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Abstract
The double 1,3-dipolar cycloaddition reaction between nitrilimine and allenoate, experimentally investigated by Guo and 
co-workers, was theoretically studied at the B3LYP/6-311G** and wB97XD/6-311G** computational levels in both gas 
phase and dichloromethane solution. The results indicated that the formation of the experimentally reported product is clearly 
explained by the analysis of the calculated Fukui function reactivity indices as well as transition states studies. Frontier 
molecular orbitals analysis showed that the HOMO orbital of nitrilimine as donor is also the frontier effective-for-reaction 
molecular orbital (FERMO). Finally, on the basis of the Wiberg bond indexes and AIM analysis, it was found that all of the 
reactive channels proceed through an asynchronous concerted mechanism.
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Introduction

In 1960, the general concept of the 1,3-dipolar cycloaddi-
tion was introduced by Huisgen [1]. This reaction involves 
interaction between two species, namely, 1,3-dipole and 
dipolarophile. While the 1,3-dipoles have four π electrons 
and are analogous with the allyl or propargyl anions, the 
dipolarophiles are typically substituted alkenes, alkynes, and 

allenes which may bond to certain functional groups such 
as carbonyl, imine, azo and nitroso. Due to the large vari-
ety of 1,3-dipoles as well as dipolarophiles, the 1,3-dipolar 
cycloaddition is a very excellent reaction for the synthesis 
of various five-membered heterocyclic rings. Also, owing to 
their high stereo- and regioselectivity, these cycloaddition 
reactions are useful in organic synthesis [2, 3].

Spiro compounds, or spiranes, are generally those com-
pounds that present a twisted structure of two or more rings, 
in which the rings are connected together by one common 
atom [4]. Several categories of spiro compounds contain one 
or more certain heteroatoms such as oxygen, nitrogen and 
sulfur, which often occur naturally [5, 6]. Spiropyrazolines 
are a class of spiro heterocyclic compounds which have 
attracted significant interest in medicinal chemistry as they 
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have pharmaceutical and biological properties such as anti-
bacterial and anti-cancer activities [7–11].

In 2017, Guo et al. reported a double 1,3-dipolar cycload-
dition reaction for the synthesis of spirobidihydropyrazole 
derivatives in which certain nitrilimines obtained in situ 
from the corresponding hydrazonyl halides were reacted 
with certain allenoates in dichloromethane (Scheme 1) [12].

The proposed mechanism is based on the interaction of 
nitrilimine with the Cα–Cβ double bond of the allenoate 
at the first step to generate dihydropyrazoline intermedi-
ate. Then, the second molecule of nitrilimine performs the 
cycloaddition with the Cβ–Cγ double bond of the dihydro-
pyrazoline intermediate to produce the corresponding spiro-
bidihydropyrazole (Scheme 2).

Since reliable theoretical calculations can confirm the 
experimental studies, we have investigated theoretically 
the 1,3-dipolar cycloaddition reactions of nitrilimine (NI) 
with allenoate (Aln) by DFT method in continuous of our 
previous theoretical studies on various organic compounds 
(Fig. 1) [13–16]. The important aims of the present work 
are:

•	 To elucidate the global and local reactivity indices of the 
reactants.

•	 A comparative study of the kinetic and thermodynamic 
aspects of the reaction.

•	 To elucidate the regioselectivity of the reaction.

•	 Investigation of charge transfer at transition states.
•	 To study the bond formation and structural changes along 

the reaction coordinate.
•	 Determination and study of the reaction synchronicity.

Results and discussion

Determination of the most stable conformer 
of allenoate

To determine the most stable conformer of allenoate (Aln), 
the conformational analysis was performed and the molecu-
lar energies were calculated as a function of certain dihe-
dral angles including Cβ–Cα–CH2–CPh, Cα–CH2–C1Ph–C2Ph, 
Cβ–Cα–C=O, Cα–C–O–CH2, and C–O–CH2–CH3 using 
wB97XD/6-311G** method. During the scan, the selected 

