
/ . Am. Chem. Soc. 1992, 114, 8565-8572 8565 

bond. This is a remarkably simple counterexample to the pre
vailing hope that a crystal structure describes the solution 
structure. 

There is no intramolecular hydrogen bond in aqueous hydrogen 
succinate monoanion (9). Yet in THF this shows only the intrinsic 
isotope shift. Therefore the conformation must have changed, 
to permit a hydrogen bond that is not only intramolecular but also 
symmetric. In such a nonpolar solvent, the best solvation for the 
carboxylate anion is hydrogen bonding to a carboxylic acid. 
Moreover, the symmetry of this hydrogen bond in THF is further 
evidence for a role for solvation in determining the symmetry of 
hydrogen bonds. 

These results do not distinguish whether hydrogen bonds become 
asymmetric in water because of its polarity or because of its 
disorder. Certainly a polar environment ought to stabilize the 
asymmetric structure, with its concentrated negative charge, 
relative to the symmetric one, with delocalized charge. The MO 
calculations mentioned above23 show that polarity does favor the 
asymmetric structure, but Hadzi suggests that if the dynamic and 
discrete properties of water are included, this structure would be 
even more favored. It seems to us that polarity alone is not 
sufficient, since the crystal, with its counterions, is also quite polar, 
and yet the hydrogen bond is symmetric. Therefore we infer that 
the hydrogen bonds become asymmetric in water because of its 
disorder, which makes it improbable for both carboxyls to be 
identically solvated at each instant. 

Conclusions 
The hydrogen bonds in aqueous hydrogen succinate (9), maleate 

(5), and phthalate (6) monoanions are asymmetric, corresponding 
to a potential-energy surface having two minima. This conclusion 
is based on the values of K7 calculated from observed isotope shifts, 
the temperature dependence of the isotope shift, and the unusual 
isotope shifts of the aromatic carbons of phthalic acid, which are 
not subject to an intrinsic shift. The results on hydrogen maleate 
and phthalate are especially surprising since they had previously 
been observed to have symmetric hydrogen bonds. This difference 
is attributed to the disorder of the aqueous environment. In 
contrast, in nonpolar solvents single-well potentials are observed, 
not only for hydrogen maleate and phthalate monoanions, but also 
for hydrogen succinate. 

Whether a hydrogen bond is symmetric or asymmetric is not 
simply inherent in the molecular structure, dependent only on the 
oxygen-oxygen distance, but can depend on solvent. The technique 
of isotopic perturbation of equilibrium has demonstrated itself 
to be a useful and effective technique in the study of hydrogen 
bonding, and it provides definitive answers to the question of the 
symmetry of the hydrogen bond. 
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Abstract: Theoretical secondary kinetic and equilibrium deuterium isotope effects for the Cope rearrangement of 1,5-hexadiene 
were calculated using RHF/3-21G, RHF/6-31G*, UHF/6-31G*, CASSCF/3-21G, and MP2/6-31G* levels of theory and 
the Bigeleisen-Mayer method. Isotope effects for transition structures, corresponding to a concerted process of bond reorganization, 
several different cyclohexane-l,4-diyl-like species, and two allyl radicals, were examined and compared with the experimentally 
determined values. The theoretical isotope effects calculated for the concerted pathway are in best agreement with experiment. 
Similar calculations were used to examine the 1,5-heptadiene and 3-methyl- 1,5-hexadiene Cope rearrangements. The transition 
structure with methyl in the equatorial position is 1-2 kcal/mol more stable than that with the axial methyl. These results 
are analyzed in the framework of Gajewski's More O'Ferrall-Jencks diagrams for the Cope rearrangement, correlating kinetic 
isotope effects and bond order. 

Introduction 

The Cope [3,3]-sigmatropic rearrangement has been the subject 
of extensive theoretical and experimental investigations.1"3 This 
class of reactions is generally thought to proceed by a concerted 
mechanism, but this point is still debated. Even those who agree 
that the rearrangement is concerted sometimes disagree regarding 
the geometry of the transition state. Some investigators favor a 
cyclohexane-l,4-diyl-like structure (bottom of Figure 1), while 
others support a so-called "aromatic" transition state consisting 
of two partially bonded three-carbon units (center of Figure 1). 
Two separated allyl radicals (top of Figure 1) are known to be 
too high in energy to qualify as participants in this reaction but 
do represent another limiting structure useful to this discussion. 
The best computational evidence available predicts a potential 
surface with two pathways, one via an aromatic transition state, 
the other through a cyclohexanediyl intermediate. Both pathways 
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have identical energies.28 Calculation of free energies leads to 
the prediction that both pathways are concerted and that the 
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Figure 1. The allyl radical, synchronous concerted, and 1,4-diyl pathways 
for the Cope rearrangement of 1,5-hexadiene. 

aromatic concerted pathway is 2 kcal/mol below the 1,4-diyl 
concerted pathway. 

