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a b s t r a c t

A theoretical study of the mechanism, stereoselectivity, Lewis acid catalysts and solvent effects on the
Diels–Alder reactions of methyl acrylate and methyl methacrylate with furan has been carried out
through DFT calculations at the B3LYP/6-31G⁄ level of theory. Bond order and charge transfer analysis
indicate that these reactions take place via an asynchronous concerted mechanism. The Lewis acid cata-
lyst changes the nature of the mechanism but not the stereoselectivity. The inclusion of solvent effects
does not change the obtained results in the gas phase study.

� 2013 Elsevier Ltd. All rights reserved.

Diels–Alder (DA) cycloaddition reactions are a powerful tool in
organic synthesis and in the chemical industry.1 In addition, they
represent a versatile synthetic tool for constructing simple and
complex molecules. The use of butadiene and ethylene derivatives
to form six-membered carbocycles in a single-step process is often
used for the synthesis of natural products and bioactive mole-
cules.2 Density functional theory (DFT) has become a useful meth-
od for explaining the reactivity and selectivity of cycloaddition
reactions.3 There are many experimental and theoretical reports
on the study of the origin of the stereoselectivity of Diels–Alder
cycloadditions. Recently, we studied the Diels–Alder cycloaddition
between difluoromethylenecyclopropane and furan4 and found
that this reaction proceeded via a synchronous concerted mecha-
nism. This reaction favored the formation of the endo cycloadduct
due to the favorable secondary interaction in the endo transition
state.

Herein, the DA reactions between furan 3 and methyl acrylate
(MA, 1), and methyl methacrylate (MMA, 2) in the absence and
in the presence of aluminum trichloride (AlCl3) as the catalyst,
have been studied (Schemes 1 and 2). The influence of the alumi-
num trichloride catalyst has been investigated taking into account
the formation of a complex between the aluminum atom of the
catalyst and the carbonyl oxygen atom of MA (1) and MMA (2).

The aim in this work was to gain an understanding of the role of
the AlCl3 catalyst and solvent effects on the stereoselectivity and
mechanism of the DA cycloaddition reactions of MA (1) and
MMA (2) with furan.

Geometry optimizations of the critical points (reactants, transi-
tion states and products) were carried out using DFT methods at
the B3LYP/6-31G⁄ level of theory.5 Frequency calculations were
used to confirm the nature of the stationary points. Transition
states were found to have only one negative eigenvalue. The elec-
tronic populations were computed using NPA (natural population
analysis). The electronic structures of the stationary points and
bond orders (Wiberg indexes)6 were analyzed by the natural bond
orbital (NBO) method.7 Solvent effects were evaluated at the same
level of theory using the polarized continuum model (PCM).8 All
calculations were performed using GAUSSIAN 03.9

Experimentally,10 the Diels–Alder cycloaddition of furan (3)
with methylacrylate MA (1) in absence of Lewis acid catalyst favor-
ing the formation of the endo product gives the ratio (6:4). The Le-
wis acid catalyst enhances the formation of endo cycloadduct (7:1).
The reaction between furan (3) and methylmetacrylate MMA (2)
gives only the endo cycloadduct in absence of any Lewis acid cata-
lyst (Table 1).

As a computational model, we used the AlCl3 catalyst to inves-
tigate the stereoselectivity endo and exo of these cycloaddition
reactions.
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The nature of the mechanism of these DA cycloaddition reac-
tions has been analyzed using the global indices, as defined in
the context of DFT, which are useful tools to understand the reac-
tivity of molecules in their ground states. The global electrophilic-
ity index x, which measures the stabilization in energy when the
system acquires an additional electronic charge, DN from the envi-
ronment, is given by the following expression11 x = (l2/2g), in
terms of the electronic chemical potential l, and the chemical
hardness g. Both quantities may be approached in terms of the
one-electron energies of the Frontier molecular orbital HOMO
and LUMO, eH and eL, as l = (eH + eL)/2 and g = (eL � eH), respec-
tively.12 The global hardness g of the system is given by 2g = 1/

S.12 On the other hand, the nucleophilicity index is defined13 as
N = eHOMO � eHOMO(TCE), where eHOMO is the HOMO energy of the
nucleophile and eHOMO(TCE) corresponds to the HOMO energy of tet-
racyanoethylene (TCE), taken as a reference.

