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The molecular mechanisms for the inverse-electron-demand Diels-Alder reactions between
nitroethene and three substituted ethenes (propene, methyl vinyl ether, and dimethylvinylamine)
to give the corresponding nitroso cycloadducts have been characterized with density functional
theory methods using the B3LYP/6-31G* calculational level. On the basis of stability arguments
and molecular orbital analysis relative rates, regioselectivity, and stereoselectivity, the presence
of Lewis acid catalyst modeled by the BH3 system and the inclusion of solvent effects as a function
of the nature of substituent in the dienophile fragment are analyzed and discussed. The ortho
attack mode presents transition structures more stable than the meta one. For the former, reactivity,
endo selectivity, and asynchronicity are enhanced with the increase of the electron-releasing
character of the substituent on dienophile fragment. The reaction between nitroethene and propene
has dissymmetric concerted transition structures associated with a pericyclic process, while the
reaction between nitroethene and dimethylvinylamine takes place along an asynchronous transition
structure corresponding to a nucleophilic attack to nitroethene, with concomitant ring closure and
without participation of zwitterionic intermediates. For the most unfavorable meta attack modes,
the reactions have synchronous mechanisms that are not sensible to the substitution on the
dienophile system. For the ortho channels, the inclusion of Lewis acid catalyst and solvent effects
contributes to the charge-transfer process from the substituted ethenes to nitroethene and rate
acceleration, as well as a significant increase of the endo stereoselectivity.

Introduction

The Diels-Alder (DA) reaction is one of the most useful
synthetic reactions, and its overwhelming importance is
well-known and thoroughly documented in organic chem-
istry. Its usefulness arises from its versatility and from
its remarkable selectivity; many synthetic routes to cyclic
compounds are made possible through DA reactions,
which can involve a large variety of dienes and dieno-
philes. By varying its structural nature, many different
types of compounds can be built up.1 The DA reaction
mechanism has been the subject of controversy and
stimulated debate since its discovery;2 the general ques-
tion of whether [4 + 2] cycloadditions are concerted or
stepwise processed is of considerable current interest. It
may take place by synchronous or asynchronous con-
certed mechanisms or by a stepwise mechanism.2,3

A normal DA reaction requires a electron-rich diene
and an electron-poor dienophile,4 while an inverse-
electron-demand DA reaction has the opposite require-
ments and has been the subject of recent investigations.5
In both types of processes, the substitution on both diene
and dienophile makes the reactions have asynchronous
mechanisms. Furthermore, the presence of the electron-
releasing (or -withdrawing) groups on the diene and
electron-withdrawing (or -releasing) groups on the di-
enophile, which can stabilize electric charges of either
sign, allows that the molecular mechanism can be step-
wise, via a zwitterionic intermediate.6,7
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Many theoretical and experimental studies have been
carried out to rationalize the DA reactions of the great
variety of dienes and dienophiles. In particular, the
cycloaddition reactions of heterodienes with olefins con-
stitute versatile and direct methods for the construction
of heterocyclic compounds. Several reports have appeared
that describe the use of simple or substituted alkenes in
hetero-DA reactions with nitroalkenes as a heterodiene.8
Because of the low reactivity of the simple alkenes, the
thermal reactions require high temperature or the pres-
ence of Lewis acids.9 An example is the intramolecular
cycloaddition shown in Scheme 1.9a The use of oxygen-
containing dienophiles also requires Lewis acids.8 A few
examples of simple thermal cycloadditions of enol ethers
and nitroalkenes have been reported, and in all cases the
nitronates were isolated in moderate yields.5c,10 In addi-
tion, the powerful nucleophilicity of enamines makes the
addition to nitroalkenes take place without the presence
of Lewis acids. The isolation of secondary products, which
can be explained by an initial Michael addition, suggests
the participation of zwitterionic intermediates in the
mechanism of the reaction (see Scheme 2).11

In view of these precedents, and as a part of our
research program devoted to the study of molecular
mechanisms of the cycloaddition reactions that take place

via asynchronous mechanisms,7,12 we present herein the
results of a theoretical study on the inverse-electron-
demand DA reactions of nitroethene, R1, and three
substituted ethenes: propene, R2, methyl vinyl ether,
R3, and dimethylvinylamine, R4, to give the correspond-
ing cycloadducts (see Scheme 3). Our purpose is to
contribute to a better understanding of the influence of
substituents and the origins of the regio- and stereo-
chemical outcomes and to shed light on the mechanistic
details of this important reaction. Lewis acid catalyst and
solvent effects have been also included in order to clarify
their role on the nature of the molecular mechanisms.

