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Abstract: Electron paramagnetic resonance (EPR) studies have revealed that the steric interaction between
the methyl hydrogens on a tert-butoxy substituent and the cyclooctatetraene (COT) ring system sterically
induces a puckering of the eight-membered ring in the anion radical of tert-butoxy-COT. The induced
nonplanarity of the COT ring system causes a large attenuation of the EPR coupling constants. Since the
C-D bond length is slightly shorter than is the C-H bond length, replacement of the tert-butyl group with
a tert-butyl-d9 group results in less steric interaction and measurably larger electron proton coupling
constants. The oscillation between the two close to planar alternating bond length (ABL) D2d conformers
of the COT moiety was found to be extremely rapid (k > 1012 s-1) and quantum mechanical tunneling is
proposed to be involved.

Introduction

Due to the slight anharmonicity of the potential energy curves,
the lower zero-point energy of the C-D bond relative to that
of the C-H bond results in shorter mean and maximum bond
lengths of the C-D bond. X-ray crystallography studies of
naphthalene reveal a reduction of the bond length from 1.085
(C-H) to 1.073 (C-D) Å.1 As a result of the shorter C-D
bond length, in 1993 it was observed that deuterium substitution
of the ring hydrogens in the solid copper salt of 2,5-dimethyl-
N,N′-dicyanoquinonediimine significantly alters the appearance
of the resulting EPR signal.2 Analogously, the X-ray structure
determinations of tetracyanoanthraquinodimethane reported in
the same year by Heimer and Matten3 revealed that that this
compound (structure I), which is distorted from planarity into
a bent “butterfly” shape due to steric repulsion between the
cyano groups and the encroaching peri hydrogens, is distorted
to a smaller degree (the system is flatter) when the ring protons
are replaced with deuteriums.

No series of compounds have contributed more to the study
of aromaticity than have the annulenes. Considering only the

number ofπ-electrons, the Hu¨ckel 4n + 2 rule successfully
predicts the aromaticity or antiaromaticity of many of these fully
conjugated monocyclic systems,4 despite the fact that this theory
was developed without consideration of the effects of attached
protons. Recently however, the importance of this electron count
rule has been challenged.5 It has been theorized that the
σ-framework imposes the relativeπ-delocalization and thus
aromaticity of a particular system.

The first (smallest) thermodynamically stable annulenes (at
ambient temperatures) with internal protons are [16]annulene
and [18]annulene, and unlike [6]annulene and [8]annulene, these
two larger systems are affected by the steric interactions of
internal protons. Indeed, recent NMR results suggest that these
steric interactions, which have a profound effect on the planarity
of the [18]annulene system, can be attenuated by replacing the
internal protons with deuteriums.6 Specifically, deuteriation of
[18]annulene results in a diatropic shift of the low-temperature
1H NMR resonances of [18]annulene-d17 relative to those of
[18]annulene (structures II and III at 215 K).6

The case of [16]annulene also fits the paradigm. The addition
of π-electrons to the 4n π-electron [16]- and [8]annulene systems(1) Burger, S.; Kunzer, H.Tetrahedron1983, 39, 1327.

(2) Sinzger, K.; Hunig, S.; Martina, J.; Bauer, D.; Bietsch, W.; Ulirich von
Schurtz, J.; Wolf, H. C.; Kremer, R. K.; Metzenthin, T.; Bau, R.; Kahn, S.
I.; Lindbaum, A.; Lengauer, C. L.; Tillmanns, E.J. Am. Chem. Soc.1993,
115, 7696.

(3) Heimer, N. E.; Matten, D. L.J. Am. Chem. Soc.1993, 115, 2217.

(4) Garrat, P. J.Aromaticity; Wiley: New York, 1986. (b) Minkin, V. I.;
Glukhovstev, M. N.; Simkin, B. Y.Aromaticity and Anti-aromaticity;
Wiley: New York, 1994.
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has profound effects upon their structures. The neutral molecule
of [16]annulene exhibits a clear paratropic ring current, while
the dianion of [16]annulene shows a dramatic diatropic ring
current. The paramagnetic ring current in the neutral molecule
and the diamagnetic ring current in the dianion are significantly
augmented upon deuteriation. Specifically, deuteriation of [16]-
annulene results in a paratropic shift of the low-temperature1H
NMR resonances of [16]annulene-d15 relative to those of [16]-
annulene (structures IV and V at 215 K).7 On the other hand,
deuteriation of the [16]annulene dianion results in a diatropic
shift of the low-temperature1H NMR resonances of [16]-
annulene-d15 relative to those of [16]annulene (structures VI
and VII at 215 K).7

