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ABSTRACT

A revision of the most typical examples used to illustrate the
existence of secondary orbital interactions (SOI) has been achieved.
However, our analysis indicates that no conclusive evidence can
be obtained from these cases. All five examples proposed by
Woodward and Hoffmann in The Conservation of Orbital Symmetry
have been revisited. A combination of well-known mechanisms
(such as solvent effects, steric interactions, hydrogen bonds,
electrostatic forces, and others) can be invoked instead to justify
the endo/exo selectivity of Diels—Alder reactions.

1. Introduction

The statement of the orbital symmetry rules by Woodward
and Hoffmann constitutes one of the most important
highlights in modern theoretical chemistry.*? The funda-
mentals of these principles lie in the different possibilities
for overlap between frontier molecular orbitals in peri-
cyclic reactions. According to the orbital symmetry rules,
a process is allowed when the lobes of the atomic orbitals
involved in the breakage or formation of ¢ bonds have
the same wave function sign. The existence of these
interaction mechanisms (known as first-order orbital
interactions) allows us to explain why concerted reactions
proceed easily when certain conditions are met.?

The reaction rate as well as several types of selectivity
(such as regio- and stereoselectivity) of allowed pericyclic
processes can be significantly modified by the environ-
ment of the active centers, and these effects are known
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as second-order orbital interactions. According to Gleiter
and Bohm, these effects can be classified as substituent,
polar group, and secondary orbital interactions (SOI).2
Whereas substituent and polar group effects have general
applicability in organic chemistry, the latter interactions
are restricted to pericyclic reactions. SOl occur because
of the overlap between pairs of atomic orbitals involved
in the reorganization of the & system, but which do not
participate in the breakage or formation of ¢ bonds
(Scheme 1). It should be noted that this description allows
us to disregard some cases (such as the cycloadditions of
4-phenyl-1,2,4-triazoline-3,5-dione with some propellane
dienes)* that had been previously considered as typical
examples of the existence of SOI.

It can be observed that SOI constitute a very subtle type
of effects. On one hand, the magnitude of the interaction
energies implicated is relatively small. For example, a
product ratio = 80:20 corresponding to a reaction carried
out at 25 °C involves an energy difference between the
transition states of 0.8 kcal mol~. On the other hand, SOI
should present a very restricted action field, since they
are assumed to appear during the reaction process,
whereas stable compounds showing these effects are not
known.

Since the proposal of SOI in 1965,>6 these interactions
have been extensively invoked to explain the stereoselec-
tivity of a large number of pericyclic reactions. Thus, a
review of this subject in 1983 contains 131 references.”
There are, arguably, few recent examples of a theory that
has become so widely accepted with so little clear
experimental evidence to support it. As we will discuss
later, the existence of SOl was first based on a few
experimental examples whose reliability was far from
satisfactory. Since then, the great success of the orbital
symmetry rules has acted to recruit new SOI supporters.
For a long time it seemed that both mechanisms (first-
order orbital interactions and SOI) came under the same
umbrella, so that if one supported the former theory, the
latter would also have to be sustained. Thus, SOl have
often been invoked, with other simpler reasons discarded,
to explain selectivity results in a wide variety of reactions.
Even worse, as we will discuss below, SOl have been
invoked in some cases to interpret experimental data that
were found to be erroneous, and such interpretations have
been held for a long time to be “typical” examples of SOI.

A careful analysis of the scientific literature has led us
to believe that the results for which SOI have been invoked
could be reinterpreted in terms of well-known mecha-
nisms. Indeed, we think that conclusive evidence for the

10.1021/ar0000152 CCC: $19.00 [0 2000 American Chemical Society

Published on Web 06/23/2000



Secondary Orbital Interactions Garcia et al.

Scheme 2
/) .
endo exo

AAG*= 0.0 keal mol™!

Scheme 3
2 O — *+ %
endo exo
5 : 1 (0°C)

AAG*= 0.9 keal mol™!

existence of these interactions has never been presented.
In the following sections we outline our reasoning for this
belief.

2. Is the Hypothesis of SOI Currently
Justified?

The arguments used by Woodward and Hoffmann in the
proposal of SOI are described in their book, The Conserva-
tion of Orbital Symmetry.? A detailed revision of all five
examples described therein shows that the hypothesis of
SOl is not sufficiently supported in terms of our current
knowledge of chemistry.

