
Regio- and stereoselectivity of [2� 3] cycloaddition of (E)-
b-nitrostyrenes to (Z)-C,N-diphenylnitrone in the light of
AM1 and AM1/COSMO calculations†

Andrzej Baranski,* Marta Olszanska and Katarzyna Baranska

Department of Organic Chemistry, Krakow Technical University, 31±155 Krakow, Poland

Received 21 November 1999; revised 10 February 2000; accepted 22 March 2000

ABSTRACT: Four isomeric pathways for the [2� 3] cycloaddition of (E)-b-nitrostyrenes (1a–c) with (Z)-C,N-
diphenylnitrone (2) in gas phase and in a dielectric medium corresponding to the relative permittivity of toluene was
evaluated in terms of AM1 and AM1/COSMO calculations in order to predict the reaction regio- and stereoselectivity.
It was found that in the gas phase reaction takes place in a concerted manner independent of the nitrostyrene used as a
dipolarophile and the [2� 3] cycloadduct formed. The activation barriers obtained indicate that pathsB and D
(Scheme 1) are favored. The highest activation barrier occurs on the pathC. In toluene solution this trend changes and
the reaction paths can be ordered in the sequenceB> A > D> C. An increase in the polarity of the reaction medium
elevates the activation barriers and in some cases changes the reaction mechanism. An increase in the electron-
withdrawing character of the substituent in the benzene ring of (E)-b-nitrostyrene speeds up the reaction both in the
gas phase and in toluene solution but does not affect the reaction regio- and stereoselectivity. Copyright 2000 John
Wiley & Sons, Ltd.
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INTRODUCTION

The present paper is intended as a continuation of our
studies concerning the reactivity of conjugated nitroalk-
enes in [2� 3] cycloaddition reactions.1–3 In particular,
its goal was to evaluate the substituent effect in
nitroalkene on the regio and stereoselectivity of the
reaction between (E)-b-nitrostyrenes (1a–c) and (Z)-C,N-
diphenylnitrone (2) (Scheme 1). The [2� 3] cycloaddi-
tions are the core of the pericyclic reactions and an
understanding of structure-reactivity correlation in these
processes is essential from both theoretical and practical
point of view.

It is generally accepted4–6 that alkene–nitrone cy-
cloadditions can occur with the alkene and nitrone
approaching each other in either of two possible
regiochemical manners and in either anendo or exo
fashion giving rise to two pairs of regio- and stereo-
isomeric products. In the case of reactants studied the
expected products should be 2,3-diphenyl-5-aryl-4-ni-
troisoxazolidines (3a–c, 4a–c) and 2,3-diphenyl-4-aryl-
5-nitroisoxazolidines (5a–c, 6a–c). However, at 353 K in

toluene solution, a high degree of regiocontrol was
observed and 4-nitroisoxazolidines (3a–c and4a–c) were
obtained as the only reaction products.7–9

In order to gain a better insight into the regio- and
stereochemical aspects of the reaction, quantum chemical
studies of the competitive pathsA–D in the gas phase and
in a dielectric medium corresponding to the relative
permittivity of toluene were carried out. For each of them

Scheme 1
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the activation parameters were determined. Although
[2� 3] cycloaddition of conjugated nitroalkenes to
nitrones is a widely used method for the preparation of
nitroisoxazolidines,10,11 these reactions were not the
object of theoretical studies in the past. As far as we
know, only [2� 3] cycloaddition of nitroethylene to the
parent nitrone was explored by means of the AM1
method by Pascalet al.12 and the regioselectivity of the
process was evaluated in good agreement with experi-
mental data.

CALCULATION PROCEDURE

The calculations were performed on the CONVEX SPP
1600/XA computer at the regional computer center
CYFRONET in Krakow, using the MOPAC-93 program
package.13 Considering the number and size of the
molecular systems that are the subject of the present
study, the choice of a semiempirical method was
necessary. Because some experimental data are available
for 1a and 2, these compounds were used to select the
most appropriate method among MNDO, AM1 and PM3
for our calculations. As can be seen from Table 1, the
AM1 model leads to the closest agreement with the
observed parameters and therefore this method was
adopted for all further calculations.