Shaik and Jug with their collaborators5 have presented
evidence indicating that delocalization ofπ-electrons, and bond
equalization, is enforced by theσ framework (C-CdC bond
angles). Consequently, it is possible thatσ-framework changes,
which occur upon deuteriation, may contribute to the increased
level of delocalization upon deuteriation of these neutral and
dianionic systems. In contrast, no analogous effect was observed
in the anion radical of [16]annulene.7 This is probably due to
NMR chemical shifts being more sensitive to changes in
planarity of neutral systems than are EPR spectral parameters
to changes of planarity in anion radicals.

The anion radical of [8]annulene is planar with aD4h structure
(structure VIII) and, of course, does not have internal protons.8a

The [8]annulene anion radical moiety containing a bulkytert-
butoxy substituent, however, cannot obtain perfect planarity due
to the steric interactions between the methyl and ring protons,8b

as shown in reaction 1.

Reduction of a primary or secondary alkoxycyclooctatetraene
(alkoxy-COT) in HMPA, where ion association is absent,9 with
K metal results in a solution exhibiting a quartet of pentets upon
EPR analysis. A variety of systems includingiso-propoxy-
COT. -, n-propoxy-COT. -, menthoxy-COT. -, and cyclohexoxy-
COT. - yield very similar spectra withaHs of about 5.6 G for
protons on positions 3, 5, and 7 and around 1.0 G due to the
protons on positions 2, 4, 6, and 8.8 The appearance of the EPR
spectrum oftert-butoxy-COT. - is significantly different due to
the differences in magnitudes of the two hyperfine splittings (3
Hs at 4.967 G and 4 Hs at 1.297 G). By analogy to the [16]-
and [18]annulene systems, the steric interaction preventing
planarity should be attenuated via the replacement of protons
with deuteriums. Since EPR coupling constants are so sensitive
to the planarity of the [8]annulene ring system, the proposed
study could represent the first observation of an isotopic
perturbation in the planarity of an anion radical.

Experimental Section

Synthetic Procedures.The synthesis of thetert-butoxy-d9-COT was
based on Krebs’ preparation.10 COT was brominated to yield [4,2,0]-
bicyclo-5,6-dibromo-1,3-octadiene, which was then dehydrohalogenated
with potassiumtert-butoxide to yield monobromocyclooctatetraene.

Potassium metal (0.12 mol) was reacted with a slight excess of
perdeuteratedtert-butyl alcohol in dry tetrahydrofuran (THF) to give
a solution of the alkoxide (KOC4D9). The mixture was subsequently
refluxed for 6 h in a nitrogen atmosphere. The resulting alkoxide
solution was then added dropwise to a stirred solution consisting of
0.9 equiv of bromocyclooctatetraene in THF at-79°C under a nitrogen
atmosphere. After the addition was complete, the solution was allowed
to warm to room temperature, and the THF was removed under reduced
pressure. Water (5 equiv) was then added to quench the reaction. The
products were extracted with diethyl ether. The ether solution was dried
and the ether was removed under reduced pressure. The intermediate
in the reaction between the monobromo-COT and the alkoxide is
cyclooctatrieneyne.10 Consequently, the excess C4D9OD results in the
formation of 1-tert-butoxy-d9-2-deuteriocyclooctatetraene [(C8H6D-O-
C(CD3)3], which exists in two dynamic conformations (reaction 2).

The resultingtert-butoxy-COTs were purified via vacuum distillation
(10-3 Torr, 95-100°C). NMR and mass spectral analysis are consistent
with a mixture of C8H6D-O-C(CD3)3 and tert-butoxy-d9-cyclooctatet-
raene [C8H7-O-C(CD3)3]. In the former case the parent mass spectral
peak represents the molecular ion of C8H6D-O-C(CD3)3 (m/e) 186).

