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Abstract. The potential energy surface of four stereoselective Diels-
Alder reactions was studied, namely: cyclopentadiene-maleic anhy-
dride, furan-maleic anhydride, the dimerization of cyclopentadiene, 
and cyclopentadiene-cyclopropene. For completeness, we also studied 
the reaction between ethylene and 2-hydroxy-6-methyl-1,4-benzoqui-
none, a [5+2] cycloaddition reaction. For all cases at least a stationary 
state of supramolecular nature a van der Waals complex, was deter-
mined. These stationary states are complexes formed by the interac-
tion between the reagents, minima located in the paths between the 
non-interacting molecules and the transition states. The existence of 
these complexes makes it necessary to reconsider the role of Second-
ary Orbital Interactions in the selectivity of these reactions. As it is 
the case with other complexes, the stability of these supramolecular 
intermediates depends on electrostatic phenomena such as dispersion 
forces. The observation of [5+2] intramolecular complexes in solution 
is important since up to now, this kind of van der Waals complexes 
had only been described in the gas phase.
Keywords: Diels-Alder reaction, Dispersion forces, van der Waals 
complex, Reaction mechanism, Interaction energies.

Resumen. La superficie de energía potencial de cuatro reacciones es-
tereoselectivas Diels-Alder fue estudiada, específicamente: ciclopen-
tadieno-anhídrido maleico, furano-anhídrido maleico, la dimerización 
del ciclopentadieno y ciclopentadieno-ciclopropeno. Para complemen-
tar, también se estudió la reacción entre etileno y 2-hidroxil-6-metil-
1,4-benzoquinona, una reacción de cicloadición [5+2]. Para todos los 
casos, fue identificado al menos un estado estacionario, un complejo 
de van der Waals de naturaleza supramolecular. Estos estados estacio-
narios de mínima energía son complejos formados por la interacción 
entre los reactivos y se localizan como mínimos en la trayectoria 
de las moléculas no interaccionantes y los estados de transición. La 
existencia de estos complejos hace necesario reconsiderar el papel 
de las Interacciones de Orbitales Secundarios en la selectividad de 
estas reacciones. De la misma forma que ocurre con otros complejos, 
la estabilidad de estos intermediarios supramoleculares depende de 
fenómenos electrostáticos como las fuerzas de dispersión. La existen-
cia del complejo intramolecular [5+2] en solución es importante, ya 
que hasta ahora los complejos del tipo van der Waals sólo han sido 
descritos en fase gaseosa.
Palabras clave: Reacción de Diels-Alder, Fuerzas de dispersión, 
Complejo de van der Waals, Mecanismo de reacción, Energías de 
interacción.

Introduction

The existence of secondary orbital interactions (SOI) in cyclo-
addition reactions has been a controversial topic. While some 
research groups have reported results that have been interpreted 
as decisive proof of the participation of SOI in the stabilization 
of the transition states leading to the endo adducts of Diels-Al-
der reaction [1-7] others consider that there is no clear evidence 
to support this hypothesis. As a consequence, the selectivity of 
these reactions has been justified with arguments such as the 
participation of inductive forces [8], charge transfer phenomena 
between diene and dienophile, and accumulation of unsatura-
tions [9, 10]. However, none of these arguments have been 
convincing enough.

Woodward and Hoffmann [1, 11, 12] analyzed a series of 
reactions to demonstrate the existence of SOI as the origin of 
the stereoselectivity in the Diels-Alder reaction. Among these 
Diels-Alder reactions, our study uses three examples, with two 
additional reactions, one of which is supported by experimental 
data: (a) The reaction between cyclopentadiene (1) and maleic 

anhydride (2), where it is well known that the endo product is 
formed as the major product under kinetic conditions and that it 
can be isomerized at 220 °C to yield a 45:55 mixture of endo/exo 
stereoisomers [13-15]. (b) The reaction between furan (3) and 
maleic anhydride (2) that initially produces the endo adduct, 
the kinetic product, which is rapidly transformed into the exo 
thermodynamic product under the reaction conditions [16-18]. 
(c) The dimerization of cyclopentadiene (3), and we included 
an additional example, (d) the reaction between cyclopenta-
diene (3) and cyclopropene (4). In the last two reactions, the 
endo stereoisomer is produced exclusively (Scheme 1) [19].