We have employed several levels of ab initio molecular orbital 
theory to generate different plausible transition state structures 
for the Cope reaction and to calculate theoretical secondary kinetic 
isotope effects for reactions involving each of these structures. 
This, rather than further structural computations, has been carried 
out for two reasons. First, kinetic secondary deuterium isotope 
effects have long been recognized as a sensitive probe of geometric 
changes occurring in the transition state. A concordance between 
experimental and theoretical isotope effects is taken as validation 
of a particular transition structure and corresponding mechanistic 
pathway. This approach has proved fruitful in the investigation 
of several types of pericyclic reactions.4 Second, although the 
relationship between bond force constants and isotope effects is 
well-known and indeed has been used to estimate qualitatively 
the extent of bond formation in the transition state, the relationship 
is also complex.5 A relatively simple quantitative relationship 
between secondary kinetic isotope effects and geometric param
eters, such as bond strength or bond length, would be useful if 
it can be developed. Crucial to its development is establishing 
the geometry of transition state structures for reactions for which 
the kinetic secondary isotope effects are known. In this paper we 
report the theoretical geometric parameters and kinetic isotope 
effects for the Cope rearrangement of 1,5-hexadiene and several 
methyl substituted derivatives. In subsequent publications this 
approach will be applied to the Cope and Claisen rearrangements 
of other unsaturated systems and substituted compounds.6 

Background 
Secondary Isotope Effects. A number of methods have been 

developed for calculating theoretical secondary isotope effects. 
One approach relies on a force field parameterized from exper
imental vibrational frequencies for small molecules. The force 
field is used to compute "fractionation factors", which are 
equilibrium isotope effects for the partitioning of deuterium be
tween sites in structures at equilibrium.7 These fractionation 
factors are then used to predict equilibrium isotope effects for 
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Table I. Transition State Energies and Carbon-Carbon Bond 
Lengths for the Cope Transition State of 1,5-Hexadiene 

2 

I J 

5 

level of theory 
RHF/3-21G 
RHF/6-31G* 
RMP2/6-31G*" 
CASSCF/3-2 lGf 

CASSCF/6-31G*'' 

AE* 
(kcal/mol) 

45.9 
56.6 
31.4 
40.7 
47.7 

C(l)-C(6) 
(A) 

2.020 
2.046 
2.046 
2.086 
2.189 

C(l)-C(2) 
(A) 

1.389 
1.390 
1.390 
1.401 
1.398 

"On RHF/6-31G* optimized geometries. 'Six orbitals and six 
electrons including the 12 most important configurations.2b cSix or
bitals and six electrons.2' ''Six orbitals and six electrons.28 

larger molecules of interest by structural analogy. 
Isotope effects can also be calculated using force constants 

derived from ab initio molecular orbital calculations.8 Hout and 
co-workers used theoretical force constants to calculate the reduced 
isotopic partition functions and equilibrium isotope effects for a 
number of small molecules.8" They then compared these quantities 
with the corresponding values derived from spectroscopic data. 
For example, calculation of the H/D exchange reaction involving 
ethylene and monodeuteriomethane, eq 1, at the RHF/3-21G, 
RHF/6-31G*, and MP2/6-31G* levels of theory gave equilibrium 
constants of 0.87, 0.84, and 0.75, respectively, with deuterium 
concentrating at the sp3 center. The corresponding equilibrium 

D 
= + D-CH3 = = = r + CH4 (1) 

constant derived from spectroscopic data, with and without the 
removal of anharmonicity, is 0.78 and 0.82, respectively. 

Hess and Schaad have calculated the secondary isotope effects 
for the electrocyclic ring closure of (Z)-l,3,5-hexatriene and the 
ring opening of cyclobutene using ab initio quantum mechanical 
calculations at the RHF/6-31G* and MP2/6-31G* levels, re
spectively.4 Good correlations with experiment were obtained. 

Saunders, Laidig, and Wolfsberg have recently released a 
program, QUIVER,9 which conveniently calculates theoretical 
secondary isotope effects from force constants determined through 
ab initio calculations. The fundamental theory from which the 
isotope effects are calculated was derived by Bigeleisen and 
Mayer10 and is based upon transition state theory.11 In this 
procedure, the geometry of each structure is optimized using ab 
initio methodology and subjected to a completed vibrational 
analysis, and the resulting molecular geometry and Cartesian force 
constant matrix are used with the program QUIVER to compute 
the reduced isotopic partition function, (S2JSi)/, shown in eq 2. 
Equilibrium isotope effects are computed by dividing the reduced 
isotopic partition function of the reactant by that of the product. 
Kinetic isotope effects are obtained in a similar manner by dividing 
the reduced isotopic partition function of the reactant by that of 
the transition state. This ratio is then multiplied by the ratio of 
the imaginary frequencies in the undeuterated and deuterated 
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Chem., Quantum Chem. Symp. 1981, 15, 269-78. 
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transition states, as expressed in eq 3. 

(s2\ 3ft6U2/3ft6[l -<•-»»] [3"-S(Hw-K2,)! 

Ur'fisirir^"plE^-J(2) 

k0 v1L> iH/iMn 

U1 = hv,/kT 

For transition states the IN - 6 is changed to 3N - 7. Due 
to errors such as the neglect of anharmonicity, it is common 
practice to scale vibrational frequencies.12 

Cope Rearrangement. The [3,3]-sigmatropic rearrangement 
of 1,5-hexadiene occurs with an experimental activation enthalpy 
of 33.5 kcal/mol and an entropy of activation of -13.8 eu. ld Ab 
initio quantum mechanical calculations on this reaction have been 
carried out by several groups, and a few of these results are 
summarized in Table \P These calculations support experimental 
evidence that the transition structure prefers a chair-like con
formation of C2/, symmetry. The R H F and CASSCF structures 
are in close agreement, with breaking and forming bond lengths 
of 2.0-2.2 A.2* 

Very recent results of Dupuis et al. with MCSCF calculations 
and the 6-31G* basis set predict a chair-like C2h transition 
structure, which has the lowest free energy, but a Cu 1,4-diyl 
intermediate is only slightly higher in energy.2* A natural orbital 
analysis that we carried out on the CASSCF/3-2IG wave function 
for the 1,4-diyl species indicates that it has only 10-15% more 
diradical character than the ground state and is predominantly 
a closed-shell species.2b A true 1,4-diyl species was found to be 
significantly higher in energy than the concerted transition state 
by this calculation.13 Transition state energies have been com
monly calculated relative to the C1 symmetric conformation of 
1,5-hexadiene.'4 

Results and Discussion 

Transition State Structures and Energetics. In this study, all 
structures were optimized to stationary points on the potential 
energy surface and were subjected to a frequency analysis using 
either the GAUSSIAN15 or GAMESS1 6 series of programs. All 
vibrational frequencies were scaled to account for anharmonicity. 
Specifically, frequencies calculated at the RHF/3-21G17 level were 
reduced by 10%, the RHF/6-31G*1 8 frequencies were reduced 
by 13%, and the MP2/6-31G*" frequencies were reduced by 7%. 

