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ABSTRACT

A new transition structure for the Diels−Alder reaction between isoprene and acrolein catalyzed by Et2AlCl is found to reconcile reported
discrepancies between computed and observed secondary kinetic isotope effects (KIEs). Including the effect of solvent realigns the computed
results with experiment demonstrating the importance of nonbond interactions at transition structures. Comparison of experimental and newly
predicted KIE data reaffirms the ability of theory and experiment to probe the mechanism and transition structure geometry of organic reactions.

Comparison of high-precision experimental kinetic isotope
effects (KIEs) with high-level transition structure/KIE cal-
culations is an extremely powerful tool for defining the
mechanism and transition state geometry of organic reac-
tions.1-3 When predicted and observed KIEs match, then the
computed transition structure can be used to support a
specific reaction mechanism. A number of research groups
have produced reasonable agreement between predicted and
observed KIEs for pericyclic reactions that have controversial
mechanisms ranging from concerted to stepwise processes.1,4

Even though it is now well-established that Diels-Alder

cycloadditions proceed through a concerted reaction mech-
anism,5 how Lewis acid activation impacts the mechanism
continues to be an active area of ongoing research.

Singleton and Houk have recently provided direct experi-
mental support for a highly asynchronous but concerted
mechanism for the reaction of isoprene and acrolein with
an AlMe2Cl Lewis acid catalyst. Theendo-cistransition
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Scheme 1. Diels-Alder Reaction between Isoprene and
Acrolein in the Presence of a Lewis Acid, Et2AlCl
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structure was located in the presence of AlMe2Cl, using the
Becke three-parameter exchange functional6 and the nonlocal
correlation functional of Lee, Yang, and Parr7 (B3LYP) with
the 6-31G(d) basis set.8 The computed transition structure
(Figure 1) shows that the chlorine atom is only 2.87 Å from

the nearest butadiene proton, suggesting a nontrivial energy
of interaction. The calculations predict a large inverse KIE
at H3 (Table 1). However, the specific experimental H3

kinetic isotope effect is not as strong as predicted by theory.
It was reasoned from the gas-phase computations that
substantial partial negative charge on the Cl atom (-0.44
e- from a Mulliken analysis) is drawn toward the partial
positive charge in isoprene (+0.29 e-), which leads to a
crowding effect increasing the out-of-plane bending force
constant giving the large inverse KIE.9 Consequently, the
results were discounted as an artifact of gas-phase computa-
tions.

Inspired by Corey’s findings on unusually strong aldehyde
proton interactions with Lewis acids, we investigated a

second transition structure to exploit this possible inter-
action.10,11 In X-ray crystallographic studies ofR,â-unsatur-
ated aldehyde complexes with fluorine and alkyl ether
containing boron Lewis acids, Corey and co-workers found
a ground state conformational preference in which the formyl
group and the B-F or B-O bond are coplanar.11-13 It
has been proposed that this conformational preference is
due to an electrostatic interaction, known as nontraditional
(OdC-H‚‚‚X) hydrogen bonding.12,14 Previous theoretical
investigations have considered the electronic reasons for such
stabilization.15

Figure 2 shows the second transition structure calculated

at the B3LYP/6-31G(d) level of theory, which takes advan-
tage of nontraditional hydrogen bonding. Frequency analyses
of both transition structures were computed to confirm that
the stationary points are true transition structures, and are
provided in the Supporting Information. Crowding of the H3
atom in the new transition structure is computed to be
reduced, with the Cl atom at a distance of 3.63 Å away from
the H3 hydrogen. In a vacuum, we do not find the perfectly
eclipsed ground-state situation described by Corey, where
the transition structure dihedral angle∠OCHCl) 30.4°. The
observed deviation from planarity is likely due to bad steric
interactions that develop between the methyl substituent on
aluminum and the diene moiety, where the closest hydrogen-
hydrogen distance is 2.51 Å. Alternatively, different non-
traditional hydrogen bonding behavior for transition struc-
tures as compared to the ground state, or discrepancy between

(5) (a) Houk, K. N.; Gonzalez, J.; Li, Y.Acc. Chem. Res.1995,28, 81.
(b) Houk, K. N.; Beno, B. R.; Nendel, M.; Black, K.; Yoo, H. Y.; Wilsey,
S.; Lee, J. K.J. Mol. Struct. (THEOCHEM)1997,398-399, 169.

(6) Becke, A. D.J. Chem. Phys.1993,98, 5648.
(7) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV.1988,37, 785.
(8) Petersson, G. A.; Al-Laham, M. A.J. Chem. Phys.1991,94, 6081.
(9) Streitwieser, A., Jr.; Jagow, R. H.; Fahey, R. C.; Suzuki, S.J. Am.

Chem. Soc.1958,80, 2326.

(10) (a) Corey, E. J.Angew. Chem., Int. Ed.2002,41, 1650. (b) Corey,
E. J.; Lee, T. W.Chem. Commun.2001,15, 1321.

(11) (a) Corey, E. J.; Barnes-Seeman, D.; Lee, T. W.Tetrahedron Lett.
1997, 38, 4351. (b) Corey, E. J.; Barnes-Seeman, D.; Lee, T. W.Tetrahedron
Lett. 1997,38, 1699.

