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Abstract: B3LYP/6-31+G* density functional calculations have been performed in order to understand why large,
equilibrium isotope effects have been observed in the reduction of benzene to the corresponding radical anion but
not in the reduction of cyclooctatetraene (COT) to COT•-. The calculations reproduce these experimental trends.
However, the calculations also find that reduction ofplanarCOT, like that of benzene, has a substantial, equilibrium
isotope effect. Therefore, the small isotope effect, both calculated and observed, for reduction of COT is due to an
inverse isotope effect on the planarization of the tub-shaped ring in COT. The isotope effect computed for forming
planar (D8h) triplet COT/COT-d8 at 173 K is 0.38. This is the predicted isotope effect on the adiabatic singlet-
triplet splitting in COT. The isotope effect computed for forming planar (D4h) singlet COT/COT-d8 at the same
temperature is 0.41. This is the predicted isotope effect on ring inversion. The reason why planarization of COT
has an inverse isotope effect is discussed, and an experimental test of the prediction of an inverse isotope effect on
ring inversion of COT is proposed.

Stevenson and co-workers have found very large, secondary
isotope effects on the equilibrium constant for the reduction of
aromatic hydrocarbons to their radical anions.1 For example,
at 173 K, reduction of a mixture of benzene/benzene-d6 with
potassium in THF in the presence of 18-crown-6 was found to
favor formation of C6H6

•- over that of C6D6
•- by a factor of

3.85.1e This is the equilibrium constant for the reaction shown
in eq 1; andK(1) ) 3.85 at 173 K corresponds to a 0.47 kcal/
mol smaller electron affinity for benzene-d6 than for benzene.

A very different result was found when a similar study was
undertaken of the equilibrium isotope effect on the reduction
of cyclooctatetraene (COT) vs COT-d8.2 At 173 K the equi-
librium constant for the reaction in eq 2 was found to beK(2)
) 0.86. The small, inverse equilibrium isotope effect found
for reduction of COT/COT-d8 is in marked contrast to the large,
normal, isotope effect found for reduction of C6H6/C6D6.

A possible reason, suggested by Stevenson and co-workers,2

for the very different equilibrium constants found for the
reactions in eqs 1 and 2 is that benzene is an aromatic molecule,
whereas COT is not. A second obvious difference between
benzene and COT, which is related to the first, is that benzene
is planar; but COT has a tub-shaped (D2d) equilibrium geometry.

However, in contrast to neutral COT, COT•- is planar;3,4 and
the large change in geometry that occurs on its formation from
COT might result in an equilibrium isotope effect for reduction
of COT that is quite different from that for reduction of benzene.
Were planar COT•- to haveD8h symmetry, three electrons

would occupy the two nonbonding (NB)MO’s, shown schemati-
cally in Figure 1. However, COT•- undergoes a first-order
Jahn-Teller distortion5 to a pair of equivalentD4h structures
with alternating short and long C-C bonds,4 so that two
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Figure 1. Schematic depiction of the NBMO’s ofD8h COT, which
are occupied by three electrons in COT•-. Only one lobe of each p-π
AO is shown, and the MO’s are given theD4h symmetry labels that
are appropriate for the planar, Jahn-Teller distorted, radical anion.
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electrons occupy aπ MO that becomes weakly bonding after
distortion. The MO occupied by the unpaired electron becomes
weakly antibonding.
In contrast, were benzene to maintainD6h symmetry upon

reduction, the odd electron would occupy one of the strongly
antibondingπ MO’s, shown in Figure 2. However, like COT•-,
the radical anion of benzene is subject to a first-order Jahn-
Teller effect;5 and the resulting changes in geometry6 reduce
the antibonding interactions between the AO’s in the MO that
is occupied by the odd electron. Nevertheless, the MO that is
occupied by the unpaired electron is less antibonding in COT•-

than in C6H6
•-sa difference that also has its origin in the

aromaticity of benzene and the antiaromaticity ofD8h COT.
This difference between the nature of the singly occupied

MO’s in the two radical anions is reflected in the difference of
2.2 eV between the electron affinities (EA’s) of planar (D4h)
COT (1.1 eV)3e and of benzene (-1.1 eV).7 This difference
between the singly occupied MO’s in the two radical anions
might also be responsible for the difference between the isotope
effects for formation of these ions.
In order to investigate why such different secondary, equi-

librium isotope effects have been observed for the reductions
of benzene-d6 and COT-d8, we have calculated these isotope
effects. We find that the values ofK(1) andK(2), computed
for the gas-phase reactions in, respectively, eqs 1 and 2, are in
good agreement with those that have been measured in solution
by Stevenson and co-workers.1,2 Our calculations indicate that
the difference between the equilibrium isotope effects on
reduction of benzene and COT resides in the planarization of
COT upon accepting an electron to form COT•-. The results
of our calculations allow us to make the experimentally testable
prediction of the existence of a large, inverse, kinetic isotope
effect on the rate of ring inversion of neutral COT.