(12) (a) Hess, A. B., Jr.; Schaad, L. J. Chem. Rev. 1986, 86, 709-30. (b) 
Wolfsberg, M.; Hout, R. F., Jr.; Hehre, W. J. Am. Chem. Soc. 1980, 102, 
3296-98. 

(13) Previous work found a singlet diradical species optimized at the 
CASSCF/3-21G level to be 22 kcal/mol higher in energy that the concerted 
transition structure.2' Our unpublished results found the singlet diradical to 
be higher in energy also, but at most only by 7 kcal/mol CASSCF/3-21G/ 
/UHF/3-21G (6 electron and 6 orbital active space). 
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but Cj symmetric 1,5-hexadiene is at some levels of theory very slightly lower 
in energy (e.g., by 0.1 kcal/mol at the RHF/6-31G* level). While not 
significantly affecting the calculated energy of the transition state, it is a 
potential concern when calculating theoretical isotope effects. Isotope effects 
calculated using a C1 ground state structure were found to be insignificantly 
different from those proceeding from the C, symmetry species. 
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Martin, R.; Stewart, J. J. P.; Bobrowicz, F.; DeFrees, D. J.; Seeger, R.; 
Whiteside, R.; Fox, D.; Fluder, E. M.; Pople, J. A. GAUSSIAN 86, Release 
C. Department of Chemistry, Carnegie Mellon University, Pittsburgh, PA. 
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R.; Melius, C. F.; Baker, J.; Martin, R.; Kahn, L. R.; Stewart, J. J. P.; Fluder, 
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Figure 2. Optimized structures of C11,5-hexadiene (RHF/6-31G*), the 
Cope concerted transition structure (RHF/6-31G* and CASSCF/3-
21G), cyclohexane-1,4-diyl (MP2/6-31G* and UHF/6-31G*), and allyl 
radical (UMP2/6-31G*). 

Figure 3. Optimized structures (RHF/6-31G*) of 3-methyl-1,5-hexa
diene, trans-1,5-heptadiene, and the Cope concerted transition structure 
(two views). 

The data thus obtained was used with the QUIVER program to 
calculate theoretical secondary deuterium isotope effects. 

As a model for the concerted aromatic transition state of the 
Cope rearrangement of 1,5-hexadiene, a C u symmetric chair 
conformation, optimized to a stationary point at the RHF/3-21G, 
RHF/6-31G*, and CASSCF/3-21G levels was used. These three 
calculations provide very similar structures, with bond-breaking 
and bond-forming distances of 2.0-2.1 A. Vibrational analysis 
with these wave functions revealed each of the stationary points 
so determined to be a transition state with a single negative 
eigenvalue. 

In contrast to R H F methodology, which underestimates radical 
stability, U H F and MP2 calculations overestimate the stability 
of diradicals.2r A Cu symmetric cyclohexane-1,4-diyl singlet 
diradical, with a C( l ) -C(6) bond distance of 1.558 A was located 
as a minimum on the UHF/6-3IG* potential energy surface. At 
the MP2/6-31G* level, a 1,4-diyl stationary point 28.6 kcal/mol 
higher in energy than 1,5-hexadiene was located. Vibrational 
analysis of this structure at the MP2/6-31G* level again revealed 
no imaginary frequencies; it is a potential energy minimum, and 
not a transition state. This and the intermediate bond-forming 

(19) Moller, C; Plesset, M. S. Phys. Rev. 1934, 46, 618 
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TtMe II. Energies" and Relative Energies* for Transition Structures 
of the Cope Rearrangement of 3-Methyl-l,5-hexadiene with Methyl 
in the Axial and Equatorial Positions 

level of theory E (CH3 axial) E (CH3 equatorial) A£ 

RHF/3-21G -270.43614 -270.439 25 1.95 
RHF/6-31G" -271.92500 -271.92828 2.06 
MP2/6-31G" -272.863 88 -272.865 61 U)9 

0In au. Mn kcal/mol. 'Single point energies on RHF/3-21G op
timized geometries. 

and bond-breaking bond lengths in this species of 1.78 A support 
that this structure corresponds to a 1,4-diyl-like species. We have 
used these two structures to approximate possible 1,4-diradical 
transition structures. In the Dupuis et al. study, this species has 
a C( l ) -C(6) bond length of 1.641 A,2* intermediate between the 
U H F and the MP2 predictions. 

Finally, in order to compare all three alternative pathways, the 
allyl radical was optimized and subjected to vibrational analysis 
at the UMP2/6-31G* level. This structure was used as a model 
for the alternative transition structure resembling two allyl radicals. 
The optimized structures for C1 symmetric 1,5-hexadiene 
(RHF/6-31G*), two Cu symmetric transition structures for the 
concerted process (RHF/6-31G* and CASSCF/3-21G), two 
biradical-like structures for cyclohexane-l,4-diyl (UHF/6-31G* 
and MP2/6-31G*), and the allyl radical (UMP2/6-31G*) are 
illustrated in Figure 2. 