(12) Corey, E. J.; Rohde, J. J.; Fischer, A.; Azimioara, M. D.Tetrahedron
Lett. 1997,38, 33.

(13) Corey, E. J.; Rohde, J. J.Tetrahedron Lett.1997,38, 37.
(14) Alkorta, I.; Rozas, I.; Elguero, J.Chem. Soc. ReV.1998,27, 163.
(15) (a) Mackey, M. D.; Goodman, J. M.Chem. Commun.1997, 24,

2388. (b) Goodman, J. M.Tetrahedron Lett.1992,33, 7219. (c) Gung, B.
W. Tetrahedron Lett.1991, 32, 2867. (d) Gung, B. W.; Wolf, M. A.J.
Org. Chem.1992,57, 1370. (e) Gung, B. W.; Xue, X.; Roush, W. R.J.
Am. Chem. Soc.2002,124, 10692.

Figure 1. Firstendo s-cistransition structure1 for the isoprene and
acrolein reaction with AlMe2Cl at B3LYP/6-31G(d). Computed
PCM values are given in parentheses. Distances are in Å.

Table 1. The Experimental and Calculated KIEs (kH/kD or
k12C/k13C) for the Lewis Acid Catalyzed Diels-Alder Reaction of
Isoprene and Acrolein1

exp. 11 exp. 21 calcd

C1 1.030(3) 1.026(10) 1.031
C2 1.004(3) 1.006(9) 1.004
C3 1.001(2) 1.001(10) 1.000
C4 1.000(3) 1.001(10) 1.002
H1in + H1out 0.915(6) 0.916(7) 0.910
H3 0.965(5) 0.967(13) 0.934
H4out 0.978(6) 0.979(18) 0.986
H4in 0.951(4) 0.947(8) 0.968

Figure 2. Secondendo s-cistransition structure for the Diels-
Alder reaction between isoprene and acrolein in the presence of
AlMe2Cl, using B3LYP/6-31G(d). Computed PCM values are given
in parentheses. Distances are in Å.
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chloro and fluoro substituents, as originally defined by Corey
are possible explanations to rationalize the nonplanarity. The
new transition structure is different that that reported earlier
and should result in modified kinetic isotope effects par-
ticularly at H3.

With use of the QUIVER program,16 the KIEs were
calculated for the new transition structure and scaled to the
B3LYP/6-31G(d) level of theory by using the same proce-
dure described by Singleton and Houk.1,2 The QUIVER
program employs the Bigeleisen and Meyer formulation,17

based on statistical mechanics and classical transition state
theory.18 The transition structures were calculated with the
Gaussian 98 program.19 The H3 discrepancy between the
experimental and calculated KIE is now resolved from the
newly computed transition structure. The computed KIE
value of 0.964 for the H3 atom nearest the Cl atom is within
the experimental accuracy of 0.965(5) and 0.967(13) (see
Table 2). However, the vacuum electronic energy of the

Singleton-Houk transition structure is favored by 0.33 kcal/
mol (∆∆Hq ) 0.38 kcal/mol). In essence, the new transition
structure explains the experimental KIE data, but is slightly
disfavored energetically as compared to the Houk and
Singleton transition structure in the gas phase.

Density functional theory (DFT) methods give comparable
energetic and structural accuracy compared to more sophis-
ticated and resource demanding computational methods.
Specifically, the Becke three-parameter exchange functional

and the nonlocal correlation functional of Lee, Yang, and
Parr7 with the 6-31G(d) basis set8 have been shown to
produce realistic structures and energies for pericyclic
reactions.20 To confirm that this level of theory is accurate
for atoms used in the Lewis acid, such as Al and Cl, a larger
basis set, 6-311G(3df), was used for comparison. When the
Lewis acid-catalyzed reaction between isoprene and acrolein
was carried out with B3LYP/6-311G(3df), the vacuum
electronic energy was very similar to the results seen with
the smaller basis set. The Singleton-Houk transition struc-
ture is favored by 0.37 kcal/mol (∆∆Hq ) 0.34 kcal/mol),
using the larger basis set. The KIEs were also computed by
using the larger basis set (Table 2), and found to be similar
to the smaller basis set and experiment. This gives confidence
that the B3LYP/6-31G(d) level of theory accurately repre-
sents the transition structures for this particular pericyclic
reaction.

Consequently, the effect of solvent upon both transition
structures was approximated by using the polarizable con-
tinuum model (PCM)21 with the B3LYP/6-31G(d) level of
theory, as we have reported before for other Diels-Alder
reactions.22 The solvent and dielectric constant used was
diethyl ether (ε ) 4.335). Full geometry optimizations were
carried out for both transition structures as shown in Figures
1 and 2. In solution, the Singleton-Houk transition structure
geometry was altered slightly, where the distance between
the Cl and the H3 atoms increased from 2.87 to 2.90 Å. In
the second transition structure, Corey’s interaction strength-
ens by reducing the distance between the Cl atom and the
formyl hydrogen from 2.87 Å (vacuum) to 2.79 Å (solution).
In addition, when solvent is included the dihedral angle is
reduced to∠OCHCl) 9.2°at the transition structure, which
is more in line with Corey’s description. The strengthening
of the unusual aldehyde nonbond interaction explains why
the second transition structure becomes slightly favored, with
a computed electronic energy difference of 0.18 kcal/mol
(∆∆Hq ) 0.27 kcal/mol). The computed energy differences
are small and should not be over interpreted, yet the trend is
to favor the transition structure that takes advantage of
nontraditional hydrogen bonding as solvent is included in
the model. If the energies are correct, then both transition
structures would contribute to the observed KIEs. The
influence of solvent suggests a switch in the preference to
the newly computed transition structure, which is in agree-
ment with experimental KIE values.