If SOI are indeed responsible of the stereoselectivity of 
these reactions, it would be expected that they would impact 
the enthalpic term in ∆G≠, as it occurs, for example, in the 
enthalpic anomeric effect [20], where the stabilizing hyper-
conjugative interaction strongly affects this term. In order to 
investigate the role of the SOI in the observed selectivity, we 
have studied the potential energy surface in the reaction trajec-
tory of the aforementioned reactive systems and the results are 
described herein.
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Results and discussion

The analysis of the evolution of energy as the reaction pro-
gresses for each one of reactions 1-3 (Scheme 1, eqs. 1-3) [21], 
within the two possible stereoisomeric endo/exo approaches, 
led to the location of two stationary states corresponding to 
minima (without imaginary frequencies) between the non-inter-
acting reagents (separated at infinite distance) and the transition 
state (Fig. 1). For reaction 4, only one stationary state of this 
type was determined. These states are fundamental for this 
work since they lead us to reanalyze the current scheme used 
to describe and understand concerted processes. Until now it 
has been tacitly assumed that reactants do not really interact 
until they somehow reach and ride the reaction coordinate. 
Reaction coordinates are drawn and activation and reaction 
energies are calculated in terms of the properties of the iso-
lated reactants. Reactivity schemes such as FMO theory are 
employed to predict selectivity in terms of the shape and energy 
of the orbitals of the isolated reactants at their unperturbed 
equilibrium geometries. In the more general scheme supported 
by this work, the isolated reagents interact first to produce an 
intermediate, a supramolecular complex that behaves as a unit, 
containing a new single set of molecular orbitals which results 
from the perturbation effect of each reactant on the other. These 
supramolecular stationary states are minima with substantial 
stabilization energies with respect to the isolated reagents. The 
relevance of the existence of these complexes is based in the 
fact that those complexes overcome to the solvent interactions 
with theirselves, exist when the reactants are located with a 
definite distance and orientation that becomes the origin of 
the endo and exo stereoselectivity. From the point of view of 
potential energy surface topology, these intermediates naturally 
make the associated transition states maxima in the reaction 
path; in other words, a saddle point isolated by two minima 

(an elemental reaction) just as it has been described by Suárez 
and Sordo [22]. These authors described for the first time the 
intermediacy of van der Waals complexes in the cycloaddition 
reaction between cyclopentadiene and maleic anhydride.

Several independent studies have reported stationary states 
similar to those described in Fig. 1; these include examples of 
1,3-dipolar cycloaddition reactions [23-26] and the correspond-
ing Lewis acid-catalyzed processes [27, 28]. However, these 
complexes have not been sufficiently analyzed in relation to 
their conceptual importance and it is not known whether they 
occur in isolated cases or if they are general to all Diels-Alder 
reactions, particularly when the diene and dienophile are elec-
tron-rich compounds.

Interestingly, when we studied the first reaction (Scheme 
1, eq. 1) two orientations of cyclopentadiene (1) with respect to 
maleic anhydride (2) were found to correspond to minima, as 
described by Suárez and Sordo [22], those that formed the com-
plexes that lead directly to the endo and exo transition states. 
The 5-endo and 5-exo stationary states (Scheme 2) calculated 
at the MP2/6-31G(d,p) level (method (a), (Fig. 1) were more 
stable than the compounds from which they were originated: 
the former by 7.19 and the latter by 6.18 kcal/mol, respectively. 
These same complexes calculated at the B3LYP/6-31G(d,p) 
level (method (b)) had a stabilization energy when compared to 
the reagents of -1.79 and -1.89 kcal/mol, and at the B3LYP/6-
311++G(2d,2p) level (method (c)) of 0.76 and 0.88 kcal/mol 
(Scheme 2). The interaction distance was also considerably 
different with the three methods used. With method (a), the 
distance between the atoms that will form the new carbon-
carbon bonds when the reaction takes place was 3.103 Å for 
5-endo and 3.338 Å for 5-exo. This is considerably shorter than 
the distance determined using methods (b) (resulting in 3.585 
Å and 3.570 Å, respectively) and (c) (3.856 Å and 3.842 Å, 
respectively). On the other hand, the three methods predicted 
that the cyclopentadiene and maleic anhydride fragments re-
main essentially undistorted (flat) in the complex. This is in 
sharp contrast with the distortion of the reactants at the transi-
tion state, where the planarity is lost and both fragments are 
much closer.

