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ABSTRACT: The inverse electron demand Diels—Alder reaction of nitroalkenes with vinyl ethers catalyzed by Lewis
acids based on aluminum metal, AlMes, Al(OMe); and AICI; was studied using density functional theory methods. A
continuum model was selected to represent the effects of dichloromethane used as solvent. For this cycloaddition
reaction two reactive channels corresponding to the endo and exo approach modes of the vinyl ether to the Lewis acid-
coordinated nitroalkene were studied. Coordination of the aluminum metal to an oxygen atom of the nitroalkene
increases the electrophilicity of the heterodiene, decreasing the activation energy of the cycloaddition. The
substitution effect on the aluminum metal with Me, OMe and Cl on the activation energy and the stereoselectivity is
discussed. An analysis of the static electrophilicity on reactants allows an explanation of the behavior of these Lewis
acid-catalyzed cycloadditions. Copyright © 2002 John Wiley & Sons, Ltd.

KEYWORDS: density functional theory; Lewis acid catalysis; Diels—Alder reaction; nitroalkenes; vinyl ethers;

aluminum catalysts

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
chemistry. Its usefulness arises from its versatility and
its remarkable selectivity; many synthetic routes to cyclic
compounds are made possible through DA reactions,
which can involve a large variety of dienes and
dienophiles." Lewis acid (LA) catalysts considerably
extend the useful scope of the DA reaction, enhancing the
reaction rate and leading to significant changes in endo/
exo and regio selectivities in comparison with the
uncatalyzed process.”

Both normal and inverse electron demand (IED) DA
reactions involving oxygenated reagents can be catalyzed
in the presence of LAs. The coordination of an electron-
deficient DA reagent to a LA increases notably the
electrophilicity of the former. The enhanced reactivity has
been simulated in many theoretical studies.’ Recently we
have studied the IED Diels—Alder reaction of nitroalkenes
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with electron-rich dienophiles.4 Thus, whereas enamines
acting as strong nucleophiles react easily with simple
nitroalkenes, vinyl ethers normally need the presence of a
LA in order to make the cycloaddition feasible.’
Experimentally, bulky LAs based on aluminum deriva-
tives such as methylaluminum bis(2,6-dimethylphenox-
ide) (MAPh) and methylaluminum bis(2,6-di-tert-butyl-
4-methylphenoxide) (MAD) are used in order to enhance
the rate and stereoselectivity.” However, the large mol-
ecular system for these bulky LA catalysts prevents an ab
initio study (see the R1-MAPh complex in Fig. 1).
Although semiempirical calculations can be done for these
systems4a, the limitations and weakness of the semiempi-
rical methods for analyzing this type of chemical reactions
have been emphasized.® In consequence, BH5 has been
widely used as a computational model for these LA-
catalyzed DA reactions.*"®

In this work, the LA-catalyzed DA reaction of
nitroethene, R1, with methyl vinyl ether (MVE), R2,
using three aluminum derivatives [AlMe3, AI(OMe); and
AICl3] as LA catalysts was studied using density
functional theory7 (DFT) methods in order to elucidate
the substitution effect on the aluminum metal on both
reactivity and steroselectivity. The results are compared
with those obtained using BH; as a computational
model.*> Solvent effects were also considered in order
to elucidate the role of the solvent in these LA-catalyzed
cycloadditions.
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Figure 1. R1-MAPh complex

COMPUTATIONAL METHODS

DFT calculations were carried out using the B3LYP®
exchange-correlation functional, together with the stan-
dard 6-31G* basis set.’ The optimizations were carried
out using the Berny analytical gradient optimization
method.'® The stationary points were characterized by
frequency calculations in order to verify that the
transition structures have one and only one imaginary
frequency.11 The intrinsic reaction coordinates'? (IRC)
paths were traced in order to check the energy profiles
connecting each transition structure to the two associated
minima of the proposed mechanism by using the second-
order Gonzdlez—Schlegel integration method."® The
electronic structures of stationary points were analyzed
by the natural bond orbital (NBO) method.'* All
calculations were carried out with the Gaussian 98 suite
of programs.'> Optimized geometries of all structures are
available from the authors.

