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Heterocyclic compounds and their derivatives are of 
great interest in pharmaceutical research because they have 
diverse useful biological activities. Since many medicinal 
and pharmaceutical commercial substances contain a 
heterocyclic moiety in their structure, numerous experi-
mental and theoretical studies have been performed to 
develop new economic and efficient synthetic methods for 
the preparation of these structures.1 

One of the most exploited strategies for the preparation 
of various heterocycles, is the reactions of cycloaddition,2 
including the [3+2] cycloaddition (32CA) reaction.3 The 

inter- and intramolecular 32CA reaction between nitrone 
(e.g., compound 1) and ethylene (2) or its derivatives 
(alkenes) has found a wide use as an efficient method of 
synthesizing isoxazolidine heterocycles like compound 3 
(Scheme 1).3,4 Isoxazolidines have been used as starting 
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materials or important intermediates for the synthesis of 
natural products and biologically active molecules.5 These 
heterocycles have been shown to possess antimicrobial,6 
antifungal,7 anti-inflammatory,8 and antioxidant activity.9  

Phosphonates are analogs of natural phosphates and 
phosphonic acid and are characterized by the presence of 
one or more C−P bonds. An interest related to these 
compounds has increased tremendously because of their 
potential as drugs (also prodrugs).10 Phosphonates were 
observed to have antibacterial, anticancer, and antiparasitic 
activity.10,11 These compounds can be also regarded as 
analogs of carboxylic acids, amino acids, and peptides.12 

In recent years, the intramolecular 32CA reactions have 
been well studied experimentally and theoretically in order 
to understand the mechanism and the origin of the 
selectivity of this type of cycloaddition.11,13–19 A major 
challenge in organic synthesis is to control the stereo-
chemistry of the addition step. The stereochemistry of these 
reactions can be controlled either by choosing the appro-
priate reactants or by governing the reaction with a mole-
cular complex acting as catalyst.4 In some cases, cyclo-
addition reactions proceed through a stepwise mecha-
nism.17,20–24 Recent molecular electron density theory 
(MEDT)25 studies of 32CA reactions involving the simplest 
three-atom components (TACs) have established a relation-
ship between their electronic structure and reactivity.26  

The intramolecular 32CA reactions of nitrones, leading 
to the formation of heterocycles via the bridged and/or the 
fused modes, constitute a versatile and efficient approach to 
the stereo- and regioselective construction of complex 
heterocyclic architectures having both nitrogen and oxygen 
atoms in a five-membered ring.27,28 Recently Huang et al.29 
reported the intramolecular 32CA reaction of bifunctional 
nitrone–vinylphosphonate 6 prepared in situ from O-vinyl-
phosphonylated salicylaldehyde 4 and N-methylhydroxyl-
amine hydrochloride (5). The authors found that this 32CA 
reaction is characterized by complete fused-endo regio- and 
stereoselectivity in obtaining isoxazole derivative 7 
(Scheme 2). The regioisomeric C3–C4 and O1–C5 reaction 
channel corresponds to the fused mode, while the C3–C5 and 
O1–C4 interaction corresponds to the bridged mode (Fig. 1). 

selectivity, i.e., the regio- and stereoselectivity, in order to 
shed the light on the molecular mechanism of this reaction.  

The present MEDT study has been divided into three 
parts; starting with the analysis of conceptual density 
functional theory (CDFT) reactivity indices, then energies 
and geometries, followed by the study of the nature of the 
molecular mechanism based on electron localization 
function (ELF) topological analysis. In the following 
investigation, the E-configuration of the nitrone double 
bond of adduct 6 will be used. 

1. CDFT reactivity indices analysis 

1.1. Global indices 

The values of chemical potential (µ), chemical hardness 
(η), electrophilicity index (ω), and nucleophilicity index 
(N), as well as energies of frontier molecular orbital 
(FMO), i.e., the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital 
(LUMO) of nitrone–vinylphosphonate 6 have been 
calculated as shown below (see Computation details) and 
collected in Table 1.  

Figure 1. The fused and bridged regioisomeric modes of the 
intramolecular 32CA reaction of nitrone–vinylphosphonate 
adduct 6, together with the numbering of the atoms involved in 
the reaction. 