The classic experiments by Doering and Roth on the Cope 
rearrangement of 3,4-dimethyl-1,5-hexadiene established that 
methyl groups prefer the equatorial positions in the transition 
state.Ib Further experimental work revealed that the equatorial 
position is preferred over the axial position by 1.5 kcal/mol in 
the Cope rearrangement of 3-methyl-1,5-hexadiene, and that this 
rearrangement occurs with an activation energy 1.3 kcal/mol lower 
than for the parent system, 1,5-hexadiene. '"•• 

The theoretical treatment of the methyl-substituted Cope re
arrangement involved optimizations of the reactant, product, and 
aromatic transition state structures for the interconversion of 
3-methyl-1,5-hexadiene and rra/w-l,5-heptadiene at the R H F / 
6-31G* level (Figure 3). A frequency calculation was carried 
out at the same level on each of these stationary points. 

The methyl substituent does not strongly influence the geometric 
or energetic features of the transition state. For example, methyl 
substitution at C(3) slightly lengthens both the forming and 
breaking bond lengths by 0.02 A and reduces the CCC angle at 
C(3) from 106° to 102° in the transition state. Table II gives 
calculated energy differences for these two competing transition 
state structures with the methyl group either axial or equatorial 
at the R H F and MP2 levels. At the RHF/6-31G* level, the A £ ' 
for the Cope rearrangement of this system is 1.5 kcal/mol lower 
than that for the rearrangement of 1,5-hexadiene, and the reaction 
is predicted to be exothermic by 3.6 kcal/mol. This computed 
methyl substituent effect on A£* agrees well with experiment, 
which found this difference in activation energies to be 1.3 
kcal/mol. lbJ 

Figure 4 provides structural information for the competing axial 
and equatorial methyl transition structures. The view on the left 
shows the distance between the C(I) axial hydrogen and the C(3) 
axial substituent. The innermost hydrogen on the axial methyl 
group is significantly closer to the C( I ) axial hydrogen than is 
the C(3) hydrogen when the methyl group is equatorial (2.243 
A vs 2.539 A). The C( l ) -C(2) -C(3) bond angle opens to ac
commodate this increased diaxial interaction. The lower left-hand 
structure shows that the methyl group arranges itself in a staggered 
conformation relative to C(2)-C(3) and breaking C(3)-C(4) 
bonds. It appears that if the innermost hydrogen were to move 
closer into alignment with the breaking CC bond, the diaxial 
interaction could be further minimized. The preference for the 
staggered conformation seems to override this possibility. 

Theoretical Isotope Effects. The calculated kinetic and 
equilibrium isotope effects for the parent Cope rearrangement 
were computed using scaled force constants, as described in the 
Background. The isotope effects for the concerted aromatic 

Figure 4. Two views of the transition structures for the Cope rear
rangement of 3-methyl-1,5-hcxadiene with methyl in the equatorial (top) 
and axial (bottom) positions optimized at the RHF/3-21G level. 

Figure 5. Kinetic isotope effects calculated for the concerted aromatic 
Cope rearrangement at the RHF/6-31G', (RHF/3-21G), and 
[CASSCF/3-21G] levels at 248 °C. 

pathway were calculated at the RHF/3-21G, RHF/6-31G*, and 
CASSCF/3-21G levels, while those for the alternative diyl and 
bis-allyl pathways were calculated at the UHF/6-31G*, MP2/ 
6-31G*, and UMP2/6-31G* levels of theory, respectively. The 
1,5-hexadiene structure was vibrationalIv analyzed at the 
RHF/3-21G and RHF/6-31G* levels. 

The theoretical secondary kinetic isotope effects for the con
certed reaction which would result from the reaction of each 
possible monodeuterio-1,5-hexadiene are illustrated in Figure 5. 
The predictions are rather insensitive to variation in basis set, as 
seen by comparing RHF/3-21G values to RHF/6-31G* values. 
The variation due to different computational methodology is 
somewhat more pronounced and more systematic, with the 
CASSCF/3-21G values consistently 0.014-0.023 more positive 
than the corresponding RHF/3-21G values. As expected, the 
isotope effects for hydrogens at C( I ) or C(6) are inverse (<1) , 
because conversion of an sp2 to an sp3 center occurs during the 
reaction. The effects at C(3) and C(4) are normal (>1), and those 
at C(2) and C(5) are quite small (=1%). 

The calculation of the isotope effect at C(3) and C(4) in 1,5-
hexadiene is somewhat complex. The two methylene hydrogens 
attached to either of these centers in the conformational^ un
constrained molecule are enantiotopic. However, when considering 
only the C, symmetric conformation of this structure they become 
diastereotopic, and different force constants obtain. In the 
chair-like transition structure, these two hydrogens each adopt 
either an axial or equatorial position, again being distinct. 
Consideration of the evolution of the two types of methylene 
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Figure 6. Theoretical kinetic isotope effects for inward and outward 
rotation of hydrogen in the electrocyclic ring opening of cyclobutene (ref 
4b). 

hydrogens into just the axial position in the chair transition state, 
for example, results in two distinct calculated isotope effects. 
However, this distinction is artificial because both of these types 
of hydrogens will evolve into the axial position in a conforma-
tionally mobile system. Thus, the isotope effects reported for the 
C(3) and C(4) positions are the geometric mean of the isotope 
effects for the two types of reactant sp3-hybridized hydrogens 
evolving to a single type of hydrogen in the transition state. For 
example, the theoretical isotope effect calculated at the R H F / 
6-3IG* level for the conversion of the methylene hydrogen in the 
plane of the double bond in C1 symmetric 1,5-hexadiene to the 
equatorial position in the transition state is 1.024. The value for 
the other hydrogen participating in the same process is 1.016. The 
isotope effect at the equatorial position is therefore reported as 
(1.024 X 1.016)" 2= 1.020. 