Instrumentation. The reductions were carried out by allowing
HMPA solutions of the alkoxycyclooctatetraene to come into contact
with potassium metal in vacuo as previously described.11 The X-band
EPR spectra were recorded with a Bruker EMX-080 spectrometer with
a modulation amplitude of 0.05 G and a low microwave power of 0.2

(5) Shaik, S. S.; Hiberty, P. C.; Ohanessian, G.; Lefour, J.-M.J. Phys. Chem.
1998, 92, 5086. (b) Jug, K.; Koster, A. M.J. Am. Chem. Soc.1990, 112,
6772.

(6) Stevenson, C. D.; Kurth, T. L.J. Am. Chem. Soc.2000, 122, 722.
(7) Stevenson, C. D.; Kurth, T. L.J. Am. Chem. Soc.1999, 121, 1623.
(8) (a) Hammons, J. H.; Hrovat, D. A.; Borden, W. T.J. Am. Chem. Soc.1991,

113, 4500. (b) Stevenson, C. D.; Davis, J. P.; Reiter, R. C.J. Phys. Chem.
1999, 103, 5343. (c) The value 4.967 G represents a correction of the value
4.89 G reported in ref 8b.

(9) (a) Stevenson, C. D.; Echegoyen, L.; Lizardi, L. R.J. Phys. Chem. 1972,
76, 1439. (b) Levin, G.; Jagur-Grodzinski, J.; Szwarc, M.J. Am. Chem.
Soc. 1970, 92, 2268.

(10) Krebs, A.Angew. Chem. 1965, 77, 1966.
(11) Stevenson, C. D.; Burton, R. D.; Reiter, R. C.J. Am. Chem. Soc. 1992,

114, 399.
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mW attenuated by 30 db (to avoid any hint of signal saturation). The
temperature was controlled with a Bruker variable temperature unit.

Calculations. The TITAN version 1 program from Wavefunction,
Inc., and Schro¨dinger, Inc., was used for all molecular orbital
calculations. The B3LYP/6-31+G* protocol has previously proven to
be very effective in predicting the bond angle variations and their effects
upon observed EPR spectra in 1,2-disubstituted COT anion systems.12

Further, this level of theory predicts carbon pz spin densities (F), which
can be used with the McConnell relationship (aH ) QF) to accurately
predict aH values for substituted COT anion radicals that are not
undergoing dynamic processes.13 Consequently, it was felt that this
protocol would be the most appropriate for this study.

Results and Discussion

The potassium metal reduction of our mixture of C8H6D-O-
C(CD3)3 and C8H7-O-C(CD3)3 in hexamethylphosphoramide
(HMPA)9 leads to the corresponding anion radicals that are free
of ion association and persist for hours at room temperature
(Figure 1). A nearly perfect computer simulation of the spectrum
can be generated (Figure 1, lower trace). The EPR spectrum of
this solution is sufficiently well resolved to allow measurement
of the coupling constants to within 2 mG, and the spectrum
exhibits both anion radicals simultaneously in a ratio of [C8H6D-
O-C(CD3)3

. -]/[C8H7-O-C(CD3)3
. -] ) 71/29. The ring protons

on positions 3, 5, and 7 are identical in both radicals (aH )
4.985 G), and the ring protons on position 4, 6, and 8 are also
identical (aH ) 1.285 G). In position 2 the value foraD is 0.1895
G in C8H6D-O-C(CD3)3

. -, and aH ) 1.285 G in C8H7-O-
C(CD3)3

. - (Figure 1, lower trace).

The anion radical oftert-butoxycyclooctatetraene [C8H7-O-
C(CH3)3

. -] recorded under identical conditions yieldsaH values
of 1.297 and 4.967 G for the pentet and quartet,8c respectively.
The difference between these two coupling constants (∆aH) is
equal to 3.670 G. Remarkably, deuteriation of thetert-butyl
group increases this difference [∆aH ) 3.700 G for C8H7-O-
C(CD3)3

. -] by 30 mG. This deuterium effect is due to a reduced
steric interaction between the ring and thetert-butyl group,
which in turn allows the ring to assume a more planar geometry.
Replacing thetert-butyl group with something much smaller,
e.g., an isopropoxy group, results in a much larger∆aH of 4.59
G for C8H7-O-CH(CH3)2

. -.8

The best theory8a shows that the ground state of unsubstituted
cyclooctatetraene (COT) anion radical is represented by a
degenerate pair of Jahn-Teller (J-T) distortedD4h alternating
bond length (ABL) structures, and the transition state for the
reaction in Scheme 1 is represented by a pair ofD4h structures
with alternating bond angle (ABA) geometries.