Thus, the dimerization of butadiene was chosen as a
paradigm model to explain the nature of SOI (Scheme 2).
However, experimental results have shown that this choice
was very unfortunate, since no significant endo preference
is found for this reaction.?

On the other hand, results on the dimerization of
cyclobutadiene were known at that time, and this reaction
shows a significant endo preference (Scheme 3),° though
no experimental mechanistic study has been reported up
to date. Instead, a theoretical study has thrown some light
on this subject.’® Thus, neither RHF nor CASSCF meth-
odologies (with a 3-21G basis set) have allowed the
localization of a transition structure for the concerted
mechanism leading to the major adduct, whereas the
transition state corresponding to the stepwise pathway has
been characterized. Since these techniques have been
successfully used in the characterization of the alternative
mechanistic pathways of other cycloadditions,'*? it can
be concluded that the formation of the endo adduct takes
place through a stepwise mechanism. Considering that
Woodward—Hoffmann rules are valid only for concerted
reactions, SOl cannot be invoked for the cyclobutadiene
dimerization.

The most striking corollaries of the hypothesis of SOI
were obtained when an exo preference was predicted.
Such a prediction was made for the [4 + 3] cycloaddition
between butadiene and the allyl cation on the basis of
LUMOiene—HOMO,4ti0n repulsive interactions (Scheme 4).

Scheme 4
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However, both theoretical (at the HF/6-31G* level)!® and
experimental results (for an intramolecular [4 + 3] cy-
cloaddition)'* agree with a stepwise mechanism. There-
fore, SOl cannot play a role in the butadiene + allyl cation
reaction.

Another prediction of an exo preference was obtained
for the [6 + 4] cycloaddition between cis-hexatriene and
butadiene. However, this conclusion cannot be contrasted
with experimental data since no such work has been
reported, probably due to technical difficulties derived
from the concurrence of more favored reactions (such as
[4 + 2] cycloadditions).

Instead, B3LYP/6-31G* calculations on the parent [6 +
4] cycloaddition indicate a concerted mechanism with a
significant exo preference (1.1 kcal mol~1),% and this has
been attributed to the presence of repulsive SOI (Scheme
5). However, a different interpretation, based on the
results obtained in an unpublished theoretical study, can
be proposed. Thus, we have studied both “endo” and
“exo” conformers of the reaction adduct (i.e., conforma-
tions resulting from the corresponding approaches of the
[6 + 4] cycloaddition) at the same theory level by means
of the Gaussian94 program!® (Figure 1). The results
indicate a greater stability for the “exo” conformer (total
energy = —389.4196 hartrees) relative to the corresponding
“endo” one (total energy = —389.4155 hartrees) by 2.6 kcal
mol~. Since SOI cannot be applied to the relative stability
of ground-state compounds, this energy difference must
be attributed to nonbonding interactions. The simple
application of the Bell-Evans—Polanyi principle (for
similar reactions, the more exothermic process will have
the lower activation energy) allows us to attribute the
greater stability of the exo transition structure to non-
bonding interactions, with the SOI hypothesis being
unnecessary in this explanation. Furthermore, the mag-
nitude of the exo preference in the transition structures
(slightly less than half the value obtained for the adduct
conformers) agrees with the reactant-like character of the
transition states, according to the Marcus equation.

The remaining example proposed by Woodward and
Hoffmann to support the SOI is based on the preference
for a chair conformation, rather than the boat form, in
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FIGURE 1. Comparison of endo and exo approaches for the [6 +
4] cycloaddition between cis-hexatriene and butadiene.
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the transition states of the Cope rearrangement (Scheme
6). However, an experimental study on the effect of phenyl
substituents has shown that the energy difference between
boat and chair transition states cannot be justified in
terms of these interactions.'” In fact, a simple force field
model that takes into account only nonbonding steric
interactions (MM2) is able to justify the differing stabilities
of the two transition states.

In summary, it can be concluded that if sufficient
experimental or theoretical evidence were known at that
time, serious doubts regarding the effectiveness of SOI
would surely have been raised. Consequently, this mech-
anism would not have gained as much wide acceptance
among chemists as it did.