The solvent effects were treated by B3LYP/6-31G*
single-point calculations at the gas-phase stationary
points involved in the reaction using a relatively simple
self-consistent reaction field'® (SCRF) based on the
polarizable continuum model (PCM) of Tomasi’s
group.'” Since the solvent used is usually dichloro-
methane, we used the dielectric constant at 298.0 K of
€=28.93.
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The global indexes defined in the context of the
DFT,'®! the electronic chemical potential u, chemical
hardness # and electrophilicity power w values were
approximated in terms of the one electron energies of the
frontier molecular orbitals (FMO) HOMO and LUMO, &y
and ¢, wusing the expressions =~ (eg+ €L)/2,
n~eL—ey and w= ,u2/277, respectively, at the ground
state (GS) of the molecules (see Refs 20 and 21 for more
detailed information).

RESULTS AND DISCUSSION
Energies

The cycloaddition reaction between the LA-coordinated
nitroethenes R1-X (X =Me for AlMe;, X=0OMe for
Al(OMe); and X =Cl for AICl3) and vinyl methyl ether
R2 can take place along four reaction pathways because
of the asymmetry of both reactants. They are related with
the endo and exo stereoisomeric and ortho (head-to-head)
and meta (head-to-tail) regioisomeric reactive channels.
Previous theoretical studies devoted to these cycloaddi-
tions have shown that they present a large ortho
regioselectivity.* Therefore, only the endo and exo
reactive channels along the more favorable ortho
approach mode of MVE to R1-X were considered (see
Scheme 1). Analysis of the results indicates that these
cycloadditions are concerted processes associated with
highly asynchronous transition states (TSs). Thus two
TSs, TS-en-X and TS-ex-X, corresponding to the endo
and exo approach modes along the ortho regioisomeric
channel were found and characterized for each of these
LA-catalyzed cycloadditions. From the TSs the related
minima associated with the final cycloadducts can be
obtained, the endo and exo cycloadducts P-en-X and P-
ex-X. Some selected geometric parameters of the
calculated TSs are shown in Fig. 2 and Table 1 reports
the values of the total and relative energies for the
stationary points. For MVE an s-trans conformation of
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Figure 2. Transition structures corresponding to the LA
aluminum-catalyzed reaction between nitroethene R1 and
the enol ether R2. The values of the bond lengths directly
involved in the process are given in angstroms

the methyl group with respect to the vinyl ether system
was selected.

An exhaustive exploration of the potential energy
surfaces (PESs) allows us to find also several molecular

complexes (MCs) associated with the early stages of
these cycloadditions and situated on a very flat region that
control 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 A)
which correspond to van der Waals complexes.*® Their
presence on a very flat surface on the PES makes the
location of the MC associated with each reactive channel
very difficult. Therefore, the more stable MCs, MC-X,
are considered. The formation of these species takes
place without an appreciable barrier; the MCs are
between 4.6 and 7.4 kcal mol™" (1 kcal = 4.184 kJ) more
stable than the isolated reactants R1-X and R2 (see Table
1).

Analysis of the results shows that these LA-catalyzed
cycloadditions are two-stage processes, which are con-
certed but not synchronous.”*** Only the C—C bond is
being formed in the first half of the reaction as a
consequence of the nucleophilic attack of the f-position
of the vinyl ether, C5 position, to the conjugated position
of the nitroethene, C4 position. Therefore, on going from
the molecular complexes to the corresponding TSs, these
nucleophilic attacks are one-center additions instead of
two-center additions associated with [4 4 2] processes.

