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Theory and experiment agree that the concerted mechanism
for the parent Diels-Alder (DA) reaction is favored by 2-7
kcal/mol over an alternative stepwise diradical pathway.1

However, the question of the synchronous or asynchronous
character of concerted transition states has not been definitively
settled.2 Synchronous transition structures are predicted for
symmetrically substituted addends,1-3 but there are also excep-
tions.4 Experimentally, kinetic isotope effects (KIEs) provide
the strongest evidence for synchronicity in symmetrical DA
reactions.5 KIEs calculated for DA reactions6,7a and other
pericyclic processes7 agree reasonably with those obtained by
experiment.5 However, experimental KIEs have not been
precise enough to distinguish between a synchronous transition
state and the combination of two regioisomeric asynchronous
transition states. Furthermore, theoretically predicted KIEs have

been limited to the parent system or lightly substituted deriva-
tives, while more highly substituted cases have been studied
experimentally.
We report here RHF and DFT transition structures and KIEs

for the DA reaction of isoprene with maleic anhydride. This is
the first direct comparison of high-level transition structure/
KIE calculations with high-precision experimental KIEs in a
DA reaction. The results have implications toward the syn-
chronicity of symmetrical DA reactions in general and the
accuracy of conventional KIE predictions using the harmonic
approximation on a highly flexible transition state.
The structures reported here were obtained with Gaussian 94,8

using the Becke3LYP9 hybrid HF-DFT method with the
6-31G* basis set.10 This combination has been used with
excellent results for the study of several pericyclic reactions7a

including the parent DA reaction.1e,h,j Transition structures and
KIEs were also calculated at the RHF/6-31G* level. Vibrational
frequency analyses were carried out on all stationary points.
The predicted KIEs were calculated using the method of
Bigeleisen and Mayer11 as implemented in the program
QUIVER,12 with Becke3LYP and RHF vibrational frequencies
scaled by 0.963 and 0.8929, respectively.13 Tunneling correc-
tions were applied using the one-dimensional infinite parabolic
barrier model.14

Transition structures and activation enthalpies for the endo
(1) and exo (2) pathways are shown in Figure 1. The DFT gas
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Figure 1. Becke3LYP/6-31G* endo (1) and exo (2) transition structures
for the Diels-Alder reaction of isoprene and maleic anhydride.
Becke3LYP and RHF/6-31G* bond lengths are in plain text and
parentheses, respectively. All bond lengths are in angstroms (Å).
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phase∆Hq overestimates the experimental result of 11.8 kcal/
mol (benzene solvent, 298 K)15 by 4.1 kcal/mol. However, the
inclusion of solvation via the SCIPCM model using a dielectric
constant of 2.274 D (benzene, 298 K)16 brings the Becke3LYP
∆Hq to within 2.0 kcal/mol of the experimental value. The gas-
phase∆Sq values for the endo and exo pathways are-43.6
and-40.9 eu, respectively, in reasonable agreement with the
experimental∆Sq of -37.1 eu.15 The calculated∆∆Gq(298 K)
of 1.1 kcal/mol favors the endo pathway. At 353 K, the∆∆Gq

is predicted to be 0.9 kcal/mol, in excellent agreement with the
1.2 kcal/mol value measured for the DA reaction of 1,4-D2-
butadiene and maleic anhydride.17 Although the RHF method
overestimates the activation barrier (37.6 kcal/mol), the calcu-
lated∆∆Gq(353 K) of 1.6 kcal/mol favoring the endo pathway
is in good agreement with the butadiene/maleic anhydride
experiment.
Both levels of theory predict that the methyl substituent

induces a small amount of asynchronicity in the two transition
structures, although the Becke3LYP structures are slightly more
asynchronous. The differences in forming C-C bond lengths
are 0.11 and 0.08 Å for the DFT endo (1) and exo (2) structures,
respectively, and bond formation is more advanced at the C1
position of isoprene, as expected.18 The lengths of both forming
C-C bonds are within(0.06 Å of those in the Becke3LYP/
6-31G* transition structure of the parent DA reaction.1e The
Becke3LYP bond order19 for the isoprene-C1 forming bonds
is 0.32 in1 and2, while the bond orders for the isoprene-C4
forming bonds in1 and 2 are 0.27 and 0.28, respectively.
Structure 1 is very flexible, with vibrational frequencies
associated with asynchronicity and diene/dienophile twisting of
127 and 54 cm-1, respectively.
The most striking result is a triple-digit agreement between

most of the Becke3LYP and experimental KIEs (Figure 2). The
experimental KIEs originally reported wererelatiVe values,
based on assumed methyl group H/D and12C/13C KIEs of
1.000.20 Although this assumption is predicted to be very close
to correct, the experimental results were recalculated assuming
methyl group H/D and12C/13C KIEs of 0.996 and 1.001 to match
the predicted values. With this assumption, seven out of the
nine independent sets of KIEs agree within experimental error,
five within 0.001! The RHF KIEs show much larger deviations
from the appropriately scaled experimental values.
Larger errors in predicted primary KIEs are found for

H-transfer reactions due to variational transition state and
multidimensional tunneling effects.21 Such effects are minimal
here. Errors in the frequencies and the anharmonicity of the
vibrational modes, particularly the low-frequency modes as-
sociated with the floppy transition state, also appear to cause
little error in the KIE predictions.22

The only errors in the calculated Becke3LYP KIEs outside
of experimental error are observed with the large KIEs of the
“in” hydrogens H7 (underestimated by≈1.6%) and H9 (over-
estimated by≈0.9%). Since the KIEs for the “out” hydrogens
(H10 and H15) are within the error ranges of the experimental
results, the errors in the calculated “in” hydrogen KIEs do not
necessarily imply that the actual transition state structure is more
asynchronous than predicted. A significant population of the
isoprene skew conformation at the experimental temperature
could account for the errors, or these small discrepancies might
even result from specific solvent interactions with the “in”
hydrogens.

Altogether, the experimental KIEs are consistent with a
moderately asynchronous transition state closely resembling
transition structure1. The comparison of a large set of high-
level calculated and high-precision experimental KIEs essentially
provides anexperimentalpicture of the transition state. In the
current example, the most direct knowledge so far available has
been obtained for the synchronicity of a complex Diels-Alder
reaction.
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Figure 2. Comparison of experimental and calculated kinetic isotope
effects: (a) Becke3LYP2H secondary KIEs; (b) Becke3LYP13C KIEs;
(c) RHF2H secondary KIEs; (d) RHF13C KIEs. The numbering system
is shown in Figure 1.
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