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Abstract
The mechanism of [3 + 2] cycloaddition (32CA) reactions of phthalazinium-2-dicyanomethanide with electron-deficient 
and electron-rich ethylenes has been studied using density functional theory (DFT) methods at the M06-2X/cc-pVDZ level 
of theory. The energy results indicated that the regio- and stereoselectivity of the two 32CA reactions oppose one another, 
which is in agreement with the experimental report. Accordingly, in the 32CA reaction of phthalazinium-2-dicyanomethanide 
1 with methyl vinyl ketone 2a, an electron poor dipolarophile, the meta/endo pathway was more stable than others, while 
the ortho/exo pathway was the most stable for the 32CA reaction of phthalazinium-2-dicyanomethanide 1 with 1-methoxy-
4-vinyl benzene 2b, an electron-rich dipolarophile. Moreover, DFT reactivity indices were studied for the reagents to explain 
the nucleophilicity and electrophilicity of reagents and selectivity of the reactions. The electron rearrangements along the 
preferred pathways of these 32CA reactions were studied using the topological analysis of the electron localization function 
(ELF). The ELF analysis revealed that the reactions proceed through a two-stage one-step mechanism. The noncovalent 
interactions topological analysis of the possible pathways of the reactions revealed that in addition to strong attractive and 
repulsive interactions, the weak non-covalent interactions and the steric repulsive interactions have important roles in the 
determination of the preferred regio- and stereoselective pathway.
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1  Introduction

The [3 + 2] cycloaddition (32CA) reaction is one of the most 
important approaches for the synthesis of a wide range of 
heterocycles with high regio- and stereoselectivity [1]. 
Accordingly, the 32CA reactions of azinium ylide with alk-
enes and alkynes are well known [2−7], and among them, 
there has been much focus on the phthalazinium ylide struc-
tures in recent years [8−10]. Recently, molecular electron 
density theory (MEDT) studies of 32CA reactions involving 
representative three-atom components have allowed char-
acterizing at least four different electronic structures, which 
experience a dissimilar chemical reactivity [11]. Then, the 

four simplest reactivity models are presented, providing a 
modern rationalization of 32CA reactions based on MEDT.

Phthalazinium-2-dicyanomethanide (1) is a Sustmann 
type II dipole, which can react via normal or inverse electron 
demand mechanisms with dipolarophiles, and the change in 
the mechanism is accompanied by a change in regiochem-
istry [9].

In this regard, the stereochemistry of the cycloaddition 
reaction of phthalazinium-2-dicyanomethanide (1) has been 
investigated using various symmetric and asymmetric alk-
enes [9]. In 2001, Butler et al. [8] indicated that in the reac-
tions of phthalazinium-2-dicyanomethanide with the unsym-
metrical electron poor monosubstituted alkenes and alkynes, 
the dicyanomethanide termins bonds to the unsubstituted 
carbon and give substituted pyrrole[2,1-α]phthalazines with 
preferred endo stereselectivity. On the other hand, in the 
treatment of 1 with the unsymmetrical electron-rich alkenes 
and aryl dipolarophiles the regio- and stereoselectivity is 
reversed and exo-2-substituted pyrole[2,1-a] phthalazines is 
produced as a major stereoisomer [9]

 *	 Mina Haghdadi 
	 mhaghdadi2@gmail.com

1	 Department of Chemistry, Islamic Azad University of Babol, 
Babol Branch, Iran

2	 Department of Chemistry, Islamic Azad University 
of Jouybar, Jouybar Branch, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s00214-021-02756-7&domain=pdf


	 Theoretical Chemistry Accounts (2021) 140:57

1 3

57  Page 2 of 14

Moreover, kinetic [10−13] studies and the effects of water 
on the cycloaddition reactions of phthalazinium-2- dicy-
anomethanide as a 1,3-dipole were examined extensively 
by experimental and theoretical methods.

Although several theoretical and experimental works 
have been devoted to establishing the effect of hydropho-
bic effects and special hydrogen bonding effects of water 
in the 32CA reactions [10–12], there are not any theoretical 
reports on the molecular mechanism and observed selectivi-
ties of these reactions in the literature. It is be noted that 
the understanding of the underlying principles of the polar 
32CA reactions and the influence of the steric and electronic 
effects on the selectivity of these reactions have grown by 
theoretical methods.

In the present work, we perform a complete characteriza-
tion of the reaction mechanism for the 32CA reactions of 
phthalazinium-2-dicyanomethanide (PDM, 1) with methyl 
vinyl ketone (MVK, 2a) as well as with 1-methoxy-4-vinyl-
benzene (MVB, 2b), which were first reported by Butler 
et al. [9]. The mechanistic details were explored through 
computational analysis by the DFT method, and the origin 
of the observed experimental selectivity was investigated 
through analysis of the global and local reactivity indices. 
Also, the mechanism and selectivity of these 32CA reactions 
were studied using the electron localization function (ELF) 
[12–14] and noncovalent interactions (NCI) [15] topological 
analysis of TSs.