The ABL states with degenerate SOMOs (Ψs in eqs 3 and
4) represent minima, while the ABA states having degenerate
SOMOs (Φs in eqs 5 and 6) are maxima along the pseudo-
rotation path:8a

Ψ4 andΨ5 are given by [(1/x2)Φ4 + (1/x2)Φ5 and (1/x2)Φ4

- (1/x2)Φ5], respectively when R) H. For a system with an
electron-releasing substituent (e.g., an alkoxy group), the energy
of Φ4 is raised, while that ofΦ5 is unperturbed. Consequently
the molecular orbitals (Ψ4′ andΨ5′), heavy inΦ4 (eqs 7 and 8,
m > n), describe the system:

Whenm . n, it is anticipated that the EPR spectrum should
appear as a simple 1:3:3:1 quartet, but small negative spin
densities, as described by Borden and co-workers,8a for the nodal
positions must be included. Single-point, B3LYP/6-31+G*
calculations carried out on the hypothetical (D2d for the COT

(12) Stevenson, C. D.; Kim, Y. S.J. Am. Chem. Soc. 2000, 122, 3211.
(13) Wenthold, P. G.; Hrovat, D. A.; Borden, W. T.; Lineberger, W. C.Science

1996, 272, 1456.

Figure 1. (A) X-band EPR spectrum (scan range) 25 G) of the anion
radicals of C8H6D-O-C(CD3)3 and C8H7-O-C(CD3)3 in HMPA at 298 K.
(B) Computer simulation generated withaH ) 1.285 G for 3 Hs, 4.985 G
for 3 Hs and 0.1895 G for 1 D, representing C8H6D-O-C(CD3)3

. -, and
with aH ) 1.285 G for 4 Hs and 4.985 G for 3 Hs, representing C8H7O-
C(CD3)3

. -. The ratio of [C8H6D-O-C(CD3)3
. -]/[C8H7-O-C(CD3)3

. -] is 71/
29.

Scheme 1

Ψ4 ) (0.5/x2)(ψ1 + ψ2 - ψ3 - ψ4 + ψ5 + ψ6 - ψ7 - ψ8)
(3)

Ψ5 ) (0.5/x2)(ψ1 - ψ2 - ψ3 + ψ4 + ψ5 - ψ6 - ψ7 + ψ8)
(4)

Φ4 ) (1/2)(ψ1 - ψ3 + ψ5 - ψ7) (5)

Φ5 ) (1/2)(ψ2 - ψ4 + ψ6 - ψ8) (6)

Ψ4′ ) (mΦ4 + nΦ5) (7)

Ψ5′ ) (mΦ4 - nΦ5) (8)
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moiety) tub-shaped alkoxy-COT. - predict thataH ≈ 2.5 G for
all seven ring protons. Hence, the predicted total spectral width
is only 17.5 G as opposed to the 23-24 G observed for COT. -

and most alkoxy-substituted COT anion radicals. The important
point is that any loss of planarity of the eight-membered ring
system causes a decrease in theQ value in the McConnell
relationship, which results in a lowering of the coupling
constants and a consequent decrease in the total EPR spectral
width. This is why the total EPR spectral width of C8H7-O-
C(CH3)3

. - is so much smaller than those observed for the other
alkoxy-COT. - systems. This effect has also been empirically
observed in other substituted COT anion radical systems.14

Substituting the nine methyl hydrogens with deuteriums
increases∆aH by 30 mG. However, the replacement of single
pseudo-ortho hydrogen with a deuterium does not measurably
alter ∆aH. The remaining pseudo-ortho hydrogen on C8H6D-
O-C(CD3)3

. - can exist in two different positions relative to the
tert-butoxy moiety, as the C-C bond separating the hydrogen
and the substituent can be either short or long.8a Despite this
fact, only a singleaH is observed for this hydrogen. From the
COT anion radical bond lengths predicted by Borden and co-
workers,8a a single-point B3LYP/6-31+G* treatment predicts
that aH for the proton on the 2 position is larger than that on
the 8 position by 14%, and the proton on the 3 position is larger
than that on the 7 position by about 6%.