Computational Methods

In recent years, theoretical methods based on the density
functional theory13 (DFT) have emerged as an alternative to
traditional ab initio methods in the study of structure and
reactivity of chemical systems. The DA reaction has been the
object of several density functional studies,7,14 showing that
functionals that include gradient corrections and hybrid func-
tionals, such as B3LYP,15 together the 6-31G* basis set,16 lead
to potential energy barriers (PEBs) in good agreement with
the experimental results. Thus, in the present study geo-
metrical optimizations of the stationary points along the
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potential energy surface (PES) were carried out by means of
B3LYP/6-31G* calculation method. The stationary points were
characterized by frequency calculations in order to verify that
minima (reactants, intermediates, and products) and transi-
tion structures (TSs) have zero and one imaginary frequency,
respectively. The optimizations were carried out using the
Berny analytical gradient optimization method.17 The transi-
tion vector (TV),18 i.e., the eigenvector associated to the unique
negative eigenvalue of the force constants matrix, has been
characterized. All calculations were carried out with the
Gaussian 94 suite of programs.19 Optimized geometries of all
the structures are available from the authors. The electronic
structures of stationary points were analyzed by the natural
bond orbital (NBO) method.20

It is well-known that the use of Lewis acids can lead to
significant changes in the nature of the molecular mechanism
in comparison with the uncatalyzed processes. This fact has
led to a huge amount of experimental work, in which a wide
variety of this type of catalysts have been employed.21 The
effect of catalysts in DA reactions has also been the object of
several semiempirical22 and ab initio23,24 theoretical studies.
These works predict that the catalyst produces a notable
increase in the dissymmetry of the TS. Experimentally, it is
well-known that the reactions between nitroalkenes and
alkenes or enol ethers are performed in the presence of Lewis
acids. Thus, the effects of the Lewis acid catalyst were
considered by studying these reactions with BH3 as a compu-
tational model. This system has been used by different authors
to model the presence of Lewis acids with good results.24 The
BH3 can be coordinated to an oxygen atom of the nitro group
belonging to the nitroethene R1 in an endo or exo orientation.
Previous calculations of DA reactions render that the exo BH3-
coordinated is predicted to be favored over the endo one.24c This
arrangement has been selected in the present study.

The vast majority of chemical reactions are performed in
solution, and as solvent effects can yield valuable information
about the reaction mechanism, the need to increase our
knowledge about interactions between solvent a solute remains
crucial. The solvent effects have been considered by B3LYP/
6-31G* optimizations of stationary points using a relatively
simple self-consistent reaction field (SCRF)25 method, based

on the Onsager model,26 in which the solvation energy is
calculated from the electrostatic energy between the solute,
modelized as a dielectric sphere of radius ao, and the solvent,
described as a continuum of dielectric constants (ε). The solvent
used in the experimental work is dichloromethane. Therefore,
we have used the dielectric constant at 298.0 K, ε ) 8.93.27

This methodology has been used successfully for the study of
related cycloaddition reactions.28

Results and Discussion

In the first section, energetic aspects, geometrical
parameters of TSs and their electronic structure in terms
of bond orders and natural charges will be analyzed. In
the second section, the role of the Lewis acid catalyst will
be rationalized. Finally, the solvent effects will be
presented and discussed.

(a) Gas-Phase Calculations. There are four possible
reaction pathways depending on the approach of the
substituted ethene with respect to the nitro group of the
heterodiene and on the conformation of the latter: ortho/
endo, ortho/exo, meta/endo, and meta/exo. We will denote
the corresponding transition structures as TS1en-X,
TS1ex-X, TS2en-X, and TS2ex-X, where TS1 and TS2
are related to the ortho and meta regioisomer pathways,
en and ex are related to the endo and exo stereoisomer
pathways, and X ) I, II, and III are related to the
electron-releasing groups on the substituted ethene,
-CH3, -OCH3, and -N(CH3)2, respectively (see Scheme
3). Endo/exo and ortho/meta arrangements are two pairs
of stereoisomers and regioisomers, respectively. From
these TSs, the related minima associated with the final
cycloadducts can be obtained, P1en-X, P1ex-X, P2en-
X, and P2ex-X; endo/exo arrangement corresponds to a
pair of enantiomers.

Some selected geometrical parameters of the calculated
TSs are shown in Figure 1, while Table 1 reports the
values of relative energies for the stationary points. In
Figure 2a, a schematic representation of the different
reaction pathways for the reaction R1 + R3 is depicted.
For the methyl vinyl ether a transoid conformation of the
methyl group with respect to the vinyl ether system has
been selected.5d

An exhaustive exploration of the PES allows us to find
several molecular complexes (MCs) associated with early
stages of the cycloaddition and situated on a very flat
region that controls the access to the different reactive
channels. The formation of these MCs may take place in
different arrangements of the reactants, with a large
distance between the diene and dienophile fragments
(3.3-3.5 Å), which correspond to van der Waals com-
plexes.6a,29 Their presence in a very shallow minima on
PES with low relative stability with respect the reactant
fragments in the range of 1.2-3.5 kcal/mol does make it
very difficult to determine the location of MC associated
to each reactive channel. However, the fact that this
energetic range is lower than the relative energies
between the corresponding TSs (see Figure 2a) allows us
the use of PEBs defined as the difference of energy
between the different TSs and the corresponding reactant
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fragments to discuss the energetic results. The most
stable MCs along the four reactive channels, MC1en-X,
are included in Table 1.

