
Vol.:(0123456789)1 3

Theoretical Chemistry Accounts (2021) 140:1 
https://doi.org/10.1007/s00214-020-02703-y

REGULAR ARTICLE

Insights into the mechanism and regioselectivity of the [3 + 2] 
cycloaddition reactions of cyclic nitrone to nitrile functions 
with a molecular electron density theory perspective

Haydar A. Mohammad‑Salim1  · Nivedita Acharjee2 · Hassan H. Abdallah3

Received: 13 September 2020 / Accepted: 30 November 2020 / Published online: 3 January 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract
A molecular electron density theory study is presented for [3 + 2] cycloaddition (32CA) reactions of 2,2-dimethyl-1-pyr-
roline-1-oxide with the nitrile functions to analyse the mechanism and experimentally observed regioselectivity. Electron 
localisation function (ELF) study predicts zwitter-ionic character of the cyclic nitrone, allowing its participation in zw-type 
32CA reactions associated with high energy barrier demanding overcome through appropriate electrophilic–nucleophilic 
interactions. Analysis of the CDFT indices predict the global electronic flux from the strong nucleophilic nitrone to the 
electrophilic nitrile functions. These 32CA reactions are endergonic with reactions Gibbs free energies between 5.5 and 
39.2 kcal⋅mol

−1 in toluene. The ortho regiochemical pathway is preferred owing to the higher thermodynamic stability of 
the 2,3-dihydro-1,2,4-oxadiazole derivatives. The 32CA reaction of the nitrile function with carbomethoxy substituent is 
more facile relative to that with the phenyl substituent. Bonding evolution theory study predicts one-step mechanism with 
early TSs for the ortho pathway, while a one-step-two-stage mechanism is predicted for the meta reaction path, in conformity 
with the ELF and AIM topological studies at the TSs.

Keywords Molecular electron density theory · Nitriles · [3 + 2] cycloaddition reactions · Electron localisation function

1 Introduction

The nitrile (C≡N) function represents an excellent candidate 
for [3 + 2] cycloaddition (32CA) reactions to open up useful 
synthetic pathways for several heteroaromatic compounds. 
However, the limited applicability of nitriles in 32CA reac-
tions is attributed to their lower reactivity in these reactions 
relative to other triple bonded reacting functions [1–4]. 
Nitriles demand a strong electron acceptor substituent to 

react with acyclic nitrones, while methyl cyanide remains 
inert to such 32CA reactions even under drastic conditions 
[1–3]. Hermkens and coworkers performed detailed experi-
mental studies to outline the scope of nitrone-nitrile 32CA 
reactions, while Eguchi et al. designed the remarkable reac-
tivity of acetonitrile with 4-azahomoadamant-4-ene-N–oxide 
and cyclic nitrones leading to 2,3-dihydro-1,2,4-oxadiazole 
derivatives (Scheme 1) [2, 5–7].

Since the last two decades, computational chemistry has 
emerged as an important tool to analyse the experimentally 
observed reactivity and selectivity outcomes by develop-
ing a systematic outline of the mechanism of chemical 
reactions [8]. However, in spite of the ever-increasing 
modern applications of the computational science in chem-
istry, the underlying theories of organic chemistry had not 
experienced major breakthrough since last 40 years, until 
in 2016 Domingo proposed the molecular electron den-
sity theory (MEDT) to recognise the decisive role of elec-
tron density changes in the molecular reactivity [9, 10]. 
Since last 4 years, MEDT has successfully analysed the 
experimental outcome of several 32CA reactions [10–12]. 
Recently, we have applied the MEDT concept to analyse 
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the experimental outcome of strain promoted and cata-
lysed 32CA reactions and the observed chemo-, regio- and 
stereoselectivite synthesis of spiroisoxazolines [13–17].

Within the MEDT framework, the three atom com-
ponents (TACs) participating in the 32CA reactions are 
classified by characterising their electronic structure, into 
pseudodiradical, pseudo(mono)radical, carbenoid and 
zwitter-ionic type, which enables their respective partici-
pation in pdr- type, pmr-type, cb-type and zw-type 32CA 
reactions [10, 11]. These 32CA reactions show different 
reactivity profiles; the pdr-type 32CA reactions are associ-
ated with lower energy barrier and take place easily, while 
the zw-type 32CA reactions show high energy barrier, 
demanding overcome through electrophilic–nucleophilic 
interaction between the reactants [16].

The 32CA reactions of acyclic nitrones with the nitrile 
function were theoretically studied by Wagner et al. and 
Kuznetsov et al. in 2003 [18, 19]. However, neither of 
these studies have addressed the mechanistic differences 
in the feasible reaction paths and the role of electron den-
sity flux on the substituent effects of nitrone-nitrile 32CA 
reactions.

