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Abstract. A theoretical study of the regio- and stereoselectivities of the 1,3-dipolar cycloaddition reaction
between methyl crotonate and pyrroline-1-oxide has been carried out using density functional theory (DFT)
at the B3LYP/6-31G(d) level of theory. The reaction has been followed by performing transition state optimization, calculations of intrinsic reaction coordinate and activation energies; the molecular mechanism of the
reactions is concerted and asynchronous. The regio- and exo/endo-selectivity have been explained in terms
of frontier molecular orbital interactions, local and global electrophilicity and nucleophilicity indices and an
analysis of the Wiberg bond indices in the transition state. The FMO analysis and DFT-based reactivity indices
showed that the regioselectivity of this reaction is controlled by the HOMOdipole –LUMOdipolarophile interaction.
The activation parameters indicated favoured endo approach along the meta-pathway in agreement with the
experimental results.
Keywords. Pyrroline-1-oxide; dipolar cycloaddition; optimized structures; stereoselectivity; DFT-based
reactivity indices.

1. Introduction
1,3-Dipolar cycloaddition (1,3-DC) is one of the simplest approaches for the construction of five-membered
heterocyclic rings.1 Reactions between nitrones and
alkenes leading to isoxazolidines are well-known
construction processes.1 ,2 Substituted isoxazolidines
are interesting biological active compounds3 and could
be used as enzyme inhibitors.4 ,5 They are also frequently used as intermediates for the synthesis of a
variety of compounds after cleavage of the N–O bond.6
In the context of the cycloadditions of nitrones
with several dipolarophiles, we have reported a density functional theory (DFT) study of 1,3-dipolar
cycloaddition reaction between simple nitrone with
three-fluorinated dipolarophiles, analysis of the results
on different reaction pathways shows that the reaction occurs through a concerted process and proceed
more or less synchronously.7 We have also studied the
molecular mechanism for the 1,3-dipolar cycloaddition of nitrone with sulphonylethene chloride using ab
initio and DFT methods at the HF, MP2 and B3LYP
∗ For

correspondence

levels together with the 6-31G* basis set. Activation
energies and asynchronicity are dependent on the computation level. Thus, while HF calculations gave large
barriers, MP2 calculations tend to underestimate them.
DFT calculations gave reasonable values.8 Liu et al.9
have performed DFT calculations at B3LYP/6-31G*
level on the 1,3-dipolar cycloaddition reaction of the
simplest nitrone to dipolarophiles containing electronreleasing substituents. Here, the endo approach is
kinetically favoured because of stabilization of the
secondary orbital interactions. In another study,
Cossó et al.10 have used B3LYP/6-31G* calculations to
study the 1,3-dipolar cycloaddition reaction of unsubstituted nitrone with nitroethene. Asynchronicity in
the bond formation process in the two regioisomeric
approaches of the two reactants is found to be controlled
by the electron-deficient dipolarophile. Domingo
et al. have studied the 1,3-dipolar cycloaddition reaction of nitrones with several dipolarophiles using DFT
methods at the B3LYP/6-31G* and B3LYP/6-31+G*
levels.11 ,12 Their calculations predict an asynchronous
concerted mechanism and both stereo and regioselectivity were found dependent on the computational
model and computational level. Nacereddine et al.13
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have studied the regio- and stereoselectivities of the
1,3-dipolar cycloaddition of C-diethoxyphosphoryl-Nmethylnitrone with substituted alkenes (allyl alcohol
and methyl acrylate) using DFT method. An analysis of potential energy surfaces (PESs) shows that
these 1,3-dipolar cycloaddition reactions favour the
formation of the ortho-trans cycloadduct in agreement
with experimental data. Stecko et al. have reported
a DFT/B3LYP/6-31+G(d) study of the 1,3-dipolar
cycloaddition of cyclic nitrones with electron-poor and
electron-rich cyclic dipolarophiles: α, β-unsaturated
lactones and vinyl ethers. Different reaction channels
and reactants approaches, effective in regio- and stereochemical preferences are discussed; the results
were compared to experimental data and found in
good agreement.14 Recently, Acharjee and Banerji15
studied the 1,3-dipolar cycloaddition between C,Ndiphenyl nitrone and an unsymmetrical disubstituted
olefin at DFT/B3LYP/6-31G(d) level of theory. The
analysis of FMO energies, reactivity indices and charge
transfer in the transition states indicates a normal
electron demand character for the reaction.
The experimental investigations of Asrof et al.16
implied that the cycloaddition between pyrroline-1oxide 1 to dipolarophile 3b (methyl crotonate) gives
a mixture of substituted isoxazolidines 4b and 5b in
a 93:7 ratio, respectively (scheme 1). In what follows,
we present a DFT study on the cycloaddition reaction
involving cyclic 5-membered nitrone with methyl crotonate. Our results are presented and discussed on the
basis of the generated trends in terms of detailed conceptual DFT-based reactivity indices and the analysis of
stationary points on the potential energy surfaces. This
analysis allows to elucidate the regio- and stereoselectivities of the 1,3-dipolar cycloaddition and to explain
the experimental observations.