(i) Energies. All reactions are exothermic processes,
in the range of -12.6 to -26.9 kcal/mol. The four reactive
channels render two pairs of enantiomers with identical
energies, the ortho cycloadducts (P1en-X and P1ex-X)
being more stable than the meta ones (P2en-X and P2ex-
X).

Analysis of the PEBs for the TSs reveals that the ortho
approaches are favored over the meta ones; the TS1en-X
and TS1ex-X are more stable than TS2en-X and TS2ex-
X, in the range of 4.4-24.5 kcal/mol. The PEBs of the
ortho TSs decrease in the order I, II, and III; while an
opposite behavior is found for the meta ones. Therefore,
there is a clear regioselectivity for this type of chemical
reaction. The stereoselectivity measured as the difference
of PEBs between the endo and exo TSs for the more
favorable ortho attack is dependent also on the substitu-

ent on the dienophile fragment; the differences in energy
between TS1en-X and TS1ex-X are -0.7, 2.7, and 4.4
kcal/mol for the systems I, II, and III, respectively.

The endo stereoselectivity found for the systems R3
and R4 along the ortho attacks can be explained by
means of two favorable interactions, which can overcome
the steric repulsive interactions involved in endo TSs.
The first one is due to a hyperconjugative anomeric-type
interaction between the lone pair on the O1 oxygen atom
of the nitro group and the σ*CO and σ*CN molecular
orbitals of the enol and enamine, respectively, that
appears in the endo TSs.5a,d This behavior does not
appear at system R2 and can justify that TS1ex-I is
slightly more stable than TS1en-I, because of the steric
hindrance present in the endo TS.5d The second one is
due to a favorable Coulombic interaction that appears
between the substituent on the ethene and the nitro
group along the endo approach, which are developing
electric charges of either sign.6a

All attempts to find zwitterionic intermediates on
reactive PES preceding the formation of the final cy-
cloadducts were unsuccessful. A small displacement of
the nuclear coordinates at the corresponding TSs toward
the reaction products leads directly to cycloadducts.

However, the powerful nucleophicity of enamines can
open the possibility of a Michael-type addition for the
reaction between dimethylvinylamine, R4, and nitro-
ethene, R1. Therefore, the presence of a zwitterionic
intermediate cannot be discarded. This intermediate can
afford the final cycloadduct along a stepwise mechanism
or give Michael-type adducts along subsequent reactions.7
Although a zwitterion could not be found starting with
the synperiplanar conformation, there remains the pos-
sibility that such species might be generated in an
extended conformation. Thus, the approach of the enam-
ine R4 to nitroethene R1 in an antiperiplanar conforma-

Figure 1. Transition structures corresponding to the uncatalyzed reactions between nitroethene R1 and propene R2, methyl
vinyl ether R3, and dimethylvinylamine R4. The values of the bond lengths directly involved in the processes are given in
angstroms. The values in parentheses correspond to the reaction in dichloromethane.

Table 1. Relative Energies (kcal/mol) for the Stationary
Points of the Cycloaddition Reactions between R1 and

R2,a R1 and R3,b and R1 and R4c

R1 + R2 0.0 R1 + R3 0.0 R1 + R4 0.0
MC1en-I -1.9 MC1en-II -3.8 MC1en-III -3.6
TS1en-I 21.4 TS1en-II 9.7 TS1en-III 4.7
TS1ex-I 20.7 TS1ex-II 12.3 TS1ex-III 9.1
TS2en-I 25.6 TS2en-II 28.6 TS2en-III 30.6
TS2ex-I 25.8 TS2ex-II 28.6 TS2ex-III 31.6

TS3-III 10.3
P1en-I -21.7 P1en-II -26.9 P1en-III -19.4
P1ex-I -21.7 P1ex-II -26.9 P1ex-III -19.4
P2en-I -21.2 P2en-II -17.6 P2en-III -12.6
P2ex-I -21.2 P2ex-II -17.6 P2ex-III -12.6