Note that at the bond-making centers, the isotope effect is 
greater for the axial hydrogen than for the equatorial hydrogen. 
The opposite is true for the hydrogens at the bond-breaking centers. 
The force constant differences between the axial and equatorial 
transition state C-H bonds are largely responsible, with the axial 
C-H bond having higher force constants. The axial C - H bond 
is twisted 37° out of the plane of the three-carbon moiety and 
is in the relatively crowded axial zone. By contrast, the equatorial 
C-H bond is nearly in the allyl plane (<HCCC = 178°) and has 
force constants more like those of alkenes. Thus, for bond 
breaking, the larger force constant change comes with the 
transformation of a reactant sp3 hydrogen to the equatorial ori
entation in the transition state. This results in the larger kinetic 
isotope effect. At the bond-making centers, the larger isotope 
effect results from the change of an sp2 hydrogen to an axial 
hydrogen. 

Baldwin and co-workers have observed a similar effect when 
they calculated and measured the kinetic isotope effects for the 
cyclobutene electrocyclic ring opening.4b Figure 6 shows the 
calculated secondary deuterium isotope effects with no tunneling 
correction for hydrogen rotating inward or outward. The outer 
hydrogen is almost in the plane of the C(I) hydrogen, is more 
sp2-like, and has a lower bending force constant than the inner 
hydrogen. Accordingly, a larger kinetic isotope effect is observed 
experimentally and calculated theoretically for outward rotation. 

Two 1,4-diyl-like "transition state" models were used for cal
culation of isotope effects for this mechanistic pathway. One 
structure is a true biradical structure, determined by U H F 
methodology, and the other biradicaloid type structure was located 
at the MP2/6-31G* level. Both are actually local energy minima, 
but are considered as reasonable models for a biradical-like 
transition state, whether or not it leads to a true biradical minimum 
on the potential surface. The only difference between the pro
cedures used to calculate kinetic and equilibrium isotope effects 
is the multiplication of the ratio of reduced isotopic partition 
functions by the ratio of imaginary frequencies in the deuterated 
and undeuterated species (eq 3). This ratio is very close to unity 
and, consequently, has a minimal effect on the resulting isotope 
effect. For instance, in RHF/6-31G* calculations, this ratio is 
1.002 for dideuterio substitution at the forming and breaking bond 
centers. This tendency was also recently noted by Truhlar and 
co-workers.20 As noted earlier, Dupuis, Murray, and Davidson 
found a pathway involving a diyl intermediate, but on the free 

(20) Lu, D.-H.; Maurice, D.; Truhlar, D. J. Am. Chem. Soc. 1990, 112. 
6206-14. 
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Figure 7. Theoretical secondary equilibrium isotope effects for the re
arrangement of 1,5-hexadiene proceeding through a diyl-like species 
determined at the MP2/6-31G* and (UHF/6-31G*) levels at 248 0C. 

energy surface, this is a transition state, not an intermediate.28 

The equilibrium isotope effects between C, symmetric 1,5-hexa
diene and the two optimized biradicaloid structures are illustrated 
in Figure 7. 

The conversion of 1,5-hexadiene to cyclohexane-l,4-diyl involves 
mainly bond-forming processes between C(I) and C(6), although 
there is some lengthening of the C(3)-C(4) bond. Therefore, 
regardless of which diyl structure is chosen, the magnitudes of 
the isotope effects predicted at C( I ) , 4 -5% and 3%, are signifi
cantly greater than those at C(4), which are 0.1%. Note that the 
same pattern obtains with regard to the axial vs equatorial positions 
as was found for the concerted transition state model: the axial 
effect is larger for bond-forming and the equatorial is the stronger 
effect for bond-breaking processes. Both diyl structures are 
predicted to have a significant normal secondary isotope effect 
at C(5), and this corresponds to the expected decrease in out-
of-plane bending vibrational frequencies as the center changes 
from an alkene C-H bond to a radical C-H bond.21 Henderson 
and Pryor observed such an effect in radical additions to styrene.22 

This position is the only one in the diyl where the predictions by 
the two computational methods differ significantly: MP2/6-31G* 
predicts a 2% normal secondary isotope effect, while UHF/6-3IG* 
predicts a 9% normal effect. It is notable that the MP2/6-31G* 
geometry, with the relatively long C( l ) -C(6 ) and C(3)-C(4) 
bonds (1.78 A), represents a midpoint between the R H F and U H F 
structures. The 2% normal effect also represents an intermediate 
point between the very slight normal isotope effect for C(2) in 
the concerted structure and the 9% normal UHF/6-31G* diyl 
value. The electronic character of the 3-carbon fragments in the 
MP2 species must also fall between the delocalized system of the 
concerted transition state and a localized secondary radical center. 

While perhaps unexpectedly large, the 9% theoretical effect 
predicted for C(2) in the UHF/6-3 IG* structure is consistent with 
computations of equilibrium isotope effects for other radicals, 
carried out at the UHF/6-3 IG* and CASSCF/3-21G levels.23 

If this large normal effect is in error, it could be the result of 
anharmonicity in the potential well not accounted for adequately 
by the uniform scaling procedure. A recent careful examination 
and comparison of experimental vibrational data and theoretical 
vibrational frequencies for several simple radicals suggests that 
at least in the case of the methyl radical the out-of-plane bending 
frequency may be substantially underestimated at the R H F / 6 -
31G* level.25 Were this the case for the cyclohexane-1,4-diyl 
then the magnitude of the theoretical isotope effect at the radical 
center would be exaggerated. A tunneling correction, applied to 
the kH/kD ratio assuming a parabolic potential surface, did not 

(21) Pacansky, J.; Miller, M. D.; Koch, H. J. Am. Chem. Soc. 1991,13. 
317-43. 