2. Computational details
All calculations reported in this paper were performed
using Gaussian 03 suite of programs17 along with the

graphical interface GaussView3.08. The full geometrical optimization of all structures and transition states
structures (TSs) were carried out with DFT by applying the Becke’s18 three-parameter hybrid functional
and Lee-Yang-Parr’s19 correlation functional. The basis
set 6-31G(d)20 has been employed for the prediction
of activation energies of cycloaddition reactions and
to provide geometries and electronic properties. The
stationary points were characterized by frequency calculations in order to check that the TSs had one and
only one imaginary frequency with the corresponding
eigenvector involving the formation of the newly created C–C and C–O bonds. Furthermore, the intrinsic
reaction coordinate (IRC)21,22 path was mapped to
authenticate the connection of a TS to the two associated minima of the proposed mechanism. Electronic
structures of critical points were analysed by the natural
bond orbital (NBO) method.23 Global reactivity indices
were estimated according to the equations recommended by Parr and Yang.24 In particular, the electronic
chemical potentials (μ) and chemical hardness (η) of
the reactants studied were evaluated in terms of the
one-electron energies of the frontier molecular orbital
HOMO and LUMO, using the following equations:
μ = (EHOMO + ELUMO ) /2,

(1)

η = ELUMO − EHOMO .

(2)

The values of μ and η were then used for the calculation
of global electrophilicity (ω) according to the formula:
ω = μ2 /2η.

(3)

The global nucleophilicity (N)25 is referred to tetracyanoethylene (TCE) because it presents the lowest
HOMO energy and a very large electrophilicity (ω =
5.95 eV) in a large series of molecules already investigated in the context of polar cycloadditions. The global
nucleophilicity can then be expressed as:
N = EHOMO(nucleophile) − EHOMO(TCE) .

(4)

The local electrophilicity (ωk )26 condensed to atom k
was calculated by projecting the indice ω onto any

Scheme 1. 1,3-Dipolar cycloaddition of pyrroline-1-oxide with methylcrotonate.

DFT study of the mechanism

285

where ρk (N+1), ρk (N) and ρk (N-1) are defined as the
grosselectronic populations of the site k in the anionic,
neutral and cationic species, respectively.
3. Results and discussions
For this 1,3-DC reaction between cyclic nitrone:
pyrroline-1-oxide and methyl crotonate, we first evaluated the geometrical parameters and energies of all
the stationary points (reactants, transition structures
and cycloadducts) at DFT/B3LYP/6-31G(d). Population analysis at the transition structures in terms of bond
orders and natural charges was performed, together
with an analysis based on the global and local reactivity indices of the reactants involved during the
cycloadditions.
3.1 Regiochemistry of 1,3-dipolar cycloaddition
reaction based on FMOs and reactivity indices analysis
Figure 1. Frontier molecular orbital (B3LYP/6-31G*))
interaction in the 1,3-DC between pyrroline-1-oxide and
methyl crotonate.

reaction centre k of the molecule by using Fukui
function fk+ .27
ωk = ω fk+ .
(5)
The local nucleophilicity (N k )28 condensed to atom
k was calculated using global nucleophilicity N and
Fukui function fk− according to the formula:
Nk = Nfk− .