For the purpose of the reaction path simulation, the
substrates were placed 12.5 A˚ apart and the geometry for
the so-obtained supermolecule (R) was optimized with
the EF procedure. This geometry was used in combina-
tion with the final [2� 3] cycloadduct geometry (P) to
localize the saddle point for each possible reaction path
by means of the SADDLE routine. The transition-state
structures (TS) were subsequently optimized with
NLLSQ and TS procedures and their nature were
confirmed by calculations of the Hessian matrix and by
intrinsic reaction coordinate (IRC) calculations. The
calculations indicated that allTS structures showed only
one negative force constant, while IRC calculations
provided structures associated with the local minimuma
(LM ) and cycloadducts (P).

The COSMO algorithm of Klamt and Schu¨ürmann,14

as implemented in the MOPAC 93 program package, was
applied to the solvent simulation. In this method, the
solvent is taken into account by means of its dielectric

constant (EPS), effective solvation radius (RSOLV), and
the parameter which defines the solvent accessible
surface area (NSPA). It was assumed that EPS = 2.4
and NSPA = 40. Following the recommendations of the
authors of the method,14 it was assumed that RSOLV = 1.
The same Hamiltonian and the same calculation
methodology were applied to the toluene solution as to
the gas phase. However, a major problem was detected
with MOPAC-93 in that all IRC calculations failed to
complete correctly when the COSMO procedure was
used. Therefore,TS structures were in turn verified by
increasing and decreasing the lengths of the newly
formed s-bonds by 0.02 A˚ , and optimizing the so-
obtained geometry with the EF procedure. In this way
minima associated withLM, P and intermediateI
structures were localized.

All stationary structures were optimized to a gradient
norm of less than 0.2 in the gas phase and 0.4–0.6 in
toluene solution. The absolute entropies of all structures
were calculated from a complete vibrational analysis.
Enthalpies were corrected to the free energies using
calculated entropies. The calculations presented in this
paper were carried out for 353 K.

RESULTS AND DISCUSSION

The AM1 calculations indicated that irrespective of the
pair of reactants used, for each gas-phase reaction

Table 1. Selected physical and structural parameters for (E)-b-nitrostyrene (1a) and (Z)-C,N-diphenylnitrone (2) as calculated by
the three semiempirical methods and observed by experiment

1a 2

Method I (eV) �(D) IC=C (Å) I (eV) �[D] IC=N (Å) IN—O (Å) �O—N=C (°)

MNDO 9.73 6.12 1.354 8.81 4.05 1.347 1.228 125.02
AM1 9.89 6.06 1.347 8.40 3.78 1.337 1.228 126.14
PM3 10.04 6.08 1.345 8.66 4.17 1.336 1.242 127.78
Experiment 9.12 [19] 4.51 [20] — 7.40 [21] 3.44 [22] 1.297 [23] 1.289 [23] 124.40 [23]

Figure 1. Typical reaction pro®le for the [2� 3] cycloaddi-
tion of (E)-b-nitrostyrenes 1a±c with (Z)-C, N-diphenylnitrone
2 in the gas phase. Structures at the marked points are
depicted in Fig. 2
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pathway between the structures of the reactantsR and
final productsP studied two stationary structures can be
localized (Fig. 1).

The values of the heats of formation (DH353), entropies
DS353), dipole moments (Z), charge transfer (t) and
charges on the reaction sites (d) and some essential
geometric dimensions are shown in Table 2. The
magnitude of charge transfer in the critical structures
was obtained by Mulliken population analysis using an
expression given by Leroyet al.15 The positive value of
the charge transfer denotes the charge shift from the
substructure of 1,3-dipole to the one of dipolarophile.
Figure 2 shows PLUTO views of critical structures
associated with substrates1a and 2. The critical
structures associated with the other reactants were similar
to those shown. The values of relative thermodynamic
parameters of the local minimas, transition states and
products are presented in Table 3.