Computational Methodology

Schaefer and co-workers have found that B3LYP/6-31+G* density
functional theory (DFT) calculations perform well in predicting electron
affinities (EA’s).8 Therefore, the electronic structure calculations that
are described in this paper were all performed with the hybrid, Becke,
three-parameter functional,9 incorporating the nonlocal correlation
functional of Lee, Yang, and Parr,10 and using the 6-31+G* basis set.11
The geometries of benzene, COT, and their respective radical anions
were all optimized with B3LYP/6-31+G* calculations. The optimized

geometries are available as Supporting Information.12 B3LYP/6-31+G*
vibrational analyses were performed at the optimized geometries, in
order to obtain force constants and vibrational frequencies; and the
DFT vibrational frequencies were used without scaling. These DFT
calculations were carried out with Gaussian 94.13

The Bigeleisen equation14was employed to calculate the equilibrium
isotope effects,K(1) andK(2), for reduction of, respectively, benzene/
benzene-d6 (eq 1) and COT/COT-d8 (eq 2). The isotope effect
calculations were performed at the B3LYP/6-31+G* geometries,
utilizing the output of the Gaussian 94 B3LYP/6-31+G* vibrational
analyses. The isotope effect calculations were performed with the
program, QUIVER.15

Results and Discussion

Benzene and Benzene Radical Anion.Planar, Jahn-Teller
distorted,D2h geometries for C6H6

•- with two short and four
long and with two long and four short C-C bonds6 were both
optimized. However both optimized geometries were found to
have one negative force constant. The formerD2h geometry
optimized to a nonplanar structure withC2V symmetry and the
latter to a nonplanarD2 structure.16 These geometries are shown
in Figure 3.
Both nonplanar geometries were computed to be 1.3 kcal/

mol lower in energy than their planar counterparts. Like the
first-order Jahn-Teller distortions of the C-C bond lengths,
the deviations from planarity in each of these two structures
reduce the antibonding interactions between adjacent p-π AO’s
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Figure 2. Schematic depiction of the antibondingπ MO’s of D6h

benzene, which are occupied by one electron in C6H6
•-. Only one lobe

of each p-π AO is shown, and the MO’s are given theD2h symmetry
labels that are appropriate for the planar, Jahn-Teller distorted, radical
anion.

Figure 3. Selected parameters for the Becke3-LYP/6-31+G* optimized
geometries of the benzene radical anion: (a) theC2V minimum with a
dihedral angle of 170.2° between the plane containing carbons 1, 2,
and 6, and the plane of the four equivalent carbons, and (b) theD2

transition state structure with a dihedral angle between carbons 1, 2, 3,
and 4 of 12.9° and an imaginary frequency of 205.9i cm-1.
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in the benzene MO in Figure 2 that is singly occupied.
However, of the possible types of distortions from planarity that
effect this reduction, the one favored is the one which increases
the interactions that are most bonding between the p-π AO’s
on para carbons in each singly occupied MO. These interac-
tions are those between C-1 and C-4 in the b1u MO, which is
occupied in the structure shown in Figure 3a, and between the
pairs C-2 and C-5 and C-3 and C-6 in the au MO, which is
occupied in the structure shown in Figure 3b. Bonding
interactions between these pairs ofpara carbons favor a boat-
like C2V geometry, over a chairlikeC2h geometry, for the Jahn-
Teller distorted structure shown in Figure 3a and a twistedD2

geometry, over a boatlikeC2V geometry, for the Jahn-Teller
distorted structure shown in Figure 3b.
The C2V geometry shown in Figure 3a was found to be a

minimum, 0.1 kcal/mol below theD2 geometry shown in Figure
3b. The latter was found to be a transition structure, connecting
two of theC2V minima on the pathway for pseudorotation of
C6H6

•-.6 However, the zero-point energy (ZPE) of 0.3 kcal/
mol that is associated with the 225 cm-1 vibrational mode for
pseudorotation at theC2V minimum is greater than the 0.1 kcal/
mol barrier to pseudorotation.17 Therefore, the lowest vibra-
tional level for pseudorotation is predicted to take C6H6

•-

through all three equivalent structures withC2V symmetry and
the three equivalent structures withD2 symmetry that connect
them. This prediction is consistent with the experimental finding
that the EPR spectrum of C6H6