(6)

For an atom k in a molecule, depending upon the type
of electron transfer, we have three different types of
condensed Fukui function defined as follows.29
fk+ = ρk (N + 1) − ρk (N) (for nucleophilic attack),
(7)
fk− = ρk (N) − ρk (N − 1) (for electrophilic attack),
(8)
fk0 =

ρk (N + 1) − ρk (N − 1)
2

(for radical attack),
(9)

3.1a FMOs analysis: In this section, the frontier
molecular orbital theory30 –39 was applied to explain the
regioselectivity and reactivity in 1,3-dipolar cycloaddition of methyl crotonate and the nitrone.
Analysis of the frontier molecular orbitals of the
reactants show that in the nitrone, both HOMO and
LUMO are π molecular orbitals (MOs). However, in
the methyl crotonate, the HOMO is a nonbonding MO
localized essentially on the oxygen of the carbonyl
group and, in consequence, it is expected that it will
not be directly involved in the 1,3-DC process. The
HOMO-1 of dipolarophile is a bonding π molecular
orbital with a large contribution of the atoms present
at the active sites, thus the relative reactivity can be
explained with analysis of this MO.
For a better visualization of the FMO approach, we
have presented in figure 1 the two possible interactions: HOMOdipole –LUMOdipolarophile (E1 = 4.649 eV)
and (HOMO-1)dipolarophile –LUMOdipole (E2 =7.112eV).
The FMO analysis for this cycloaddition shows that
the main interactions occur between the HOMO
dipole and the LUMO dipolarophile, thereby revealing normal electronic demand character of the cycloaddition reaction. This agrees with Sustmann’s type

Table 1. Molecular coefficients of the frontier molecular orbitals of the dipole and dipolarophile systems.
Dipole
HOMO

LUMO

O1

C3

O1

C3

0.4793

−0.3793

0.3024

0.4001

Dipolarophile
HOMO-1
LUMO
C4
C5
C4
C5
0.3522

0.3882

0.3976

−0.2472
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Table 2. HOMO, LUMO energies (in a.u.), electronic chemical potential (μ, in a.u.),
chemical hardness (η, in a.u.), global electrophilicity (ω, in eV) and global nucleophilicity
(N, in eV) for the two reactants.
Reactant
Dipole
dipolarophileb

HOMO

LUMO

μ

η

ω

Na

−0.20715
−0.26757

−0.00622
−0.03632

−0.106685
−0.15195

0.20093
0.23125

0.770
1.358

3.484
1.840

HOMO energy of tetracyanoethylene is −0.335179 a.u. at the same level of theory
Chemical potential, hardness, electrophilicity and nucleophilicity values are associated to
the HOMO-1 of dipolarophile

a

b

I reactions.40 ,41 According to Houk’s rule42 in general, regioselectivity of of these cycloadditions can be
rationalized in terms of more favourable FMO interactions between the largest coefficient centres of the
dipole and the dipolarophile. Table 1 shows that the
larger orbital coefficients for the binding atoms are
that of C4 of the dipolarophile and O1 of the dipole,
indicating that the important orbital overlap should be
between these two atoms. The oxygen of dipole favours
an interaction with C4 of dipolarophile and carbon of
dipole interacts with C5 of dipolarophile to give the
meta-regioisomer, which is the major product, obtained
experimentally.16 This result agrees with the 1,3-DC
of the cyclic nitrone to methyl propiolate studied by
Marco and Domingo11 who predicted the experimentally observed meta-regioselectivity.
3.1b Analysis in terms of global and local reactivity
of the reactants: The energies of frontier molecular orbitals, electronic chemical potential (μ), chemical hardness (η), global electrophilicity (ω) and global
nucleophilicity (N) for the two reactants have been
calculated using equations (1)–(4) and are reported in
table 2.
In section 3.1a, we saw that for the dipolarophile,
the HOMO cannot be used for interpreting the 1,3DC, in this case, the chemical potential, hardness,
nucleophilicity and electrophilicity have been evaluated
using this HOMO-1 and the LUMO energy values.
Electronic chemical potential of pyrroline-1-oxide
(−0.106685 a.u.) is higher than that of dipolarophile