ZW-III 10.1
a Total energy of R1 + R2 is -400.995462 au. b Total energy of

R1 + R3 is -476.198331 au. c Total energy of R1 + R4 is
-495.650252 au.
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tion allows the formation of the zwitterion intermediate
ZW-III, via the transition structure TS3-III. The geom-
etries of the TS3-III and ZW-III are displayed in Figure
3. The PEB for the formation of the zwitterion ZW-III
(10.3 kcal/mol) is larger than for the formation of the
cycloadduct P1en-III via TS1en-III (4.7 kcal/mol); the
PEB for the reverse step, ZW-III f R1 + R4, is only 0.2
kcal/mol. The formation of zwitterion ZW-III cannot be
ruled out, but this entity is expected to be very short-
lived, since its cleavage requires a PEB of the same order
of magnitude as that of the rotational barriers. Under
these conditions, the zwitterion can be formed in an open
conformation that does not allow the ring closure, giving
back to the reactants. However, for more complex ni-
troalkene and enamine systems (see Scheme 2), for which
steric hindrances can appear along the synperiplanar
cycloaddition process, the two pathways can be competi-
tive.

For the nonexpected meta attacks, the difference of
energies between TS2en-X and TS2ex-X is quite low.
Therefore, there is no stereoselectivity along these path-
ways.

(ii) Geometries. In the case of the uncatalyzed
process, all ortho TSs correspond with asynchronous
reaction pathways. The extent of the asynchronicity can
be measured by means of the difference between the
distances of the bonds that are being formed in the
reaction, i.e., ∆r ) d(O1-C6) - d(C4-C5) and ∆r )
d(O1-C5) - d(C4-C6) for the ortho TSs, TS1en-X and
TS1ex-X, and the meta TSs, TS2en-X and TS2ex-X,
respectively. For the former TSs, the ∆r value increases
in the order I < II < II (see Figure 1), following the rise
of the electron-releasing character of the substituent on
the ethene. For the meta TSs, the ∆r values are inde-
pendent of the substitution on the ethene.

The presence of a heteroatom in the R3 and R4
systems with a lone pair increases the dissymmetry of
the two bonds being formed in the TSs; the R bonds being
formed to the methoxy and amino groups are longer that
those â to these groups. For the substituted ethene, the
â carbon is more nucleophilic than the R one. Conse-
quently, there is more bond formation at the â center in
the TSs. The TS1en-III has the largest difference, ∆r )
0.9. A separation of ca. 3.0 Å at one end of the TS and
2.0 Å at the other leads to appreciable covalent interac-
tion only at the unsubstituted side;6a,7 the corresponding
cycloadduct is formed directly from this TS without
involving intermediates.

Since some reactive channels present very dissym-
metric TSs, diradical structures could in principle be
involved. This has been ruled out by obtaining the wave
functions of all TSs with unrestricted DFT theory.12b,30

UB3LYP/6-31G* calculation predicts the same TSs as the
restricted B3LYP/6-31G*, indicating that the restricted
DFT solutions are stable, allowing us to rule out the
presence of more stable diradical species.

The dominant TV components correspond to the O1-
C6 and C4-C5 bond distances for the ortho isomer TSs
and the O1-C5 and C4-C6 bond distances for the meta
ones, which are associated with the two σ bonds that are
being formed in these cycloaddition processes. For the
ortho TSs, the values of C4-C5 components increase and
the values of the O1-C6 components decrease in the

(30) Kahn, S. D.; Hehre, W. J.; Pople, J. A. J. Am. Chem. Soc. 1987,
109, 1871.

Figure 2. Schematic representation of the different energy profiles for the reaction between nitroethene R1 and methyl vinyl
ether R3 (a) in the gas phase and (b) including Lewis acid catalyst and solvent effects.

Figure 3. Transition structure TS3-III and zwitterion ZW-
III corresponding to the antiperiplanar attack of the dimethyl
vinylamine R4 to nitroethene R1. The values of the bond
lengths directly involved in the processes are given in ang-
stroms. The values in parentheses correspond to the reaction
in dichloromethane.
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order I, II, and III; this fact can be related with the
dissymmetry observed for these TSs.

The imaginary frequency values for the ortho TSs are
in the range of 319-493i cm-1, while those for the meta
TSs are in the range of 544-614i cm-1. For the ortho TSs
there is a decreasing of the imaginary frequency value,
which is parallel to the increase of the asynchronicity of
the process. Moreover, these values are lower for the endo
TSs than for the exo ones. The asynchronicity in the bond
formation process is also shown by the fact that the
imaginary frequencies of the ortho TSs have a larger
participation on the motion of the C4-C5 bond being
formed than for the O1-C6 one.

(iii) Bond Order and Charge Analysis. A more
balanced measure of the extent of bond-formation or
bond-breaking processes along a reaction pathway is
provided by the concept of bond order (BO). This theo-
retical tool has been used to study the molecular mech-
anism of chemical reactions.31 To follow the nature of
these processes, the Wiberg bond indices32 have been
computed by using the NBO analysis as implemented in
Gaussian94. The results are included in Table 2.