Scheme 2. Synthesis of polycyclic phosphonated isoxazolidine 7 
via an intramolecular 32CA reaction of nitrone–vinylphosphonate 
adduct 6 

The main goal of this work is to undertake a theoretical 
study of intramolecular 32CA reaction of nitrone–alkene 6, 
in which we investigate the experimentally observed 

From Table 1, we can notice that nitrone–vinylphospho-
nate 6 has a high electrophilicity index ω of 1.44 eV, being 
classified as the borderline between moderate and strong 
electrophile according to the electrophilicity scale.30 On the 
other hand, compound 6 has also high nucleophilicity index 
and, therefore, may be classified as a strong nucleophile.31 
The polar 32CA reactions require participation of good 
electrophiles and good nucleophiles. Therefore, the intra-
molecular 32CA of nitrone–vinylphosphonate 6 will occur 
with a polar character demanding low activation energy.32 

1.2. Local indices 

In polar cycloaddition reactions involving the partici-
pation of non-symmetric reagents, the most favorable 
reaction channel is that involving the initial two-center 
interaction between the most electrophilic center of the 
electrophile and the most nucleophilic center of the 
nucleophile. In this context, Domingo et al.33 proposed the 
electrophilic Pk

+ and nucleophilic Pk
− Parr functions, 

derived from the changes of spin electron density via the 

HOMO LUMO μ η ω N 

–5.51 –1.39 –3.45 4.12 1.44 3.61 

Table 1. Values of FMO energies and CDFT global reactivity 
indices (in eV) of nitrone–vinylphosphonate 6 
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global electron density transfer34 process from the nucleo-
phile to the electrophile, as powerful tools in the study of 
the local reactivity in polar processes. Accordingly, the 
electrophilic Pk

+ and the nucleophilic Pk
− Parr functions of 

nitrone–vinylphosphonate 6 were analyzed in order to 
characterize the most electrophilic and nucleophilic centers 
in this molecule involved in the intramolecular 32CA 
reaction and, thus, to explain the fused regioselectivity 
experimentally observed. The 3D representations of the 
atomic spin density (ASD) of the radical anion and the 
radical cation of nitrone–vinylphosphonate 6 including the 
values of electrophilic and nucleophilic Parr functions Pk

+ 
and Pk

− are given in Figure 2. 
As shown in Figure 2, the electrophilic Parr functions 

Pk
+  of nitrone–vinylphosphonate 6 are mainly concentrated 

on the C4 carbon atom (Pk
+ 0.17) (see Figure 1 for atom 

numbering). On the other hand, the nucleophilic Parr functions 
Pk

− of nitrone–vinylphosphonate 6 are mainly concentrated 
on the O1 oxygen atom (Pk

− 0.57). Consequently, the most 
favored regioisomeric interaction will occur between the 
O1 oxygen atom and C4 carbon atom, giving the fused 
cycloadducts, as observed experimentally.29 

2. Energies and geometries 

The intramolecular reactions are characterized by a 
single reagent which reacts with itself to form a new 
product. Therefore, in the intramolecular 32CA reactions, 
the reagent contains two reactive parts, the TAC35 part and 
the ethylene part. Thus, two reaction regioisomeric 
channels, namely the fused mode and the bridged mode, 
are possible in this intramolecular 32CA reaction. In 
addition, in each regioisomeric channel, there are two 

stereoisomeric approaches, the endo and exo. Thereby, in 
this intramolecular 32CA reaction, there are four possible 
transition states (TSs), fused-endo (TSfn), fused-exo (TSfx), 
bridged-endo (TSbn), and bridged-exo (TSbx), leading to 
the formation of four possible cycloadducts, 7fn, 7fx, 7bn, 
and 7bx, respectively (Scheme 3). 

Table 2 shows the values of the relative electronic 
energies (in kcal·mol–1) in gas phase and in solution of 
DCM, while total energies are given in Table S1 in 
Supplementary information file. These relative energies are 
calculated with respect to energy of nitrone–vinylphospho-
nate 6 that was taken as reference. From the analysis of the 
activation energies associated with the different reaction 
pathways we can notice that the fused-endo (TSfn) approach is 
the more kinetically favored (ΔE 8.41 kcal·mol–1) one, the 
second favored approach is TSbn (ΔE 18.50 kcal·mol–1, 
indicating for total regio- and stereoselectivity. 