Scheme 1

Scheme 2

Fig. 1   The structure of nitrilimine (NI) and allenoate (Aln)
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dihedral angle of Aln was increased by 5° in each step 
(Fig. 2). As seen in Fig. 2, several minima there are at 
the different torsional angles with molecular energy of 
− 654.1652 au. The corresponding geometries have the 
most stability, which probably can be attributed to the less 
electronic repulsion between the lone pairs on oxygen and 
π-electrons of the phenyl group. Alternatively, a global 
maximum is located around Cα–C–O–CH2 dihedral angle 
of − 84.4° with the molecular energy of − 654.1471 au. 
The corresponding geometry is the most unstable conformer 
which probably can be attributed to the staggered orienta-
tion of O–CH2 bond toward the C=O group. This orienta-
tion diminishes dramatically the hyper-conjugation effect 
between the bonding molecular orbital of O–CH2 bond 
(σO–C) and the anti-bonding molecular orbital of C=O group 
(π*C=O). According to the above results, the presented con-
formation at Cβ–Cα–CH2–CPh dihedral angle of 97.5° was 
selected for further calculations and studies (Fig. 2).

Analysis of the global DFT reactivity indices 
at the ground state of the reactants

Global DFT reactivity indices, namely chemical potential 
(μ), chemical hardness (η), and global nucleophilicity (N) 
are one of the useful tools for investigating the reactivity of 
the reactants as well as regioselectivity in the cycloaddition 
reactions [17]. Thus, to describe the reactivity and regiose-
lectivity, the global DFT reactivity indices were calculated 
for NI and Aln in both gas and solution phases which is 
shown in Table 1.

The results presented in Table 1 indicate that the elec-
tronic chemical potential of NI, −3.46 eV in the gas phase 
and −3.53 eV in the solution, are relatively higher than 
those of Aln. Therefore, it can be concluded that along the 
corresponding reactions, the electron density is transferred 
from NI molecule toward Aln one. Also, the calculated val-
ues of the nucleophilicity index reveal that NI molecule is 
more nucleophilic than Aln one, and consequently, it can be 
deduced that the later acts as electrophile against the former.

Study of the regioselectivity of the reaction

To study the regioselectivity, four possible reactive chan-
nels were considered in which the reactants, NI and Aln, 
are added together to afford four regioisomeric adducts I-P, 
II-P, III-P, and IV-P (Scheme 3). As appears in reactive 
channels 1 and 2, the Cα–Cβ double bond of Aln interacts 
with 1,3-dipole, NI, to generate two regioisomeric adducts 
I-P and II-P. Alternatively, two other regioisomers, III-P 

Fig. 2   The wB97XD/6-311G** calculated torsion potential for certain dihedral angles in compound Aln showing the geometries corresponding 
to the maximum and minimum energies

Table 1   The B3LYP/6-311G** computed electronic chemical 
potential (μ), chemical hardness (η), and global nucleophilicity (N), 
for nitrilimine NI and allenoate Aln in the gas phase and solution 
(CH2Cl2)

Species μ/eV η/eV N/eV

NI (gas) − 3.46 1.76 4.15
Aln (gas) −3.90 2.71 2.76
NI (CH2Cl2) − 3.53 1.83 3.65
Aln (CH2Cl2) − 3.97 2.75 2.20
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and IV-P, are generated when the Cβ–Cγ bond of Aln under-
goes cycloaddition reaction with NI. As mentioned in the 
introduction section, Guo et al. reported experimentally the 
regioselective formation of the I-P adduct in the first step of 
the cycloaddition reaction of NI with Aln [12].

In a polar reaction, when a non-symmetric nucleophile/
electrophile pair react together, the most probable event is 
that the most nucleophilic center of nucleophile interacts 
with the most electrophilic center of electrophile. The Fukui 
functions are one of the most suitable tools to describe the 
reactivity of the reactants and regioselectivity of the prod-
ucts. In 1984, Yang and Mortier proposed an approach to 
the Fukui functions based on the variation of the Mulliken 
population of an atom, qk, in a molecule [18]:

 the local electrophilicity ωk and local nucleophilicity Nk are 
respectively defined as:

f −
k

= qk(N) − qk(N − 1) for electrophilic attacks

f +
k

= qk(N + 1) − qk(N) for nucleophilic attacks

�k = wf +
k
,

 where ω and N are the global electrophilicity and nucleo-
philicity indices, respectively. The local parameters, ωk and 
Nk, can be used satisfactorily to study the regioselectivity in 
various cycloaddition reactions.