Initially, as can be seen from Fig. 1, interaction of
nitrostyrenes1a–c with nitrone2 in the gas phase leads
without an activation barrier to a suitableLM on the
potential energy hypersurface (PES). During this transi-
tion, the geometry of the reactants remains practically
intact; the substrates only rearrange in space so as to
provide the most favorable electrostatic interaction. No
charge transfer was observed in any of the substrate
arrangements corresponding to particularLM . These
arrangements resulted from IRC calculations of the
individual reaction paths, butLM structures indicate
that they are not directly related to the [2� 3]
cycloaddition process. They result rather from the
tendency of the system for energy minimization. In such
huge systems with many degrees of freedom, there are
many local minima on the PES. Which of the minima is
found by the IRC procedure depends only on the assumed
initial conditions. Indeed, within the structures found for
the local minima, there is no apparent relationship
between the substrate arrangements and the nature of
substituent in (E)-b-nitrostyrene or the type of isoxazo-
lidine isomer formed. Hence, theLM structures can be
treated as the minima on the PES only in respect of their
enthalpy of formation, while the magnitude of�H 6�353may
vary betweenÿ2.5 andÿ7.4 kcal molÿ1 (1 kcal = 4.184
KJ) depending on the type of nitrostyrene and the
reaction path. However, from the thermodynamic point
of view, �G6�353values exclude the existence of stableLM
structures at ambient or elevated temperatures, because
of large negative entropy changes associated with the
formation of these structures in each of the analyzed
reactions. It should be noted that the IRC calculations
give the reaction path of minimal energy at 298 K. The
difference in theDH°f of LM andR structures is equal to
the difference in SCF energies for AM1. The FORCE and
THERMO procedures allow adding translational, rota-
tional and vibrational contributions at 353 K from
classical statistical mechanical formula. These formula
come, however, from partition functions, which do not

correspond to a total sampling of the PES, and therefore
the DS values can be impaired by a relatively large
error.13

The motion forward along the reaction pathsA–D
towards cycloadductsP leads to transition statesTS.
Within these structures (Fig. 2), the substituents attached
to the C=C double bond of dipolarophile and C=N
double bond of 1,3-dipole are deflected away from the
reaction site, because of rehybridization of the atoms at
the site. The substituents reorient themselves so as to
assume the position they occupy in the final product.
Although these structures suggest a concerted reaction
mechanism, they are not fully symmetric. The news-
bonds are formed simultaneously but not to the same
extent, as indicated by values of the C5—O1 and C3—C4
bond length (Table 2). In the case of the studied reaction
paths, independently of the substrate pair selected, the
C5—O1 bond is formed faster than the C3—C4 bond, but
the transition states involved in pathsC and D are
significantly more symmetric. This phenomenon can be
explained in terms of charge distribution within the
substructures inLM complexes. In the substructure of
diphenylnitrone 2 there is a large negative charge
localized on the oxygen atom. In (E)-b-nitrostyrenes
1a–c there is a large negative charge on the carbon atom
adjacent to the nitro group and a very small charge on the
carbon atom adjacent to the aryl ring. This causes
stronger repulsion between the corresponding carbon and
oxygen atoms when 5-nitroisoxazolidines5a–c and6a–c
are formed compared with the formation of the 4-
nitroisoxazolines3a–c and4a–c.

The Mulliken population analysis of charge distribu-
tion within the transition states indicates that the charge
shift occurs from the substructure of diphenylnitrone2
towards substructure of (E)-b-nitrostyrenes1a–c. As
expected, the magnitude of the charge transfer increases
with the increase of electrophilicity of the substituent R
in nitrostyrene. Moreover, there is a significant difference
in the values oft depending on the type of the isomer
formed. In general, the charge transfer is highest in the
case of the formation of 4-nitroisoxazolidines3a–c and
4a–c (Table 2).

The calculated activation enthalpies (�H 6�353)and free
enthalpies (�G6�353)indicate that in the gas phase the
reactivity of (E)-b-nitrostyrenes increases with increase
in electron-withdrawing character of the substituent R
(1c> 1a> 1b), which is in agreement with the kinetic
data obtained for these reactions in toluene solution.9 The
observed substituent effect on reactivity is consistent
with the perturbation interaction diagram elaborated by
us on the basis of estimated energies of the frontier
molecular orbitals (FMO) for reactants2 and1a–c (Fig.
3). It is evident from this diagram that the energy gaps
between the HOMO of2 and LUMO of 1a–c (DE1) are
smaller than those that are between the HOMO of1a–c
and the LUMO of2 (DE2). Furthermore, it is evident
from Fig. 3 thatDE1 decreases with increase in electron-

Copyright  2000 John Wiley & Sons, Ltd. J. Phys. Org. Chem.2000;13: 489–498
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withdrawing character of substituent inb-nitrostyrene.
Consequently, according to PMO theory,16 the reactivity
of these nitrostyrenes should increase in the same order.

Concerning the regio- and stereoselectivity of the
reaction, it is evident that the formation of nitroisox-
azolidines according to pathB is favored (Table 3). The
highest activation barrier occurs on pathC. The
activation parameters for pathsA and D are located in
between, while the former path shows higher activation
enthalpy than the latter. If the interaction diagram is used
for predicting the reaction regioselectivity, then accord-
ing to the PMO theory,16 the interaction of both pairs of
FMO favors formation of 4-nitroisoxazolidines3a–c and
4a–c. The discrepancy between the results obtained on
the basis of PMO theory and those obtained directly from
PES calculation seems to prove a notable effect of steric

factors on the reaction regioselectivity (at least within the
gas phase).