On the other hand, we can notice from the relative 
energies of the cycloadducts, that the fused and bridged-endo 
approaches are only under kinetic control, because of 
their exothermic character, while that of the bridged-exo 
(ΔE 38.08 kcal·mol–1) is at the same time under kinetic and 
thermodynamic control due to its endothermic character. 
The instability of the bridged-exo cycloadduct 7bx may be 
attributed to the high ring tension caused by the seven-
membered ring. Therefore, the fused and bridged-endo 
pathways are irreversible processes and the bridged-exo 
pathway is reversible, and this intramolecular 32CA 
reaction thus leads to the formation of the kinetically 
favored cycloadduct 7fn generated by the fused-endo 
pathway as a single regio- and stereoisomer, as observed 

Figure 2. Maps of ASD representation of radical cation 6·+ and 
radical anion 6·– of nitrone–vinylphosphonate 6 with local Parr 
function values on the reactive atoms. 

Scheme 3. The possible reaction pathways for the intramolecular 32CA reaction of nitrone–vinylphosphonate 6 

TS 
ΔE# 

Product 
ΔE 

Gas phase DCM Gas phase DCM 

TSfn 8.41 10.60 7fn –24.19 –21.59 

TSfx 20.22 23.18 7fx –21.33 –18.56 

TSbn 18.50 18.89 7bn –20.17 –18.57 

TSbx 101.80 99.57 7bx 38.08 40.44 

Table 2.The values of relative electronic energies, in gas phase 
and in DCM, of the TSs (ΔE#, kcal·mol–1) and cycloadducts 7 
(ΔE, kcal·mol–1) involved in the intramolecular 32CA reaction 
of nitrone–vinylphosphonate 6 
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experimentally,29 and in accordance with the local indices 
analysis based on Parr functions.  

DCM was used experimentally as a reaction solvent, 
which can have a certain influence on the energy values in 
the case of the better solvation of the reagents. Table 2 
clearly shows an increase in the activation energies of the 
fused modes in comparison with those obtained in the gas 
phase. These increases in fused mode energies are due to 
stabilization of the nitrone–vinylphosphonate 6 reagent in 
the DCM.36 Note that for the non-favored bridged pathway 
(bridged-exo), we noticed a slight decrease of activation 
energy, but it is always the least favored pathway. The main 
change in activation energy is related to the more favored 
approach fused-endo, which amounts to 1.59 kcal·mol–1. 
We can also observe that the solvent effects decrease the 
exothermic character of this intramolecular 32CA reaction 
by a values of 2.60, 2.77, 1.60, and 2.36 kcal·mol–1 for 
cyclization products 7fn, 7fx, 7bn, and 7bx, respectively. 
However, the solvent effects have no influence on the 
obtained gas phase regio- and stereoselectivities. 

In order to take in consideration all the used experi-
mental conditions, further calculations were performed 
which included the DCM solvent, temperature of 298K and 
1 atmosphere of pressure. Thus, the values of relative 
enthalpies, entropies, and free energies for the intra-
molecular 32CA reaction of nitrone–vinylphosphonate 6 
are collected in Table 3, while total energy values are given 
in Table S2 in Supplementary information file. 

A comparison between the activation enthalpies 
indicates that the fused-endo mode (TSfn) leading to 
isoxazolidine 7fn is still the most favorable approach by 
4.75 kcal·mol–1 over the second most favored, i.e., bridged-
endo mode (TSbn). In addition, the fused pathways and 
bridged-endo one are exothermic, while the bridged-exo is 
endothermic. Thus, the inclusion of thermal corrections in 
calculation does not change the selectivity and the thermal 
character obtained in the gas phase calculations. 

On the other hand, we can notice that the values of 
relative activation entropies are low, which may be due to 
the unimolecular character of this 32CA reaction. The 
addition of entropic contribution to the enthalpies slightly 
increases the activation free energies by values in the range 
of 2–3 kcal·mol–1, and always the fused-endo reaction 
pathway is the more favored one, TSfn having by about 
4 kcal·mol–1 lower ΔG≠ value than the second lowest value 

(bridged-endo path). Also, we can remark that the fused 
and the bridged-endo paths are exergonic, because they 
have negative relative free energies of the associated 
cycloadducts, while the bridged-exo path has an endergonic 
character, and therefore, it is the less favored path. Conse-
quently, this intramolecular 32CA reaction of nitrone–
vinylphosphonate 6 in DCM is characterized by an exo-
thermic and exergonic characters favoring the formation of 
the fused-endo cycloadduct, in good agreement with 
experiment. 