To study the observed regioselectivity in the title reaction 
which is responsible of the formation of I-P adduct [12], 
the local electrophilicity and nucleophilicity indices were 
calculated from Mulliken population analysis. Since, in this 
reaction, NI and Aln act as nucleophile and electrophile, 
respectively, the local nucleophilicity (Nk) of NI and local 
electrophilicity (ωk) of Aln were calculated and shown in 
Fig. S1 of Supplementary material.

A comparison of the results presented in Fig. S1 indicates 
that NI is more nucleophilically activated at the δ-carbon 
atom than the ϕ-nitrogen atom (the local nucleophilicity 
indices are Nk = 0.628 at the δ-carbon atom and Nk = 0.528 
at the ϕ-nitrogen atom). On the other hand, Aln is more 
electrophilically activated at the β-carbon atom compared 
to the α- or γ-carbon atoms (the local electrophilicity indi-
ces ωk are 0.040, 0.237, and 0.205 for α-, β-, and γ-carbon 
atoms, respectively). Therefore, the most nucleophilic and 

Nk = Nf −
k
,

Scheme 3
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electrophilic centers are δ-carbon atom of NI and β-carbon 
atom of Aln. Accordingly, it should be expected that the 
most favorable nucleophile–electrophile interaction along 
the nucleophilic attack of NI on Aln will take place between 
the most nucleophilic center of NI, the δ-carbon atom, and 
the most electrophilic center of Aln, the β-carbon atom. 
This interaction can lead to the formation of either I-P (the 
experimentally reported adduct) or IV-P products.

Recently, Domingo reported the nucleophilic Pk
− and elec-

trophilic Pk
+ Parr functions as an alternative and efficient 

tool for the study of the local reactivity in polar reactions 
[19, 20]. Parr functions are calculated based on the varia-
tions of spin electron-density that arise from electron trans-
fer processes in polar reactions. Since, in the present study, 
compound Aln acts as electrophile (toward NI), the Pk

+ Parr 
functions of Aln and Pk

− of NI were calculated. Fig. S2 illus-
trates the obtained Parr functions of NI and Aln molecules.

Analysis of the results presented in Fig. S2 indicates 
that in contrast to the Fukui function, the Parr functions 
fail to predict the experimentally observed regioselectivity 
in the reaction. While similar to the Fukui functions, the 
electrophilic character of the β-carbon atom of Aln with 
Pk

+ of 0.422 is greater than the other allenic carbons, the 
nucleophilic character of the δ-carbon atom of NI with Pk

− of 
0.182 is lower relative to the ϕ-nitrogen atom. Thus, the 
most favorable nucleophilic–electrophilic interaction is pre-
dicted to take place between Cβ of Aln and Nϕ of NI. This 
interaction can lead to the formation of either II-P or III-P 
regioisomeric adducts, which is in contrast to the experi-
mental findings [12].

To test the aforementioned local reactivity indices and 
also to study the regioselectivity, the transition states 
associated with the reactions between nitrilimine NI and 
allenoate Aln were calculated. For this purpose, the reac-
tive channels presented in Scheme 3 were simulated and 
their corresponding transition states were detected using 
B3LYP/6-311G** and wB97XD/6-311G** methods. 

Accordingly, the thermodynamic and kinetic parameters 
were calculated from optimized geometries of the reac-
tants, transition states and products. Table 2 presents the 
B3LYP/6-311G** calculated thermodynamic and kinetic 
parameters in both gas and solution phases. The results 
obtained from wB97XD/6-311G** method are given in 
Table S3 of Supplementary material.

To achieve a better comparison between the results 
obtained for the all reactive channels, the corresponding 
free energies diagrams were drawn for both gas and solu-
tion phases which are shown in Fig. 3.

Analysis of the results presented in Table 2 and Fig. 3 
indicate that:

(a)	 All four reactive channels are possible thermodynami-
cally because the products corresponding to all reactive 
channels lie lower than the reactants. Although III-P 
is the thermodynamic product, but its corresponding 
transition state, TS-III, is energetically higher than the 
others.