Despite a fuller understanding of transition structure
nonbond interactions forR,â-unsaturated aldehyde Diels-
Alder reactions, Singleton and Houk have experimentally
observed the same inverse KIE at the H3 position for similar
Diels-Alder reactions, which do not have the ability to
exploit nontraditional hydrogen bonding. To investigate the
origin of the inverse KIEs for these closely related systems,
the reaction between isoprene and methyl vinyl ketone has
been computed at the B3LYP/6-31G(d) level of theory and
compared to experiment.
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Table 2. Calculated KIEs (kH/kD or k12C/k13C) for the Two TSs
of the Lewis Acid Catalyzed Diels-Alder Reaction of Isoprene
and Acrolein at B3LYP/6-31G(d)a

Singleton/Houk TS our TS exp. 11 exp. 21

C1 1.032 [1.033] 1.032 [1.033] 1.030(3) 1.026(10)
C2 1.003 [1.002] 1.003 [1.002] 1.004(3) 1.006(9)
C3 0.999 [0.999] 0.999 [0.999] 1.001(2) 1.001(10)
C4 1.003 [1.003] 1.004 [1.003] 1.000(3) 1.001(10)
H3 0.943 [0.946] 0.964 [0.962] 0.965(5) 0.967(13)
H4out 0.985 [0.987] 0.975 [0.980] 0.978(6) 0.979(18)
H4in 0.963 [0.961] 0.968 [0.957] 0.951(4) 0.947(8)

a KIEs from the B3LYP/6-311G(3df) computations are given in brackets.
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Even though the nontraditional hydrogen bond is not
possible for the isoprene and methyl vinyl ketone reaction,
the transition structure is determined by other forces. Steric
repulsions produce a staggering between the methyl group
of the dieneophile and other subtituents on the catalyst, as
shown by the inset in Figure 3 (dihedrals) 50.6° and 62.3°).

The result eases the crowding effect seen in Singleton and
Houk’s acrolein system, not allowing the Cl group to crowd
fully the H3 atom. Three transition structures were found
with the Cl rotated about the aluminum approximately 60°
each time. Figure 3 shows the lowest energy structure. The
other two transition structures have less than a 2 kcal/mol
relative deviation (∆∆Hq ) 0.58 and 1.64 kcal/mol). Kinetic
isotope effects calculated for all three transition structures
give an average KIE value of 0.967 for the H3 atom. This is

in very good agreement with experimental values, as shown
in Table 3. A competition between transition structures may

explain the experimentally observed values.
In conclusion, comparison of the earlier KIE data with

our new transition structure data reaffirms the ability of
theory and experiment to probe the mechanism and transition
structure geometry of organic reactions. Specifically, a new
transition structure for the Diels-Alder reaction between
isoprene and acrolein catalyzed by Me2AlCl is found to
reconcile the original discrepancies between computed and
observed KIEs. Two transition structures are possible, and
are close in energy. Including the effect of solvent realigns
the computational results with experiment, switching the
preferred reaction path from that computed in a vacuum. The
refined picture from the newly computed transition structures
and KIE data presented here supports an asynchronous
concerted mechanism of Lewis acid-catalyzed Diels-Alder
reactions.
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Scheme 2. Diels-Alder Reaction between Isoprene and Methyl
Vinyl Ketone in the Presence of Et2AlCl

Figure 3. Lowest energy calculatedendo s-cistransition structure
for the isoprene and methyl vinyl ketone reaction with AlMe2Cl at
B3LYP/6-31G(d). The inset shows a Newman projection along the
carbonyl carbon and aluminum atom axis. Rotation about the Al-O
bond gives two other possible transition structures.

Table 3. Calculated KIEs (kH/kD or k12C/k13) for the TS Shown
in Figure 3 and an Average of All Three Possible TSs of the
Lewis Acid Catalyzed Diels-Alder Reaction of Isoprene and
Methyl Vinyl Ketone at B3LYP/6-31G(d)

Figure 3 calcd av calcd exp. 11 exp. 21

C1 1.033 1.033 1.028(3) 1.030(6)
C2 1.002 1.002 1.007(4) 1.002(6)
C3 1.000 1.000 1.003(4) 1.003(5)
C4 1.004 1.004 1.006(4) 1.005(5)
H3 0.973 0.967 0.970(7) 0.964(3)
H4out 0.986 0.984 0.979(9) 0.983(4)
H4in 0.954 0.955 0.972(5) 0.963(6)
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