Figure 3 illustrates the optimized geometries of the TSs 
associated with the intramolecular 32CA reaction of 
nitrone–vinylphosphonate 6 together with the length of the 
new forming bonds. The Cartesian coordinates of the 
stationary points involved in the intramolecular 32CA 
reaction of nitrone–vinylphosphonate 6 together with the 
imaginary frequency of transition states are given in 
Supplementary information file. 

From Figure 3, the lengths of the new O1–C5 and C3–C4  
bonds in the fused mode are 1.921 and 2.321 Å for TSfn 
and 1.751 and 2.391 Å for TSfx, while for the bridged 
mode, the lengths of the newly formed bonds  
O1–C4 and C3–C5 are 2.199 and 2.077 Å for TSbn and 
2.704 and 2.129 Å for TSbx. We clearly notice that the 
length of the C−O bond is shorter than that of the C–C 
bond, and if we take in consideration that a fully formed  
C–O bond is shorter than a C–C bond, we can conclude 
that the mechanism of formation of the new bonds is 
synchronous in the fused and bridged-endo pathways, and 
asynchronous in the unfavorable bridged-exo pathway. 

TS ΔH# ΔS# ΔG# Product ΔH ΔS ΔG 

TSfn 13.95 –8.52 16.49 7fn –19.50 –6.60 –17.53 

TSfx 23.02 –7.59 25.28 7fx –17.33 –14.71 –12.95 

TSbn 18.70 –5.97 20.48 7bn –16.84 –8.51 –14.31 

TSbx 98.65 –4.18 99.90 7bx 41.53 –17.51 46.75 

Table 3. Thermodynamic properties, namely, relative enthalpies 
(ΔH# and ΔH, kcal·mol–1), relative entropies (ΔS# and ΔS,  
cal·mol–1·K–1), and relative free energies (ΔG# and ΔG, kcal·mol–1), 
computed at 298K, 1 atm and in DCM solvent, of the TSs 
and cycloadducts 7 involved in the intramolecular 32CA reaction 
of nitrone–vinylphosphonate 6 

Figure 3. Optimized structures of the TSs associated with the 
intramolecular 32CA reaction of nitrone–vinylphosphonate 6 
together with the lengths of the newly forming bonds (Å). 
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3. ELF topological analysis of the cleavage 
and formation of bonds 

An attractive procedure that gives us a direct link 
between the distribution of electron density and the chemical 
structure is the quantum-chemical topological analysis of 
ELF established by Becke and Edgecombe.37 In several 
studies we applied ELF topological analysis to different 
chemical systems in order to study the reaction mechanism 
and the reactivity of molecular systems.21,23,38–40 

ELF localization domains and their attractor positions, 
together with the most representative valence basin 
populations of some pertinent points (MC, TSfn, P1–3, 
7fn) selected from the intrinsic reaction coordinate (IRC) 
curve (Fig. 4) are shown in Figure 5. ELF valence basin 
populations of these selected points corresponding to the 
formation of the O1–C5 and C3–C4 single bonds along the 
most favorable path (fused-endo) of the intramolecular 
32CA reaction of nitrone–vinylphosphonate 6 are gathered 
in Table 4. 

At the stage of molecular complex (MC), we can notice 
that the O1···N2···C3 and C4···C5 reactive regions of this 
system are characterized by two monosynaptic basins  
V(O1) and V'(O1) with a summary population of 5.90 e, 
accounting for the presence of three-electron non-pair 
region at the atomic center O1. The O1···N2 region is 
characterized by a valence basin with 1.34 e population 
associated to the O1−N2 single bond. In addition, we can 
notice the presence of V(C3,N2) disynaptic basin with 
population 3.99 e, which accounts for the C3=N2 double 
bond. On the other hand, the C4···C5 reactive region is 
characterized by the presence of two disynaptic basins  
V(C4,C5) and V'(C4,C5) with 1.70 and 2.09 e, respectively, 
accounting for C4=C5 double bond character. 

At TSfn, the most noticeable change is the apparition of 
two V(C3) and V(C4) monosynaptic basins with 0.31 and 
0.46 e of electron density, indicating the creation beginning 
of two reactive pseudoradical centers.41 Also, a V(N2) 

monosynaptic basin appears at this point integrating 1.36 e 
which is associated with N2 non-bonding electron density 
region. This new electron population region is created from 
the decrease of electron density from the disynaptic basins 
V(C4,C5), V'(C4,C5), and V(C3,N2) that become popu-
lated 2.79 and 2.64 e, respectively. Note that the C4···C5 
reactive region develops to contain only one disynaptic 
basin associated with the forming C4−C5 single bond. 

