also changes global properties 
of these compounds insensibly. In particular, electrophilicity indices ω of these TACs are slightly reduced, 1.70 (2d), 1.73 
(2e), 1.95 (2f), 1.72 (2k), 1.91 (2l), 2.07 (2m) respectively (Table 2), as well as their nucleophilicity indices N slightly 
increase, 3.84 (2d), 3.77 (2e), 3.64 (2f), 3.84 (2k), 3.82 (2l), 3.70 (2m) respectively (Table 2).  

       Presented values lead to conclusions that C,N-diarylnitryle imines including ED group 2a-c and 2h-j can be classified 
on the borderline between moderate and strong electrophiles as well as super-nucleophiles in a polar reaction, while C,N-
diarylnitryle imines including ED group 2d-f and 2k-m can be classified as strong electrophiles and also strong nucleophiles 
in a polar reaction within the electrophilicity and nucleophilicity scale [28,30]. In summary, Table 4 illustrates the trend in 
change of global electrophilicity and nucleophilicity of C,N-diarylnitryle imines 2a-m. 

Table 4. Visualisation of changes of global electronic properties parameters depending on the presence of ED or EW 
substituent in para position of phenyl ring in diphenylnitryle imine (2g), together with values of Hammett43 constant (σp). 

Substituent N(CH3)2 OCH3 CH3 H Cl CF3 CN 

σp −0.83 −0.27 −0.17 0 +0.23 +0.54 +0.66 

ω  

N  

       Overall, in all studied 32CA reactions one can assume that trans-β-nitrostyrene (1) will participate as electrophilic 
component, while studied C,N-diarylnitryle imines 2a-m will play a role of nucleophilic substrates. The present information 
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is an important conclusion, as in the cycloaddition reaction the regioselectivity of polar reaction including the participation 
of non-symmetric reagents can be determined through interaction between the most electrophilic centre of the electrophile 
and the most nucleophilic centre of the nucleophile36,38,39. 

 2.2. Local electronic properties 

       The studied 32CA reactions between trans-β-nitrostyrene (1) and C,N-diarylnitryle imines 2a-m hypothetically can 
create two regioisomeric products (Scheme 1). In order to characterise the most nucleophilic and the most electrophilic 
centres of the species involved in these 32CA reactions, the electrophilic Pk

+ and nucleophilic Pk
⁻ Parr functions44 together 

with local electrophilicity ωk and local nucleophilicity Nk of trans-β-nitrostyrene (1) and C,N-diarylnitryle imines 2a-m 
were analysed (Fig. 4). 
 
     Analysis of the electrophilic Pk

+ Parr functions of trans-β-nitrostyrene (1) indicates that the Cα carbon atom of ethylene 
fragment is the most electrophilic centre of this species, presenting the maximum value PCα

+ = 0.26. At this atom, the value 
of the local electrophilicity index ωk is ωCα = 0.67 eV (Fig. 4). 

     Analysis of the nucleophilic Pk
⁻ Parr functions of diphenylnitryle imine (2g) indicates that the C3 carbon atom of nitrile 

imine fragment is the most nucleophilic centre of this species, presenting the maximum value PC3
⁻ = 0.35. At this atom, the 

value of the local nucleophilicity index Nk is NC3 = 1.41 eV (Fig. 4). 
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Fig. 4. The local electronic properties of substrates 1 and 2a-m presented as three-dimensional representations (3D) of 
Mulliken atomic spin densities for the nitroalkene 1˙ˉ radical anions and C,N-diarylnitryle imines 2a-m˙ radical cations, 
together with the electrophilic Pk

+ Parr functions of 1 and the nucleophilic Pk
⁻ Parr functions of 2a-m, given in yellow, as 

well as the indexes of the local electrophilicity ωk of 1, given in red, and the local nucleophilicity Nk of 2a-m, given in blue. 

      Introduction of an ED group at para position of the phenyl ring in diphenylnitryle imine (2g), independently which 
phenyl ring is substituted, does not change the position of the most nucleophilic center in nitrile imine fragment. Invariably, 
the C3 carbon atom presents the maximum value PC3

⁻ = 0.29 (2a); 0.34 (2b); 0.35 (2c); 0.43 (2h); 0.42 (2i) and 0.40 (2j). 
At this atom, the values of the local nucleophilicity index are NC3 = 1.30 (2a); 1.36 (2b); 1.41 (2c); 1.81 (2h); 1.68 (2i) and 
1.57 (2j) eV (Fig. 4). 

      In turn, introduction of an EW group at para position of the phenyl ring in diphenylnitryle imine (2g), independently of 
which phenyl ring is substituted, changes the position of the most nucleophilic centre in the nitrile imine fragment. For these 
species, the nitrogen N1 atom presents the maximum value PN1

⁻ = 0.39 (2d); 0.42 (2e); 0.44 (2f); 0.35 (2k); 0.37 (2l) and 
0.39 (2m). At this atom, the values of the local nucleophilicity index Nk are NN1 = 1.55 (2d); 1.60 (2e); 1.64 (2f); 1.27 (2k); 
1.41 (2l) and 1.43 (2m) eV (Fig. 4). 