(b)	 The path 1 and slightly path 4 are the most kinetically 
favorable reactive channels which is consistent with 
the results obtained from the Fukui reactivity indices. 
The reactive channel 1 leads to the formation of I-P 
adduct with a rate constant of 1.78 × 10−6 s−1 in gas 
phase which is approximately 400-fold higher than that 
obtained for the reactive channel 4. The reactive chan-
nel 1 is also approximately 35 million times faster than 
the reactive channel 3 (as mentioned above, the latter 
pathway leads to the formation of the thermodynamic 
product, III-P). Therefore, the regioselective forma-
tion of I-P adduct is in excellent agreement with the 
experimental outcomes [12].

(c)	 A similar trend is observed in the results of calculations 
in the gas phase with those in the solution.

(d)	 Generally, the polarity of the reactants, transition states 
and solvent can play an important role in the rate of the 

Table 2   Relative enthalpies 
ΔH, entropies ΔS, Gibbs free 
energies ΔG, and the reactions 
rate constant k for the reactions 
of NI and Aln in the gas phase 
and dichloromethane calculated 
using B3LYP/6-311G** method

The calculated parameters corresponding to the solution phase are given in parentheses

Species ΔH/kJ mol−1 ΔG/kJ mol−1 ΔS/J mol−1 K−1 k/s−1

TS-I 46.74 (56.02) 105.81 (115.52) − 197.70 (− 199.61) 1.78 × 10−6

(3.54 × 10−8)
I-P − 207.15 (− 194.81) − 132.84 (− 121.38) − 248.59 (− 246.26) –
TS-II 62.22 (70.04) 125.77 (133.39) − 212.97 (− 212.46) 5.65 × 10−10

(2.62 × 10−11)
II-P − 212.13 (− 199.41) − 137.07 (− 126.98) − 251.68 (− 243.02) –
TS-III 85.60 (93.89) 148.87 (154.35) − 211.53 (− 202.73) 5.07 × 10−14

(5.55 × 10−15)
III-P − 233.13 (− 226.42) − 159.37 (− 154.52) − 247.09 (− 241.17) –
TS-IV 64.06 (69.50) 120.79 (123.97) − 189.95 (− 183.03) 4.22 × 10−9

(1.17 × 10−9)
IV-P − 217.40 (− 212.00) − 145.18 (− 132.88) −241.81 (265.37) –
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reactions. Since, the polarity of the reactants, especially 
NI as 1,3-dipole, is greater than that of the products, 
the rate of the reaction is reduced when the reaction is 
carried out in dichloromethane with dielectric constant 
of 8.93. Dichloromethane, as a low polar solvent, low-
ers the reactants energy level more than the transition 
states and increases the activation energy.

(e)	 The entropy of the reactions (ΔS) is reduced owing to 
the diminution of the freedom degrees of the reactants 
along the reaction coordinate.

Analysis of the data presented in Table S3 indicates that 
the results obtained from wB97XD/6-311G** method are 

in good agreement with those obtained from B3LYP/6-
311G** method.

Since, the aforementioned theoretical results supported 
the experimental observations and predicted the formation 
of the I-P product, the second step of the reactive channel 
1 was investigated in the next phase of the study. For this 
purpose, two possible reactive channels (1–2 and 1–2′) 
were considered between I-P and NI reagents. In these 
two reactive channels, the Cβ–Cγ double bond of I-P reacts 
with NI in two different orientations, which leads to the 
generation of two regioisomeric adducts V-P and VI-P 
(Scheme 4).

As mentioned in the previous sections, the local reac-
tivity indices obtained from Fukui functions described 

Fig. 3   The free energy diagram 
for the reaction of NI and Aln 
in the gas and solution phases

Scheme 4
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satisfactorily the observed reactivity and regioselectiv-
ity in the reactive channel 1. Therefore, the same indices 
were calculated for the reactive sites on I-P and NI rea-
gents. The results are given in Fig. S3 of Supplementary 
material. The calculated electrophilic and nucleophilic 
Par functions of I-P and NI reagents are also presented 
in Fig. S3. Analysis of the local Fukui functions indicates 
that I-P is more electrophilically activated at the γ-carbon 
atom, ωk = 0.328, than the β-carbon one, ωk = − 0.004 
(which is slightly deactivated). Therefore, it is predicted 
that the most favorable nucleophile–electrophile interac-
tion along the nucleophilic attack of NI on I-P will takes 
place between the most nucleophilic center of NI, the 
δ′-carbon atom, and the most electrophilic center of I-P, 
the γ-carbon atom. This event is in excellent agreement 
with the experimental outcomes, because the V-P adduct is 
the reported product for the title reaction [12]. Analysis of 
the calculated nucleophilic and electrophilic Parr functions 
designates the ϕ′-nitrogen atom as the most nucleophilic 
site (Pk