2 � Computational methods

The M06-2X method has been utilized successfully for stud-
ying the mechanism and regioselectivity of 32CA reactions 
[14]. Therefore, all optimizations were carried out using 
the M06-2X functional along with the cc-pVDZ basis set. 
The stationary points were checked by frequency analysis in 
order to verify that the transition state structures (TSs) have 
only one imaginary frequency. The intrinsic reaction coor-
dinate (IRC) paths were traced in order to obtain and check 
the energy profiles connecting each TS to the two associated 
minima of the proposed mechanism [15].

The solvent effects of water were calculated using full 
optimization of gas phase structures using the new solvation 
model density (SMD) solvent model [16]. The SMD model 
is based on the polarizable continuous quantum mechanical 
charge density of the solute, in the framework of the self-
consistent reaction field (SCRF) [17]. Values of enthalp-
ies, entropies and Gibbs free energies were calculated with 
standard statistical thermodynamics at 298 K and 1 atm. 
The global electron density transfer [18, 19] (GEDT) at the 
TSs was computed through a natural population analysis 
(NPA) [20]. The global electrophilicity index, ω, is given 
by the simple expression, ω = μ2/2η [21], in terms of the 

electronic chemical potential, μ, and the chemical hardness, 
η. These two quantities are evaluated in terms of the one-
electron energies of the frontier molecular orbitals HOMO 
and LUMO, ɛH and ɛL, as μ = (ɛH + ɛL)/2 and η = εL˗ɛH [22, 
23]. The global nucleophilicity index, N, [24, 25] based on 
the HOMO energies obtained within the Kohn Sham scheme 
[26] is defined as N = ɛH(NU)-ɛH(TCE), with tetracyanoethylene 
(TCE) used as a reference. In 2013, the Parr functions [27] 
were defined by Domingo as Pˉ(r) for electrophilic attack 
and P+(r) for nucleophilic attack. The local electrophilic-
ity indices, ωk[27], and the local nucleophilicity indices, Nk 
[27], were calculated using ωk = ωPk

+ and Nk = NPk
ˉ, respec-

tively. All computations were carried out with the Gaussian 
09 suite of programs [28].

The ELF topological analysis was carried out on the 
selected points of the IRC profile of TS1ma-en and TS2ob-
ex using the TopMod program [29]. NCI analysis was per-
formed for all possible TSs of the two reactions with the 
NCIPLOT program [30].

3 � Results and discussion

The present study has been divided into three parts: firstly, 
the 32CA reactions of phthalazinium-2-dicyanomethanide 
(PDM, 1) with the electrophilic methyl vinyl ketone (MVK, 
2a) as well as with the nucleophilic 1-methoxy-4-vinyl-ben-
zene (MVB, 2b); secondly, an analysis of the DFT reactivity 
indices at the reactants is carried out; finally, ELF topo-
logical analysis was carried out focused on the formation of 
C–C σ-bonds along the most favorable pathways of 32CA 
reactions.

Due to the asymmetry of reactants, four reaction pathways 
are feasible for the 32CA reactions of 1 with 2a (Scheme 1) 
as well as with 5. The two stereoisomeric reaction pathways, 
endo (en) and exo (ex) , are related to the two stereoisomeric 
approach modes of the substituent, Y, of 2 and 5 relative to 
the sp2-hybridized N2 nitrogen of 1.

The two possible regioisomeric reaction pathways, 
namely ortho (o) and meta (m), result from the forming of 
a bond between C4 or C5 of 2a or 2b and the C3 atom of 1 
(with its two nitrile groups), respectively.

In order to analyze the regio- and stereoselectivity of 
these 32CA reactions, four reaction pathways were studied 
for each reaction. For each of the four competitive pathways, 
one TS and the corresponding cycloadduct was found. A 
schematic representation of the stationary points along all 
reaction pathways is presented in Scheme 1.

Firstly, the gas phase calculations for these 32CA reac-
tions were not completely consistent with the experimental 
results. Then 32CA simulations were carried out in water 
as a solvent, which was expected have some influence on 
the relative energies and geometries of stationary points. 
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The calculated energy results indicated that in water, the 
activation energies increased by between 3.60 and 5.74 kcal 
mol−1 and the exothermic character of the reaction decreased 
by between 3.62 and 8.03 kcal mol−1 as a consequence of 
greater solvation of the reagents than of the TSs. In contrast 
to the gas phase calculations, the results of the regio- and 
stereoselectivity of the studied 32CA reactions in water are 

completely in agreement with the experimental results in 
the solvent. Figures 1 and 2 present the geometries of TSs 
corresponding to those 32CA reactions in water. Therefore, 
energy discussions will be done using the relative energies 
in water and the relative energies of the stationary points in 
solvent (H2O) are reported in Tables 1 and 2, while for the 
gas phase are shown in Table S1.