In general, the magnitude of the activation enthalpies
suggests that the rehybridization of the reaction sites in
the studied transition states is not highly evolved. On the
other hand, the large negative values of the activation
entropy indicate a high ordering of reactants in the
reaction system. These are characteristic features of a
concerted reaction mechanism. However, evaluation of
the full meaning of the calculated Eyring parameters is
not easy, because the kinetics of the reactions studied
have not been an object of experimental investigations in
the gas phase.

The AM1/COSMO calculations for the [2� 3]
cycloaddition of nitrostyrenes1a and1b to diphenylni-
trone 2 in toluene solution predict, as in the gas phase

Figure 2. PLUTO views of stationary structures for [2� 3] cycloaddition of (E)-b-nitrostyrene (1a) with (Z)-C,N-diphenylnitrone
(2) in the gas phase

Copyright  2000 John Wiley & Sons, Ltd. J. Phys. Org. Chem.2000;13: 489–498
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(Fig. 1), only LM and TS structures between the
structures ofR and P along each studied reaction
pathway. Their geometric dimensions are similar to
those found for the gas phase, but other physical
properties are slightly changed (Table 2). In particular,
all local minima are shallower and their enthalpy of
formation from the substrates does not exceed
ÿ2.6 kcal molÿ1. Moreover, the large negative entropy
of formation of these causes, as a rule, the corresponding
�G6�353to be higher than the�G6�353calculated for the gas
phase. One has to keep in mind, however, that entropy
value calculated by the COSMO procedure can be
impaired by a relatively large error13,14.

The TS structures also changed slightly but solely in
the case of pathsC andD. For pathsA andB asymmetry
of the transition states increased significantly. The
differences in the lengths of the newly formeds-bonds
increased up to ca 0.6 A˚ . These changes, when combined
with the ca 30% increase int, suggest that increasing the
alkene electrophilicity should favor the reaction course
according to a zwitterionic mechanism.17,18

Actually, when nitrostyrene1c was involved in
calculations as dipolarophile, between structuresR and
P four stationary structures were found on pathsA andB
(Figs 4 and 5, Table 2). Initially, as in the gas phase,
interaction of1c with 2 leads with any activation barrier
to supermoleculesLM , which are similar to those
obtained for the other two pairs of reactants. Each of
them contains a practically undistorted structure of
dinitrostyrene1c and diphenylnitrone2 at a distance that
is outside the characteristic range for covalent bonding.
As the reactants approach each other, structuresTS'
appears on pathsA and B. Analysis of the Hessian
matrices revealed that in both cases there was only one

negative force constant in each matrix, corresponding to
imaginary frequencies of 392.9i and 379.4i cmÿ1,
respectively. BothTS' structures are extremely unsym-
metrical. In the case of pathA the C3—C4 and C5—O1
distances are 3.608 and 1.707 A˚ , whereas for pathB they
are 1.466 and 1.716 A˚ . As can be seen for each path, the
latter distance is characteristic of the transition state,
while the former is far beyond the range of distances
characteristic of the saddle point in the gas phase (cf. data
in Table 2).

Movement forward along both reaction paths leads to
structures of intermediatesI . The Hessian matrices
calculated for structuresI did not show any negative
eigenvalue. Their energy is higher than that of the
reactantsR and also the final productsP (Fig. 4, Table 3).
Both structures already have a fully formed C5—O1

Figure 3. Correlation diagram for the [2� 3] cycloaddition of (E)-b-nitrostyrenes 1a±c to (Z)-C,N-diphenylnitrone 2. Data for plot
taken from AM1 calculations; energies of HOMO and LUMO are given in parentheses

Figure 4. Typical reaction pro®le for the [2� 3] cycloaddi-
tion of p,b-dinitrostyrene (1c) to (Z)-C,N-diphenylnitrone (2)
in toluene solution according to paths A and B. Structures at
the marked points are depicted in Fig. 5
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bond (Fig. 5) of length 1.529 and 1.540 A˚ , respectively;
however, the other key distances still remain very large
and equal 3.523 and 3.513 A˚ , respectively. Moreover,
there is a very large charge separation in these structures.
According to Mulliken population analysis, 0.66e is
transferred to the substructure of dinitrostyrene from that
of diphenylnitrone inI on pathA, and 0.72e in I on path
B. Therefore, it seems that both intermediates should be
interpreted in terms of a zwitterion.