•- in solution at low temperatures
shows that all six protons are equivalent.18

Comparing the electronic energies calculated for C6H6
•- and

C6H6 in the gas phase, the radical anion of benzene is computed
to be unbound by 1.29 eV. After correcting for the larger ZPE
of benzene, the radical anion is calculated to be unbound by
1.11 eV, in excellent agreement with the experimental EA of
-1.1 eV from electron transmission spectroscopy (ETS).7

The limited size of the 6-31+G* basis set prevents the loss
of the unpaired electron from C6H6

•- in our calculations. This
basis set deficiency allows our DFT calculations to provide a
reasonable description of the temporary ion state of C6H6

•- that
is formed by electron capture in the gas-phase in the ETS
experiments.7 However, there was no guarantee that our DFT
calculations would provide a reasonable approximation to the
electronic structure of C6H6

•- in solution, the phase in which
the secondary isotope effects on the equilibrium between C6H6

and C6H6
•- were measured.

Nevertheless, there is reasonably good agreement between
the equilibrium isotope effect that we calculate for reduction
of benzene-d6 and that measured by Stevenson and co-workers.1

The 6-fold axis of symmetry that is present in benzene-d6 results
in nearly identical equilibrium constants,K, being computed
for the reaction in eq 1, using either theC2V or theD2 structure
in Figure 3.19 The calculated equilibrium constants at 173 K
are, respectively,K(1) ) 4.63 and 4.67, which are both about
20% larger than the experimental value ofK(1) ) 3.85.
The 3-fold axis of symmetry that is present in benzene-1,3,5-

d3 also results in theC2V andD2 geometries of the radical anion
both giving essentially the same calculated isotope effect ofK
) 2.15 at 173 K.19 As would be expected, the value ofK )
2.15 that we calculate for benzene-1,3,5-d3 is close to the square
root of the value ofK(1) ) 4.63 that we compute for benzene-
d6. The experimental value ofK ) 2.70 for benzene-1,3,5-d3
is substantially larger than both our calculated value ofK )

2.15 and ofK ) 1.96, the square root of the experimental value
for benzene-d6.1

COT and COT•- . Unlike the case with C6H6
•-, our

calculations predict COT•- to be bound. The adiabatic EA for
D4h COT•- f D2d COT is computed to be 0.79 eV, which
increases to 0.86 eV after correction for the larger ZPE of the
neutral species. The more nearly vertical EA for formation of
planar D4h singlet COT is 1.24 and 1.34 eV after ZPE
corrections. Our DFT calculations overestimate both EA’s of
COT by about 0.2 eV.3e,20

The isotope effect ofK(2) ) 1.22 that we calculate for
reduction of COT/COT-d8 is normal, whereas, the experimen-
tally measured isotope effect ofK(2) ) 0.86 is inverse.2

However, both the calculated and measured values forK(2),
the equilibrium constant for the reaction in eq 2, are much closer
to unity than the calculated and measured values of, respectively,
K(1) ) 4.63 andK(1) ) 3.851 for the reduction of benzene/
benzene-d6 in eq 1. Thus, in qualitative agreement with the
experimental results of Stevenson and co-workers,1,2 our
calculations find that the equilibrium isotope effect for reduction
is much smaller for COT/COT-d8 than for benzene/benzene-
d6.
In order to try to understand the origin of this difference

between COT and benzene, we recalculatedK(2) for the reaction
in eq 2, starting with a planar geometry for neutral COT.
Calculations were performed on both the lowest triplet state of
COT (3A2g) at itsD8h equilibrium geometry and on the lowest
singlet state (1Ag) at its optimizedD4h geometry, with alternating
short and long C-C bonds. The latter is the geometry of lowest
energy forplanar singlet COT, but thisD4h geometry is the
transition state for ring inversion on the global potential energy
surface for the lowest singlet.21

The barrier to ring inversion in singlet COT is calculated to
be 10.3 kcal/mol, which increases to 11.0 kcal/mol after
correction for∆ZPE. Despite the fact that theD4h transition
state for ring inversion has one less real vibrational frequency
than theD2d equilibrium geometry, the planar transition state
has a higher ZPE, due largely to the higher frequency C-H
bending vibrations in the transition state. The DFT barrier to
ring inversion in COT is in good agreement with the barrier
obtained by CASSCF/6-31G* calculations21 and with experi-

(17) Because theD2 transition state has an imaginary frequency for
pseudorotation, its ZPE is calculated to be 0.3 kcal/mol less than that of
theC2V minimum.