The values of the relative energies with respect to
separate reactants for TS-en-X and TS-ex-X are 1.1 and
1.7 kcal mol " (for X =Me), —3.9 and —3.6 kcal mol ™'
(for X=0Me) and —5.9 and —5.8kcalmol™' (for
X =Cl), respectively. However, if we consider the
formation of the molecular complexes, MC-X, the
potential energy barriers (PEBs) become all positive
(see Table 1). For the cycloaddition using Al(OMe); and
AICl; there is an inverted energy profile and the
corresponding values of the barrier heights are between

Table 1. B3LYP/6-31G* total energies (au) and relative energies® (kcal mol~", in parentheses) for the stationary points
corresponding to the LA aluminum-catalyzed cycloadditions between nitroethene R1 and methyl vinyl ether R2, in vacuo and in

dichloromethane

In vacuo In dichloromethane

R2 —193.110423 —193.1122647

R1-Me —645.297957 —645.304398

MC-Me —838.415768 (—4.64) —838.421350 (—2.94)
TS-en-Me —838.406630 (1.10) —838.416974 (—0.20)
TS-ex-Me —838.405623 (1.73) —838.414216 (1.54)
P-en-Me —838.459749 (—32.23) —838.469698 (—33.28)
R1-OMe —871.074725 —871.084517

MC-OMe —1064.196981 (—7.43) —1064.205102 (—5.22)
TS-en-OMe —1064.191433 (—3.94) —1064.204774 (—5.01)
TS-ex-OMe —1064.190943 (—3.64) —1064.203222 (—4.04)
P-en-OMe —1064.243792 (—36.80) —1064.256180 (—37.27)
R1-CI —1906.360753 —1906.372394

MC-CI —2099.482514 (-7.11) —2099.493079 (—5.28)
TS-en-CI —2099.480553 (—5.88) —2099.496015 (—1.84)
TS-ex-CI —2099.480369 (—5.77) —2099.492593 (2.15)
P-en-CI —2099.534170 (—39.53) —2099.550341 (—36.24)

? Relative to R1-X + R2.

Copyright © 2002 John Wiley & Sons, Ltd.
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1.2 and 5.7 kcal mol ', respectively. All reactions are
exothermic processes, in the range —32.2 to
—39.5kcal mol ', P-en-X and P-ex-X are a pair of
enantiomers with the same energy.

Analysis of the relative energies indicates that there is
a reduction of the barrier associated with the electron-
withdrawing character of the substituent present on the
aluminum metal that increases the acidic character of the
aluminum salt: Me < OMe < Cl (see the next section).
The endo TSs, TS-en-X, are between 0.1 and
0.6 kcal mol ! more stable than the exo TSs, TS-ex-X.
Therefore, in the gas phase these cycloadditions present a
low endo selectivity that decreases with the reduction of
the barrier. These PEBs are between 7 and 12 kcal mol ™
lower than those for the uncatalyzed process; the PEB for
the R1 + R2 DA reaction is 13.5 kcal mol~'.** There-
fore, this lowering of the activation energy indicates a
large catalytic effect on these LA-catalyzed cycloaddi-
tions in agreement with the reaction conditions. Some of
these catalyzed cycloadditions were carried out at very
low temperature, —78°C.** Finally, the R1-AlMe;/R2
cycloaddition presents a similar barrier to that found for
the R1-BH5/R2 reaction model, 7.5 kcal mol 1. *°

Geometries, bond orders and charge transfer
analysis

The lengths of the C4—C5 and O1—C6 forming bonds at
the endo TSs are 2.094 and 2.781 A for TS-en-Me, 2.191
and 2.834 A for TS-en-OMe and 2.267 and 2.972 A for
TS-en-Cl, respectively, whereas for the exo TSs these
lengths are 2.141 and 2.688 A for TS-en-Me, 2.342 and
2.844 A for TS-en-OMe, and 2.404 and 2.917 A for TS-
en-Cl, respectively. These lengths indicate that these TSs
correspond to high asynchronous bond formation pro-
cesses where the C4—C5 is more advanced than the
O1—C6 bond formation. The endo TSs are more
asynchronous than the exo TSs. In addition, on going
through the series Me, OMe, Cl the process becomes
earlier. The TSs associated with the AlMes-catalyzed
cycloaddition present a similar bond formation to
that found for the BH;-catalyzed cycloaddition.*® The
Al—O8 lengths in the endo TSs are 2.023, 1.952 and
1.912 A, respectively. Similar results are found for the
exo TSs. In consequence, there is a decrease in the Al—
O8 bond lengths with increase in the electron-with-
drawing character of the substituent on the aluminum
metal.