At the IRC point P1, which is the first selected point 
after TSfn, the main change is presented by the increase of 
electron density of the monosynaptic basins V(C3) and  
V(C4) to achieve 0.53 and 0.74 e, respectively. In the same 
time, the V(C4,C5) and V(C3,N2) disynaptic basins continue 
their depopulation to become 2.25 and 2.26 e, respectively. 

At the IRC point P2, the remarkable change is the 
formation of two disynaptic basins V(O1,C5) and V(C3,C4) 
with a population of 0.99 and 1.55 e, respectively. These 
new basins are associated with the new forming C3–C4 and 
O1–C5 bonds. Thus, the formation of these disynaptic 
basins in the same point account for that the formation of 
the new bonds is slightly synchronous, in which the C3–C4 
new bond is formed through pseudodiradical mechanism, 
while the O1–C5 one is formed via a dative mechanism 
through the donation of a part of the non-bonding electron 
density of the oxygen O1 atom to the C5 atomic center. In 
addition to the previous remarks, the electronic population 
of disynaptic basins V(C4,C5) and V(C3,N2) decreases 
slightly to 2.01 and 1.99 e, respectively. 

At the IRC point P3 which is the last point before the 
full formation of cycloadduct 7fn, the electron density of 
the new V(O1,C5) and V(C3,C4) disynaptic basins increases 
to become 1.14 and 1.71 e, respectively. On the other hand, 
the electronic population of the V(C4,C5) and V(C3,N2) 
disynaptic basins slightly decreases further to arrive at 1.94 
and 1.88 e, respectively. 

Upon the arrival at cycloadduct 7fn, which is the last 
point on the IRC curve, the population of the reactive 
basins changes slightly, whereby the values associated with 

Valence basin MC TSfn P1 P2 P3 7fn 

V(C3,N2) 3.99 2.64 2.26 1.99 1.88 1.82 

V(C4,C5) 1.70 2.79 2.25 2.01 1.94 1.89 

V'(C4,C5) 2.09 – – – – – 

V(O1) 3.02 2.96 3.34 2.64 2.60 2.57 

V'(O1) 2.88 2.87 2.10 2.61 2.57 2.56 

V(N2) – 1.36 1.83 2.10 2.23 2.35 

V(C3) – 0.31 0.53 – – – 

V(C4) – 0.46 0.74 – – – 

V(C3,C4) – – – 1.55 1.71 1.82 

V(O1,C5) – – – 0.99 1.14 1.21 

Figure 4. Relative energy curve of the fused-endo path of the intra-
molecular 32CA reaction of nitrone–vinylphosphonate 6 together 
with selected IRC points. 

Table 4. ELF valence basin populations of the selected points at 
the IRC involved in the formation of the C3–C4 and O1–C5 
single bonds along fused-endo path of the intramolecular 32CA 
reaction of nitrone–vinylphosphonate 6. Electron populations 
are given in average number of electrons (e) 
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the newly forming bond C3–C4 and O1–C5 increase to 
become 1.82 and 1.21 e, respectively, and those of the 
reactive region C3···N2 (V(C3,N2)) and C4···C5 (V(C4,C5)) 
decrease to 1.82 and 1.89 e, respectively. 

In conclusion of this ELF topological analysis, the intra-
molecular 32CA reaction of the studied nitrone–vinyl-
phosphonate adduct begins with decreasing bond order of 
the C4=C5 and C3=N2 double bonds forming pseudo-
diradical centers at C3 and C4 atoms. These pseudo-
diradical centers are necessary for the formation of the  

new C3–C4 bond. The second O1–C5 single bond is 
formed through the donation of part of the non-bonding 
electron density of the O1 oxygen on the C5 carbon. The 
two new bonds are formed simultaneously, which accounts 
for a synchronous non-concerted mechanism.  

In this work, we have performed a MEDT study at the 
DFT B3LYP/6-31G(d,p) computational level of theory of 
the intramolecular 32CA reaction of a nitrone–vinyl-
phosphonate adduct, in order to investigate the experi-
mentally observed selectivity and to shed light on the 

Figure 5. ELF basins attractor positions of relevant points of the IRC curve together with the populations of the relevant valence basins 
along the most favorable fused-endo path of the intramolecular 32CA reaction of nitrone–vinylphosphonate 6. 