Herein, we present an MEDT study at the B3LYP/6-
311 ++G(d,p) level for 32CA reactions of a cyclic nitrone, 
2,2-dimethyl-1-pyrroline-1-oxide 1 with nitriles 2 and 3 
bearing carbomethoxy and phenyl substituents, experimen-
tally realised by Eguchi and coworkers (see Scheme 2) [5]. 
These 32CA reactions are completely regioselective leading 
to 2,3-dihydro-1,2,4-oxadiazole derivatives.

We have presented this MEDT study in six 
Sects. 3.1–3.6 (1); in Sect. 3.1, the topological analysis 
of the electron localisation function (ELF) at the ground 
state structures of the reagents 1–3 is performed to rep-
resent their electronic structure and consequently to 
assess their reactivity in 32CA reactions [20, 21]. (2) in 
Sect. 3.2, reactivity indices defined within the conceptual 
density functional theory (CDFT) are analysed to com-
prehend the polarity of the 32CA reactions [22, 23]. (3) 
in Sect. 3.3, potential energy surfaces (PES) [24] along 
the feasible regioisomeric channels of the 32CA reactions 
are studied to predict the energy profiles and the global 
electron density transfer (GEDT) is calculated at the TSs 
[25]. (4) in Sect. 3.4, the conjunction of ELF with Thom’s 
catastrophe, namely the bonding evolution theory (BET) 
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proposed by Krokidis, is used to structure the mechanism 
and determine the energy cost (EC) for electron density 
changes along the regioisomeric paths [20, 21, 26, 27]. (5) 
in Sect. 3.5, the ELF of the located TSs is analysed; (6) 
in Sect. 3.6, the nature of interatomic interactions at the 
reacting centres of the TSs is analysed by the topological 
analysis of the AIM proposed by Bader et al. [28, 29].

2  Computational methods

The Berny analytical gradient optimisation method was 
employed at the B3LYP/6-311 ++G(d,p) level for the 
optimisation of the stationary points along the potential 
energy surface of the 32CA reactions [30, 31]. The use 
of B3LYP functional has been justified as a reliable and 
accurate method in the analysis of several recent 32CA 
reactions [32–35].

Frequency calculations at the optimised TSs con-
firmed the presence of one imaginary frequency, while 
the absence of imaginary frequency was verified for the 
local minimum. Intrinsic Reaction coordinate (IRC) calcu-
lations using Gonzales–Schlegal integration method were 
carried out to verify the minimum energy reaction pathway 
connecting the reactants and products via the located TSs 
[36–38].

Solvent effects in toluene were considered using polar-
izable continuum model (PCM) by modelling the sol-
vent using self-consistent reaction field (SCRF) method 
[39–43].

The CDFT indices are calculated using equation 
reviewed in Reference 23 [22, 23]. The global electron 
density theory (GEDT) at the TSs of each reacting frame-
work was calculated from natural population analysis 
(NPA) as follows [25, 44, 45]:

where q represents the atomic charges, the summation of 
charges on all atoms in the considered framework represents 
the GEDT, the positive sign of GEDT indicating global elec-
tronic flux from that framework to the other.

Topological analysis of the ELF at the reagents [20, 21], 
TSs and IRC points and calculation of Quantum Theory of 
Atoms-in Molecules (QTAIM) parameters [28, 29] are cal-
culated using Multiwfn software [46] and the isosurfaces 
are visualised using UCSF Chimera software [47]. Gauss-
ian 16 package has been used for all calculations [48].

GEDT (f) =

∑

q∈f

q

3  Results and discussion

3.1  ELF topological analysis of nitrone 1, 
and nitriles 2 and 3

In 1990, Becke and Edgecombe constructed the ELF con-
cept, which was illustrated in 1994 by Silvi and Savin to pro-
pose a quantitative connection between the electron density 
distribution and the chemical structure of molecules [20, 
21]. Under the MEDT framework, a reasonably good corre-
lation has been established between the electronic structure 
of three atom components (TACs) and their reactivity in 
32CA reactions [9–11].

Herein, the ELF of the ground state structures of the rea-
gents 1–3 is studied to represent their electronic structures 
and reactivity in 32CA reactions. Table 1 lists the significant 
ELF valence basin populations of nitrone 1 and the nitriles 
2 and 3, while the ELF localisation domains are shown in 
Fig. 1. Based on the ELF valence populations, the Lewis 
structures of the reagents are proposed and are given in 
Fig. 2.

The ELF of nitrone 1 shows two monosynaptic basins, 
V(O1) and V’(O1) integrating 5.91 e, one disynaptic basin 
V(C3,N2) integrating 3.84 e and one disynaptic basin 
V(N2,O1) integrating 1.41 e, which are associated with the 
non-bonding electron density on O1 oxygen, underpopu-
lated C3–N2 double bond and underpopulated N2–O1 single 
bond, respectively.

