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We have recently determined kinetic parameters for the unimolecular Diels-
Alder retrogressions of exo and endo-dicyclopentadiene to monomer {(1). The acti-
vation enthalpies and entropies are AH* (exo) 37.4 ¥ 0.3 kcal/mole, AS# {exo) +
1.1 % 0.6 e.u., aHT (endo) 33.0 ¥ 0.5 kcal/mole, and ast (endo) - 1.9 ¥ 1.0 e.u.
Since our equilibration studies (1) indicate a difference in free energy of for-
mation for the two dimers 4(aGe) = 0.0 : 1.0 kcal/mole, the endo reaction path-
way is therefore favored over the exo by 4.4 kcal/mole for either addition or
retrogression. These results are the first quantitative measurements in a sys-
tem where high conformity with the rule of endo addition is observed. All pre-
vious energy measurements pertain to the exceptional Diels-Alder reactions,
those reactions which yield substantial amounts of both isomers (2,3).

Predilection for endo addition has been ascribed to many factors (2,3,4).
The earliest theory is embodied in the rule of "maximum accumulation of double
bonds" formulated by Alder and Stein (5). A modern quantum chemical restate-
ment in terms of orbital sign relationships (6) has reiterated the general
opinion (7-11) that secondary attractive forces operating between centers which
are not bonded in the adduct account for the rule of endo addition. We have
also supported this view with some extended Hickel calculations (12).

Now, we suggest that such secondary relationships may be relatively un-
important, and that the stabilities of endo and exo transition states are

governed by a less subtle factor, the geometrical overlap relationship of the
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n-orbitals at only the primary centers where bonds are actually developing.
Our calculations indicate that this geometric factor is energetically sufficient
to account for preferred endo addition in the Diels-Alder reaction, and we are
therefore now able to rationalize the observed endo additions of monolefinic
dienophiles like cyclopropene (13), cyclopentene (14), and norbornylene (15).
Such reactions are not accounted for by previous theories.

Let us consider the Diels-Alder reactions of cyclopentadiene as concerted
4 + 2 cycloaddition reactions (16). Refer to the transition states depicted in

figure 1. Note that the planes of the two rings are assumed parallel in the
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exo-transition state and to intersect at an angle of 60° in the endo-transition
state. The nearly zero =ntropies of activation for the retro-reactions (1)
require transition complexes in which the relative orientations of the diene
and dienophile closely resemble the geometries of the two dimers. However, in
accordance with the Hammond postulate (17), the exothermicity of the forward
reactions indicates that little electron reorganization has taken place.

We estimate the difference in activation energies for the two reactions
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in a similar manner to our previous work (12) as a perturbation on the reactant =
orbitals with exchange integrals proportional to overlap integrals. The treat-
ment follows that of Dewar (18) in its essential aspects. The orbital overlap
can be trigonometrically resolved into a sum of ¢ - ¢ overlap and ® - 7 overlap.
The requisite formulas for the primary interactions, aa' and dd', are S (endo) =
(cosze)(cos230°) Sgo * (sin230°) Sy @nd S (exo) = (cos26)(cos230°) Seg -
(sin230°) Spn- The angle 0 is calculable after assumption of a distance between
the interacting centers. Values of Son and Sgg were calculated from the formulas
of Mulliken, et al. (19), and the values of the resultant overlap integrals are

given in table 1, for a bonding distance of 1.54 A.

TABLE 1

Overlap Integrals for Dicyclopentadiene Interactions*

Endo Exo
dienophile dienophile
diene at bt c! gt diene EM b! c! d!

a .2691 .0411 .0040 .0411 a .1732 .0174 .0023 .0485
b .0643 .0605 .0209 .0270 b .0128 .0000 .0000 .0050
c .0256 .0140 .0209 .0672 c .0048 .0000 .0000 0135
d .0411 .0049 .0061 .2691 d .0485 .0015 .0020 .1732

The relative sizes of the overlap integrals in the table are an indication
of the dominating importance of the geometrical relationship of the primary
interactions as compared to the secondary interactions. The interaction of
the two cyclopentadiene systems leads to @ second-order perturbation stabili-
zation energy in which the effects of the primary overlap integrals are even
more emphasized in comparison with the secondary overlap integrals. {The second-
order perturbation involves a squared overlap term.) If all possible inter-
actions are considered, the stabilization energy difference between endo and exo

transition state is .079 P, the primary interactions accounting for over 90% of

thig difference.

*
Refer to figure 1 for atom designations.
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For this calculation we used Hickel molecular orbitals with exchange inte-
grals proportional to overlap integrals. Taking a value for the resonance inte-
gral, p, of 60 kcal/mole (20) leads to a predicted energy difference between
exo and endo transition states of 4.7 kcal/mole, in rough agreement with the
experimental results. If one chooses longer interaction distances for the two
systems, the energy difference decreases, but we consider the present result
adequate to illustrate our point.

It should be noted that the geometrical primary effect which favors endo
is still the most importint factor, even if a highly unsymmetrical transition
state is chosen for the Diels-Alder reaction (7). And we should mention that
this interpretation predicts an even higher stereospecificity for the reaction
of cyclopentadiene with cyclopentene, than for the reaction of cyclopentadiene
with itself. We hope to confirm this point experimentally.

These results emphasize a necessity for a closer consideration of the
geometrical relationship of the signs of the interacting orbitals in the tran-
eition state of a cycloacdition reaction (6,16). Secondary orbital sign
relationships may not be important. It is incorrect to state that "the elec-
tronic energies as determined solely by bonding interactions would be the same,
or very nearly the same" (9) for both modes of addition. If steric constraints
exist for reactants the effect of a geometrical change at a primary bonding
site may be of paramount importance.

Finally, we would like to point out again that these considerations offer
an explanation other thar a rather nebulous steric effect (2) for the preferred
formation of endo adducts in various reactions of cyclic monoolefins (13-15)
with cyclopentadiene. The principle which we have stated is also useful in
understanding the stereocpecificity of the Diels-Alder reactions which yield the

insecticides isodrin, aldrin, and other similar products (21).
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