Scheme 1. Cycloaddition reactions studied in this work.

Fig. 1. Electronic energies (Hartrees) obtained at the MP2/6-31G(d,p) 
level of theory for the supramolecular complexes located in the Diels-
Alder reactions under study.
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These results are satisfactorily explained if one considers 
that the B3LYP method does not correctly describe dispersion 
forces, an issue that has been well documented [29, 30]; conse-
quently, it fails to describe medium and long range interactions 
[31]. Interestingly, our results suggest that the description of the 
medium range interaction is worst when the largest basis set is 
used, a fact that is characteristic of DFT methods [32, 33]. On 
the other hand, when the transition state energy is calculated, it 
is well known that the B3LYP and MP2 methods tend to esti-
mate it in opposite directions [34]. The B3LYP method usually 
underestimates barrier heights; however, this fact does not have 
an impact on the central topic of this work that focuses on the 
existence of the supramolecular intermediates shown in Fig. 
1. Although it is expected that larger levels of theory would 
describe with more precision the reactions described in this 
work, both levels used here allowed confirming the existence 
of these intermediary complexes in the PES. It is important to 
point out that in this case, and in all the following cases, the 
PES of each system was studied in order to find other possible 
van der Waals π/π complexes, by rotating the diene in front of 
the dienophile and optimizing the rest of the variables, but only 
the minima herein described were found. The exclusive forma-
tion of the complexes with endo and exo orientation obeys the 
rules of conservation of orbital symmetry. This is important 
because there are no additional van der Waals complexes and 
the reaction trajectory must occur through the intermediates 
described herein. It is possible to find multiple CH/π stationary 

states, but these were not found to be such as intermediates in 
the cycloaddition process.

There are several reported cases which have shown that 
the inclusion of dispersion terms in the analysis of the mo-
lecular stability of complexes is essential in order to reproduce 
experimental results. Such are the cases of the benzene-hexa-
fluorobenzene supramolecule [35], of the perezone conformers 
[36], and of the carbohydrate-protein interaction [37]. Since 
we obtained results analogous to those described so far for all 
the systems shown in Fig. 1, from here on, details will only be 
provided for the MP2 analysis of the remaining reactions.

To increase the precision in the evaluation of the interaction 
energy of these minima, the correction for BSSE was calculated 
using the counterpoise method proposed by Boys and Bernardi 
[38, 39-41]. The corrected interaction energy calculated for 5-
endo is -3.23 kcal/mol and for 5-exo is -2.78 kcal/mol. Thus, the 
difference in energy between the endo and exo complexes was 
only 0.45 kcal/mol. The incorporation of the BSSE correction 
during the geometry optimization of the supramolecular inter-
mediates allowed us to find a stationary state with an associated 
imaginary frequency. This frequency describes the rotation of 
cyclopentadiene over maleic anhydride (or vice versa). The 
transition state thus found allows for the exchange between 
the endo and exo orientations of the supramolecule, and corre-
sponds to an exchange path alternative to that found by Suárez 
and Sordo, which involves a third supramolecular intermediate 
and two additional transition states [22].

Scheme 2. Potential energy surfaces for the cycloaddition of cyclopentadiene (1) and maleic anhydride (2), obtained at the (Becke3LYP/6-
31G(d,p)), {Becke3LYP/6-311++G(2d,2p)} and [MP2/6-31G(d,p)] levels of theory. Absolute energies in Hartrees; ∆E in kcal/mol.
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For an MP2 calculation, the total electronic energy is 
composed of two parts, the Hartree-Fock energy and the MP2 
correction which corresponds to the correlation energy. Fig. 
2 shows the curves obtained for each one of these terms as a 
function of the intermolecular distance for the endo and exo 
complexes. The corresponding values of ∆EHF and ∆ECORR, 
relative to the global minimum are presented in Table S3 in 
the Supporting Information.