The ELF of nitriles 2 and 3 shows one monosynaptic 
basin V(N4) integrating 3.13 e (2) and 3.22 e (3), associated 
with non-bonding electron density on N4 nitrogen atom and 
disynaptic basins for the C5–N4 bonding region with total 
integrating populations of 4.50 e (2) and 4.40 e (3), associ-
ated with the underpopulated C5–N4 triple bond.

After establishing the bonding pattern of the reagents, 
the atomic charge distribution of nitrone 1 and nitriles 2 
and 3 was analysed through NPA (Fig. 2) [44, 45]. O1 oxy-
gen atom of nitrone 1 is negatively charged (− 0.541 e). C3 

Table 1  B3LYP/6-
311 ++G(d,p) calculated most 
significant ELF valence basin 
populations at 1-3. ELF valence 
basin populations are given in 
average number of electrons, e

1 2 3

V(O1) 3.02
V’(O1) 2.89
V(C3,N2) 3.84
V(N2,O1) 1.41
V(N4) 3.13 3.22
V(C5,N4) 1.87 2.20
V’(C5,N4) 0.17 2.20
V’’(C5,N4) 2.29
V’’’(C5,N4) 0.17
V(C5,C6) 2.35 2.35
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carbon shows charge of 0.019 e, while N2 nitrogen is posi-
tively charged (0.060 e).

This suggests charge separation in the nitrone although 
differing from the charges expected by the Lewis’s bonding 
model. Although nitrone 1 is classified as a “zwitterionic” 
TAC from ELF study, this terminology is not synonymous 
to the dipolar electronic structure of the nitrones. Instead, 
it indicates the specific bonding pattern (considering no 
charges) of the resonance Lewis structure represented by 
Huisgen for “1,3-dipoles” [49].

In the nitriles 2 and 3, nitrogen N4 shows negative charge 
values − 0.255 (2) and − 0.312 (3), while C4 bearing posi-
tive charge 0.204 (2) and 0.289 (3), indicating the influence 
of electronically biased carbomethoxy (2) and phenyl (3) 
substituents of the nitrile functions.

3.2  Analysis of the CDFT indices of nitrone 1, 
and nitriles 2 and 3

The concept of “Conceptual DFT”, originated from the pio-
neering work of Parr, has been utilised in several studies 
to assess the chemical reactivity of structures participat-
ing in 32CA reactions [22, 23, 50–53]. Reactivity indices 

defined within the conceptual DFT, namely the CDFT indi-
ces, have well documented literature and provide an initial 
comprehension of the molecular reactivity by addressing the 
chemical behaviour of the reactants [23]. Domingo defined 
the standard scales for electrophilicity and nucleophilicity 
indices at the B3LYP/6-31G(d) level, which has therefore 
been employed herein for the CDFT analysis [54, 55]. Con-
sequently, the CDFT indices, electronic chemical potential, 
μ, chemical hardness, ɳ, electrophilicity, ω, and nucleophi-
licity, N, at the ground state of nitrone 1, and nitriles 2 and 
3, are listed in Table 2 [56–59].

The electronic chemical potentials μ of nitrone 
1, μ = − 2.83  eV (1) are higher than that of nitriles 2 
(μ = − 5.36  eV) and 3 (μ = − 4.31  eV), suggesting that 

Fig. 1  B3LYP/6-311 ++G(d,p) ELF localisation domains represented 
at an isosurface value of ELF = 0.83 of nitrone 1 and nitriles 2 and 3. 
Blue colour represents the protonated basins, green coloured ones are 

the disynaptic basins, and red colour is used to represent the mono-
synaptic basins. The attractor positions are represented as orange 
spheres
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Fig. 2  B3LYP/6-311 ++G(d,p) calculated natural atomic charges, in average number of electrons e, of nitrone 1 and nitriles 2 and 3. Negative 
charges are coloured in red, and positive charges in blue

Table 2  B3LYP/6-31G(d) 
CDFT indices of nitrone 1 
and nitriles 2 and 3. μ, η, ω 
and N represent electronic 
chemical potential, chemical 
hardness, electrophilicity 
and nucleophilicity indices, 
respectively, and are expressed 
in eV

μ η ω N

1 − 2.83 5.50 0.73 3.54
2 − 5.36 6.69 2.15 0.41
3 − 4.31 5.85 1.59 1.88
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along the 32CA reaction, the electron density will flux from 
nitrone 1 to the nitriles 2 and 3 [23, 56].