Scheme  1   The possible reaction pathways for the 32CA reactions between phthalazinium-2-dicyanomethanide (PDM, 1), with methyl vinyl 
ketone (MVK, 2a) and 1-methoxy-4-vinyl-benzene (MVB, 2b)

Fig. 1   The optimized geom-
etries of the transition states 
for the 32CA reactions of 
phthalazinium-2-dicyanometh-
anide (PDM, 1) with methyl 
vinyl ketone (MVK, 2a) at 
the M06-2X/cc-pVDZ level 
of theory in the solvent phase. 
Bond distances are given in Å, 
wiberg bond indices are given 
in parentheses and the GEDT of 
TSs are also given

TS1ma-en (GEDT=0.214) TS1ma-ex (GEDT=0.142)

TS2oa-en(GEDT=0.056) TS2oa-ex(GEDT =0.040)
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3.1 � Energy analysis of the possible 
32CA reaction pathways 
between phthalazinium‑2‑dicyanomethanide 
(PDM, 1), with methyl vinyl ketone (MVK 2a)

Firstly, the mechanism and selectivities of the 32CA reac-
tion of 1 with 2a, which was experimentally performed by 

Butler et al. [9], were studied. As shown in Table 1, the 
relative energies of the TSs associated with the four possible 
cycloaddition modes are 5.03 (TS1ma-en), 6.62 (TS1ma-
ex), 7.08 (TS2oa-en) and 7.32 (TS2oa-ex) kcalmol−1.

The energy results indicate that the 32CA reaction is 
regio- and stereoselective, where the most favorable TS, 
TS1ma-en, is about 2 and 1.6 kcal mol−1 more stable than 
TS2oa-en and TS1ma-ex, respectively. Therefore, the 
meta/endo pathway is kinetically favored, while the meta/
exo pathway leads to the most stable product, 3ma-ex. All 
cycloaddition pathways are strongly exothermic in the range 
-26.98 to -29.28 kcal mol−1. Therefore, these cycloaddition 
reaction pathways can be considered irreversible. These 
results are in clear agreement with experimental finding, 
which reports 3ma-en as the major product [9].

A comparison between the activation enthalpies of the 
32CA reaction of 1 with 2 in Table S2 indicates that the 
most favorable approach mode is the meta/endo pathway 
(TS1ma-en) with ΔH# = 4.59 kcal mol−1, which is in line 
with the calculated activation energies. An analysis of the 
activation Gibbs free energies showed that the meta/endo 
reaction pathway is a consequence of the negative activa-
tion entropy associated with it, ΔS# = -48.23 cal mol−1 K −1.

The geometries of all TSs in this reaction are shown in 
Fig. 1. The evaluation of the two forming bond lengths of the 
TSs indicated that all of the TSs is asynchronous. As shown 

Fig. 2   The geometry optimized 
transition states for the 32CA 
reactions of phthalazinium-2-di-
cyanomethanide (PDM, 1), with 
1-methoxy-4-vinyl-benzene 
(MVB, 2b) at the M06-2X/
cc-pVDZ level in the solvent 
phase. Bond distances are given 
in Å, wiberg bond indices are 
given in parentheses and the 
GEDT of TSs are also given

TS1mb-en(GEDT=0.010) TS1mb-ex(GEDT =0.014)

TS2ob-en(GEDT=0.083) TS2ob-ex (GEDT=0.194)

Table 1   Calculated activation energies (ΔE #/kcal mol−1), reac-
tion energies (∆Er/kcal mol−1), activation Gibbs free energies (∆G#/
kcal mol−1) and reaction Gibbs free energies (ΔGr/kcal mol−1) in the 
solvent phase of the 32CA reactions between phthalazinium-2-dicy-
anomethanide (PDM, 1), with methyl vinyl ketone (MVK, 2a) and 
1-methoxy-4-vinyl-benzene (MVB, 2b) at the M06-2X/cc-pVDZ 
level of theory. (For a full comparison of energies see supporting 
information)