Chemistry of Heterocyclic Compounds 2023, 59(3), 171-178 

177 

nature of molecular mechanism of this type of 32CA 
reaction. The main conclusions of this study are as follows: 

1) CDFT reactivity indices analysis shows that the 
nitrone–vinylphosphonate adduct is a strong 
nucleophile and  moderate electrophile which may 
undergo cyclization through a polar 32CA reaction 
with low activation energy. 

2) Analysis of local reactivity indices based on Parr 
functions indicates that the main interaction is that 
between the most nucleophilic O1 atom center and 
the most electrophilic C5 atom center, leading to the 
formation of the fused regioisomers, as observed 
experimentally. 

3) Analysis of energetic profiles, shows that the fused-
endo reaction pathway is kinetically favored leading 
to the formation of the corresponding cycloadduct 
as a single product. 

4) The presence of solvent DCM has no qualitative 
influence on the regio- and diastereoselectivity of 
the reaction, but it increases slightly the activation 
energies and decreases the exothermic character of 
this intramolecular 32CA reaction. 

5) Analysis of thermodynamic parameters associated 
with this intramolecular 32CA reaction, indicates 
that it is exothermic and exergonic, characterized by 
low entropy values due to its monomolecular nature. 

6) Analysis of TSs geometries indicates that this 
intramolecular 32CA reaction of the nitrone–
vinylphosphonate adduct proceeds via a synchro-
nous mechanism for the more favored pathways. 

7) ELF topological analysis of the intramolecular 
32CA reaction of cyclization shows that it proceeds 
through a non-concerted synchronous mechanism. 

Computational details 

In this theoretical study, for the geometry optimization 
of all stationary points, we have used the Gaussian 09 
program.42 The theoretical method used for this study is the 
DFT with the B3LYP hybrid functional in conjunction with 
the basis set 6-31G(d,p).43,44 This level is shown to be 
suitable for geometry optimization and electronic property 
analysis of 32CA reactions and [4+2] Diels–Alder 
cycloaddition reactions.23,38,40,45,46 The structures of the TSs 
have been confirmed by the existence of a single imaginary 
frequency and correspond to the new forming bonds. 
Several studies devoted to 32CA reactions have reported 
that the inclusion of solvent effects in the optimization of 
the geometry causes slight changes in the geometries of the 
gas phase.13,47 Thus, the effects of DCM solvent were also 
taken into consideration through single point calculation 
from the gas phase optimized geometries using the polarizable 
continuum model48 within the self-coherent reaction 
field.49,50 Values of thermodynamic properties such as 
enthalpies, entropies, and Gibbs free energies in DCM were 
calculated using standard statistical thermodynamics at 
298K and 1 atm through the optimized gas phase 
structures.51 The natural bond orbitals method52,53 was used 
for the analysis of electronic structures in TSs. The IRC54 
paths were traced in order to verify the energy profiles 

connecting each TS to the two associated minima of the 
proposed mechanism using the second order González–
Schlegel integration method.55 

The CDFT global reactivity descriptors,56,57 i.e., the 
electronic potential (μ), the chemical hardness (η),58 the 
electrophilicity index (ω),59 and the empirical nucleo-
philicity index (N)60 have been calculated from the energies 
of the FMO (HOMO and LUMO), according to the following 
equations: μ = (εHOMO + εLUMO)/2, η = εLUMO – εHOMO, ω = μ2/2η, 
N = εHOMO(Nu) – εHOMO(TCE), where, TCE is the abbreviation 
of tetracyanoethylene, which is taken as reference, because 
it has the lowest HOMO energy among most widely used 
ethylenic molecules.  

The electrophilic (Pk
+) and nucleophilic (Pk

–) Parr 
functions33 which enable characterization of the electro-
philic and nucleophilic centers of a molecule were obtained 
by analysis of the Mulliken atomic spin density of the 
radical anion and the radical cation, respectively, of the 
studied molecule. Electronic structures of the selected 
structures were studied by ELF37 over the B3LYP/6-31G(d,p) 
single determinant wave functions using the Multiwfn 
program.61 

 
Supplementary information file containing values of 

total energies in gas phase and in dichloromethane, total 
enthalpies, entropies, and free energies, as well as the 
Cartesian coordinates of the stationary points involved in 
the intramolecular 32CA reaction of nitrone–
vinylphosphonate 6 is available at the journal website 
http://link.springer.com/journal/10593. 
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