3. The Origins of the Endo/Exo Selectivity in
Diels—Alder Reactions

The successful prediction of an endo preference for a large
number of Diels—Alder reactions has been usually con-
sidered as one of the greatest exploits of the hypothesis
of SOI.28 However, theoretical studies reveal that the atoms
presumed to be involved in the SOI are situated relatively
far (ca. 2.8 A) in the corresponding transition structures.9-2
This fact should be considered as strong evidence against
the existence of these interactions, since the calculated
geometries for transition states of Diels—Alder reactions
have allowed us to ascertain the presence of other
attractive effects, such as the [4 + 3] interactions occurring
between an electron-deficient atom and an incipient o
bond.?>?7 It should be remarked that [4 + 3] interactions
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are not a particular type of SOI, but a special kind of
substituent effect, according to the classification of Gleiter
and Bohm.?

Analysis of the endo/exo selectivity in a number of
Diels—Alder reactions of relatively simple reactants allows
us to conclude that the assumed effects of SOI can instead
be attributed to a combination of well-known interaction
mechanisms (such as solvent effects, steric interactions,
hydrogen bonds, and electrostatic forces).

3.1. Solvent Effects. A major challenge exists in the
elucidation of the origins of the endo/exo selectivity found
in experimental studies of Diels—Alder cycloadditions
carried out in solution. This difficulty involves the separa-
tion of solvent effects from the “inherent” selectivity
corresponding to the gas-phase reactions. Thus, it is well
known that an increase in the solvent polarity induces an
increase in the endo/exo ratio in a number of common
Diels—Alder reactions.® In some cases, solvent effects can
even be considered as the source of the endo preference
in solution.

The cyclopentadiene + acrylonitrile reaction can be
regarded as a typical example of an endo preference
induced by the effect of the medium (Scheme 7). Indeed,
B3LYP/6-31G* ?° and MP3/6-31G*//HF/6-31G* 2! calcula-
tions for the gas-phase cycloaddition as well as experi-
mental data for the reaction in nonpolar solvents3®:3!
indicate a very slight exo preference (by 0—0.4 kcal mol™2).
Experimental®®~32 as well as theoretical studies®*~3® indi-
cate that the polarity of the medium causes an increase
in the endo/exo ratio of this reaction. As a consequence,
an endo preference is found when the reaction is carried
out in a large number of common solvents.30~32

The Diels—Alder cycloaddition between acrylonitrile
and piperylene follows a behavior pattern similar to that
of the corresponding reaction with cyclopentadiene
(Scheme 8).%% Thus, a preference for the ortho-trans
adduct (corresponding to an exo approach) is found in
benzene solution, whereas the ortho-cis product (formed
via an endo transition state) is favored in polar solvents
(e.g., methanol, ethanol, and acetone).

3.2. Steric Interactions. It is currently widely accepted
that steric interactions can play a role in the endo/exo
selectivity of Diels—Alder reactions. For example, the endo
preference observed in the cycloadditions of cyclopenta-
diene with some alkenes (such as cyclopentene or cis-3,4-
dichlorocyclobutene) is generally attributed to steric
repulsion between the methylene group of the diene and
the substituents of the dienophile.3’However, it can be
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FIGURE 2. Alternative interactions proposed in order to explain the
endo preference found in the Diels—Alder reactions of cyclopen-
tadiene with some dienophiles.

Table 1. Endo Percentage and Relative Activation
Enthalpy (Endo/Exo) of the Diels—Alder Reactions of
Cyclopentadiene with Various Dienophiles

R X % endo (at 25 °C) AAH* (kcal mol—1)
H COOH 80.2 0.65 + 0.01
CHs3 COOH 29.2 —0.74 +£ 0.01
H CHO 74.4 0.57 £ 0.06
CHs CHO 17.0 —1.21 +0.04
H COOCH3 74.3 0.56 + 0.04
CHg3 COOCH3; 30.1 —0.25 + 0.08

Scheme 9

argued that the endo preference of Diels—Alder reactions
of cyclopentadiene with a number of «o,f-unsaturated
carbonyl compounds could also be justified in terms of
SOl (Figure 2).'® Nevertheless, experimental data (shown
in Table 1) indicate that a methyl group induces a greater
endo preference than carbonyl-bearing substituents
(COOH, CHO, COOCHz3).®8 This result seems in better
accord with the larger size of the methyl group as deduced
from experimental data on the axial/equatorial confor-
mational equilibria in cyclohexane derivatives.®