In terms of the curves shown in Fig. 2, for the endo ap-
proximation the minimum in the potential energy curve for 
∆ECORR was located at a distance of 3.04 Å between the carbon 
atoms responsible for the interaction that produces the new C-C 
bond. For the exo approximation the minimum was found at a 
distance of 3.17 Å. In the case of the HF component, minima 
were not found until 5.0 Å for the the exo and 4.0 Å for the endo 
complexes. If the interaction had only an electrostatic origin, 
the HF results should have provided a proper description of the 
complex; in other words, they would be able to reproduce the 
depth of the minima at the intermolecular distance where the 
minima exist [35].

Therefore, the incorporation of the correlation energy, 
which includes the dispersion interaction between the cycload-
dends, is a key factor to produce a well-determined minimum 
in the interaction energy curves, as observed in Fig. 2. On the 
other hand, the main contribution to the total energy of the 
complex comes from the HF term.

These results indeed establish the importance of consider-
ing the dispersion energy in the evaluation of the stability of 
the complexes involved in the Diels-Alder reaction. The disper-
sion energy is so important that even a small base such as 6-
31G(d,p) is able to introduce a substantial part of the correlation 
correction. The endo complex is more stable than the exo, in 
agreement with the endo rule postulated by Alder for the corre-

sponding transition states [42-45]. Dispersion energy would be 
largely responsible for this phenomenon, since the calculation 
at the MP2 level provides the minimum in the potential energy 
surface and includes the dispersion energy terms.

It can be concluded that the formation of these complexes 
has its origin mainly in the π/π interaction between the reac-
tants, so it is controlled by dispersion forces which can only be 
represented appropriately by MP2 or higher levels of theory. 
The calculations with functionals that do not correctly describe 
long range interactions are useful here, since the comparison 
with the MP2 method allows us to verify that the interactions 
responsible for the formation of the complex require the correct 
description of long range terms (the dispersion forces).

The full profile of the reaction between cyclopentadiene 
(1) and maleic anhydride (2) is represented in Scheme 2. In 
addition to the higher stability of the 5-endo supramolecular 
complex, the endo transition state is more stable than the exo 
by 2.1 kcal/mol in agreement with previous results of Arrieta 
and Cossio [46] and other research groups, leading to a higher 
endo selectivity under conditions of kinetic control.

In the reaction between maleic anhydride (2) and furan (3) 
(eq. 2 in Scheme 1 and Scheme 3), it was possible to locate su-
pramolecular complexes analogous to those already discussed, 
with the endo arrangement being more stable than the exo by 
0.53 kcal/mol. The difference in the interaction energy calcu-
lated using the counterpoise method [38] between 6-endo and 
6-exo was 0.56 kcal/mol in favor of the endo complex. These 
complexes are also more stable than the isolated cycloaddends 
and are minima in the potential energy surface.

Regarding the interaction distances in the 6-endo and 6-
exo complexes, the distance between the atoms that will form 
the C-C bonds of the final product was 3.107 Å and 3.145 Å, 
respectively. The decomposition of the total interaction energy 
in its HF and correlation terms allows us to study the effect of 
the correlation; hence, to establish the relevance of medium 
and long range electrostatic interactions in the stability and 
structure of the complexes. For the endo approximation, the 
minimum in the ∆ECORR potential energy curve was located at 
3.133 Å between the carbon atoms responsible of the primary 
interaction; for the exo approximation the distance was 3.145 
Å. In the case of the ∆EHF component, the minima never oc-
curred until an intermolecular distance of 5.0 Å for the endo 
and exo approximations. Again, if the interaction had only 
an electrostatic origin, the HF results should have provided 
a proper description of the complex; however this was not 
the case.

The third case was the cyclopentadiene (1) dimerization. 
The difference in energy between the 7-endo and the 7-exo 
complexes was minimal (0.05 kcal/mol, Scheme 4). Both com-
plexes were minima in the potential energy surface and the 
distances between the cycloaddends of the complexes are 3.330 
Å and 3.410 Å for the endo approach, and 3.372 Å and 3.420 
Å for the exo.

In this case the Hartree-Fock energy (∆EHF) and the elec-
tronic correlation energy (∆ECORR) as a function of the inter-
molecular distance are presented in Fig. 3 (See Table S9 of 

Fig. 2. Interaction energies for the cycloaddition between cyclopenta-
diene (1) and maleic anhydride (2) at different C-C distances (for the 
bond-forming interactions).
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Scheme 4. Potential energy surface for the dimerization of cyclopentadiene (1) obtained at the MP2/6-31G(d,p) level of theory.