For the more favorable ortho TSs, TS1en-X and
TS1ex-X, the C4-C5 BO values are constants (around
0.50), while O1-C6 BO values decrease along the series
(0.23, 0.12, and 0.04, for the endo approaches). This fact
can be related with the electron-releasing character of
the substituent on C6, which increases the nucleophilic
character of the substituted ethene, increasing the asyn-
chronicity of the process. Thus, for TS1en-III the O1-
C6 BO indicates an unappreciable covalent interaction
between these atoms.7 The increase of the C6-D7 (D )
C, O, N) BO at the ortho TSs (1.07, 1.15, and 1.34, for
the endo approaches) points out a π-delocalization of the
lone pair of heteroatoms of the dienophile fragment in
TS1en-II and TS1en-III, which increases the nucleo-
philic character of the dienophile.

For the meta TSs, the C4-C6 and O1-C5 BO values
(in the range of 0.38-0.47 and 0.31-0.45, respectively)
indicate a minor change in the asynchronicity with the
substitution on C6 center than in the ortho TSs. More-
over, the C6-D7 (D ) C, O, N) BO values (in the range
0.94-1.09) are not dependent on substituent effects.

The BO analysis shows the change of asynchronicity
for the ortho reactive channels. For the system R2, the

cycloaddition takes place via a concerted process where
the two σ bonds are simultaneously but dissymmetrically
formed. For the system R4, the reaction takes place via
an asynchronous process, in which the C4-C5 bond is
being formed, while the O1 and C6 atoms are not yet
being bonded at the TS. For the nonexpected meta
reactive channels, the BO analysis affords synchronous
TSs associated with pericyclic processes.

One possibility to test the existence and relative
importance of all the aforementioned interactions lie in
the values of natural population analysis (NPA). NPA
also supports an increase of the polar nature of the ortho
TSs to go from I to III systems (Table 3). The negative
charge transfer from the substituted ethene to nitro-
ethene are 0.21e (TS1en-I), 0.24e (TS1ex-I), 0.34e
(TS1en-II), 0.33e (TS1ex-II), 0.41e (TS1en-III), and
0.39e (TS1ex-III), indicating that the nature of these TSs
can be seen to occur from some zwitterionic character.
The amount of the charge transfer in these TSs is mainly
controlled by electron-releasing character of the substitu-
ent on C6, which favors the electron-transfer process, and
agree with the increase of the asynchronicity in the bond-
formation process. Finally, the charge transfer in TS1en-
III is similar to that in TS3-III (0.44e), showing the
similar electronic nature of both TSs.

The charge analysis also supports the Coulombic
interactions that appear in the endo TSs TS1en-II and
TS1en-III. These favorable interactions allow an in-
crease of the charge-transfer process for the endo TSs
relative to exo ones, because of a larger participation of
the lone pair of the heteroatoms along the endo cycload-
dition processes.

(iv) Frontier Molecular Orbital Analysis. These
reactions appear to be under frontier control, being the
FMO model capable of explaining the substituent effects
for these inverse-electron-demand cycloadditions. In
Figure 4, the substituent effects for the present cycload-
ditions is rationalized by using a FMO analysis. The main
HOMO-LUMO interaction occurs between the LUMO
of the diene (LUMOdiene) and the HOMO of the dienophile
(HOMOdienophile). The LUMOdiene of the nitroethene R1 is
quite low in energy, and this approach at first seems

(31) (a) Varandas, A. J. C.; Formosinho, S. J. F. J. Chem. Soc.,
Faraday Trans. 2 1986, 282. (b) Lendvay, G. THEOCHEM 1988, 167,
331. (c) Lendvay, G. J. Phys. Chem. 1989, 93, 4422. (d) Lendvay, G. J.
Phys. Chem. 1994, 98, 6098.

(32) Wiberg, K. B. Tetrahedron 1968, 24, 1083.

Table 2. Wiberg Bond Orders at the Transition Structures TS1en-X, TS1ex-X, TS2en-X, and TS2ex-X (X ) I, II, and III)

O1-N2 N2-C3 C3-C4 C4-C5 C5-C6 O1-C6 C6-D7

TS1en-I 1.28 1.17 1.41 0.50 1.45 0.23 1.07
TS1ex-I 1.27 1.17 1.41 0.50 1.45 0.24 1.07
TS1en-II 1.30 1.17 1.40 0.51 1.41 0.12 1.15
TS1ex-II 1.29 1.17 1.39 0.52 1.40 0.13 1.13
TS1en-III 1.36 1.15 1.42 0.47 1.40 0.04 1.34
TS1ex-III 1.32 1.15 1.41 0.50 1.37 0.07 1.31