The electrophilicity ω index and the nucleophilicity N 
index of nitrone 1 is 0.73 and 3.54 eV, respectively, being 
classified as a weak electrophile and a strong nucleophile on 
the respective scales [54, 55, 58, 59]. The nitriles 2 and 3, 
with electrophilicity indices ω = 2.15 eV (2) and ω = 1.59 eV 
(3) are classified as strong electrophiles and with nucleophi-
licity indices N = 0.41 eV (2) and N = 1.88 eV (3) as weak 
nucleophiles. Note that the replacement of the carbomethoxy 
substituent in 2 by phenyl in 3, decreases the electrophilicity 
of the nitrile, suggesting a more feasible electrophilic–nucle-
ophilic interaction in the 32CA reaction between 1 and 2, 
relative to that between 1 and 3. Consequently, along these 
zw-type 32CA reactions the nitriles 2 and 3 will behave as 
electrophiles, while nitrone 1 will behave as a nucleophile, 
in conformity with the electronic chemical potentials μ of 
these species.

3.3  Analysis of the energy profile associated 
with the 32CA reactions of nitrone 1 
with nitriles 2 and 3

Due to non-symmetry of the nitrile functional, two regioi-
someric paths, namely the ortho and meta (see Scheme 3), 
are feasible for these 32CA reactions. The ortho reaction 
path is associated with the formation of O1–C5 and C3–N4 
bonds, while the meta channel with the formation of O1–N4 
and C3–C5 bonds. The stationary points along these two 
reactions paths were located and characterised, the reagents, 

nitrone 1, nitriles 2 and 3, two TSs for each 32CA reaction, 
TS1, TS2, TS3 and TS4 and the corresponding adducts 
4–7, respectively, for the 32CA reactions of nitrone 1 with 
2 and 3. TS1 and TS3 correspond to the ortho TSs leading to 
2,3-dihydro-1,2-4-oxadiazoles 4 and 6, while TS2 and TS4 
are the meta TSs leading to 2,3-dihydro-1,2-5-oxadiazoles 
5 and 7, respectively. The relative Gibbs free energies at the 
stationary points are given in Scheme 4, while the relative 
energy, enthalpy and entropies are given in Table S3 of the 
Supplementary Information. The absolute energy, enthalpy, 
free energy and entropies of the stationary states are given 
in Table S1 and Table S2 of the Supplementary Information.

The energy profile of the 32CA reactions was studied 
to arrive at some important conclusions (1) These 32CA 
reactions show positive reaction Gibbs free energies, ∆G 
of 3.4 (4), 29.0 (5), 6.1 (6) and 36.3 (7) in gas phase and 
5.5 (4), 31.0 (5), 9.4 (6) and 39.2 (7) in toluene, suggest-
ing endergonic reaction, demanding the analysis of the 
thermodynamic stability of the cycloadducts to predict the 
preferred regiochemical path. Along the ortho channel, the 
reaction enthalpies are − 10.5 (4) and − 8.5 (6) kcal·mol−1 
in gas phase and − 8.6 (4) and 5.0 (6) kcal·mol−1 in toluene, 
while along the meta reaction path, the products show posi-
tive reaction enthalpies 14.7 (5) and 21.9 (7) kcal·mol−1 in 
gas phase and 16.7 (5) and 24.9 (7) kcal·mol−1 in toluene. 
Thus, the ortho adducts show higher relative stability than 
the meta ones owing to their negative reaction enthalpies 
and lower reaction free energies, suggesting preference for 
the ortho reaction path leading to 2,3-dihydro-1,2,4-oxadia-
zoles, in complete agreement with the experimental studies 
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[5, 6]. (2) These 32CA reactions show activation free ener-
gies between 28.8 (TS1) and 49.2 (TS4) in gas phase and 
between 30.5 (TS1) and 50.5 (TS4) in toluene, in coherence 
with their zw-type classification associated with high activa-
tion parameters. (3) the inclusion of toluene increases the 
activation free energies by 1.3-2.7 kcal⋅mol

−1 due to better 
solvation of the reagents than the TSs, while the reaction 
free energies are increased by 2.0–3.3 kcal⋅mol

−1 in toluene 
[60] (3) the activation enthalpy for 32CA reaction of nitrone 
1 with 2 via TS1 is lowered by that for the 32CA reaction 
of nitrone 1 with 3 via TS3 by 4.8 kcal⋅mol

−1 in gas phase 
and by 6.0 kcal⋅mol

−1 in toluene. The reaction enthalpy 
of the ortho adduct 4 obtained from the 32CA reaction of 
nitrone 1 with 2 is stabilized by 2 kcal⋅mol

−1 in gas phase 
and by 3.6 kcal⋅mol

−1 in toluene relative to the ortho adduct 
6 obtained from the 32CA reaction of nitrone 1 with 3, in 
agreement with the experimental studies, showing slower 
32CA reactions with nitrile 3 relative to that with 2.