Scheme 3. Potential energy surface for the cycloaddition of maleic anhydride (2) and furan (3), obtained at the MP2/6-31G(d,p) level of 
theory.
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the Supporting Information). This figure shows that the MP2 
term is the responsible of the existence of the minima that are 
produced at carbon atom distances of 3.5 Å for the endo inter-
mediate, and 3.3 Å for the exo. However, it must be noticed 
that the HF term provides the main contribution to the stability 

of the exo complex that shows a minimum at 3.7 Å. No minima 
were found for the endo complex until 3.9 Å. This is in sharp 
contrast with the previous cases where the energetic difference 
is ∆ECORR(endo) ≈ ∆ECORR(exo) while for this case ∆EHF(endo) > 
∆EHF(exo).

For the reaction between cyclopentadiene (1) and cyclo-
propene (4) (Scheme 5), the behavior of the endo/exo supra-
molecular complexes was different with respect to the previous 
reactions. While the π/π interaction was responsible for the 
formation of the 8-endo complex, the 8-exo complex did not 
correspond to a minimum. Several attempts to locate a mini-
mum related to the exo approach between the reactants led to 
different minima, stabilized by CH/π interactions, which could 
not evolve directly into the exo cycloaddition product. Hence, it 
can be proposed that the origin of the observed endo selectivity 
would depend on the nonexistence of the exo complex. This 
fact is in agreement with experimental data, because the exo 
adduct has never been observed; nevertheless it is also possible 
to argue that the endo selectivity originates in the energy differ-
ence between the endo and exo transition states, 4.7 kcal/mol 
favoring the endo geometry. This value is more than enough to 
yield exclusively the endo product under kinetic conditions.

For this system, the distance between the atoms that will 
form the C-C bonds was 3.227 Å for the 8-endo complex at 
the MP2/6-31G(d,p) level of theory. At the B3LYP/6-31G(d,p) 
level, the distance was 4.830 Å; this confirms, once again, the 
importance of the correct description of medium and long range 

Fig. 3. Interaction energies for the cyclopentadiene (1) dimerization 
reaction at different C-C (primary interaction) distances.

Scheme 5. Potential energy surface for the cycloaddition of cyclopentadiene (1) and cyclopropene (4) obtained at the MP2/6-31G(d,p) level of 
theory.
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terms in order to study this problem and thus, the magnitude of 
the dispersion forces involved.

Now, a question arises: how general is the existence of 
this kind of complexes? The application of spectroscopic tech-
niques such as Raman, microwave and infrared has allowed the 
study of supramolecular complexes in gas phase such as those 
described here [47]. Specifically, the spectroscopic evidence 
for supramolecular intermediates in 1,3-dipolar cycloaddition 
reaction between ozone and ethylene, in gas phase, has been de-
scribed [23]. However, the complexes have not been described 
in condensed phase, so their existence must be proved. In fact, 
the effect of the solvent that is so important in the Diels-Alder 
reaction [48], could play an important role in preventing their 
formation.

In order to address this issue we decided to study the [5+2] 
cycloaddition reaction between ethylene (8) and 2-hydroxy-
6-methyl-1,4-benzoquinone (9) (Scheme 6) [24-26], which is 
analogous to the intramolecular cycloaddition of perezone men-
tioned before [36]. The corresponding supramolecular complex 
(10) was a minimum in the potential energy surface and is 
shown in Fig. 4. The C3-Cethylene distance was 3.541 Å, and 
C5-Cethylene distance was 3.412 Å. The shorter distance for C5 
can be attributed to the higher electrophilicity of this carbon 
atom due to the intramolecular hydrogen bond between the 
hydroxyl group at C-2 and the carbonyl group at C-1. The 
interaction energy of the complex was -2.56 kcal/mol at the 
MP2/6-31G(d,p) level.

For comparative purposes, the HF interaction energies cal-
culated at the HF/6-31G(d,p)//MP2/6-31G(d,p) and the ECORR 
energy at MP2/6-31G(d,p) level for the reaction between eth-
ylene (8) and the quinone (9) are plotted in Fig. 5. The cor-
responding values ∆EHF and ∆ECORR are presented in Table 
S13 in the Supporting Information. As it was the case with the 
previous complexes, the correlation energy is responsible of the 
minimum observed at 3.54 Å between C3 and Cethylene, while 
the HF component is unable to find a minimum until 4.5 Å. 
Again, for this molecular system the correlation energy contri-
bution allows for the proper description of the minimum.

