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Introduction

Diels-Alder reaction (D-A) is one of the most
widely used synthetic strategies for the synthesis
of natural products due to its character of

generating cyclic systems.
By this reaction cyclic compounds characteristic
of some families of alkaloids

may be directly developed, thus being of high
value in synthesis (Biolatto et al., 1999; Della
Rosa et al., 2004a).

The use of aromatic compounds as dienes has
been widely studied in D-A reactions, however,
the use of them as dienophiles is a new and
interesting branch that allows to state large and
versatile synthetic sequences.

The global electrophilicity index (),
introduced by Maynard ef al. (1998), and then
formalized by Parr et al. (1999), allows to
predict the trend of electron-acceptors
(electrophiles) to acquire additional electronic
charges from the environment. This index
involves the electronegativity of the electron
acceptor (y =-p) and its chemical hardness (1)),
that is to say, resistance to electron charge
exchange with the environment.

Figure 1. Studied dienophiles

In all cases we calculated the chemical
potential, chemical hardness and chemical
electrophilicity index in order to predict the
feasibility of the reaction, to evaluate the
best dienophiles, and to perform mechanistic
considerations. In addition, we examined the
effect of dienophile substitution on the reactivity
in order to select suitably the substituents leading
to the most favourable reaction conditions. We
have also performed an analysis of the energy

Recently, some studies on Density Functional
Theory applied to D-A reactions have shown that
the diene/dienophile classification in a single
electrophilicity scale is a powerful tool to predict
the feasibility of a cycloaddition approach and
the type of mechanism involved (Domingo,
2002; Domingo and Aurell, 2002; Domingo et
al., 2002 a,b).

In this work, and as a contribution to the
understanding of the reactivity of heteroaromatic
dienophiles in D-A reactions with normal
electron demand, previously developed
experimentally (Della Rosa et al., 2004 a,b,
2005), the electronic properties of these
dienophiles and some dienes were studied from a
theoretical point of view. The dienophiles
investigated are of the type of five-membered
aromatic heterocycles mono-and disubstituted by
electron-acceptor groups (A) (Fig. 1), while the
dienes were isoprene and trans-1-methoxy-3-
trimethylsilyloxy-1,3-butadiene (Danishefsky’s
diene) (Fig. 2).
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Figure 2. Studied dienes.

levels of the reactant species with the aim of
identifying the energetically more suitable
reactions.

Methodology

Geometry optimizations were carried out for
the mentioned series of dienes and dienophiles,
using the B3LYP/6-31G (d) theory Ilevel
implemented in the GAUSSIAN98 program
(Frisch et al., 1998).
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The global electrophilicity index was evaluated
using eq. (1) (Parr et al., 1999). Chemical

potential and chemical hardness were calculated
from the energies of the highest occupied
molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) in the
ground state of the molecule, using eqgs. (2) and

(3), respectively (Parr and Yang, 1989).
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Results

Dienes and dienophiles classified in decreasing
order of electrophilicity power (®) are shown in
Table 1. Some global properties are also
included, such as the values of chemical
potential (n) and chemical hardness (). It is
assumed that high nucleophilicity and high
electrophilicity are in opposite ends of this scale
and, therefore, a molecule that shows a low
electrophilicity power can be considered as a
nucleophile (Parr et al., 1999). Therefore, the
larger the difference between o index of both
diene and dienophile, a higher reactivity is
expected.

Table 1. Global properties of some reagents involved in D-A reactions.

Global properties

Molecule Ay Aw?
plua) | niwa) | @(eV)

3 Ethoxycarbonyl-5-nifroselenophene SIEEY | (1T 283 .82 217
3-Ethoxycarbonyl-S-nitrothiophene RN 01764 2.82 1.1 216
2-Nitroselenophene ARIR29 [ L 16us 268 .67 202
3-Ethoxycarbonyl-S-nitrofiran 11886 1810 267 1.66 201
2-Nitrothiophene SARI845 [ (RT3 2.6 |65 200}
2-Nitrofinan (L1E 0 1775 251 1.50 1.85
3-EthoxycarbonylS-nitvopyrrole | -h1754 | {11723 243 1.42 1.77
I-Nitropyrrole 1654 L1692 2.20 1.19 1.54

Thiophene L T S I U T 247

Isoprene 1200 | 01962 1.01

Selenophene SR1220 | 02195 0,42

Danishefsky's diene 0045 | 01851 .66

Furan L1024 | (L2441 0,54

Pyirole ALOTAS 0.2525 (.31

Aw = (@

Dienophite” P lsoprene ) and

It can be appreciated that the structural and
electronic characteristics induced by chemical
substitution are reflected as different responses
of the global electrophilicity power.

For pyrrole, furan, thiophene and selenophene,
the substitution of a hydrogen atom by a strong
electroattractor group, such as nitro, gives rise to
an increase of the -electrophilic character.

AE’I

(mDiennphile- © Danishessky's diene )

Likewise, upon substitution of two hydrogen
atoms by two different electroattractor groups (-
NO, and -CO,CHj) the electrophilicity power
further increases, thus indicating an increase of
reactivity towards a nucleophile. On the other
hand, when increasing the chemical substitution
in the diene groups by electrodonor groups,
global electrophilic character decreases from
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1.01 eV in isoprene to 0.66 eV in the
Danishefsky’s diene, thus supporting that
electrodonor substituents in diene would
accelerate the reaction (Fleming, 1999). It is
therefore demonstrated that this scale of global
electrophilicity is a useful tool for explaining the
effect of substituents on reactant species.

The reactivity of the D-A process depends on
the energy separation between frontier molecular
orbitals (FMO) of reagents, HOMO of the diene,
and LUMO of dienophile (Fukui, 1982). A small
energy difference between interacting FMO will
contribute to a higher stabilization of the
transition state, therefore, all factors that

Py1role Furan
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decrease HOMO-LUMO distance will increase
reaction rate. Then, from the energy point of
view, the most favourable HOMO-LUMO
interaction will be that of less AE.
The following schema show FMO energies for
isoprene and the studied dienophiles. In each
scheme the effect of mono- and disubstitution of
the dienophile with electroattractor groups is
analysed. It can be clearly observed that
electron-attractor substituents decrease LUMO
energy, which would result in an acceleration of
the reaction rate. These results are in agreement
with those obtained by analysing the global
electrophilicity index.
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Figure 3. Effect of electroattractor substituents on the LUMO energy of the dienophile. In pink: isoprene;
in black: dienophile without substitution; 4 in red: dienophile monosubstituted in 2-position with a nitro
group, and in blue: dienophile disubstituted in 3-position with ethoxycarbonyl and in 5-position with nitro.

Conclusions

Global electrophilic index is a useful tool for
explaining the effect of substituents in the
diene/dienophile  interacting  pair.  Upon
increasing  dienophile  substitution  with
electroattractor groups, there is an increase in ®
index, thus reflecting a higher electrophilic
character. On the other hand, upon increasing
diene substitution with electrodonor groups there
is a decrase in ® index, thus reflecting a higher
global nucleophilic nature.

Based on such theoretical calculations the
influence of the combination and positional
relationship of the substituents of each
dienophile can be analysed in order to develop
most suitable reactions for the design of possible
precursor to be integrated in synthetic sequences.

Results are in agreement with those
experimentally developed for each
diene/dienophile pair in D-A thermal reactions.
Depending on the observed A values, it can be
assumed that these reactions occur via a
concerted mechanism with the corresponding
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asynchronous (asynchronic) transition state
(zwitterionic).
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