Reaction TSs ΔE # ΔG # ΔEr ΔGr

1 + 2a → 3ma-en TS1ma-en 5.03 18.11  − 28.23  − 14.22
1 + 2a → 3ma-ex TS1ma-ex 6.62 20.19  − 29.28  − 15.31
1 + 2a → 4oa-en TS2oa-en 7.08 21.12  − 27.56  − 13.94
1 + 2a → 4oa-ex TS2oa-ex 7.32 20.80  − 26.98  − 12.99
1 + 2b → 3mb-en TS1mb-en 9.28 23.63  − 26.89  − 11.96
1 + 2b → 3mb-ex TS1mb-ex 10.20 24.65  − 28.12  − 14.38
1 + 2b → 4ob-en TS2ob-en 9.05 23.24  − 28.43  − 14.33
1 + 2b → 4ob-ex TS2ob-ex 8.11 21.97  − 27.42  − 13.04
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in Fig. 1 for the meta pathways, the length of C1-C4 forming 
bonds is 2.028 Ǻ and 2.366 Ǻ for TS1ma-en and TS1ma-ex, 
and the distances between the C3 and C5 atoms in these TSs 
are 2.499 Ǻ and 2.126, respectively. However, the lengths of 
the C1-C5 and C3-C4 forming bonds in the TSs of the ortho 
pathways are 2.076 and 2.437 Ǻ at TS2oa-en and 2.471 and 
2.027 Ǻ at TS2oa-ex, respectively. The bond order (BO) 
values of the forming bonds at TSs are also given in Fig. 1. 
The BO values validate the main conclusions, which were 
obtained from the analysis performed on the geometrical 
parameters. The analysis of the BO values for the forming 
bonds at TSs indicated that the bond formation at the C1 
atom of 1 is more advanced than the C3 atom at the endo 
pathways, whereas it is reversed in the exo pathways.

Moreover, the electronic natures of the four possible reac-
tion pathways are evaluated by computing the GEDT at the 
TSs in Fig. 1. The values of GEDT at the TSs are 0.214 at 
TS1ma-en, 0.142 at TS1ma-ex, 0.056 at TS2oa-en and 0.04 
at TS2oa-ex. Hence, the most favorable meta/endo pathway 
(TS1ma-en) is the most polar one.

3.2 � Energy analysis of the possible 
32CA reaction pathways 
between phthalazinium‑2‑dicyanomethanide 
(PDM, 1) and 1‑methoxy‑4‑vinyl‑benzene (MVB, 
2b)

In this part, the 32CA reaction between 1 and 2b, which was 
experimentally performed by Butler et.al. [9], is studied. 
A schematic representation of the stationary points along 
the four possible reaction pathways is shown in Scheme 1. 
Figure 2 shows the geometries of the TSs corresponding to 
the 32CA reactions of 1 with 2b, and Table 1 displays the 
relative energies for the TSs and cycloadducts.

Analysis of the relative energies for the TSs (Table 1) 
reveals that the ortho TSs, TS2ob-en and TS2ob-ex, are 
energetically more favored than the meta TSs (TS1mb-en 
and TS1mb-ex). Moreover, the activation energy for the 

ortho/exo approach via TS2ob-ex is lower than the endo 
one. Therefore, it can be concluded that the formation of 
cycloadduct 4ob-ex is kinetically favored, which is com-
pletely in agreement with the experimental results [9]. The 
formation of all cycloadducts is exothermic in the range 
-26.89 to -28.43 kcal mol−1, which makes these reaction 
pathways irreversible.

The optimized geometries of the four TSs corresponding 
to the reaction of 1 with 2b are shown in Fig. 2. In the case 
of the more favorable ortho-TSs, the formation of C3-C4 
is less advanced than C1-C5, while for the meta transition 
structures, the length of C1-C4 is almost equal to the length 
of C3-C5. These values are confirmed with the analysis of 
the BO results, which indicate that in the case of ortho path-
ways, the BO values of the C3-C4 bond (0.456) are greater 
than for the C1-C5 bond (0.202–0.173). Moreover, for the 
meta pathways, the BO values of C1-C4 and C3-C5 are very 
close. These data show a different synchronicity in the bond 
formation process for the two regioisomeric pathways.

Finally, in order to evaluate the polar nature of the 32CA 
reaction of 1 with 2b, the GEDT was analyzed. In the 32CA 
reaction of 1 with 2b, the highest GEDT value is 0.194 e at 
the most favorable TS, TS2ob-ex, which indicates that this 
process has polar character, in agreement with the computed 
low activation energy of this pathway.

3.3 � Analysis of the global reactivity indices 
of the reactants

Studies devoted to 32CA reactions have shown that the 
analysis of reactivity indices defined within conceptual DFT 
[31−33] is a powerful tool to understand the reactivity in 
polar cycloadditions. The global indices, namely electronic 
chemical potential, µ, chemical hardness, η, global electro-
philicity, ω, and nucleophilicity, N, for the involved reagents 
in these 32CA reactions are given in Table 2.