− = 0.409) of NI and the γ-carbon atom as the most 
electrophilic site (Pk

+ = 0.274) of I-P. These results sug-
gest that a σ-bond should be formed between ϕ′-nitrogen 
atom of NI and γ-carbon atom of I-P which leads to the 
formation of unexpected VI-P adduct. Therefore, again 

the nucleophilic and electrophilic Parr functions fail to 
give a satisfactory description about the σ-bond formation 
between NI and I-P.

In the next step, to test the aforementioned local func-
tions, the transition states corresponding to the two reac-
tive channels between NI and I-P were detected using 
B3LYP/6-311G** and wB97XD/6-311G** methods in 
both gas and solution phases. Then, the thermodynamic 
and kinetic parameters were calculated from optimized 
geometries of the reactants, transition states, and prod-
ucts. The results are summarized in Table 3 and also in 
Table S4 of Supplementary material. Figure  4 depicts the 
free energy diagram for the reactions of NI and I-P in both 
gas and solution phases.

Analysis of the results presented in Tables 3 and S4 and 
Fig. 4 indicates that the reactive channel 1–2, which leads 
to the formation of V-P adduct, is more favorable both 
kinetically and thermodynamically. This reactive channel 
proceeds with a rate constant of 8.46 × 10−7 s−1 in gas 
phase which is approximately 250 thousand times faster 
than the reactive channel 1–2′. Thus, both local Fukui 
functions and transition states analysis predict the forma-
tion of V-P product, which is completely consistent with 
the experimental findings.

Table 3   Relative enthalpies (ΔH), entropies (ΔS), Gibbs free energies (ΔG), and the reaction rate constant (k) for the reactions of NI and I-P in 
the gas phase and dichloromethane calculated using B3LYP/6-311G** method

The calculated parameters corresponding to the solution phase are given in parentheses

Species ΔH/kJ mol−1 ΔG/kJ mol−1 ΔS/J mol−1 K−1 k/s−1

TS-V 45.69 (50.79) 107.65 (113.89) − 206.61 (− 210.92) 8.46 × 10−7 (6.83 × 
10−8)

V-P − 123.93 (120.21) − 47.78 (48.07) − 254.39 (− 241.29) –
TS-VI 79.04 (88.78) 144.14 (152.84) − 217.90 (− 214.89) 3.42 × 10−13 (1.02 × 

10−14)
VI-P − 115.77 (− 109.75) −41.76 (− 34.94) − 248.36 (− 249.45) –

Fig. 4   Free energy diagram for 
the reaction between NI and I-P 
in the gas and solution phases
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Study of charge transfer in transition states

The electrophilic/nucleophilic interactions are responsible 
of charge transfer processes in polar cycloaddition reactions. 
Global electron density transfer (GEDT) can be a relative 
criterion of charge transfer in transition states and sometimes 
determines the barrier energies [21]. Therefore, to study of 
charge transfer in the title reaction, the GEDT value was 
calculated for all transition states in both gas and solution 
phases. Figure  5 depicts the calculated values of GEDTs 
along with the molecular electrostatic potential map (MESP) 
of transition states. In the MESP map, the red regions are 
more negative, greater electron density, and the blue ones 
are more positive, lesser electron density.

Analysis of the GEDT values reveals that all transition 
states are relatively polar. In the case of TS-I, TS-II, and 
TS-IV transition states, the electron transfer takes place 
from NI fragment toward Aln one, while in TS-III, the 
most unstable transition state, the electron density is trans-
ferred from Aln fragment toward NI one. The yellow color 

in the molecular electrostatic map shows the regions with 
relatively high electron density which is observed for elec-
tron acceptor fragment. For both TS-V and TS-VI transition 
states it is noteworthy that the electron transfer takes place 
from NI fragment toward I-P one.