Thermal corrections to the electronic energies give 
the relative enthalpies in gas phase and toluene. The 
activation enthalpies increase by 0.5–0.9 kcal⋅mol

−1 in 
gas phase and by 0.4–0.8  kcal⋅mol

−1 in toluene rela-
tive to the activation energies, while reaction enthalpies 
decrease by 1.9–2.5 kcal⋅mol

−1 in gas phase and toluene 
relative to the reaction energies. Inclusion of the entro-
pies to enthalpies strongly increases the activation Gibbs 

energies by 13.3–13.6 kcal⋅mol
−1 in gas phase and tolu-

ene, while the reaction Gibbs energies show decrease by 
13.9–14.6 kcal⋅mol

−1 in gas phase and 14.1–14.4 kcal⋅mol
−1 

in toluene. The activation Gibbs free energy of 4 becomes 
28.8 kcal⋅mol

−1 in gas phase and 30.5 kcal⋅mol
−1 in tolu-

ene, the 32CA reaction of 1 with 2 being endergonic by 
3.4 kcal⋅mol

−1 in gas phase and 5.5 kcal⋅mol
−1 in toluene.

The B3LYP/6-311 ++G(d,p) optimised geometries of the 
TSs are given in Fig. 3. In gas phase, the distances between 
O1 and C5, and C3 and N4 interacting centres at the ortho 
TSs are: 1.803 and 2.011 Å, at TS1 and 1.864 and 2.006 Å, 
at TS3, while the distances between O1 and N5, and C3 and 
C4 interacting centres at the meta TSs are: 2.135 and 1.744 
Å, at TS2 and 2.136 and 1.784 Å, at TS4, respectively. The 
TSs geometries show similar trend and minimal changes on 
inclusion of solvent effects in toluene. These geometrical 
parameters imply the extent of bond formation. (1) Consid-
ering that the C–O and C-N bond formation begins at the 
distances of 1.70–1.79 and 1.90–1.80 Å, respectively, these 
geometrical parameters indicate that at the ortho TSs TS1 
and TS3, the formation of the C–O or C–N single bonds has 
not yet begun [10]. (2) Considering that the C–C bond for-
mation begins at the distances of 1.90 Å, it is evident that at 
the meta TSs TS2 and TS4, the formation of the C–C single 
covalent bond has already started; however, the formation of 
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N–O bond has not yet begun, owing to the O1–N5 distance 
being greater than 2.00 Å.

Finally, the polar nature of these 32CA reactions was 
evaluated by the GEDT calculations at the TSs [25]. The gas 
phase GEDT values at the TSs are 0.11 e at TS1, 0.17 e at 
TS2, 0.06 e at TS3, and 0.14 e at TS4. In toluene, the GEDT 
values at the TSs are 0.13 e at TS1, 0.17 e at TS2, 0.07 e 
at TS3, and 0.14 e at TS4. The electron density fluxes from 
nitrone 1 acting as the nucleophile towards nitriles 2 and 3 in 
each case, these reactions are classified as forward electron 
density flux (FEDF), evidenced by the higher nucleophilicity 
of nitrone 1 relative to the strongly electrophilic nitriles 2 
and 3 (see Table 2) [61]. The higher GEDT values associ-
ated with the 32CA reaction of nitrone 1 with 2 relative 
to that with 3 accounts for the higher polar character and 
lower activation energy of the 32CA reaction with 2. Note 
that, the unfavourable meta TSs with higher activation ener-
gies leading to less stable cycloadducts show higher GEDT 
values compared to the ortho TSs, owing to the dependence 
of the GEDT on three factors—the nucleophilicity and the 

electrophilicity of the reagents, and the distance between the 
two frameworks, the more unfavourable regioisomeric meta 
TS is more energetic and more advanced, which makes the 
GEDT higher at these TSs [25, 62].

3.4  Mechanistic implications 
along the regioisomeric channels of 32CA 
reaction of nitrone 1 with nitrile 2 
from bonding evolution theory (BET) study

The bonding evolution theory (BET), proposed by 
Krokoidis, provides mechanistic implications along a reac-
tion path by exploring the sequential bonding changes from 
the conjunction of the ELF topological analysis and Thoms 
catastrophe theory [20, 21, 26, 27]. For the 32CA reaction 
of nitrone 1 with nitrile 2, the bonding pattern along the 
ortho and meta regioisomeric paths has been established 
from detailed BET study.

The ELF basin populations at the reacting centres for the 
32CA reaction of nitrone 1 with nitrile 2 along the ortho 

Fig. 3  B3LYP/6-311 ++G(d,p) 
optimised geometries of TSs 
involved in the 32CA reactions 
of nitrone 1 with nitriles 2 
and 3. Bond lengths are given 
in Angstroms. The values in 
parenthesis are calculated in 
toluene
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regioisomeric path and the proposed sequential bonding 
changes are given in Scheme 5. The identification of catas-
trophe from ELF basin analysis allows characterising six 
topological phases I, II, III, IV, V and VI, identified by the 
starting points P1-I, P2-I, P3-I, P4-I, P5-I and P6-I, respec-
tively (Scheme 5).