The electronic chemical potential of 1, µ = −4.08 eV, is 
lower than that of 2b, µ = − 3.19 eV, yet higher than that of 

Table 2   The electronic chemical potential (µ/eV), chemical hardness 
(η/eV), global electrophilicity (ω/eV) and nucleophilicity (N/eV) for 
the reactants, and the Parr functions (Pk

+ and Pk
ˉ, au), local electro-

philicity indices (ωk/eV) and local nucleophilicity indices (Nk/eV) at 
the reactive sites of the reactants, obtained at the B3LYP/6-31 g (d) 
level of theory in the solvent phase

The calculated parameters for the most electrophile and the most nucleophile atoms in each molecules are highlighted by bold

Species µ η ω N k Pk + Pk
ˉ ωk Nk

1  − 4.08 3.22 2.58 3.43 C1 0.41 0.14 1.07 0.46
N2 0.14 0.06 0.37 0.20
C3 0.01 0.61 0.03 2.08

2a  − 4.24 5.35 1.68 2.21 C4 0.52 0.04 0.88 0.08
C5 0.03 0.15 0.05 0.32

2b  − 3.19 4.94 1.03 3.47 C4 0.42 0.37 0.38 1.46
C5 0.09 0.07 0.07 0.31
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2a with µ = -4.24 eV. These values indicate that along the 
cycloaddition reactions, while the direction of electron flux 
is from 1 to the electron-deficient alkene, 2a, it will be from 
electron-rich 2b to 1.

A shown in Table 2, 1 presents both high electrophilicity, 
ω = 2.58 eV, and high nucleophilicity, N = 3.43 eV, being 
classified both as strong electrophile and strong nucleophile, 
based on the electrophilicity [34] and nucleophilicity [35] 
scales. This ambiphilic behavior can be a consequence of the 
presence of the cyanide and imine groups in 1. The nucleo-
philicity and electrophilicity indices of 2a are lower than 1, 
while it is classified as a strong electrophile.

In contrast, the inclusion of an electron-rich substituent in 
the ethylene framework (2b) notably increases the nucleo-
philicity, N = 3.47 eV, and consequently it is classified as a 
strong nucleophile. However, it is classified as a moderate 
electrophile, with an electrophilicity index ω = 1.03 eV.

These values together with the corresponding electronic 
chemical potentials, suggested that the corresponding 32CA 
reaction of 1 with 2a and 2b will have a polar character at 
the most stable pathways (meta/endo and ortho/exo), which 
is in clear agreement with the analysis of the GEDT com-
puted at the most favorable TS.

In order to better understand the observed regioselectiv-
ity of these reactions, the DFT-based reactivity descriptors, 
such as Parr functions, local electrophilicity and nucleophi-
licity indices, have been used to explain the selectivity of the 
reactions [25]. For the polar reactions, the most favorable 
reaction pathways involve the initial interaction between the 
most electrophilic centers with the most nucleophilic center 
of the corresponding reactants [25].

Therefore, a simple analysis of the Parr functions and 
ASD [27] allows us to characterize the most electrophilic 
and the most nucleophilic centers in the reactants, to study 
the regioselectivity of the studied reactions. Accordingly, the 
electrophilic, Pk

+, and nucleophilic, Pk
–, Parr functions of 1, 

based on the ASD map in the radical anion, and the Pk
+ of 

2a and Pk
–of 2b, based on the ASD are analyzed (see Fig. 3 

and Table 2). While the Pk
– of 1 is mainly concentrated at C3 

(Parr function of 0.61), C1 presents the most electrophilic 
center with an electrophilic Parr function of 0.41. Moreover, 

the electrophilic Parr function and analysis of the ASD of 
the radical anion of 2a indicates that the C4 atom is the most 
electrophilic center of this species, presenting the maximum 
value, PC4

+ = 0.52, which will be the preferred position for a 
nucleophilic attack of the C3 atom of 1. Therefore, the most 
favorable electrophile–nucleophile interaction along the 
nucleophilic attack of the C3 atom of 1 to the electrophilic 
center of 2a (C4 atom) leading to the formation of the most 
stable regioisomer of 3ma-en.

In the cycloaddition reaction of 1 with 2b, the most 
favorable interaction occurs between the C1 atom of 1 and 
C4 atom of 2b (PC4

– = 0.37, NC4 = 1.46), which indicates that 
the C1-C4 bond formation is more advanced than the C3-C5 
one. This behavior is similar to that found in analysis of the 
ASD map of the radical cations of 2b. Therefore, analysis 
of the Parr functions and ASD for the studied cycloaddi-
tion reactions can explain the source of the regioselectivities 
observed.