Interaction of the frontier molecular orbitals

How frontier orbitals are interacting? To answer this ques-
tion, the energy differences between the frontier orbit-
als (HOMO/LUMO) of electron donor, NI, and electron 
acceptor, Aln, were calculated. The results indicated that 
the HOMONI–LUMOAln energy difference, 4.03 eV, is less 
than that for HOMOAln–LUMONI one, 4.92 eV. Accord-
ingly, the interaction of the HOMO of NI with the LUMO 
of Aln is more favorable than the other alternative interac-
tion. The results of the GEDT analysis confirmed also the 
HOMONI–LUMOAln interaction. Recently, the frontier effec-
tive-for-reaction molecular orbital (FERMO) has emerged as 
a powerful approach to study the interaction of the frontier 

Fig. 5   The molecular electrostatic potential maps and the global electron density transfer (GEDT) values obtained for all transition states in both 
gas and solution phases. The red and blue colors represent the regions with high and low electron density, respectively (color figure online)
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orbitals. This concept considers the HOMO or an occupied 
molecular orbital close to the HOMO with large contribu-
tion in atoms present at the active sites. For many reactions 
the FERMOs can work better than HOMO [22]. We used 
satisfactorily the FERMO concept to describe the reactivity 
of the active sites of the pyrene [13]. Therefore, to deter-
mine the frontier effective-for-reaction molecular orbital, we 
calculated the relative contribution of the active sites of NI 
(δ-carbon and ϕ-nitrogen atoms) in the three highest occu-
pied MOs. The results are depicted in Fig. 6. On the basis 
of the composition and location of the molecular orbitals, it 
was found that the FERMO is the HOMO for the reaction, 
because the active sites of NI, the Cδ and Nϕ atoms, have a 
larger contribution in the HOMO in comparison to the other 
occupied MOs.

Study of the synchronicity of the reactions

Since cycloaddition reactions are usually synchronous, the 
geometric features of the transition states were studied to 
understand the level of the synchronicity. Fig. S4 depicts 
the optimized structure of transition states along with their 
imaginary frequencies and the Wiberg bond indexes. Analy-
sis of the Wiberg bond indexes reveals that the studied reac-
tive channels are not completely synchronous, because the 
degree of advancement of the two new bonds between two 
fragments is not equal in the corresponding transition states. 
For example, in TS-I the bond index of Cβ–Cδ, 0.282 in the 
gas phase, is more than that for Cα–Nϕ, 0.125. Therefore, it 

can be said that the former bond is formed faster than the 
later. This trend is completely consistent with the results of 
the local Fukui functions, because the most favorable inter-
action was found to be a bond formation between Cβ and Cδ 
atoms. A similar agreement is also observed for the reac-
tive channel 1–2 between the Fukui function analysis and 
Wiberg bond indexes. Analysis of the bond indexes for the 
other transition states reveals that the considered reactive 
channels are not completely synchronous. Consequently, the 
bond index analysis indicates that these cycloaddition reac-
tions take place via an asynchronous concerted mechanism.

AIM study of the cycloaddition reaction between NI 
and Aln

To understand the molecular mechanism of the cycloaddi-
tion reaction between NI and Aln, the AIM analysis was 
performed along the IRC profile associated with the most 
favorable transition state, TS-I, in the gas phase. In this 
method, the molecular topological graphs and the BCP elec-
tron densities (ρ) of the bonds that participate directly in 
the cycloaddition reaction, were calculated for some points 
located on the IRC path. The results are given in Fig. 7. At 
the first point associated with the IRC profile, P0, where 
the Cβ–Cδ and Cα–Nϕ distances are 3.0641 and 2.9760 Å, 
respectively, two interacting moieties, NI and Aln, are suf-
ficiently far away from each other so that the corresponding 
BCP electron densities for Cβ–Cδ and Cα–Nϕ bonds are low 
(ρ1 = 0.01011 and ρ4 = 0.01169). As two reactants gradually 

Fig. 6   The LUMO of Aln and the three highest occupied MOs of NI along with the relative contribution of the active sites