We have recently described the existence of stable intra-
molecular complexes that can be observed spectroscopically 
(NMR) [36] associated with the cycloaddition of perezone 
(Scheme 7), which are analogous to those described here [13, 
49]. The existence of these complexes has undeniable chemi-
cal, electrochemical, and conformational consequences [36]. 
These are stationary states previous to the [5+2] cycloaddi-
tion reactions that yield the α- and β-pipitzols, and correspond 
to the intramolecular version of the complexes described in 

Fig. 4. The conformation of the perezone that approaches the 
alkylidene group to the quinone ring was deduced from the 
evaluation of the nuclear Overhauser effect that takes place 
between the methyl group of the quinone and the lateral chain. 
This establishes the formation of the complexes in the chlo-
roform solution with a dielectric constant of 5.5 at 273 K and 
a dipolar moment of 1.02 D and thus, confirms the existence 
of supramolecular complexes in condensed phase. The polar 
solvent used was unable to impede forming the weak inter-
actions that stabilize the complexes. It would be possible to 
suggest that entropy is responsible of the existence of these 
complexes. Although entropy-driven dissociation of these in-
tramolecular complexes should be much less important than 
that of the intermolecular complexes and reactions considered 
in this paper. This is not the case, because the free rotation of 
the flexible lateral chain provides a large number of freedom 
degrees. Actually, the entropy drops drastically when the van 
der Waals complex and the pipitzol are formed. For the com-
plex that leads to α-pipitzol, the distances between the atoms 
involved in the formation of the C-C bonds were 3.042 Å and 
3.540 Å, while for the β-pipitzol were 2.972 Å and 4.190 Å, 
respectively. These distances are in good agreement with the 
analogous quinone system described above if one takes into 
account the differences between an inter- and an intramolecular Scheme 6. [5+2] cycloaddition reaction between ethylene (8) and 2-

hydroxy-6-methyl-1,4-benzoquinone (9).

Fig. 4. Supramolecule, 10, formed by the interaction between ethylene 
(8) and 2-hydroxy-6-methyl-1,4-benzoquinone (9), as the intermediate 
in the [5+2] cycloaddition.

Fig. 5. Dependence of the interaction energies for the supramolecular 
complex located in the [5+2] cycloaddition of ethylene (8) and 2-
hydroxy-6-methyl-1,4-benzoquinone (9) at the C3-Cethylene distance.
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cycloaddition, the steric crowding and the geometric restric-
tions generated by the approximation of the alkyl tether that 
contains the double bond.

The study of the stationary states associated with the re-
actions described in Scheme 1 was carried out at the MP2/6-
31G(d,p), B3LYP/6-31G(d,p), and B3LYP/6-311++G(2d,2p) 
levels of theory. All electronic energy values reported herein for 
stationary states include Zero Point Energy (ZPE) corrections. 
In turn, the zero-point energies have been corrected using vibra-
tional scaling factors calculated using the procedure suggested 
by Alcolea-Palafox [50] because for B3LYP/6-311++G(2d,2p) 
the scaling factor is not available. The calculated values are 
0.9365 for MP2/6-31G(d,p), 0.9608 for B3LYP/6-31G(d,p) and 
0.9668 for B3LYP/6-311++G(2d,2p) levels of theory. These 
scaling factors are in good agreement with those previously 
reported: 0.934 ± 0.045 for MP2/6-31G(d,p) and 0.961 ± 0.045 
for B3LYP/6-31G(d,p) levels of theory, values suggested by the 
National Institute of Standards and Technology (NIST) [51]. 
The transition states were optimized using the QST2 method 
that uses the quadratic synchronous-transit approach and a qua-
si-Newton or eigenvector-following algorithm to complete the 
geometry optimization [21, 52]. Basis Set Superposition Error 
(BSSE) corrections were incorporated by means of Boys and 
Bernardi’s procedure [38]. Partial geometry optimizations were 
performed by fixing the C-C bond distances associated with the 
so-called primary interaction (see Supporting Information for 
distance values) and optimizing all the other variables with no 
symmetry constraints. These calculations were performed us-
ing Gaussian 03 [53]. It is well known that the MP2 method is 
better to describe medium and long distance interactions, which 
are relevant for the purpose of this paper that is only to describe 
the existence and the consequences of this kind of complexes.