The extent of bond formation along a reaction pathway
is provided by the concept of bond order (BO).** The BO
values of the C4—CS5 and O1—C6 forming bonds at the
endo TSs are 0.42 and 0.07 for TS-en-Me, 0.35 and 0.06
for TS-en-OMe, and 0.31 and 0.05 for TS-en-Cl,
respectively, and for the exo TSs these values are 0.34
and 0.08 for TS-ex-Me, 0.28 and 0.05 for TS-ex-OMe
and 0.24 and 0.05 for TS-ex-Cl, respectively. These BO

Copyright © 2002 John Wiley & Sons, Ltd.

values indicate highly asynchronous TSs where only the
C4—CS5 bond is being formed on going from MC-X to
TSs. Therefore, these TSs correspond to one-center
additions instead of [4 + 2] processes. The C6—0O7 BO
values at the endo TSs are ca 1.15, indicating a slight n
character for the C6—O7 bond as a consequence of the
participation of the O7 lone pair in the nucleophilic attack
of MVK on R1-X.

These two-stage reactions®” are supported by an
analysis of the evolution of the bond formation from
the TSs to the cycloadducts along the IRC paths for these
concerted processes..23 Thus, the geometries of the points
at ‘half way’ between the saddle point TS-en-Me and the
cycloadduct P-en-Me show that whereas the C4—C5
bond formation is very advanced, the C4—C5 bond
lengths at these points are ca 1.6 A, the O1—C6 bond
formation is very delayed and the O1—C6 distance
remain at 2.60 A. Moreover, these points are located in a
smooth drop in energy after the barrier height, thus
explaining the failure to locate the corresponding
zwitterionic acyclic intermediate as a stationary point.*

Finally, the natural population analysis14a allows us to
evaluate the charge transferred along the cycloaddition
process. The B3LYP/6-31G* atomic charges at the TSs
are shared between the donor vinyl ether R2 and the
acceptor LA-coordinated nitroethene R1-X. The values
of the charge transferred from R2 to R1-X at the endo
TSs are 0.37 ¢ (TS-en-Me), 0.33 e (TS-en-OMe) and
0.33 e (TS-en-Cl), and those for the exo TSs are 0.34 e
(TS-ex-Me), 0.29 e (T'S-ex-OMe) and 0.28 e (TS-ex-Cl),
indicating that the nature of these TSs can be seen to
involve some zwitterionic character.*® In addition, the
charge transfer is slightly larger for the more favorable
endo TSs than for the exo TSs. For the AlMes-catalyzed
cycloaddition, the charge transfer is similar to that found
for the R1-BH;-catalyzed process.*”

Since these TSs present similar charge transfer, the
charges on the acceptor residue, R1-X, are shared between
the nitroethene and the LA frameworks in order to explain
the substitution effect on the aluminum metal. Thus, the
negative charge raised in the nitroethene framework at the
TSsis 0.22 e at TS-en-Me, 0.19 e at TS-en-OMe and 0.15
e at TS-en-Cl. There is a decrease in the negative charge
on the nitroethene framework with increase in the
electron-withdrawing character of the substituent on the
aluminum. Therefore, the delocalization of the negative
charge that is being transferred during the nucleophilic
attack of MVK to R1-Xis responsible for the reduction in
activation energy of the cycloaddition.21°