(22) Henderson, R. W.; Pryor, W. A. InI. J. Chem. Kinel. 1972, 4, 
325-330. 

(23) CASSCF/3-21G, 4 electron and 4 orbital active space calculations 
on ethyl radical and 2-hexene-1,6-diyl also predict relatively large deuterium 
secondary kinetic isotope effects for the transformation of a vinylic C-H to 
a primary radical. 

(24) (a) Humski, K.; Malojcic, R.; Borcic, S.; Sunko, D. J. Am. Chem. 
Soc. 1970, 92. 6534-38. (b) Humski, K.; Strelkov, T.; Borcid, S.; Sunko, D. 
E. J. Chem. Soc. D 1969, 693-94. 

(25) Pacansky, J.; Koch, W.; Miller, M. D. J. Am. Chem. Soc. 1991,113, 
317-328. 
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Figure 8. Theoretical secondary kinetic isotope effects for the rear
rangement of 1,5-hexadiene proceeding through two allyl radical frag
ments at 248 0C. The allyl radical was optimized at the UMP2/6-31G* 
level. 

Table III. Calculated and Experimenial Bond-Breaking Equilibrium 
Isotope Effects (ElE) for the Cope Rearrangement of 
3,3,4,4-Tetradeuterio-1,5-hexadiene 

7-("C) expt RHF/3-21G RHF/6-31G* MP2/6-31G* 

150 
200 
218 

1.27" 
1.24" 
1.21 ± 0.03» 

1.37 
1.28 
1.26 

1.34 
1.26 
1.24 

1.36 
1.27 
1.25 

'Taken from ref 24. 'Taken from ref 5a. 

significantly change the value (<0.2%).26 

Isotope effects for the hypothetical cleavage-recombination 
pathway via two allyl radicals are illustrated in Figure 8. Note 
that the isotope effects at both the bond-breaking and subsequent 
bond-forming positions are normal. This is due to the fact that 
the out-of-plane bending force constants at the termini of the allyl 
radical are smaller than those at either the sp2- or sp3-hybridized 
centers. Both monodeuterio kinetic isotope effects at the bond-
breaking center are large (6%), while those at the other terminus 
are only 1% at this relatively high temperature. 

Comparison with Experiment Table III lists the calculated and 
experimental equilibrium isotope effects for bond breaking in the 
Cope rearrangement at three different temperatures. The rear
rangement is degenerate, so the equilibrium isotope effects for 
bond formation are simply the inverse of the bond-breaking effects. 
The experimental results reported in ref 24 do not include error 
limits. However, the 6-3IG* result is within the error limits given 
in ref 5a. 

Gajewski has measured the kinetic isotope effects for the Cope 
rearrangement of 1-methyl- and 3-methyl-l,5-hexadiene.5 The 
results are shown in Table IV along with the theoretical kinetic 
isotope effects calculated for the concerted Cope rearrangement 
of the parent and methyl-substituted 1,5-hexadienes. The isotope 
effects per hydrogen are shown in brackets. 

At the R H F / 6 - 3 I G * level, the theoretical bond-making and 
bond-breaking kinetic isotope effects for 4,4-dideuterio-3-
methyl-1,5-hexadiene are 0.95 and 1.03. The per hydrogen values 
are 0.97 and 1.02, respectively. These results are in exact 
agreement with the corresponding experimental values (entries 
2 and 6 of Table IV). In nearly all cases the calculated kinetic 
isotope effects are within the experimental error range, with only 
entry 5 out of line. Indeed, the authors had noted in the paper 
that this result was probably in error.5" Also note that the per 
hydrogen isotope effect for this entry differs significantly from 
the other bond-breaking measurements. 

A summary of the theoretical and experimental kinetic isotope 
effects is provided in Figure 9. Note that while the values for 
the concerted mechanism are within the experimental error, the 
kinetic isotope effects for either 1,4-diyl transition state model 
fall outside of this range, and the values indicate somewhat more 
bond making and less bond breaking than the experimental values 
support. The computed result for bond making in the allyl radical 
pathway is inverse relative to that of experiment and is indicative 
of much more bond breaking than found in the values measured 
experimentally. 

(26) Bell, R. P. The Proton in Chemistry; 2nd ed.; Chapman and Hall: 
New York, 1973, Vol. 19, 275-277. 

Table IV. Experimental and Theoretical Kinetic Isotope Effects for 
the Cope Rearrangement at 248 "C. The Theoretical Results are 
Given for the Concerted Aromatic Mechanism at the RHF/6-31G* 
and (RHF/3-21G) Levels 

3-melhyt-l,5-hexadiane 3-methyl.l,5-hexadiei 

Experimental* RHF/6-31G* 
(RHF/3-21G) 

1.5-hexadiene 

RHF/6-31G* 
(RHF/3-21G) 

V / I ° ! l 

0 8910.018 

10.971*> 

0.95-0.019 

[0.971 

0.96 J 0 003 

(0.981 

1.07 • 0.025 

(1021 

1.09-0.027 

11.04] 

10310 019 

11.02) 

0.90 (0.87) 

[0.»7] 

0.95 (0.94) 

10.97] 

0.95 10 94) 

10.97] 

1.05(1.07) 

[1.011 

1.03(1.03) 

11.02] 

1.03(1.04) 

11.02] 

0 89 (0 87) 

[0.97] 

0.94 (0.93) 

10.97) 

0.94 (0.93) 

10.97] 

1.05(107) 

[1.011 

1.03-1.03) 

[1021 

1.03(1 03) 

(1.021 

"Gajewski notes that errors in the rate constants for the rearrange
ment of 1-methyl-1,5-hexadiene, entries 3, 4, and 5, are probably larger 
than that indicated by the error margins reported above.5" »The iso
tope effects per hydrogen are shown in brackets for comparison. For 
the theoretical results, this value refers to the RHF/6-31G* calcula
tion. 