methyl crotonate (−0.15195 a.u.), indicating thereby
that in this 1,3-dipolar cycloaddition, the charge transfer will take place from the dipole to the dipolarophile
in agreement with the FMO energy predictions. Values
of global electrophilicity of reactants are 1.358 and
0.770 eV, respectively, for methyl crotonate and nitrone.
Thus, nitrone 1 will act as a nucleophile whereas alkene
3b will act as an electrophile, and therefore indicate
that the electronic flux is from the dipole to the dipolarophile. The global electrophilicity difference ω
(0.588 eV) is characteristic of pericyclic reactions,43 ,44
which indicates a lower polar character for this
cycloaddition. This is also revealed by the low charge
transfer observed along this cycloaddition reaction
(see section 3.2d). Several studies related to cycloaddition reactions have shown that analysis of the local
electrophilicity indice, ωK at the electrophilic reagent
and the nucleophilic indice N K at the nucleophilic compound explain the observed regioselectivity.45 Values
of the Fukui indices f k , local and global electrophilicity indices ωK are reported in table 3 and for better
visualization, we have depicted the most favourable
two-centre interaction in figure 2. Dipolarophile methyl
crotonate has the largest electrophilic activation at the
C4 carbon atom, ωK = 0.340eV, whereas the dipole
pyrroline-1-oxide has the largest nucleophilic activation at the O1 oxygen atom NK = 1.428 eV. Therefore,
C4 atom of the dipolarophile will be the preferred
position for a nucleophilic attack by O1 of the dipole,
leading to the formation of the meta-regioisomer which
is in good agreement with the experimental data.16

Table 3. Pertinent natural populations and local properties (eV) of pyrroline-1-oxide and methyl crotonate calculated at
B3LYP/6-31G(d).
Reactant

site

ρ(N)

ρ(N+1)

ρ(N−1)

fk+

fk−

ωk

Nk

Dipole

O1
C3
C4
C5

−0.50908
−0.03563
−0.13191
−0.34803

−0.714
−0.353
−0.382
−0.447

−0.099
0.290
0.088
−0.046

0.205
0.317
0.250
0.099

0.410
0.326
0.220
0.302

0.158
0.244
0.340a
0.134a

1.428
1.135
0.405a
0.556a

Dipolarophilea
a

Values in this row were computed with the HOMO-1 contributions (see the text for details)
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Figure 2. Prediction of favoured interactions between
dipole and dipolarophile using DFT-based indices.

This fact agrees with the asynchronicity observed at
the transition states (see section 3.2b). The O1 -C4 or
C3 -C4 bonds formed at the meta-TSs or ortho-TSs are
shorter and more advanced than the C3 -C5 or O1 -C5
bonds. This is in agreement with other DFT cycloaddition studies45 h suggesting that the most electrophilic
reagents control the asynchronicity of the process by a
larger bond-formation process at the most electrophilic
site of the molecule.
3.2 Mechanistic study of the cycloaddition reaction
based on activation energy along the different paths
of the reaction
3.2a Energies of the transition structures: In the
present study, the structures of transition states are
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located through vibrational frequency analysis. Each
transition state is characterized by a single imaginary frequency. We have considered four reactive
channels corresponding to the endo and exo-approaches
of the dipolarophile towards the dipole via two
regioisomeric pathways – ortho and meta. A convenient naming system has been employed for the
structures of the transition states and the cycloadducts
(scheme 2). So, TS-oen and TS-oex are the transition structures for the endo and exo approaches of
the dipolarophile on the dipole, respectively, along
the ortho-channels leading to products, P-oen and
P-oex. Similarly, TS-men and TS-mex are the TSs
for the endo and exo approaches of the dipolarophile
on the nitrone, respectively, along the meta-channels
leading to products, P-men and P-mex. The orthopathways correspond to the O1 /dipole–C5 /dipolarophile
and C3 /dipole–C4 /dipolarophile bond-formation process (5-substituted-CO2 Me-isoxazolidine), whereas the
meta-channels correspond to the formation of the
4-substituted-CO2 Me-isoxazolidine by the formation
of the O1 /dipole–C4 /dipolarophile and C3 /dipole–
C5 /dipolarophile bonds. A schematic representation of
the four optimized transition state structures is presented with the atom numbering in figure 3. Total energies (in a.u.) for the all species and relative energies (in
kcal/mol) for the TSs and cycloadducts are summarized
in table 4. The PESs, corresponding to all the reaction
channels, are illustrated in figure 4.