Global properties analysis

The difference between the global electrophilicity indices of the
reagents Dx, may be used to predict the polar character of the pro-
cess.14 The static global properties: electronic chemical potential
(l), chemical hardness (g), global electrophilicity (x), and nucleo-
philicity (N) indices of MA (1), MMA (2) and the corresponding Le-
wis acid coordinated complexes of 1+LA, 2+LA and furan (3) are
listed in Table 2. The electronic chemical potential of furan (3)
(l = �2.79 eV) is higher than that of dienophiles 1 and 2
(l = �4.30 and �4.15 eV, respectively), and higher also than the
potential of the corresponding LA complexes (l = �5.46 and
�5.58 eV, respectively). Therefore, the charge transfer (CT) of these
cycloaddition reactions will take place from furan (3) to dieno-
philes 1 and 2, and from furan (3) to complexes 1+LA and 2+LA.
These results are in agreement with the CT analysis performed
on the TSs (see later).

The global electrophilicity of dienophiles 1 and 2 are x = 1.50
and 1.40 eV, respectively. According to the absolute scale of elec-
trophilicity, these compounds may be classified as strong electro-
philes.14 The presence of the electron-donating CH3 group at the
a position decreases the electrophilicity of MMA (2). Coordination
of AlCl3 to the carbonyl oxygen atom increases considerably the
electrophilicity of dienophiles 1 and 2 to 3.23 eV for (1+LA) and
3.57 eV for (2+LA). On the other hand, furan (3) has a very low elec-
trophilicity value: 0.582 eV, being classified as a marginal electro-
phile. While MA (1) and MMA (2), and the corresponding LA
complexes, have very low nucleophilicity indices, furan (3) has a
high nucleophilicity index, N = 3.04 eV. The electrophilicity differ-
ence for the couples: MA (1)/furan (3), MMA (2)/furan (3), MA
1+LA/furan (3), MMA 2+LA/furan are 0.92, 0.82, 2.64, and 2.98 eV,
respectively. Therefore, the LA increases the polar character of
these cycloaddition reactions.

Study of the uncatalyzed DA cycloadditions

Relative energies (in kcal/mol) for the stationary points (reac-
tants, TSs and cycloadducts) involved in these DA reactions, in
the gas phase and in a solvent (CH2Cl2), are collected in Table 3.
The total energies (in a.u) are given in the Table in the Supplemen-
tary data. These DA cycloaddition reactions can take place along
two stereoisomeric reaction channels, endo and exo (see Scheme
1). The structures of the TSs are given in Figure 1. From Table 3,
we can see that the endo stereoisomer is favored over the exo ste-
reoisomer by 0.56 kcal/mol. This may be due to the favorable inter-
action between the secondary orbitals via the endo approach. On
the other hand, the product formed from the exo approach is more

Table 1
Experimental stereoselectivity ratio

Reaction Catalyst Solvent Temp
(�C)

Time
(h)

Yield
(%)

Endo/
exo ratio

1 + 3 –– CH2Cl2 27 4 62 6:4
BF3–OEt2 CH2Cl2 5 10 75.5 7:3

2 + 3 –– CH2Cl2 rt 8 8 1:0

Table 2
Global properties, in eV, of the diene and dienophiles

HOMO LUMO l g x N

MMA 2 + LA �7.75 �3.40 �5.58 4.35 3.57 1.37
MA 1 + LA �7.75 �3.16 �5.46 4.60 3.24 1.37
MA 1 �7.37 �1.22 �4.30 6.15 1.50 1.75
MMA 2 �7.27 �1.03 �4.15 6.23 1.38 1.85
Furan 3 �6.10 0.52 �2.79 6.61 0.59 3.02

Table 3
Relative energies (kcal/mol) for the stationary points involved in the DA reactions of
MA (1) and MMA (2) with furan (3) in the gas phase DE and in CH2Cl2 [DE (CH2Cl2)]

System DE DE (CH2Cl2)

TS1endo 24.86 22.56
TS1exo 25.42 23.01
CA1endo �1.22 �2.55
CA1exo �1.73 �3.28
TS2endo 27.51 25.41
TS2exo 27.77 25.26
CA2endo �1.80 0.75
CA2exo �2.23 0.69
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Scheme 1. Diels–Alder cycloaddition reaction between methyl acrylate or methyl
methacrylate and furan.
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Scheme 2. Diels–Alder cycloaddition reaction between methyl acrylate and methyl
methacrylate with furan in presence of a Lewis acid catalyst (AlCl3).
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