The ELF topology of the starting point P1-I shows simi-
lar bonding pattern as the individual reagents (see Table 1). 
At P2-I, (d(C3–N4) = 2.222 Å, d(O1–C5) = 2.050 Å)), the 
monosynaptic basin V(N2) associated with the N2 nitrogen 
lone pair integrating 0.19 e is created by deriving electron 

density from the C3–N2 bonding region experiencing 
depopulation from 3.81 e at P1-I to 3.06 e at P2-I. Phases 
III and IV are, respectively, characterised by the creation of 
pseudoradical centres at C3 and C5, respectively, at P3-I 
and P4-I showing formation of monosynaptic basins V(C5) 
and V(C3) integrating 0.17 e and 0.21 e. Note that C5–N1 
bonding region experiences depopulation from 3.96 e at P3-
I to 3.79 e at P4-I, while the C3–N2 bonding region experi-
ences depopulation from 2.66 e at P3-I to 2.37 e at P4-I. The 
transition structure TS1 belongs to phase III. The energy 
cost (EC) for formation of pseudoradical centres at C5 and 
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Scheme 5  Sequential bonding changes and most significant valence basin populations in average number of electrons e at the representative IRC 
points along the ortho reaction path of the 32 CA reaction of nitrone 1 with nitrile 2 
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C3 and the lone pair electron density at N2 nitrogen cor-
responds to 98.6% of the activation energy. Note that at the 
TS, the formation of O1–C5 and C3–N4 covalent bonds has 
not begun, which agrees with the topological analysis of the 
AIM discussed in Sect. 3.6. In phase V, identified by the IRC 
point P5-I, the first O1–C5 single bond formation begins at 
the O1–C5 distance of 1.607 Å, characterised by the crea-
tion of disynaptic basin V(O1, C5) integrating 0.89 e, while 
in phase VI, identified by the IRC point P6-I, the second 
C3–N4 single bond formation begins at the C3–N4 distance 
of 1.793 Å, characterised by the creation of disynaptic basin 
V(C3,N4) integrating 1.15 e. Finally, at the cycloadduct 4, 
the molecular geometry is relaxed at O1–C5 and C3–N4 
distances of 1.361 and 1.463 Å, respectively.

The ELF basin populations at the reacting centres for the 
32CA reaction of nitrone 1 with nitrile 2 along the meta 
regioisomeric path, and the sequential bonding changes are 
represented in Scheme 6. The identification of catastrophe 
from ELF basin analysis allows characterising seven topo-
logical phases I, II, III, IV, V, VI and VII, identified by the 
starting points P1-II, P2-II, P3-II, P4-II, P5-II, P6-II and 
P7-II, respectively (Scheme 6).

The ELF topology of the starting point P1-II shows simi-
lar bonding pattern as the individual reagents (see Table 1). 
At P2-II, (d(C3–C5) = 2.256 Å, d(O1–N4) = 2.388 Å)), the 
monosynaptic basin V(C3) integrating 0.31 e is created by 
deriving electron density from the C3–N2 bonding region, 
which shows depopulation from 3.83 e at P1-II to 3.46 e at 
P2-II. Phases III and IV are, respectively, characterised by 
the creation of pseudoradical centres at C5 and lone pair 
at N2 nitrogen, respectively, at P3-II and P4-II showing 
formation of monosynaptic basins V(C5) and V(N2) inte-
grating 0.50 e and 0.71 e. Note that C5–N4 bonding region 
is depopulated from 4.19 e at P2-II to 3.96 e at P3-II, while 
the C3–N2 bonding region experiences depopulation from 
3.43 e at P3-II to 2.71 e at P4-II.

In phase V, identified by the IRC point P5-II, the first 
C3-C5 single bond formation begins at the C3-C5 distance 
of 1.788 Å, characterised by the creation of disynaptic basin 
V(C3,C5) integrating 1.55 e. The energy cost (EC) for the 
creation of lone pair electron density at N2 nitrogen and 
formation of C3–C5 single bond corresponds to 100% of the 
activation energy. The transition structure TS2 belongs to 
phase V. Note that at the TS, the formation of C3–C5 cova-
lent bond has begun, also indicated by the negative Lapla-
cian of electron density in the AIM topological analysis dis-
cussed in Sect. 3.6. In phase VI, identified by the IRC point 
P6-II, there is creation of monosynaptic basins V’’’(O1) and 
V’(N4), integrating at 0.23 e and 0.27 e, respectively, asso-
ciated with the lone pair electron density at the O1 oxygen 
and N4 nitrogen. Finally, in phase VII, at P7-II, the second 
O1–N4 single bond formation begins at the O1–N4 distance 
of 1.484 Å, characterised by the creation of disynaptic basin 

V(O1,N4) integrating 0.97 e. The molecular geometry is 
finally relaxed at C3–C5 and O1–N4 distances of 1.514 and 
1.475 Å, respectively, in the cycloadduct 5. Note that the 
formation of the second O1–N4 begins when the total inte-
grating population of disynaptic basin V(C3,C5) has reached 
2.01 e. Thus, the one-step two-stage mechanism is predicted 
for the meta reaction path.