Scheme 2. The exo and endo approaches of pyrroline-1-oxide to alkene 3b.
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TS-men

TS-mex

TS-oen

TS-oex

Figure 3. Transition structures corresponding to the regioisomeric path of the 1,3DC reaction between pyrroline-1-oxide and methyl crotonate. Distances directly
involved in the forming-bond process are given in angstroms.

As shown in table 4, the activation barriers associated with the cycloaddition reactions are: 10.4 kcal/mol
(TS-men), 12.54 kcal/mol (TS-mex), 12.77 kcal/mol
(TS-oen) and 14.84 kcal/mol (TS-oex). Accordingly,
it can be predicted that the meta/endo-regioisomer
will be formed preferentially. Formation of the
four cycloadducts P-men, P-mex, P-oen and P-oex
are exothermic by −18.79, −12.54, −10.08 and −8.83
kcal/mol, respectively. These values reveal that metaapproaches are favoured in regard to ortho ones along
the cycloaddition process, in agreement with the FMO
analysis. In this case, the kinetic and thermodynamic
products are coincident and then only the formation of
P-men is noticeable, in good agreement with the experimental observations.16 The favoured formation of the
endo-cycloadduct can be attributed to the stabilizing

secondary orbital interactions of the ester carbonyl
group in the LUMO of the dipolarophile with the
HOMO lobe on the nitrogen atom of the cyclic nitrone.
This fact is also in agreement with the study of Houk
et al.9 who have performed an ab initio study on
the 1,3-DC of a simple nitrone to dipolarophiles containing electron-releasing substituent. Once again, the
endo-cycloadduct was kinetically favoured owing to
stabilizing secondary orbital interactions. To take into
account the solvent effects, single-point calculations
at the B3LYP/6-31G* gas phase optimized geometries have been performed. A self-consistent reaction
field (SCRF)30,46 model based on the polarizable continuum model (PCM) of Tomasi’s group47 have been
applied. The solvent used in the experimental study
is dichloromethane, so we have used the dielectric

DFT study of the mechanism
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Table 4. Total energies (a.u.) in gas and solvent phases of reactants, transition states and
cycloadducts of the 1,3-DC reaction between pyrroline-1-oxide and methyl crotonate and
relative energies (kcal/mol).
Stationary point

Gas phase
ET

Dipole
Dipolarophile
TS-men
TS-mex
P-men
P-mex
TS-oex
TS-oen
P-oen
P-oex

−286.5409594
−345.7883925
−632.31335235
−632.30937005
−632.3592947
−632.34933701
−632.30900781
−632.30569459
−632.34541471
−632.34341574

E ∗

10.04
12.54
−18.79
−12.54
12.77
14.84
−10.08
−8.83

Dichloromethane solvent
ET
E ∗
−286.5513743
−345.7947538
−632.3235962
−632.3202759
−632.3672016
−632.3564185
−632.3169918
−632.3150561
−632.3549487
−632.3520319

14.14
16.22
−13.22
−6.45
18.28
19.49
−5.53
−3.71

* (Reference: Sum of the energies of the reactants)

constant, at 298 K, ε = 8.93. In dichloromethane
solvent, the reactants are more stabilized than TSs and
cycloadducts. As a consequence, the activation barriers associated with the four TSs: TS-men, TS-mex,
TS-oen and TS-oex increase to 14.14, 16.22, 18.28 and
19.49 kcal/mol, respectively. Solvent effects decreased
the exothermicity of the process because of the greater
solvation of the polar nitrone than that of the TSs
and cycloadducts.10 ,48 We can conclude that the solvent effect produces minor changes of regio and

stereoselectivity relative to the gas-phase since the
trends of the relatives energies are the same.
3.2b Geometries of the transition structures: The
optimized geometries of four TSs corresponding to the
reaction of pyrroline-1-oxide and methyl crotonate are
depicted in figure 3. The corresponding selected geometric parameters, illustrated in table 5, reveal that all
transition structures are asynchronous. For both transition structures TS-men and TS-mex, the Lengths of