       In summary, based on CDFT theory for the reaction of trans-β-nitrostyrene (1) with diphenylnitryle imine (2g) the 
most favourable reaction path is determined by the nucleophilic attack of C3 carbon atom of TAC 2g on electrophilic Cα 
carbon atom of nitroalkene 1. Therefore, the creation of 1,3,4-triphenyl-5-nitro-Δ2-pyrazoline (4g), according to channel B, 
as the most favoured regioisomer is more probable. Similarly, to presented conclusion, for reactions of trans-β-nitrostyrene 
(1) with nitryle imines 2a-c and 2h-j including an ED group at para position of the phenyl ring in diphenylnitryle imine 
(2g) (independently which phenyl ring is substituted) also the most favourable reaction path is determined by the 
nucleophilic attack of C3 carbon atom of TACs 2a-c and 2h-j on the electrophilic Cα carbon atom of nitroalkene 1. 
Consequently, the creation of 1,3,4-triaryl-5-nitro-Δ2-pyrazolines 4a-c and 4h-j, according to channel B, as the most 
favoured regioisomers is more probable. In turn, for reactions of trans-β-nitrostyrene (1) with nitryle imines 2d-f and 2k-
m containing an EW group at para position of the phenyl ring in diphenylnitryle imine (2g) (independently which phenyl 
ring is substituted) the most favourable reaction path is determined by the nucleophilic attack of N1 nitrogen atom of TACs 
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2d-f and 2k-m on the electrophilic Cα carbon atom of nitroalkene 1. Consequently, the creation of 1,3,5-triaryl-4-nitro-Δ2-
pyrazolines 3d-f and 3k-m, according to channel A, as the most favoured regioisomer is more probable. 

 
3. Computational Details 
 

     All calculations were performed using the GAUSSIAN 09 D.01 package45 at the Prometheus computer cluster of the 
CYFRONET regional computer centre in Cracow. The global reactivity descriptors of the addends, namely electronic 
potential μ, chemical hardness η as well as global electrophilicity ω and global nucleophilicity N, were approximated 
according to the equations recommended by Parr38 and Domingo34,36,39. In the calculation we used the correlation-exchange 
functional B3LYP together with the basis level set of 6-31G(d) in the gas phase34,39,46,47. This theory level as well as phase 
are standard for the study of intermolecular interactions of addents in cycloaddition processes48-51. 

      The electronic chemical potentials (μ) and chemical hardness (η) were evaluated in terms of one-electron energies of 
FMO (EHOMO and ELUMO) using the following equations34,38,52: 

μ ≈ ½ ‧ (EHOMO + ELUMO) (1) 

η ≈ EHOMO − ELUMO (2) 

where EHOMO and ELUMO may be approached in terms of the one-electron energies of the frontier MOs respectively HOMO 
and LUMO. Next, values of μ and η were used to calculate a global electrophilicity (ω) according to the formula34,39: 

ω = μ2 / 2 ‧ η (3) 

      In turn, the global nucleophilicity (N) can be presented as follow33: 

N = EHOMO − EHOMO (TCE) (4) 

where EHOMO (TCE); the HOMO energy for tetracyanoethylene (TCE); is the reference, because it presents the lowest HOMO 
(EHOMO (TCE) = –9.368 eV39). 
 
      Lastly, the local electrophilicity (ωk) and the local nucleophilicity (Nk) concentrated on an atom k was calculated based 
on global properties and the Parr function (Pk

+ or Pk
¯). according to the formulas44: 

ωk = Pk+ · ω (5) 

Nk = Pk − · N (6) 

GaussView program53 was used to visualize molecular geometries of all the systems as well as to show 3D representations 
of the Mulliken spin densities for radical anion and the radical cations. 
 
4. Conclusions  
 

      The regioselectivity of the [3+2] cycloaddition reactions between trans-β-nitrostyrene and C,N-diarylnitryle imine 
analogues as three atom components has been studied with the use of Conceptual Density Functional Theory in the 
framework of Molecular Electron density Theory. For this purpose, global and local reactivity indices were determined.  

      The analysis of the electronic chemical potential shows that the flux of the electron density will take place from TACs 
to nitroalkene and processes can be classified as FEDF. The global electrophilicity power indices exhibit that in case of 
reactions between trans-β-nitrostyrene and diphenylnitryle imine as well as its analogues including an ED substituent at 
para position of phenyl ring should be classified as polar cycloaddition, while reactions with diphenylnitryle imine 
analogues containing an EW substituent at para position of phenyl ring should be classified on the borderline between polar 
and non-polar processes.   

       In summary, based on CDFT, in all presented 32CA reactions, the nitroalkene will participate as electrophilic 
component, while studied C,N-diarylnitryle imines will pay a role of nucleophilic substrates. For 32CA reaction of  trans-
β-nitrostyrene with diphenylnitryle imine as well as its analogues including an ED substituent at para position of phenyl 
ring, the most favourable reaction path is determined by the nucleophilic attack of C3 carbon atom of TACs on the 
electrophilic Cα carbon atom of the nitroalkene. Therefore, the creation of 1,3,4-triaryl-5-nitro-Δ2-pyrazolines as the most 
favoured regioisomer is more probable. In turn, for 32CA reaction of  trans-β-nitrostyrene with diphenylnitryle imine 
analogues containing an EW substituent at para position of phenyl ring, the most favourable reaction path is determined by 
the nucleophilic attack of the N1 nitrogen atom of TACs on the electrophilic Cα carbon atom of the nitroalkene. 
Consequently, the creation of 1,3,5-triaryl-4-nitro-Δ2-pyrazolines as the most favoured regioisomer is more probable. 
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