A comparative analysis of the BET of the ortho and meta 
reaction paths for 32CA reaction of nitrone 1 with nitrile 2 
allows arriving at some important conclusions (1) Along the 
ortho reaction path, the lone pair electron density is created 
at N2 nitrogen in the first phase, while in the meta reaction 
path, the pseudoradical centres at C3 and C5 demanded for 
the formation of the new C3–C5 bond are created in the 
first two phases. The total integrating population of V(C5) 
and V(C3) basins at the starting points are 0.21 e and 0.17 
e, while the respective populations along the meta reaction 
paths are 0.31 e and 0.50 e. These observations predict more 
advanced C3–C5 bond formation at the meta reaction path, 
consequently leading to increase in GEDT at P2-II (0.15 e) 
and P3-II (0.18 e) associated with the meta reaction path 
compared to P3-I (0.13 e) and P4-I (0.10 e) associated with 
the ortho reaction path. (2) At the ortho TS1, the forma-
tion of no new covalent single bond has begun, while at the 
meta TS2 shows formation of new C3–C5 single bond. (3) 
Although the meta reaction path is more advanced relative 
to the ortho reaction path, the EC demanded at IRC points 
P2-II, P3-II and P4-II associated with the meta reaction 
path are higher than that demanded by the IRC points P2-I, 
P3-I and P4-I associated with the ortho reaction path by 6.9, 
6.9 and 8.1 kcal⋅mol

−1 , resulting in the increased activation 
energy barrier of TS2 relative to TS1 by 10.4 kcal⋅mol

−1 . 
(4) These 32CA reactions show positive relative Gibbs free 
energies, suggesting endergonic character, and hence the 
decisive role of the relative energies of the cycloadducts in 
the product composition. Along the ortho and meta reaction 
channels, the BET studies suggest relaxation of the molecu-
lar geometries in phase VII at the cycloadducts 4 and 5 with 
relative energies − 13.0 and 12.6 kcal⋅mol

−1 , which clearly 
indicates the preferred formation of ortho adduct 4, in agree-
ment with the experimental outcome.

3.5  ELF topological analysis at the TSs

The ELF valence basin populations at the four TSs, TS1, 
TS2, TS3 and TS4 are listed in Table 3, while the ELF 
localisation domains are represented in Fig. 4. ELF of the 
ortho TSs, TS1 and TS3 show the presence of monosynaptic 
V(N2) and V(C5) basins integrating 1.66 e and 0.23–0.24 
e, which are absent in the ELF of nitrone 1. The disynap-
tic V(C3,N2) basin in nitrone 1 associated with the C3-N2 
bonding region integrating 3.84 e in nitrone 1 is depopulated 
to 2.62 e in TS1, 2.11 e in TS2, 2.62 e in TS3 and 2.17 e in 
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TS4. The disynaptic V(N4,C5) basin in the nitriles associ-
ated with the N4–C5 bonding region integrating 4.50 e (2) 
and 4.40 e (3) in the nitriles is depopulated to 3.87 e in TS1, 
3.59 e in TS2, 3.80 e in TS3 and 3.57 e in TS4. At the ortho 
TSs, the formation of new single covalent bond has not been 
started, while at the meta TSs, the presence of disynaptic 
basin V(C3,C5) integrating 1.62 e (TS2) and 1.59 e (TS4) 
suggests that the formation of C3–C5 single bond has been 
started at TS2 and TS4.

3.6  QTAIM topological analysis at TSs

The nature of interactions at the interatomic reacting centres 
of the TSs was evaluated from the topological analysis of the 
AIM proposed by Bader and coworkers [28, 29]. The bond 
critical points CP1, for the newly formed O1–C5 (TS1, TS3) 
and O1–N4 (TS2, TS4) bonds, and CP2, for the newly 
formed C3–N4 (TS1, TS3) and C3–C5 (TS2, TS4) bonds 
are represented in Scheme 7, while the electron density ρ, 
the Laplacian of electron density, ∇2