3.3. Hydrogen Bonds. One of the most interesting cases
of endo/exo selectivity is the preferential formation of the
endo adduct (the only stereoisomer detected by NMR) in
the cycloaddition reaction between butadiene and cyclo-
propene.*®® This result has been attributed to a stabilizing
interaction between the central carbons of the diene and
the methylene group of cyclopropene.**~4% Apeloig and
Matzner have carried out a theoretical study on the
reactions of cyclopropene with a number of dienes.*! In
that work, the authors attributed the endo/exo selectivity
to the existence of SOI in a LUMOgiene—HOMOgienophite
interaction (Scheme 9). The good correlation that exists
between a certain magnitude calculated for the endo
transition structures (the square of the Mulliken overlap
population divided by the energy gap between the frontier
orbitals involved) and the endo/exo selectivity was con-
sidered to represent evidence for the existence of SOI.

However, this interpretation was subsequently called
into question since such interactions should obey a linear
relationship with the Mulliken population.*? In an alterna-
tive theoretical study into the reactions of cyclopropene
with open-chain dienes, it was shown that the endo/exo

e
=

hydrogen ¢
bond ¢

repulsions

7
H H
endo exo
FIGURE 3. Alternative interactions proposed in order to explain the
endo preference found in the Diels—Alder reaction between
butadiene and cyclopropene.
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selectivity can be attributed to a combination of electron
delocalization and electrostatic forces. In our opinion,
such a mixture of effects may be consistent with the
existence of a hydrogen bond between the atoms involved.
In fact, such an interaction has already been proposed
for the reaction between butadiene and cyclopropene
(Figure 3).%® Furthermore, crystallographic results have
shown that the methylene group of cyclopropene is a
strong C—H hydrogen bond donor, similar to acetylenic
C—H groups.*®

Another alternative, complementary explanation in-
volves the existence of a destabilizing interaction in the
exo transition state that arises from the repulsion (due to
electrostatic and/or van der Waals interactions) between
a hydrogen atom of the methylene group of cyclopropene
and the inner hydrogen atoms of butadiene (situated at a
distance of 2.3 A, according to HF/6-31G* calculations),*?
as shown in Figure 3. This mechanism is discussed in
more detail in the next section.

The ability of cyclopropene to form hydrogen bonds
in the transition structures of Diels—Alder reactions is
supported by high-level calculations (such as MP2/6-31G*
41 or B3LYP/6-31+G*)*® for cycloadditions with some
heterocycles. Thus, the exo preference predicted for the
reactions of cyclopropene with furan, pyrrole, and other
related compounds*#547 suggests the presence of a hy-
drogen bond between cyclopropene and the bridge het-
eroatom (Scheme 10). The greater affinity of hydrogen
bonds for nitrogen and oxygen in comparison with =
systems is consistent with the exo preference calculated.
Furthermore, the greater stability of the endo transition
structure predicted for the thiophene + cyclopropene
reaction**” agrees with the low propensity of sulfur to
act as an acceptor of hydrogen bonds. The presence of
such interactions between the diene and the dienophile
has also been proposed in other Diels—Alder reactions.*
Anyway, a deeper investigation into the butadiene +
cylopropene cycloaddition would be necessary to ascer-
tain the nature of the interactions existing between the
reactants.
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3.4. Electrostatic Forces. The furan + cyclopropenone
cycloaddition is probably the clearest example of the
influence of electrostatic interactions on the endo/exo
selectivity of Diels—Alder reactions. Thus, the high exo
preference predicted by MP4SDQ/6-31G* energy calcula-
tions on MP2/6-31G*-optimized geometries (1.8 kcal
mol~1) has been attributed to the existence of a strong
electrostatic stabilization between the furan oxygen and
the carbonyl carbon of cyclopropenone (Scheme 11).%° The
short distance between these atoms in the exo transition
structure (2.7 A) provides justification of the results
obtained.