3.4 � ELF analysis of the 32CA reaction 
of phthalazinium‑2‑dicyanomethanide (PDM, 1) 
with methyl vinyl ketone (MVK, 2a) and methyl 
vinyl benzene (MVB, 2b)

An appropriate tool to study the molecular mechanism 
of reactions is the ELF analysis along the reaction path 
[36–38]. The maximum probability of finding electron pairs, 
which are classified as core and valence basins, can result 
from the ELF analysis. Monosynaptic and disynaptic basins 
characterize valence basins which involve single and bond-
ing electron pairs, respectively [39, 40]. The mechanism of 
the 32CA reaction of 1 with 2a or with 2b and C–C bond 
formations along these reactions has been studied using 
ELF analysis of the selected structures in the IRC curves of 
TS1ma-en and TS2ob-ex at the M06-2X/cc-pVDZ level of 
theory [41]. The related ELF valence attractors of the most 
important points together with their populations are shown 
in Figs. 4 and 5. The studied structures through ELF analysis 
were identified by Pi such as P1 and P2 where they were 
shown on the IRC map for better visualization.

(a) 1 (b) 1 2a 2b

Fig. 3   Maps of ASD; a) the radical anion and b) the radical cation of 1, and the radical cation of 2a and of the radical anion of 2b 
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P1: C1-C5=2.88 Å, C3-C4=2.71 Å P2: C1-C5=2.69 Å, C3-C4=2.39 Å

P3: C1-C5=2.56 Å, C3-C4=2.15 P4; TS1ma-en: C1-C5=2.50 Å, C3-C4=2.02 Å

P5: C1-C5=2.47 Å, C3-C4=1.97 Å P6: C1-C5=2.43 Å, C3-C4=1.90 Å

P7: C1-C5=2.36 Å, C3-C4=1.79 Å
P8: C1-C5=2.02 Å, C3-C4=1.61 Å

V(C3)=0.65 e

V´(C3)=0.51 e

V(C4,C5)=1.64

Vʹ(C4,C5)=1.66
V(C3)=0.84 e

V(C4,C5)=1.56 e

V(N)=2.87 e

Vʹ(C4,C5)=1.69 e

V(N)=2.87 e

V(C3)=0.97 e

V(C3)=1.1 e

V(C4)=0.04 e

V(C4,C5)=2.84

V(N2)=0.92 e

V(N)=0.92 e

V(C4,C5)=3.16 e

V(N)=2.85 e

V(N2)=0.69 e

V(C3)=1.28 e

V(C4,C5)=2.67 e

V(N2)=1.03 e

V(C1)=0.16 e

V(N)=2.83 e

V(C3)=1.37 e
V(C5)=0.32 e

V(C1)=0.20 e

V(C4,C5)=2.46e

V(N2)=1.15 e

V(N)=2.82 e

V(C4,C5)=2.26 e

V(C3,C4)=1.52 e

V(N)=1.36 e

V(N)=2.82 e

V(C5)=0.42 e

V(C1)=0.29 e

V(C4,C5)=2.02 e

V(C3,C4)=1.75 e
V(C1,C5)=1.30 e

V(N2,N)=1.83e

V(N)=2.78 e

Fig. 4   Schematic representation of the ELF attractors of selected points on the IRC path of the most favored pathway of the 32CA reaction of 
PDM 1 and MVK 2a 
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ELF topological analysis of the first point of the IRC map 
of TS1ma-en shows two monosynaptic basins V(C3) and 
V´(C3) in the 1 fragment with the populations of 0.65 e and 
0.51 e, and two disynaptic basins V(C4, C5) and V´(C4, 
C5) with total population of 3.30 e in the 2a fragment. 
However, at the C3-C4 distance of 2.39 Å (and C1-C5, 2.69 
Å), two disynaptic basins V(C4, C5) and V´(C4, C5) and 
only a single monosynaptic basin V(C3) are observed with 
the populations 1.56 e, 1.69 e and 0.84 e, respectively. As 
shown in Fig. 3, before TS1ma-en and at a C3-C4 distance 
of 2.15 Å, the two disynaptic basins V(C4, C5) and V´(C4, 
C5) merge to a single disynaptic basin with a population of 
3.16 e and the population of V(C3) has increased to 0.97 
e. At this point, a monosynaptic basin has appeared on N2 
with a population of 0.69 e. At TS1ma-en, the population 
associated with V(C4, C5) has decreased and a monosyn-
aptic basin V(C4) appeared with the population of 0.04 e. 
After TS1ma-en and at a C3-C4 distance of 1.97 Å, another 
monosynaptic basin V(C1) with the population of 0.16 e has 
appeared and the population of V(C3) increased to 1.28 e. 
At this point, the population of disynaptic basin V(C4, C5) 
has decreased to 2.67 e and the asyn monosynaptic basin 
has disappeared. At C3-C4 = 1.90 Å (C1-C5 = 2.43 Å), a 
third monosynaptic basin V(C5) has appeared with a popu-
lation of 0.32 e, and the population of V(C3) and V(C1) 
have increased to 1.37e and 0.2 e, respectively. The first new 
sigma bond appears between C3 and C4 at C3-C4 distance 
of 1.79 Å forming a disynaptic basin with a population of 
1.52e. As shown in Fig. 4, it seems that the required elec-
trons to form this sigma bond have been provided by C3. 
At this point, the populations of V(C1), V(C5) and V(N2) 
have also increased to 0.29 e, 0.42 e and 1.36 e, respectively. 