�(rc)
 and the energy den-

sity E
�(rc)

 at CP1 and CP2 are given in Table 4. At the ortho 
and meta TSs, CP1 shows positive Laplacian of electron 
density and low electron density, suggesting that the forma-
tion of O1–C5 or O1–N4 covalent bonds has not been started 
at the TSs, the observation being in conformity with the ELF 
study showing absence of disynaptic basins V(O1,C5) or 
V(O1,N4) at the TSs (Sect. 3.5). At the ortho TSs, TS1 and 
TS3, CP2 shows positive Laplacian of electron density and 
low electron density, suggesting that the formation of C3–N4 

covalent bonds has not been started at these TSs. However, 
CP2 corresponding to the formation of new C3–C5 single 
bonds at the meta TSs TS2 and TS4 shows negative Lapla-
cian of electron density and value of calculated electron 
density ρ > 0.1 au, which indicates covalent bonding between 
C3 and C5, in complete agreement with the ELF study show-
ing the presence of disynaptic basins V(C3,C5) at these TSs 
(Sect. 3.5).

4  Conclusion

An MEDT study is presented for 32CA reaction of a 
2,2-dimethyl-1-pyrroline-1-oxide 1 to nitriles 2 and 3 at the 
B3LYP/6-311 ++G(d,p) computational level.

The ELF topological analysis at the ground state struc-
tures allows classification of the nitrone 1 as a zwitter-
ionic TAC, allowing its participation in zw-type 32CA 
reactions, demanding appropriate electrophilic–nucleo-
philic interactions. Nitriles 2 and 3 show underpopulated 
C≡N bonding region.

The global electronic flux from the nitrone 1 to nitrile 2 
and 3 is predicted, owing to the high electronic chemical 
potential and strong nucleophilicity of the cyclic nitrone 
1 relative to the nitriles 2 and 3, which is confirmed from 
the GEDT calculations at the located TSs. Nitrile 2 shows 
lower electronic chemical potential and higher electrophi-
licity relative to nitrile 3, suggesting a more facile reaction 
with nitrone 1, also suggested by the higher GEDT for the 
32CA reaction of nitrone 1 with nitrile 2, relative to that 
with 3.

These 32CA reactions are endergonic with positive 
free energy of reaction. The 2,3-dihydro-1,2,4-oxadiazole 
derivatives show higher thermodynamic stability relative 
to the 2,3-dihydro-1,2,5-oxadiazole derivatives, suggesting 
regioselectivity in complete coherence with the experi-
ments. The 2,3-dihydro-1,2,4-oxadiazole obtained from 
the 32CA reaction of nitrone 1 with nitrile 2 is thermody-
namically more stable compared to that generated from the 
32CA reaction of with nitrile 3.

BET study along the regioisomeric reaction channels 
allows arriving at some important mechanistic conclu-
sions. Along both the reaction paths, in the first four 
phases, the C=N bonding region of nitrone 1 and C≡N 
bonding region of the nitrile 2 are depopulated to cre-
ate pseudoradical centres at C5 and C3 carbons and lone 
pair electron density at N2 nitrogen. The 32CA reaction of 
meta reaction path is more advanced relative to the ortho 
reaction path, indicated by the higher basin populations of 
monosynaptic basins V(C5), V(C3) and V(N2), account-
ing for the higher GEDT at the IRC points and at the TSs. 
The ortho reaction path follows one-step mechanism, and 

Scheme 6  Sequential bonding changes and most significant valence 
basin populations in average number of electrons e at the representa-
tive IRC points along the meta reaction path of the 32 CA reaction of 
nitrone 1 with nitrile 2 

◂

Table 3  B3LYP/6-311 ++G(d,p) calculated ELF valence basin popu-
lations at the TSs

TS1 TS2 TS3 TS4

V(O1) 2.94 2.78 2.90 2.78
V’(O1) 2.86 2.82 2.96 2.83
V(N2) 1.66 1.41 1.66 1.41
V(C3,N2) 2.62 2.11 2.62 2.17
V(N2,O1) 1.14 1.31 1.14 1.31
V(N4) 3.57 3.43 3.60 3.46
V(N4,C5) 1.95 1.72 1.95 1.73
V’(N4,C5) 1.92 1.87 1.85 1.84
V(C5,C6) 2.44 2.26 2.43 2.19
V(C5) 0.24 0.23
V(C3,C5) 1.62 1.59
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the formation of second C3–N4 single bond starts when 
68% bond formation of the first O1–C5 single bond has 
been completed. The meta reaction path follows one-step 
two-stage mechanism and the formation of second O1–N4 
single bond starts when the first C3–C5 bonding region 
has reached basin population of 2.01 e.

ELF study at the TSs and the calculated QTAIM param-
eters shows early TSs along the ortho reaction path, when 
the formation of new single covalent bond has not been 
started. On the other hand, the C3–C5 single bond has 
been formed at the meta TSs indicated by the negative 
Laplacian of electron density and formation of V(C3,C5) 
disynaptic basin.
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