Conclusions

The supramolecular complexes described in this work allow us 
to describe the reaction coordinates of Diels-Alder reactions in 
a more complete and logical way. The complexes correspond 
to minima located within the reaction coordinate, before the 

transition state; thus, the latter can be seen as a maximum 
located between two minima. Their existence also explains 
the “negative” activation energies, calculated in terms of the 
isolated reactants, in some reactions such as the cycloaddition 
of cyclopentadiene (1) and maleic anhydride (2) endo path, 
Scheme 2). The stabilization energies of these complexes rela-
tive to the isolated reactants can be substantial; for example, 
according to our results, in the cycloadditions of cyclopentadi-
ene (1) or furan (3) with maleic anhydride (2) it is larger than 
6 kcal/mol. The geometry of the complexes at the beginning 
of the reaction coordinate already describes the geometry of 
the approach. Even though according to the Curtin-Hammett 
principle, the energetics of the stereoisomeric (endo/exo) su-
pramolecular complexes should not determine the selectivity 
of these reactions, the most interesting aspect of these van 
der Waals intermediates is that their relative stability seems 
to reflect already the relative stability of the corresponding 
transition states. Thus, it is likely that the structural factors 
that stabilize one supramolecular complex over the other are 
very similar to those that determine the relative stability at the 
transition state stage of the reaction coordinates, and hence the 
selectivity under conditions of kinetic control.

We also found that at the transition state level our results 
are similar to those reported previously by other works [2-7, 
22, 46, 54]. In particular, the stationary points we located in 
the potential energy surface for the cycloaddition of cyclopen-
tadiene (1) with maleic anhydride (2) are essentially the same 
as those described by Suárez and Sordo [22]. Our results also 
show that explicit electron correlation is very important in the 
description of supramolecular complexes, because dispersion 
forces play a substantial role in the complexation energy. As a 
consequence, DFT and HF methods do not describe correctly 
the interaction in these species.

The proposal of the existence of SOI implies that the re-
agents maintain their individual properties up to the transition 
state. However, when a previous minimum exists, the set of 
molecular orbitals of each reactant must combine with the set 
of the other to form a new and unique set of molecular orbitals 
for the complex. Thus, the individual molecules that constitute 
the complexes shown in Fig. 1 have lost their identities, so that 
it is not possible to discuss frontier orbitals for each fragment as 
there is a single HOMO and a single LUMO for each complex. 
However, the molecular orbital distribution of the complex is 
the result of the mutual perturbation of the molecular orbital 
sets of the reactants at the particular geometry of the minimum, 
and it should be analyzed and understood from this point of 
view. Therefore, it might be necessary to reconsider the gen-
eralization made by the Frontier Orbital Theory to account for 
the Diels-Alder reaction.

To the best of our knowledge, there are no reports of the 
experimental observation of the stationary states described in 
Fig. 1 in condensed phase (in this case in solution). However, 
the existence of the perezone conformers [36], in the intramo-
lecular version of the [5+2] cycloaddition reaction discussed 
before (Scheme 7), opens a door to the study of these inter-
mediates. The results presented here also show that as double 
bonds accumulate, the π/π interaction is strengthened because 

Scheme 7. Structures of two conformers of perezone stabilized by π/π 
interactions as deduced from NMR data. These structures are stationa-
ry states in the potential energy surface leading to the diastereomeric 
α- and β-pipitzols through a [5+2] cycloaddition process [36].
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the stabilizing contribution of the dispersion energy interaction 
also increases [8]. Therefore, the origin of the endo rule of Al-
der can be found, at least in part, in these forces [42-45]. This 
means that the origin of any supramolecular complex does not 
depend solely on secondary orbital interactions, but that elec-
trostatic forces such as dispersion play a fundamental role in 
their stabilization, and their existence overcome to the solvent 
interactions at a definite distance and orientation that becomes 
the origin of the endo and exo stereoselectivity.
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