O1-N2 N2-C3 C3-C4 C4-C6 C5-C6 O1-C5 C6-D7

TS2en-I 1.25 1.19 1.42 0.47 1.45 0.31 1.03
TS2ex-I 1.24 1.19 1.44 0.45 1.45 0.32 1.03
TS2en-II 1.25 1.18 1.42 0.47 1.44 0.31 0.94
TS2ex-II 1.23 1.19 1.44 0.45 1.43 0.34 0.94
TS2en-III 1.16 1.21 1.45 0.38 1.36 0.46 1.09
TS1ex-III 1.17 1.22 1.46 0.38 1.35 0.45 1.09

Table 3. Natural Population Analysis of the Negative
Charge (in au) Transfered from the Substituted Ethene
to Nitroethene for the Transition Structures TS1en-X,

TS1ex-X, TS2en-X, and TS2ex-X (X ) I, II, and III)

TS1en-I 0.21 TS1en-II 0.34 TS1en-III 0.41
TS1ex-I 0.24 TS1ex-II 0.33 TS1ex-III 0.39
TS2en-I 0.21 TS2en-II 0.19 TS2en-III 0.30
TS2ex-I 0.22 TS2ex-II 0.20 TS2ex-III 0.31
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reasonable. If these are the dominant interactions, then
the relative energies should decrease on going from R2
to R4, since the HOMOdienophile energy rises in this series.
For an inverse-electron-demand DA cycloaddition, the
presence of a electron-releasing group in the dienophile
and electron-withdrawing substituents in the diene leads
to a contraction of the more relevant (HOMOdienophile) -
(LUMOdiene) energy separation, and the reactivity in-
creases consequently. The regioselectivity can be also
rationalized in terms of FMO interactions along the ortho
and meta channels. The essential difference between both
reaction pathways concerns the relative orientation of the
two fragments. Along the ortho reactive mode, there is
an arrangement in which an optimized overlap occurs
between the HOMO of the dienophile fragment (associ-
ated with the π system of the substituted ethene) and
the LUMO of the diene fragment (associated with π*
system of the nitroethene). This fact justifies the regio-
selectivity found in this type of cycloaddition; the most
favorable reactive channel corresponds with the ortho
pathway.

(b) Lewis Acid Catalyst. As stated in the Introduc-
tion, the reactions between nitroalkenes and nonactived
alkenes take place only in the presence of Lewis acids,
while the reactions using actived alkenes can be carried
out without the presence of Lewis acids. Therefore, only
the effect of Lewis acid catalyst on the systems I and II
is studied. Because of the large energetic difference
between ortho and meta TSs, only the ortho reaction
pathways have been studied, taking into account the
presence of Lewis acid and solvent effects. The geometries
of BH3-coordinated TSs TS1en-I-B, TS1ex-I-B, TS1en-
II-B, and TS1ex-II-B are depicted in Figure 5, while
Table 4 presents the values of the relative energies
corresponding to these TSs.

The presence of Lewis acid decreases the PEBs for
these cycloadditions in the range of 5.0-6.7 kcal/mol,
compared with those for the uncatalyzed processes. This
behavior of the Lewis acid catalysts has been found in
previous studies on related DA reactions,24 and it can be
understood in terms of a stronger interaction between
the HOMOdienophile - LUMOdiene. Figure 4 shows the

decrease of the LUMOdiene energy (0.78 eV) for the BH3-
coordinated nitroethene, R1-B, compared with the ni-
troethene R1; this fact decreases the HOMOdienophile -
LUMOdiene energy gap, in agreement with the lowering
of PEBs for the catalyzed reactions.

There is a more noticeable change on structural
features for the BH3-coordinated TSs. The Lewis acid
catalyst enhances significantly the dissymmetry of TSs,
due to the increase of the O1-C6 distance. This fact is
also observed in the analysis of the BOs. The O1-C6 BOs
for TS1en-I-B and TS1en-II-B are 0.18 and 0.08,
respectively; the BO value for TS1en-II-B is similar to
that for the asynchronous TS1en-III (0.09).

The NPA at TS1en-I-B and TS1en-II-B shows an
increase of charge transfer (0.05e) from the substituted
ethenes, R2 or R3, to BH3-coordinated nitroalkene, R1-
B, relative to uncatalyzed processes. However, the most
noticeable effect of the Lewis acid as catalyst is the
delocalization of the negative charge that is being trans-
ferred at TSs. A partial charge analysis at TS1en-I-B
and TS1en-II-B shows that the BH3 fragment accepts
0.27e and 0.28e, respectively, of the 0.31e and 0.37e
transferred to heterodiene system. This fact allows a
stabilization of the corresponding TSs, lowering the PEBs
associated with these cycloadditions and increasing the
asynchronicity of the processes.