As the reaction progresses, the distance between the
center C4 and C3 decreases, and the transition statesTS
appear on the PES. Analogously as in the case of
transition statesTS', the analysis of the Hessian matrix
showed a single negative eigenvalue, corresponding to
imaginary frequencies of 202.7i and 110.6i cmÿ1,
respectively, in the case of pathsA andB. The calculated
transition vectors connect minima of intermediatesI with
the minima of the corresponding cycloadductsP, which
confirms that these stationary points are true transition
states for the conversion ofI into P. The structures of
bothTS are not symmetric, but the lengths of the newly
formed bonds are within the range of distances
characteristic of transition states calculated for the
cycloaddition of other studied reactants (Table 2). In
both cases the charge transfer takes place in the direction
from substructure of 1,3-dipole to substructure of
dipolarophile, but it is substantially smaller than in
intermediatesI , but larger than in transition statesTS'.
The enthalpy change of the first stage of the reaction
(R→I ) along pathB is 0.89 kcal molÿ1 lower than that

along pathA. For the second stage (I→P) the trend is the
same; the enthalpy change along pathB is 1.38 kcal
molÿ1 lower than that along pathA.

For the reaction of1c and 2 along pathsC and D,
analogously as in gas phase (Fig. 1), betweenR and P
only two critical structures, namelyLM and TS, were
localized. Their molecular properties were similar to
those obtained for other studied reactants (Table 2).

The activation parameters calculated for the reaction
of 1a–c with 2 in toluene solution are collected in Table
3. They indicate a variation of the activation enthalpy
from 34.81 to 22.21 kcal molÿ1, and of the activation
entropy fromÿ79.5 toÿ60.2 cal molÿ1 Kÿ1 depending
on the reaction path and dipolarophile used. It should be
noted that the activation parameters for several nitrone
cycloadditions on topara-substitutedb-nitrostyrenes in
toluene solution have been measured in our laboratory. It
was found that these reactions are characterized by
modest activation enthalpies ranging between 16 and
17 kcal molÿ1, and negative entropies of activation,
ranging from 28 to 32 cal molÿ1 Kÿ1. Hence the AM1/
COSMO values are considerably overestimated. Never-
theless, they indicate that, in toluene solution, the
reactions along pathsB and A should be fastest, while
pathB should still be preferred. The reactivity order of
nitrostyrenes1a–c in comparison with the gas phase
remains unchanged. These results are in good agreement
with the PMO predictions (Fig. 3) and with the
experimental data.8,9

In toluene solution the activation barriers are, as a rule,

Figure 5. PLUTO views of stationary structures for [2� 3] cycloaddition of E-p,b-dinitrostyrene (1c) with Z-C,N-diphenylnitrone
(2) in toluene solution according to paths A and B
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higher than those calculated for the gas phase, which
suggests that the reaction should slow with an increase in
the polarity of the medium. This suggestion, although
requiring additional calculations, is in agreement with
our recent kinetic study performed for the reaction of1a
with 2 in reaction media with different ionizing powers.8

CONCLUSIONS

The AM1 calculations carried out for the gas phase
suggest a concerted reaction mechanism for the [2� 3]
cycloaddition of (E)-b-nitrostyrenes1a–c with (Z)-C,N-
diphenylnitrone2. While the formation of 2,3-diphenyl-
4-aryl-5-nitroisoxazolidines (pathsC and D) seems to
occur almost synchronously, in the case of 2,3-diphenyl-
5-aryl-4-nitroisoxazolidines (pathsA and B) there is
considerably transition state asymmetry. The activation
barriers obtained indicate that the reaction pathsB andD
are favored. The highest activation barrier occurs on path
C. This trend changes in toluene solution, as shown by
the AM1/COSMO calculations. In the latter case, the
reaction paths can be ordered in the sequenceB >A >D
>C. An increase in the polarity of the reaction medium
causes elevation of the particular activation barriers and
in some cases changes the reaction mechanism. An
increase in the electron-withdrawing character of the
substituent in the benzene ring of (E)-b-nitrostyrene
speeds up the reaction both in the gas phase and in
toluene solution but does not affect the reaction regio-
and stereoselectivity. It should be noted, however, that
the solvent effect calculated from the COSMO procedure
does not account for specific effects such as charge
transfer and polarizability phenomena, which may be
important with the activated aromatic systems of solutes
and solvent.14,24
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