In our opinion, the endo/exo selectivity predicted by
theoretical calculations for other Diels—Alder reactions
can also be explained in terms of electrostatic forces. For
example, the slight endo preferences calculated for the
reactions of butadiene with simple a,3-unsaturated car-
bonyl compounds (such as acrolein?® or methyl acrylate?*)
can be attributed to electrostatic repulsions existing in the
exo transition states between the positive charges corre-
sponding to the “in” hydrogens of butadiene and the
carbonyl carbon of the dienophile (Scheme 12). This
mechanistic interaction offers an alternative explanation
to the hypothesis of SOI.

The hypothesis of electrostatic forces allows a new view
to be taken regarding the increase in endo/exo selectivity
induced by Lewis acids. According to the theory of SOI,
such a variation can be attributed to an increase in the
atomic orbital coefficient of the carbonyl carbon corre-
sponding to the LUMO of the dienophile. However, this
result can also be explained in terms of our hypothesis
by assuming an increase in the positive charge on the
carbonyl carbon induced by the coordination of the Lewis
acid (Scheme 12).

The very high enthalpic preference predicted by B3LYP/
6-31G* calculations for the endo transition structure of
the isoprene + maleic anhydride reaction (1.9 kcal mol=)%
can be attributed to the particularly short distances that
exist between the “in” hydrogens of isoprene and the
corresponding nearest carbonyl carbon atoms (2.6 A) of
the dienophile (Scheme 13). This explanation can also be
put forward to explain the high endo preference (1.2 kcal
mol1)® found experimentally for the butadiene + maleic
anhydride reaction. Nevertheless, further research on this
subject would evidently be welcome.
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4. The Furan + Maleic Anhydride
Cycloaddition

The Diels—Alder reaction between furan and maleic
anhydride warrants particular comment. In recent years,
the spectacular kinetic endo preference (3.8 kcal mol=1)%
described for this cycloaddition has been considered to
constitute a fundamental piece of evidence for the exist-
ence of SOI (see Scheme 14). Indeed, the lack of significant
steric repulsions between the reactants, along with the
presence of two such interactions in the endo transition
state, has made this case a representative example of
SO|.18

However, the reinvestigation into the stereochemical
course of this reaction has turned this picture on its head.
On one hand, experimental studies have shown that the
previously described endo preference was in error,5-52 with
the endo transition state being only slightly favored in
comparison with the analogous exo state (0.2 kcal mol™).2
On the other hand, MP2/6-31G* calculations have indi-
cated that secondary charge transfer between the reac-
tants does not take place.?® The authors concluded that
the small endo preference of this reaction is due to
dispersion forces.

5. Conclusions

We have shown that the hypothesis of SOI is not necessary
to explain the stereoselectivity results found in pericyclic
reactions. We believe that a combination of well-known
mechanisms (such as solvent effects, steric interactions,
hydrogen bonds, electrostatic forces, and others) can be
put forward in their place.

The positive activation barriers found for pericyclic
reactions can be ideally decomposed in destabilizing and
stabilizing terms. The main destabilizing terms comes
from the closed-shell repulsion between the atoms in-
volved in bond formation, due to their mutual closeness
in the transition states. On the other hand, the very same
atoms are also involved in the main stabilizing term,
namely the first-order orbital interactions, which are
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subject to symmetry conditions. The balance between
attractive and repulsive energy terms leads to the bond
distortion and angle changes on going from reagents to
transition states. Obviously, the destabilizing contributions
are larger than the stabilizing ones in the transition states.
The extrapolation of this conclusion to the atom ap-
proximations involved in SOI could allow us to explain
the lack of conclusive evidence for the existence of such
interactions.

It is clear that it could be argued that we have not
demonstrated the nonexistence of SOIl. However, it is
logically impossible to demonstrate that something does
not exist, as the scholastic philosophers knew well. Only
the existence of something could be argued. As scientists,
our task is to accumulate unequivocal evidence (both
experimental and theoretical) that supports the existence
of SOI and to clearly delimit their field of action and their
importance relative to other interaction mechanisms. We
hope that the considerations gathered in this Account can
help to stimulate theoretical and experimental studies
aimed at this goal, as well as to establish the kind of
mechanisms against which SOI should be compared and
evaluated. Until the hypothesis of SOI is unequivocally
demonstrated, however, we believe that Occam’s razor
should be used to eliminate them from the chemical
literature.
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