A comparison of the relative energies, geometric
parameters and charge transfer between the BHs- and
AlMes-catalyzed cycloadditions indicates that both
computational models describe a similar bond-formation
process. In consequence, we found that the small BH;
molecule is a valuable computational model for the study
of LA-catalyzed cycloadditions based on aluminum
metal.>°
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Table 2. Global properties of nitroethene R1, Lewis acid-
coordinated nitroethenes, R1-LA, and methyl vinyl ether, R2

Molecule 1 (au) n (au) o (ev)
R1-AICI; —0.2323 0.1124 6.53
R1-Al(OMe); —0.1900 0.0869 5.65
R1-AlMe(OMe), —0.1868 0.0856 5.55
R1-AlMe; —0.1830 0.0825 5.52
R1-AlH; —0.2032 0.1083 5.19
R1-BH; —0.2047 0.1317 433
R1 —0.1958 0.2001 2.61
R2 —0.0894 0.2564 0.42

Study of the solvent effects on the LA aluminum-
catalyzed cycloadditions

Recent studies carried out on LA-catalyzed cycloaddition
reactions indicate that the inclusion of the solvent effects
on the geometry optimization does not modify the gas-
phase geometries substantially.* In consequence, solvent
effects were considered by single-point calculations for
the gas-phase optimized geometries using a relatively
simple SCRF method,'® based on the PCM method of
Tomasi’s group.!” Table 1 reports the total and relative
energies of the stationary points in dichloromethane,
€=8.93.

Inclusion of solvent effects leads to stabilization of the
LA-coordinated  structures of between 4 and
10 kcal mol " due to the high polar character of these
species. A different behavior is found with the inclusion
of the solvent effect on the barriers associated with these
catalyzed cycloadditions. Thus, whereas TS-en-Me and
TS-en-OMe present lower barriers than in the gas phase,
ca 3.0 and 3.3 kcal mol™ !, respectively, for TS-en-Cl
there is an increase of ca 2.3kcalmol™' due to a
preferential solvation of the molecular complex MC-Cl.

A more relevant effect with the inclusion of dichloro-
methane as a continuum model is the increase in the endo
selectivity for these LA-catalyzed reactions relative to
that obtained in the gas phase (see Table 1). This behavior
is due to a preferential solvation of the more polar endo
TSs over their corresponding exo counterparts (see NPA
analysis and Ref. 4b). This is in qualitative agreement
with the increase in the endo/exo selectivity with the
polarity of the solvent experimentally observed for
related reactions.”’

Global electrophilicity analysis

These LA-catalyzed cycloadditions were also analyzed
using the global indexes defined in the context of
DFT.'®!” Recent studies devoted to the Diels—Alder
reaction have shown that these global indexes are a
powerful tool for understanding the behavior of these
polar cycloadditions.”*' Thus, the difference in global
electrophilicity power'® between the diene/dienophile

Copyright © 2002 John Wiley & Sons, Ltd.

pair, Aw, can be used to predict the polar character of the
process and the feasibility of the cycloaddition.?® In
Table 2 the static global properties, electronic chemical
potential u, chemical hardness # and global electrophi-
licity ® for nitroethene, R1, six LA-coordinated
nitroethenes, R1-LA [LA =BH;, AlH;, AlMes, Al-
Me(OMe),, Al(OMe)s, AICl3] and MVE, R2, are given.