The Lewis acid catalyst has an opposite role in the
stereoselectivity found for these catalyzed reactions.
While for the reaction between R1-B and R2 the endo
channel is the most favorable pathway, for the reaction

Figure 4. Frontier molecular orbitals on the cycloaddition
reactions between diene, R1, and dienophiles, R2, R3, and R4.
R1-B is R1 coordinated with BH3 Lewis acid catalyst.

Figure 5. Transition structures corresponding to the ortho
pathways for the catalyzed reactions between nitroethene, R1-
B, and propene, R2, and methyl vinyl ether, R3. The values
of the bond lengths directly involved in the processes are given
in angstroms. The values in parentheses correspond to the
catalyzed reaction in dichloromethane.

Table 4. Relative Energies (kcal/mol) for the Stationary
Points of the Ortho Pathways of the BH3-Catalyzed

Cycloaddition Reactions between R1-B and R2a and R1-B
and R3b

R1-B + R2 0.0 R1-B + R3 0.0
MC1en-I-B -2.1 MC1en-II-B -4.9
TS1en-I-B 13.8 TS1en-II-B 2.6
TS1ex-I-B 14.1 TS1ex-II-B 4.1

a Total energy of R1-B + R2 is -427.633508 au. b Total energy
of R1-B + R3 is -502.836377 au.
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between R1-B and R3 there is a decrease in the endo
stereoselectivity. These facts can be explained by the
Coulombic stabilization that appears in the endo ap-
proach. While for the system R2 the presence of the
Lewis acid increases the charge-transfer process and
consequently the favorable Coulombic interaction, for the
system R3 the delocalization of the transferred charge
on BH3 decreases the negative charge in the nitro group
and an opposite effect appears.

The role of the Lewis acid catalyst can be understood
as an increase of the electrophilic character of the
nitroethene due to a stabilization of the corresponding
TS through a delocalization of the negative charge that
is being transferred along the nucleophilic attack of the
substituted ethene.

(c) Solvent Effect Calculations. Solvent effects on
DA reactions are well-known33 and have received con-
siderable attention, especially in the past few years,
because these studies can clarify the role of the solvent
on related pericyclic reactions.12b,28,34 The next step in our
investigation was to study the solvent effects on the basic
features of the molecular mechanism for these cycload-
ditions. For systems R2 and R3, the BH3-coordinated TSs
have been fully optimized including the solvent effects,
while for the system R4 the uncatalyzed ortho TSs have
been chosen. Thus, six TSs have been studied: TS1en-
I-S, TS1ex-I-S, TS1en-II-S, TS1ex-II-S, TS1en-III-S,
and TS1ex-III-S.

The geometries of these TSs, including the selected
geometrical parameters, are depicted in Figures 1 and
5, while Table 5 presents the relative energies. Inclusion
of the solvent effects appears to be both qualitatively and
quantitatively significant. Solvent effects decrease the
PEBs for all TSs in the range 0.4-7.2 kcal/mol, in
agreement with the polar character of TSs. Inclusion of
solvent effects affords a negative PEB for TS1en-II-S
(-4.6 kcal/mol) because of a large stabilization of this TS
relative to the reactants. However, if the formation of the
molecular complex MC1en-II-S is considered, this PEB
becomes positive (2.4 kcal/mol).

Solvent effects lead to an increase in the endo/exo
stereoselectivity through a preferential solvatation of the
endo TSs over their corresponding exo counterparts. This
is in qualitative agreement with the increase in the endo/
exo selectivity with the polarity of the solvent experi-
mentally observed for related reactions.28 This fact is
more remarkable for the system R2, since inclusion of
the Lewis acid and solvent effects changes the stereose-
lectivity found in the gas phase, being TS1en-I-S 6.0
kcal/mol more stable than TS1ex-I-S.

Formation of the zwitterion ZW-III-S seems to be
independent of solvent effects; TS1en-III-S is more
stabilized than TS3-III-S when the solvent effects are
included. This fact allows us to discard the formation of
ZW-III-S for the reaction between R1-S and R4-S.

The NPA for the charge-transfer process of these TSs
are given in Table 6. An analysis of these results points
out that the most remarkable effect is the increase of the
charge transfer for TS1en-I-S relative to TS1en-I-B
(0.08e). This fact is in agreement with the strong decrease
of the PEB and the larger increase of dissymmetry in
the bond formation found for TS1en-I-S. Moreover, a
comparison between the charge-transfer for TS1en-S and
TS1ex-I-S also points out that this process is more
favorable along endo attack because of the favorable
Coulombic interactions that appear in the endo approach.

