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Claisen rearrangements are important [3,3] sigmatropic shifts 
used widely in synthesis.1 Substitutent effects on rates and 
mechanisms of these processes have been investigated 
extensively.2-5 The rate-determining transition state is generally 
thought to be closer to the oxallyl—allyl end of the spectrum 
than to the 1,4-diyl; there is still discussion about the degree of 
zwitterionic character in the transition state.3,5 
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The nature of the transition state is very important in 
understanding a number of phenomenon, such as the origin of 
solvent effects on the rates of Claisen rearrangements,6,7 the 
mechanism of catalysis of a Claisen rearrangement by the 
enzyme chorismate mutase,5,8-12 and the nature of two catalytic 
antibodies, which differ widely in the mechanism by which they 
catalyze the chorismate—prephenate rearrangement.13-15 

We previously reported an ab initio RHF/6-31G* transition 
structure for the Claisen rearrangement.2 We have now 
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calculated isotope effects to compare with experiment and have 
located the transition structure with more complete theoretical 
models as well. The geometry and polarity of the transition 
state can be defined more exactly in this way. 

In order to probe bond-breaking and bond-making in the 
transition state, secondary kinetic isotope effects for hydrogen, 
carbon, and oxygen have been investigated experimentally.16-18 

The RHF/6-31G* force constants for allyl vinyl ether and the 
chair transition structure at the RHF level2 were first used to 
calculate the theoretical isotope effects using the program 
QUIVER.19 Figure 1 compares the theoretical and experi
mental16-18 kinetic isotope effects. The normal secondary 
deuterium kinetic isotope effect at the C(4) position and the 
inverse isotope effect at the C(6) position are expected (Figure 
1). However, there are significant discrepancies in the mag
nitudes of the RHF/6-31G* and experimental isotope effects; 
this shows that the calculated geometries and force constants 
must differ from the experimental values. We have shown that 
excellent predictions of isotope effects are possible if the 
transition state geometry is correct.20 The larger experimental 
isotope effects16-18 at O and C(4) imply more CO bond-breaking 
than in the RHF/6-31G* ab initio transition structure. The 
smaller isotope effects at C(6) measured experimentally imply 
that less bond-making occurs here than is predicted by the RHF/ 
6-3IG* structures. Consequently, the real transition state should 
resemble an oxally—allyl radical pair more than predicted by 
RHF/6-31G* calculations. Consequently, higher level calcula
tions were carried out with several methods. First, an MP2/6-
3IG* transition structure was located. It has even more 1,4-
diyl character than that optimized at the RHF/6-31G* level. The 
bond-breaking and bond-making distances at the MP2/6-31G* 
level are 1.797 and 2.199 A, respectively. This shift toward 
the 1,4-diyl structure is the same trend found for the Cope 
rearrangement.20 

Because MP2 takes the transition structure in the wrong 
direction, the reaction has also been studied by using a six 
electron/six orbital complete active space CASSCF calculation 
with the 6-3IG* basis set. The transition structure is compared 
to the RHF/6-31G* level in Figure 2. The calculated activation 
energy is 42.5 kcal/mol, whereas the experimental and RHF/ 
6-3IG* values are 30.6 and 48.8 kcal/mol, respectively. The 
optimized CASSCF/6-31G* transition structure indicates much 
more bond-breaking and much less bond-making, as shown by 
the 0(3)-C(4) and C(l)-C(6) distances of 2.100 and 2.564 
A, respectively (Figure 2). These are 0.2 and 0.3 A, respec
tively, longer than the distance by RHF/6-31G* calculations. 
The calculated secondary kinetic isotope effects summarized 
in Figure 1 also indicate more bond-breaking than bond-making. 
The heavy atom isotope effects are now in better agreement 
with experiment. The deuterium isotope effects err in the 
opposite direction, indicating that the MCSCF/6-31G* calcula
tions overestimate the extent of bond-breaking character com
pared to the experimental results. We have searched for a 
second transition state or intermediate, as found in the similar 
calculations on the Cope rearrangement,21 but we have not found 
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Figure 1. Secondary deuterium kinetic isotope effects at the C(4) and C(6) positions and heavy-atom primary kinetic isotope effects at the C(2), 
0(3). C(4). and C(6) positions, (a) Experimental data.",-"< (b) RHF/6-31G* predicted values, and (c) CASSCF/6-31G* values for 160 0C. Deuterium 
isotope effects are shown inside the structures, and heavy-atom isotope effects are shown outside the structures. The uncertainties in the experimental 
results for the deuterium and the heavy-atom isotope effects are ±0.005 1 6" and ±0.0005-0.0008." respectively. 

effects leads to predicted transition state values of 1.97 and 2.68 
A for CO and CC bond lengths, respectively. 

The changes in charges upon going from ground to transition 
state, calculated by RHF and MCSCF techniques, are shown in 
Figure 2. There is less than half as much ionic character in the 
oxally—allyl radical pair in the MCSCF/6-31G* level as 
compared to the RHF/6-31G* level, but the changes in charges 
are larger, since a polar species is partially converted into a 
diradical pair, not an ion pair, in the transition state. 

Empirical Bebovib calculations of isotope effects predict 
C - O and C - C bond orders of 0 .3 -0 .5 , and 0 . 1 - 0 . 3 , respec
tively.18 Gajewski and Conrad deduced 0.33 and 0.17, based 
upon deuterium isotope effects.16 Our MCSCF results give bond 
orders of 0.31 for the C - O bond and 0.18 for the C - C bond, 
using the calculated bond lengths and the modified Pauling bond 
order equation.23 

This significant refinement of transition state structure24 and 
charge distribution should facilitate mechanistic discussion and 
catalyst design. Studies of this type will be reported shortly. 
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Figure 2. Two views of the optimized transition structures for the 
Claisen rearrangement of allyl vinyl ether at RHF/6-31G* and MCSCF/ 
6-3IG* levels. Bond lengths are given outside the structure and angles 
inside the structures. Mulliken charges with hydrogen charges summed 
into heavy atoms are shown in boxes, and changes in charges between 
ground and transition state are shown in parentheses. 

any other stationary points.22 Linear extrapolation between the 
RHF and MCSCF results to fit experimental deuterium isotope 
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