Table V. Calculated (AMI) and Experimental Kinetic Isotope 
Effects for Bond Breaking (BB) and Bond Making (BM) in the Cope 
Rearrangement of 3,3,4,4-Tetradeuterio-1,5-hexadiene and 
1,1,6,6-Tetradeuterio-1,5-hexadiene, Respectively 

AMI" 
biradicaloid 
aromatic 

expt* 

T(0C) 

250 
250 
248 

KIE (BM) 

0.88 
0.88 
0.89 ± 0.02 

KIE (BB) 

1.00 
1.03 
1.07 ±0.03 

"Taken from ref 3d. 'For the Cope rearrangement of 3-methyl-
1,5-hexadiene, taken from ref 5a. 

S 
(D, I j ^ 5 * ^ C 

S 

CaIculitcd 
0.94 

1.28 **t*> 1.05 

UMP2/6-31G" 

1.00 
(0.98) 

1.05 ^ K 0.89 
(1.12);' ; (0.85) 

RHF/6-31G" 
(CASSCF/3-21G) 

1.05 
(1.19) 

Eiperlmental 

1.071 0.03 f"5*^ 0.89±0.02 

1.02 , / \ 0.M 
(1.03)| I (0.87) 

MP2'6-31G* 
(UHF/6-31G*) 

Figure 9. Experimental and calculated kinetic isotope effects for three 
alternative pathways for 1,1,6,6-tetradeuterio-l,5-hexadiene (bond 
making), 3,3,4,4-tetradeuterio-l,5-hexadiene (bond breaking), and 2,5-
dideuterio-1,5-hexadiene at 248 "C. Experimental data are from entries 
1 and 4 in Table IV. 

Dewar and co-workers have calculated the kinetic isotope effects 
for the Cope rearrangement of [1,1,6,6- and [3,3,4,4-2HJ-I1S-
hexadiene using semiempirical calculations at the AMI level .3" 
Two chair-like transition states were located, a biradicaloid and 
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Figure 10. A qualitative More O'Ferrall-Jencks diagram for the tran
sition states of three Cope rearrangements.5a 

an aromatic transition state. The calculated isotope effects at the 
bond-forming and bond-breaking positions are given in Table V. 
As can be seen, neither set of isotope effects for bond breaking 
falls within the experimental range of error, in spite of being cited 
as in good agreement with experiment. The results of the AMI 
calculations on both the concerted and biradicaloid pathways 
indicate significantly less bond breaking than revealed by ex
periment. 

The Classification of Transition State Structure through More 
O'Ferrall-Jencks Diagrams. One goal of this work is to contribute 
to the development of a quantitative relationship between kinetic 
isotope effects and some measure of bonding and geometric 
changes occurring at the reacting center. Gajewski5 and co
workers have used More O'Ferrall-Jencks27 (MOJ) diagrams to 
correlate graphically the experimentally determined secondary 
deuterium isotope effects with the relative extent of bonding 
changes at the reacting centers in the transition states of 
[3,3]-sigmatropic rearrangements. 

A number of important assumptions have been made to proceed 
with developing these diagrams for this particular reaction. (1) 
Equilibrium isotope effects, for the individual bond-making or 
bond-breaking processes, are assumed to be the maximum possible 
isotope effect. The value of the isotope effect for isotopic sub
stitution at a particular position is assumed to correspond to 
complete progress along the reaction pathway. It follows that a 
kinetic isotope effect for the actual process will be some fraction 
of the equilibrium isotope effect and is in some way proportional 
to the degree of change at the substituted center. (2) The isotope 
effect is assumed to be related directly to the change in a bond 
order in proceeding from the ground state to the transition state. 
Therefore, the relationship between the kinetic and equilibrium 
isotope effects can be used to assess the degree of a bond change 
in the transition state. As a point of departure, Gajewski has 
proposed a linear free energy relationship. The index of bond 
making i'(BM) and bond breaking i'(BB) is defined as the loga
rithm of the kinetic isotope effect divided by the logarithm of the 
equilibrium isotope effect.5' 

i(BM) = 
In(KIE)8M 
ln(EIE)BM 

/(BB) = 
ln(KIE)BB 

In(EIE)88 

The kinetic isotope effect is derived from experiment, and the 
equilibrium isotope effect is derived from fractionation factors. 

A typical More O'Ferrall-Jencks diagram, derived from Ga-
jewski's experimental work, is illustrated in Figure 10. It provides 
a graphic comparison of the transition states for the Cope rear
rangements of the parent compound and two substituted deriva
tives. The reactant is in the lower left corner, the product is in 
the upper right, and the horizontal and vertical axes indicate the 
bond index for the making and breaking a bonds, respectively. 

1.0 

1(BB) 

0.0 

CASSCF 

RHF( 

V 

V 
UHF 

0.0 

O 
1(BM) 1.0 

MP2 

Figure 11. The MOJ diagram based on theoretical isotope effects il
lustrating the bond-making, bond-breaking, and concerted pathways. 

The transition state sketches also mark the approximate locations 
of each of these on the diagram. 

The parent system is near the center of the diagram. Diphenyl 
substitution at C(2) and C(5) shifts the transition state toward 
the 1,4-diyl species in the lower right corner, while 3,3-dicyano 
substitution yields a transition state resembling more closely two 
allyl radicals in the upper left corner. 