Figure 4. Relative energy profiles (to reactants, in kcal/mol) of stationary points in gas and solvent phases.
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Bond distances and bond differences (in Angstrom) of the two newly formed bonds at the transition structures.
d(O1 –C4 )

TS-men
TS-mex

Meta-channels
d(C3 –C5 )

1.89
1.93

2.29
2.27

d(O1 –C5 )

d
0.40
0.34

the C–C forming bonds (2.29 and 2.27 Å) are markedly
longer than that of the C–O forming bonds (1.89 and
1.93 Å) showing a significantly dissymmetry for the
two newly formed bonds in these TSs. However, in
the ortho-pathways, C–O forming bond in TS-oen and
TS-oex (2.18 and 2.22 Å) is longer than C–C forming bonds (2.04 and 2.03 Å). This shows a change
of the asynchronicity on the bond formation process
for the two regioisomeric pathways. The degree of
asynchronicity, d, can be determined by considering
the difference between the lengths of the two forming
bonds such that d = |d(C–O) – d(C–C)| as shown
in table 5. It appears clearly that the meta-TSs are
more asynchronous (d ≈ 0.34–0.40 Å) than the ortho
ones (d ≈ 0.14–0.18 Å). The transition state associated with the more favourable stereoisomeric channel:
TS-men is much more asynchronous than those associated with the other channels. This fact supports
the empirical rule that holds for a variety of Diels–
Alder cycloadditions that ‘for dissymetrically substituted dienophiles, the more asynchronous transition
state has the lower energy’.45 –51
3.2c Transition vectors and frequencies analysis:
Transition vectors (TVs) analyses allow us to understand the chemical process associated with each
transitions structure involved in this 1,3-DC. We have
reported in table 6, the imaginary frequencies, the main

TS-oen
TS-oex

2.22
2.18

Ortho-channels
d(C3 –C4 )
2.03
2.04

C3 –C5
O1 –C4
Ha4 , C4 , C5 , Ha5
Ha3 , C3 , N2 , O1
Imaginary frequency eigenvalue
C3 –C4
O1 –C5
Ha4 , C4 , C5 , Ha5
Ha3 , C3 , N2 , O1

0.18
0.14

TVs components and their corresponding geometric
parameters for the four transition states. For the two
meta-TSs (TS-men and TS-mex), the dominant TV
components are associated with the C3 –C5 (≈0.38)
and O1 –C4 (≈0.43) bond distances, which correspond
to the two newly σ -bonds formed in these 1,3-DC
processes. For the ortho-TSs, the values of the C3 –C4
components (≈0.46–0.51) are larger than for the O1 –
C5 ones (≈0.29). It can appear, from these values, the
asynchronicity in the bond formation process along
this 1,3-DC because the TVs components associated
with the C3 –C5 and O1 –C5 bonds are different. Several
dihedral angles also participate in the transition vectors. The Ha4 –C4 –C5 –Ha5 dihedral angle is associated
with the hybridization change that is developing in the
C4 and C5 centres from sp2 to sp3 . The Ha3 –C3 –N2 –O1
dihedral angle shows the sp2 to sp3 re-hybridization
taking place at the N2 nitrogen centre along the 1,3-DC
reactions. The imaginary frequency values from TSmen, TS-mex, TS-oen and TS-oex are 406.9i, 406.6i,
412.4i and 424.1i cm−1 , respectively. These values are
lower than those for the Diels–Alder cycloadditions
(500 cm−1 ) and indicate that these processes are associated with heavy atom motions and are also related to
the earlier TSs.
3.2d Bond order and charge analysis: In connection
with the structure of the transition states, the bond order