(18) (a) Tuttle, T. R.; Weissman, S. I.J. Am. Chem. Soc.1958, 80, 5342.
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mental estimates.22 Our DFT calculations place theD4h singlet
transition state for ring inversion 4.0 kcal/mol below theD8h

triplet equilibrium geometry.23 This energy difference decreases
to 3.6 kcal/mol after correction for the slightly greater ZPE of
the planar singlet. The experimental value is∆EST ) -12.1
kcal/mol;3e so the DFT calculations greatly underestimate the
energy of the triplet, relative to the singlet.
Starting with either theD8h triplet or theD4h singlet, a large

equilibrium isotope effect is computed for reduction ofplanar
COT. Values ofK(2)T ) 3.41 andK(2)S ) 3.00 are calculated
for addition of an electron to, respectively, the lowest triplet
and singlet states of planar COT/COT-d8. Although these values
are not as large as the value ofK(1) ) 4.63 that is computed
for reduction of benzene/benzene-d6, they do show that reduction
of planar COT, like that of benzene,1 has a large, normal,
equilibrium isotope effect.
Our calculations thus indicate that the very small equilibrium

isotope effects, both calculated and found,2 for the reduction of
COT/COT-d8 must be due to the existence of an inverse isotope
effect on planarization of the tub-shaped (D2d) equilibrium
geometry of COT. The size of the inverse isotope effect for
planarization of COT must be comparable to the size of the
normal isotope effect for reduction ofplanar COT, since the
product of these isotope effects gives the small overall isotope
effect for reduction of COT to COT•-.
More specifically, the value ofK(2) ) 1.22, calculated for

the reaction in eq 2, when combined withK(2)T ) 3.41,
computed for the same reaction of theD8h triplet states of COT
and COT-d8, gives the isotope effect at 173 K for converting
theD2d equilibrium geometry of the singlet ground state of COT
to theD8h equilibrium geometry of the lowest triplet asK(3) )
K(2)/K(2)T ) 0.36. K(3), the equilibrium constant for the
reaction in eq 3, is the isotope effect on the adiabatic singlet-
triplet splitting in COT/COT-d8.

Similarly, K(4), the equilibrium constant for the reaction in
eq 4, is the isotope effect on the ring inversion of singlet COT/
COT-d8 via aD4h transition state. Our DFT/6-31+G* value is
K(4) ) K(2)/K(2)S ) 0.41 at 173 K. Using unscaled
(8/8)CASSCF/6-31G* vibrational frequencies, a value ofK(4)
) 0.32 is obtained.24,25

Our computed values ofK(3) andK(4) predict large inverse
isotope effects on planarization of COT/COT-d8. This means
that the frequencies of the vibrations that involve significant
motions of the hydrogens must, in general, be higher at planar

geometries of COT (e.g., at theD8h equilibrium geometry of
the triplet and theD4h transition state for ring inversion of the
singlet) than at the tub-shaped (D2d) equilibrium geometry of
the singlet state. This is, in fact, the case for most of the C-H
bending vibrations; and this is why, as noted above, the ZPE
of COT increases on planarizing the eight-membered ring.
The origin of the higher C-H bending frequencies in planar

than in tub-shaped COT is, presumably, the change in hybrid-
ization at the eight carbons that occurs on planarization. The
increase in the size of the internal C-C-C bond angles from
127.6° to 135° upon planarization suggests that the amount of
carbon 2s character in the C-C bonds increases, which results
in an increase in the amount of 2p character in the C-H bonds.
Since 2p orbitals are directional in character; whereas, 2s orbitals
are spherically symmetric, an increase in 2p character in C-H
bonds increases the C-H bending frequencies.
An increase in the ZPEs for these modes is, of course, less

for deuterium than for protium. Thus, the change in the
hybridization of the C-H bonds that occurs on going from tub-
shaped to planar COT makes planarization of COT-d8 less
energetically costly than planarization of undeuterated COT, and
this is the origin of the substantial inverse isotope effect that is
computed for this process.
Verification of our prediction of an inverse isotope effect on

the adiabatic singlet-triplet splitting in COT is likely to be more
challenging experimentally than confirmation of our prediction
of an inverse isotope effect of nearly the same size on the rate
of ring inversion in COT. The rates of ring inversion in
monosubstituted derivatives of COT can easily be measured by
using1H NMR to monitor the coalesence of the resonances for
the diastereotopic methyl protons in isopropyl or isopropoxyl
substituents.22 Our calculations predict that coalescence will
occur at lower temperatures when deuterium, rather than
protium, is attached to the remaining seven carbons of the COT
ring. We are undertaking experiments to test this prediction,
and the results will be reported in due course.
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