The electronic chemical potential of nitroethene R1
(u=-—0.1958 au) is less than that of MVE R2
(1 =—0.0894 au), indicating that the net charge transfer
at the nitroethene + MVE cycloaddition will take place
from R2 towards R1, in agreement with the charge-
transfer analysis, and with an IED 1reactivity.4b Ni-
troethene R1 has a large electrophilicity power,
w=2.61eV, and it has been classified as strong
electrophile.”® On the other hand, MVE R2 has a very
low electrophilicity power, w=0.42 ¢V, so it has been
classified as a marginal electrophile or a nucleophile.*® In
consequence, it is expected that the cycloaddition will
have a large polar character, Aw=2.19 eV. The presence
of the BH; coordinated to nitroethene increases markedly
the electrophilicity of the acceptor R1, as is shown by the
high electrophilicity power calculated for the R1-BHj;
complex, w=4.33eV. This increase in electrophilicity
for the LA-coordinated heterodiene enhances the electro-
philicity  difference for the RI1-BH3/R2 pair,
Aw=3.91¢eV, and in consequence increases the polar
character of the cycloaddition.20 Therefore, the enhance-
ment of the electrophilicity for the R1-LA complexes is
responsible for the reduction of the activation energy
found at these LA-catalyzed processes.**20-1¢

Substitution of boron for a more electropositive
aluminum metal increases the electrophilicity power for
the R1-AlH; complex, w=5.19 eV, and in consequence
the cycloaddition will have a more ionic character. In
addition, substitution of the hydrogen atoms for more
electronegative groups increases the electrophilicity of
the corresponding complex. Thus, the increase in the
electrophilicity power for the series R1-AlMes,
w=15.52¢eV, R1-Al(OMe);3, w=5.65¢V, and R1-AICl;,
w=6.53eV is in complete agreement with the lowering
of the barriers found in gas phase (see earlier). Finally,
Table 2 also gives the global parameters for the R1-
AlMe(OMe), complex, as a reduced model for the MAPh
and MAD catalysts. The electrophilicity power for R1-
AlMe(OMe),, w=15.55¢eV, is well positioned between
the R1-AlMe; and R1-Al(OMe); complexes, in agree-
ment with an additive character of the substitution on the
aluminum metal.

From this DFT analysis, we can conclude that the
increase in the static electrophilicity power for the LA-
coordinated heterodiene relative to the non-coordinated
one allows us to explain the role of these LA catalysts.
The use of a more electropositive metal, aluminum,
instead of boron, or/and a more electron-withdrawing
substituent, Me, OMe, and Cl, increases the electro-
philicity power of the R1-LA complex. This substitution
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enhances the Aw of the diene—dienophile pair interaction,
giving a more ionic process with a lower activation
energy, in agreement with the experimental results.

CONCLUSIONS

The mechanism for the inverse electron demand Diels—
Alder reaction of nitroethene with vinyl methyl ether
catalyzed by Lewis acids based on aluminum, AlMes,
Al(OMe); and AICl; was studied using DFT methods at
the B3LYP/6-31G* computational level. For these
cycloaddition reactions, two reactive channels corre-
sponding to the endo and exo approach modes of the
vinyl ether to the Lewis acid coordinated nitroethene
were studied. These LA-catalyzed cycloadditions are
concerted but non-synchronous processes, in which only
the C—C bond is being formed in the first half of the
reaction as a consequence of the nucleophilic attack of
the vinyl ether on the conjugated position of the LA-
coordinated nitroethene. Hence these LA-catalyzed
cycloadditions are one-center additions instead of
[4 + 2] processes.

Coordination of the aluminum metal to an oxygen
atom of nitroethene decreases markedly the activation
energy of the cycloaddition caused by an increase in the
electrophilicity of the heterodiene that increases the ionic
character of the process. In addition, the presence of
electron-withdrawing substituents on the aluminum
increases the electrophilicity of the LA-coordinated
nitroethene complex through a larger delocalization of
the negative charge that is being transferred to
nitroethene along these polar bond-formation processes.
In the gas phase these cycloadditions present a low endo
selectivity that is enhanced with the inclusion of solvent
effects.

Finally, a DFT analysis of the electrophilicity of the
reactants allows the behaviors of these LA catalysts
based on aluminum metal to be explained. Coordination
of the LA to nitroethene increases notably the electro-
philicity of the heterodiene, increasing the Aw of the
diene—dienophile pair and decreasing the activation
energy by an increase in the ionicity of the process.
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