2192	 M. Soleymani  (2018) 149:2183–2193

1 3

approach each other the BCP electron densities for Cβ–Cδ 
and Cα–Nϕ bonds are increased and those for Cδ–Nε and 
Cα–Cβ bonds are decreased. In the case of Nε–Nϕ bond, 
the BCP electron density, ρ3, is first increased and then 
decreased. At point P5 of the IRC profile, the correspond-
ing BCP electron densities for Cβ–Cδ and Cα–Nϕ bonds 
reach to 0.23691 and 0.04840, respectively, while those 
for Cδ–Nε and Cα–Cβ bonds, respectively reach to 0.36131 
and 0.26442. It is noteworthy that along the IRC profile of 
the reaction the BCP electron density corresponding to the 
Cβ–Cδ bond, ρ1, is more than that for Cα–Nϕ one, ρ4, thus 
it can be said that the former bond is formed faster than the 
later which is indicative of occurrence of an asynchronous 
concerted cycloaddition reaction between NI and Aln rea-
gents. These results are consistent with those obtained from 
Fukui function analysis as well as Wiberg bond indexes.

Conclusion

Computational methods at B3LYP/6-311G** and 
wB97XD/6-311G** levels of theory were used to study the 
double 1,3-dipolar cycloaddition of nitrilimine with alle-
noate which was experimentally investigated by Guo and 
co-workers. For this purpose, four possible reactive channels 

were considered between nitrilimine and allenoates in both 
gas phase and dichloromethane solution which leads to the 
formation of four possible regioisomeric adducts. While regi-
oselective generation of the experimentally reported adduct 
can clearly be explained using the analysis of calculated Fukui 
function reactivity indices, the Parr functions of the reactive 
sites of reactants fail to describe it accurately. Calculation 
and detection of transition states confirmed that the reactive 
channel which affords the experimentally reported adduct is 
kinetically the most favorable one. To study the charge trans-
fer occurring in transition state, the global electron density 
transfer (GEDT) was calculated and the results indicated that 
all transition states are relatively polar. The Wiberg bond 
indexes and AIM analysis showed that all reactive channels 
take place via an asynchronous concerted mechanism, which 
is consistent with the Fukui functions analysis.

Methods

All calculations were performed using the Gaussian 09 pro-
gram package [23]. For study of the cycloaddition reactions 
between NI and Aln, the structures of the reactants and prod-
ucts were optimized and their frequencies were calculated at 
B3LYP/6-311G** level of theory [24]. wB97XD/6-311G** 

Fig. 7   B3LYP/6-311G** intrinsic reaction coordinate (IRC) profile 
of the most favorable transition state (TS-I) along with the BCP elec-
tron densities corresponding to Cβ–Cδ (ρ1), Cδ–Nε (ρ2), Nε–Nϕ (ρ3), 

Cα–Nϕ (ρ4), and Cα–Cβ (ρ5) bonds for the cycloaddition reaction of 
NI with Aln in the gas phase
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method was also used to consider the dispersion correc-
tions for conformational analysis of Aln and optimization 
of the reactants, transition states, and products [25]. The 
conductor-like polarizable continuum model (CPCM) was 
used to calculate the solvation effects on the studied mol-
ecules in dichloromethane [26]. Transition states structures 
were determined using the Berny algorithm or the synchro-
nous transit-guided quasi-Newton (STQN) procedure [27, 
28]. The stationary points were characterized by frequency 
computations to verify that all transition states have one and 
only one imaginary frequency along the reaction coordinate. 
The structure of transition states was also confirmed using 
intrinsic reaction coordinates (IRC) calculations [29, 30].

The reactions rate constant k was calculated using Eyring 
equation:

where KB is the Boltzmann constant, h is Plank’s constant, 
T is the Kelvin temperature, ΔG‡ is the free energy of acti-
vation and R is the universal gas constant [31]. The NBO 
analysis was performed to determine the atomic charges 
in the reactants, TS structures, and products [32, 33]. The 
nucleophilicity index N is defined as following equation in 
which, the HOMO energy of tetracyanoethylene (TCE), 
EHOMO(Nu), is taken as the reference and EHOMO(Nu) dem-
onstrates the HOMO energy of nucleophile [34]:

 The electrophilicity index ω was calculated using the fol-
lowing equation [35]:

where μ and η represent the chemical potential and chemical 
hardness, respectively.
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