Then, two pseudoradical centers V(C1) and V(C5) merge to 
a disynaptic basin V(C1, C5) with a population of 1.30 e, 
so that the second single bond is formed. At this point, the 
population of V(C3, C4) and V(N2) increased to 1.75e and 
1.83e, respectively. Finally, the population of V(C1, C5) and 
V(C3, C4) increase to 1.92 e and 1.85 e at 3ma-en. Accord-
ing to the ELF results, the reaction has a one-step two-stage 
mechanism [18, 42].

The mechanism and C–C bond formations along the 
32CA reaction between 1 and 2b have also been studied 
using ELF analysis of selected structures in the IRC curve 
of TS2ob-ex at the M06-2X/cc-pVDZ level of theory [41]. 
The related ELF valence attractors of the most important 
points together with their populations are shown in Fig. 5.

Based on the ELF results, at the first point of the IRC 
map, two monosynaptic basins V(C3) and V´(C3) in the 1 
fragment were found with populations of 0.67 e and 0.56 e, 
and two disynaptic basins V(C4, C5) and V´(C4, C5) with 
a total population of 3.37 e in the 2b fragment. However, 
at the C3–C5 distance of 2.67 Å (and C1–C4, 2.14 Å), the 
two disynaptic basins V(C4, C5) and V´(C4, C5) merge to 
generate a disynaptic basin with a population of 3.19 e, and 
two monosynaptic basins emerge on N2 and C1 with the 
population of 0.89 e and 0.28 e, respectively. At this point, 
the two monosynaptic basins V(C3) and V´(C3) are also 
observed with populations of 0.76 e and 0.32 e, respectively. 
Before TS2ob-ex and at C3-C5 distance of 2.64 Å, the popu-
lation of V(C3) has increased to 0.78 e, and V´(C3) has 
disappeared. At this point, the populations of V(N2) and 
V(C1) have increased to 1.02 e and 0.36 e, respectively. At 
TS2ob-ex, another monosynaptic basin V(C4) with a popu-
lation of 0.32 e has appeared, and the populations of V(C3) 

3ma-en: C1-C5=2.47 Å, C3-C4=1.97 Å

P4

En
er

gy

Intrinsic reac�on coordinate

V(N)=2.79e
V(N2)=2.10e

V(C3,C4)=1.85 eV(C1,C5)=1.92 e

V(C4,C5)=1.78 e

Fig. 4   (continued)
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PDM, 1
P1: C1-C4= 2.82 Å, C3-C5= 3.06 Å