Conclusions

In the present work, we have carried out a theoretical
study of the molecular mechanisms for the inverse-
electron-demand DA cycloadditions of nitroethene with
three substituted ethenes using DFT (B3LYP/6-31G*)
methods. The PESs have been explored, and four reactive
pathways, ortho/endo, ortho/exo, meta/endo and meta/
exo, have been characterized. Relative rates, regioselec-
tivity, and stereoselectivity have been analyzed and
discussed as a function of the polar nature of the
substituent on the ethene fragment. The role of the Lewis
acid catalyst modeled by BH3 system and solvent effects
has been included for approach this theoretical study to
the experimental conditions.

The energy ordering shows that the ortho channels are
more favorable than the meta ones. For the ortho
pathways, there is a relation between the nature of the
molecular mechanism and the polar character of the
substituted ethene; increasing the electron-releasing
character of the substituent enhances the asynchronicity
and the charge-transfer process as well as a significant
decrease of the potential energy barrier. These results
agree with those expected from frontier molecular orbital
theory.

The molecular mechanism of the reaction between
nitroethene and propene corresponds with a pericyclic
process, while the reaction between nitroethene and
dimethylvinylamine is a nucleophilic attack with con-
comitant ring closure and without intervention of a
zwitterionic intermediate.

(33) (a) Pindur, U.; Lutz, G.; Otto, C. Chem. Rev. 1993, 93, 741. (b)
Li, C.-J. Chem. Rev. 1993, 93, 2023. (c) Blokzijl, W.; Engberts, J. B. F.
N. Angew. Chem., Int. Ed. Engl. 1993, 32, 1545.

(34) (a) Blake, J. F.; Jorgensen, W. L. J. Am. Chem. Soc. 1991, 113,
7430. (b) Ruiz-López, M. F.; Assfeld, X.; Garcı́a, J. I.; Mayoral, J. A.;
Salvatella, L. J. Am. Chem. Soc. 1993, 115, 8780. (c) Jorgensen, W.
L.; Lim, D.; Blake, J. F.; Severance, D. L. J. Chem. Soc., Faraday Trans.
1994, 90, 1727. (d) Davidson, M. M.; Hillier, I. H.; Hall, R. J.; Burton,
N. A. J. Am. Chem. Soc. 1994, 116, 9294. (e) Cativiela, C.; Dillet, V.;
Garcı́a, J. I.; Mayoral, J. A.; Ruiz-López, M. F.; Salvatella, L.
THEOCHEM 1995, 331, 37.

Table 5. Relative Energies (kcal/mol) for the Stationary
Points of the Ortho Pathways and Zwitterion
Intermediate, Including the Solvent Effects

(Dichoromethane, E ) 8.93), of the Cycloaddition
Reactions between R1-S and R2-S,a R1-S and R3-S,b and

R1-s and R4-Sc (Note that for R4, the Lewis Acid
Catalyst, BH3, Is Not Included)

R1-S + R2-S 0.0 R1-S + R3-S 0.0 R1-S + R4-S 0.0
MC1en-I-S -4.7 MC1en-II-S -7.0 MC1en-III-S -3.8
TS1en-I-S 7.7 TS1en-II-S -4.6 TS1en-III-S 2.1
TS1ex-I-S 13.7 TS1ex-II-S 3.0 TS1ex-III-S 7.7

TS3-III-S 9.4
ZW-III-S 8.7

a Total energy of R1-S + R2-S is -427.635515 au. b Total
energy of R1-S + R3-S is -502.838512 au. c Total energy of R1-S
+ R4-S is -495.651029 au.

Table 6. Natural Population Analysis of the Negative
Charge (in au) Transfered from the Substituted Ethene
to Nitroethenea for the Transition Structures TS1en-X-S

and TS1ex-X-S (X ) I, II, and III) in Dichoromethane

TS1en-I-S 0.35 TS1en-II-S 0.39 TS1en-III-S 0.41
TS1ex-I-S 0.30 TS1ex-II-S 0.36 TS1ex-III-S 0.40

a For I and II nitroethene is BH3-coordinated.
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Inclusion of the Lewis acid catalyst and solvent effects
decrease the PEBs and increase the asynchronicity of
these processes as well as the charge-transfer process
from the substituted ethene to nitroethene. The Lewis
acid catalyst has an opposite role in the stereoselectivity
for the catalyzed reactions. While for the reaction with
propene inclusion of the Lewis acid catalyst changes the
endo/exo stereoselectivity with the endo channel being
the most favorable pathway, for the reaction with methyl
vinyl ether there is a decrease in the endo stereoselec-
tivity. Finally, inclusion of solvent effects leads to an
increase in the endo/exo stereoselectivity, through a
preferential solvation of the endo TS over their corre-
sponding exo counterparts.

As a consequence of the results described in this paper,
we recommend to include models for the Lewis acid
catalyst and solvent effects at a high computational level
(B3LYP/6-31G*) to study theoretically the reactive path-
ways, in particular TSs, related with the regioselectivity
and stereoselectivity of the cycloaddition reactions in-
volving polar species.
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