Table 6. Imaginary frequency (cm−1 ), Hessian unique eigenvalue (au), main components
of the transition vector (au) and corresponding geometric parameters (lengths in Angstrom,
angles in degree) for the TSs corresponding to the 1,3-DC.
Imaginary frequency eigenvalue

d

TS-men
406.9i
−0.01401
0.37799
0.43420
−0.18286
0.22631
TS-oen
412.4i
−0.01204
0.46317
0.28721
0.08307
0.20814

2.286
1.889
−153.6
−42.3

TS-mex
409.6i
−0.01426
0.38174
0.43277
0.13904
0.21624

2.276
1.928
161.9
−40.6

2.036
2.219
160.7
−47.3

TS-oex
424.1i
−0.01406
0.51196
0.29544
−0.15623
0.22219

2.036
2.179
−149.4
−46.0
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Table 7. Charge transfer (NPA qCT), Wiberg bond orders of forming bonds at transition
structures and cycloadducts and percentage of their formation at TSs.
NPA qCT (e)
O1 −C4 (%)
C3 −C5 (%)

TS-men
0.09
0.4672

P-men
0.9040

TS-mex
0.09
0.4443

51.68
0.3318

0.9689

TS-oen
0.09
0.2986

0.3287

P-oen
0.9322

0.4735

TS-oex
0.07
0.3245

0.9843

4. Conclusion
In summary, we have checked in the present theoretical study, the regioselectivity and stereoselectivity of the 1,3-dipolar cycloaddition reaction of the
cyclic nitrone: pyrroline-1-oxide and methyl crotonate
using both frontier molecular orbitals analysis and complete exploration of the potential energy surface at
DFT/B3LYP level using the 6-31G* basis set. For this
cycloaddition, four reactive pathways have been characterized relative to the endo and exo approaches of the

P-oex
0.9221
35.19

0.4872

48.10

(BO) values are used to analyse of the evolution of bond
formation or bond breaking along the reaction pathway. To also understand the molecular mechanism in
this study, the Wiberg bond indices52 have been computed using the NBO population analysis, the results
are reported in table 7. General analysis of the bond
order values for all the transition structures showed that
the cycloaddition process is particularly asynchronous.
For the meta-TSs, the values of percentage of forming
O1 –C4 bonds, in the ranges of 51.68–49.01, are greater
than those for the forming C3 –C5 ones (34.24-33.74).
For the ortho-TSs, however, the percentage of forming
bond O1 –C5 (35.19–32.03) has lesser values than that
of C3 –C4 bond (49.57–48.10).
A comparative study of the values of activation
energies, bond orders and frequencies corroborates the
fact that the more asynchronous TSs presents a lower
activation barrier and a lower imaginary frequency.11 ,51
The charge transfer evaluated by the natural population analysis in terms of the residual charge on the
pyrroline-1-oxide fragment, for all the optimized TSs,
are listed in table 7. Positive values are indicative
of an electron flow from the HOMO/dipole to the
LUMO/dipolarophile, in agreement with the electronic
chemical potential values, but their magnitudes reveal
an almost neutral reaction.

0.9740
33.74

32.03
C3 –C4 (%)

0.9064
49.01

34.24
NPA qCT (e)
O1 −C5 (%)

P-mex

0.9828
49.57

dipolarophile to the dipole along the ortho and metaregioisomeric pathways. Analysis of FMO energies,
electronic chemical potentials and charge transfer at
the transition states indicates a normal electron demand
character for the reaction. Interaction energies for the
global–global and local–global interactions have been
investigated revealing a clear preference for the metaregioselectivity of the cycloaddition process. Geometrical parameter and Wiberg bond indices indicate that
the cycloaddition reaction follows a concerted mechanism with asynchronous transition states. General analysis of the bond order values for all the TSs structures showed that the cycloaddition process is asynchronous. This theoretical study shows a clear preference for the meta-regioselectivity of the cycloaddition
process in conformity with the experimental findings.
This study also demonstrates that B3LYP/6-31G(d) calculations can be used for description of the cycloaddition reaction between the 5-membered cyclic nitrone
and an unsymmetrically disubstituted olefin.
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