P2: C1-C4= 2.14 Å, C3-C5= 2.67 Å P3: C1-C4= 2.08 Å, C3-C5= 2.64 Å

P4;TS2ob-ex: C1-C4= 2.01 Å, C3-C5= 2.54 Å P5: C1-C4= 1.76 Å, C3-C5= 2.49 Å

V(C4,C5)=1.70 e

V´(C4,C5)=1.67 e

V(C3)=0.65 e

V(C´3)=0.56 e

V(C3)=0.65 e V(C3)=0.67 e

V(C3)=0.76 e

V(N2)=0.89 e

V(C1)=0.28e

V´(C3)=0.32 e

V(C3)=0.78 eV(C1)=0.36e

V(C4,C5)=3.19 e

V(N2)=1.02 e

V(C4,C5)=3.17e

V(C3)=0.80e

V(C1)=0.46 e

V(C4)=0.32 e

V(C1,C4)=1.42 e

V(C4,C5)=2.35 e

V(C3)=0.87e
V(C4,C5)=2.83 e

V(N2,N)=1.57 e

V(N2,N)=1.58 e

P6: C1-C4= 1.60 Å, C3-C5= 2.28 Å P7: C1-C4= 1.55 Å, C3-C5= 1.85 Å

V(C1,C4)=1.70 e
V(C5)=0.23 e

V(C3)=1.00e

V(C1,C4)=1.82e
V(C3,C5)=1.64 e

V(C4,C5)=1.95 eV(C4,C5)=2.13 e

Fig. 5   Schematic representation of the ELF attractors of selected points on the IRC path of the most favored pathway of the 32CA reaction of 
PDM 1 and MVB 2b 
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and V(C1) increased to 0.8 e and 0.46 e, respectively. At 
this point, the population associated with V(C4, C5) has 
decreased to 2.83 e, and the monosynaptic basin V(N2) 
has become a disynaptic basis V(N2, N) with a popula-
tion of 1.57 e. After TS2ob-ex and at a C3–C5 distance 
of 2.49 Å (C1–C4 = 1.76 Å), the first new sigma bond has 
appeared between C1 and C4 by forming a disynaptic basin 
with a population of 1.42 e. At this point, the population of 
V(C3) has increased to 0.87e. Then, another monosynaptic 
basin, V(C5), has appeared at the C3–C5 distance of 2.28 Å 
(C1–C4 = 1.60 Å) with a population of 0.23 e. At this point, 
the population of V(C1, C4) and V(C3) increased to 1.70 
e and 1.00 e, respectively. At the C3-C5, distance of 1.85 
Å the second single bond has formed with a population of 
1.64 e. Finally, the population of V(C3, C5) and V(C1, C4) 
increase to 1.86 e and 1.89 e at 4ob-ex. According to ELF 
results, this reaction also has a one-step two-stage mecha-
nism [18].

3.5 � NCI topological analysis of the TSs

NCI is a good tool for qualitatively identify non-covalent 
interactions. To evaluate the favored and unfavored nonco-
valent interactions, the NCI and the RDG plots for the TSs 
of the possible pathways of the two 32CA reactions of 1 
with 2a, and 1 with 2b were studied [43] (Figs. 6 and 7). At 
the NCI and RDG maps, strong attractive interactions are 
represented by blue surfaces and strong repulsive interac-
tions are shown with red surfaces, while the green areas 
correspond to weak favorable or unfavorable van der Waals 
interactions. The single blue surfaces in Fig. 6 of the NCI 
gradient isosurfaces for the TSs are related to the strong and 

attractive interactions between the carbon atoms of 1 and 2a, 
which are necessary for the formation of the sigma bonds. 
NCI analysis of the TSs has also shown the presence of the 
weak non-covalent interactions (green surfaces) which is 
more extended for the most stable TS, TS1ma-en. There-
fore, the weak non-covalent interactions have a crucial effect 
on the regio- and stereoselectivity of this reaction.

The NCI and the RDG plots for the TSs of the possible 
pathways of the 32CA reaction of 1 with 2b are shown in 
Fig. 7. Similarly, the single blue surfaces of the NCI gra-
dient isosurfaces for TS2ob-en and TS2ob-ex are related 
to the strong and attractive interactions between the carbon 
atoms of 1 and 2b, which are necessary for the formation of 
the second sigma bonds. It is noticeable that the blue sur-
faces of TS1mb-en and TS1mb-ex, which are related to the 
unfavored regioisomeric channel, do not have a steep slope 
in their RDG maps. NCI analysis of the TSs also shows 
the presence of weak non-covalent interactions (green steep 
slope in the RDG maps) which are more extended for the 
endo TSs, TS1mb-en and TS2ob-en. Therefore, TS1mb-
ex is the most unstable TS, because of the absence of strong 
and weak attractive interactions. Finally, based on the NCI 
results and RDG maps, there is a weaker repulsive interac-
tion, resulting from steric effects, between 1 and 2b in the 
most stable TS, TS2ob-ex.

4ob-ex: C1-C4= 1.53 Å, C3-C5= 1.56 Å

P2
P3

P5

P6

P7

4ob-ex

P1

P4
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Intrinsic reac�on coordinate

V(C3,C5)=1.86 e

V(C1,C4)= 1.89e

V(C4,C5)=1.81 e

Fig. 5   (continued)

Fig. 6   NCI gradient isosurfaces, represented at an isovalue of 0.5 a.u. 
and plots of the RDG versus the electron-density multiplied by the 
sign of the second Hessian eigenvalue for TS1ma-en, TS1ma-ex, 
TS2oa-en and TS2oa-ex at the M06-2X/cc-pVDZ level of theory
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4 � Conclusion

The regio-and stereoselectivity of the 32CA reactions of 
phthalazinium-2-dicyano methanide 1 with methyl vinyl 
ketone 2a and 1-methoxy-4-vinyl-benzene 2b has been 
studied through the M06-2X/cc-pVDZ level of theory. 
Based on the calculated kinetic and thermodynamic param-
eters, for the 32CA reaction of 1 with 2a, meta/endo is most 
favorable pathway, while for the reaction of 1 with 2b the 
most preferred pathway is the ortho/exo. The regioselec-
tivity of these 32CA reactions has also been investigated 
through global and local reactivity indices, and the results 
are in agreement with the experimental observations. The 
ELF analysis shows that both reactions proceed through a 
two-stage one-step mechanism and the first sigma bond for 
both reactions is formed between the most nucleophilic and 
electrophilic centers of the corresponding reactants, based 
on the analysis of the global indices and Parr functions. 
NCI analysis of the TSs has shown the critical role of the 
strong attractive and repulsive interactions, as well as weak 
non-covalent interactions in the regio- and stereoselectivity 
of these reactions.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00214-​021-​02756-7.
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