Use of this model to illustrate the results reported here for the 
possible alternative transition structures for the parent Cope re
action reveals a complication. The diagram in Figure 11 shows 
the locations of the theoretical concerted (RHF/6-31G* and 
CASSCF), 1,4-diyl (UHF/6-31G* and MP2/6-31G*), and allyl 
radical (UMP2/6-31G*) transition structures on a MOJ diagram. 
The indices, i'(BM) and /(BB), are calculated using theoretical 
values for the KIE, and the EIE is derived from fractionation 
factors. The concerted transition state structure falls near the 
center of the diagram, displaced somewhat to the lower right 
corner. Both 1,4-diyl transition structures are located close to 
the lower right-hand corner of the diagram, as expected. The 
theoretical transition state resembling two separate allyl radicals 
should be located in the upper left corner of the diagram. 
However, to include this transition state the usual MOJ diagram 
bond-breaking and bond-forming axes must be extended beyond 
the normal 0-1.0 range. 

The problem with incorporating the results for a bis-allyl radical 
transition state is 2-fold. The UMP2/6-31G* calculations indicate 
that a transition state with such a large degree of bond-breaking 
character would yield very strong normal kinetic isotope effects 
at the bond-breaking centers. It is, in fact, larger than the cor
responding equilibrium isotope effect. When Gajewski's equation 
is used, this situation yields a bond-breaking index greater than 
unity. The same calculations predict a smaller, but still normal, 
kinetic isotope effect at what will ultimately be the bond-making 
centers, C(I) and C(6). The bond-making equilibrium isotope 
effect at this position is inverse. The resulting Gajewski bond index 
is therefore negative (i = -0.26). This illustrates a general problem 
in the assumption that a fractionation factor, or equilibrium isotope 
effect, can be used as the upper limit for the corresponding kinetic 
isotope effect for a given process. 

There are a variety of ways in which this problem can be 
handled. By the use of more complicated functions, the upper 
left corner of a square diagram could represent two allyl radicals 
(both bond indices = 0), but each axis would then represent a 
reaction coordinate which is a function of both bond making and 
bond breaking.28 

Relationship of the Bond Index, i, to Bond Order. For the MOJ 
diagrams to carry information about structure as related to isotope 
effect, the bond index parameter should be replaced with a 
measure of the geometry of the transition structure. The bond 

(27) (a) More O'Ferrall, R. A. J. Chem. Soc. B 1970, 274-77. (b) Jencks, 
W. P. Chem. Rev. 1972, 72, 705-18. 

(28) See, for example: Gajewski, J. J.; Olson, L. P.; Tupper, K. J., sub
mitted for publication. 
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Figure 12. More O'Ferrall-Jencks diagrams of the concerted and 1,4-
diyl pathways for the Cope rearrangement of 1,5-hexadiene, with coor
dinates defined using modified Pauling bond orders and constants of 0.3 
or 0.6. 

order is usually defined as a function of bond length.29 The 
commonly used Pauling bond order, /ip, is defined in eq 4, where 
n0 is the bond order of the fully formed bond of length R0, and 
R is the length of a bond with bond order np. 

r to, - R) 
"P = "o exp 0 3 

(4) 

More recently, the Indiana group has found that a propor
tionality constant of 0.6 (rather than 0.3) is more appropriate for 
cases where the bond in question is of bond order less than 1 (eq 
5).30 

np = H0 exp 
(*o - R) 

0.6 (5) 

For the regions of bond order between 1 and 3, commonly 
discussed by Pauling, np is not altered significantly by this change 
of constant.29' The value of n = 0.3 is normally maintained for 

(29) (a) Pauling, L. J. Am. Chem. Soc. 1947, 69, 542-53. (b) Gordy, W. 
J. J. Chem. Phys. 1947, 15, 305. (c) Paolini, J. P. J. Comput. Chem. 1990, 
11(10), 1160-63. 

(30) Personal communication with J. J. Gajewski, based upon work with 
E. R. Davidson and V. J. Shiner. 

Houk et al. 

«p > 1. The Pauling bond order using 0.3, as well as other bond 
orders, such as those proposed by Gordy and Paolini, do not give 
reasonable values of bond orders for very long bonds. 

A bond order MOJ diagram can be defined with the bond-
making axis equal to np(BM) and the bond-breaking axis equal 
to [1 - np(BB)]. The partial bond order indices are calculated 
using eqs 4 or 5 from the bond lengths of the transition state 
structures generated in this study. The bond length R0 (which 
corresponds to zero bond breaking and complete bond making) 
is the C(3)-C(4) bond length in 1,5-hexadiene, 1.539 A. The 
concerted transition state and two 1,4-diyl transition structures 
are presented in this manner in Figure 12. Bond orders derived 
from the original Pauling equation, eq 4, indicate a great deal more 
bond breaking than bond making in the concerted Cope transition 
state, while the 1,4-diyl lies near the middle of the diagram. When 
eq 5 is used, the locations of both structures are considerably closer 
to that predicted by the Gajewski-type MOJ diagram. However, 
there is still relatively more bond breaking indicated for both the 
concerted and 1,4-diyl transition state than indicated from the 
isotope effect derived bond indices. Qualitatively, both types of 
diagrams give similar information about the shift in the nature 
of the transition states as a function of calculation type, or as 
proposed by Gajewski as a function of substituents. 

Conclusion 
Theoretical secondary kinetic isotope effects derived from ab 

initio frequency calculations have been correlated with experi
mental results to differentiate between competing mechanistic 
pathways for the Cope reaction. These results support a mech
anism involving concerted bond reorganization in the transition 
state. 
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