In neutral COTs the effects of bond shift can clearly be
observed via NMR experiments as first described by Anet.15

Even though the EPR time scale is roughly 9 orders of
magnitude faster than is the NMR time scale, analogous effects
cannot be observed in the EPR spectrum of C8H6D-O-
C(CD3)3

. -. Quantum mechanical tunneling is most likely
involved. If reaction 9 were slow on the EPR time scale, we
would observe two different EPR spectra for C8H6D-O-
C(CD3)3

. -. Clearly, two spectra for C8H6D-O-C(CD3)3
. - are

not observed. Further, with this degree of asymmetry, computer
simulations reveal that line width modulation effects due to
reaction 9 would be noticeable if the process were slow enough
to be observed on the EPR time scale (see Figure 2). The
theoretically and empirically13 observed unequal bond lengths
along with the absence of the predicted line width modulation
effects pose a substantial paradox that can have only one
explanation. Specifically, the oscillation between the two ABL
conformers (reaction 9) would have to appear to be so rapid as
to be in the extreme line narrowing condition.16

The absence of line width effects due to reaction 9 can be
conveniently explained if quantum mechanical tunneling is
involved. We propose that tunneling is important in the
interchange between the two degenerate ABL conformations
of the anion radical oftert-butoxy-substituted [8]annulene. The

possibility of heavy-atom tunneling effects in monosubstituted
COTs has already been suggested.17 This is probably the
situation in most substituted [8]annulene anion radical systems.
Tunneling involving eight carbons may seem unlikely. However,
given the bond lengths predicted by Borden and co-workers8a

of 1.359 and 1.435 Å, the displacements that the carbons must
undergo are only{2[(1.434- 1.359)/2]2}1/2 ) 0.054 Å. This
represents a narrower barrier than that found in the cyclobuta-
diene system,18 and the cyclobutadiene system does tunnel.

(14) C. D.; Echegoyen, L.; Nieves, J.; Maldonado, R.; Alegria, A.; Stevenson,
C. D.; Reiter, R. C.; Clark, G.J. Phys. Chem. 1986, 90, 1241.

(15) Anet, F. A. L.J. Am. Chem. Soc.1962, 84, 671.
(16) Weil, J. A.; Bolton, J. R.; Wertz, J. E.Electron Paramagnetic Resonance;

John Wiley and Sons: New York, 1994; p 24.

Figure 2. (Upper trace) Simulated spectrum of a hypothetical static ABL
conformation of the 79/21 mixture of [C8H6D-O-C(CD3)3

. -]/[C8H7-O-
C(CD3)3

. -]. The alternating long and short bonds render the 2 and 8 protons
nonequivalent, and they haveaHs of 1.375 and 1.195 G andaDs of 0.203
and 0.176 G. The 3 and 7 protons haveaHs of 5.135 and 4.835 G, theaHs
for the 4 and 6 protons are 1.375 and 1.195 G, and theaH for proton 5 is
4.985 G.(Lower trace) The frequency of oscillation between the two ABL
forms (reaction 9) is 1× 107 s-1. At this exchange rate, the ratio of peak
heights for the first and second quartets is only 2.7 as opposed to 3.00 in
the experimental spectrum (Figure 1). At higher exchange rates the
theoretical value is approached. However, even at an exchange rate of 1012

s-1, the ratio of heights of the quartets remains only 1:2.9 as opposed to
the 1:3 ratio observed in the experimental spectrum and expected from the
Pascal relationship. Thus the actual rate of oscillation appears as if it were
even faster than 1012 s-1.

Figure 3. Model potential energy functions for the carbon atom displace-
ments of [4]annulene and of the [8]annulene anion radical.
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Carpenter18 was the first to propose that quantum mechanical
tunneling involving four carbons may be significant in the
cyclobutadiene system (reaction 10). He pointed out that the
narrowness of the barrier (bond length change of 0.198 Å) makes
the bond-shifting reactions susceptible to tunneling. In the case
of C8H7-O-C(CH3)3

. - the carbon displacements are less than a
third as great as they are in the cyclobutadiene system. The
barrier to reaction 9 is only 3-4 kcal/mol compared to the

barrier for reaction 10, which is predicted to be about 10.8 kcal/
mol. Empirically, the rate of reaction 9 appears to be very rapid,
k1 > 1012 s-1, since no EPR line width effects are observed.
We suggest that the alkoxy-COT anion radical system, having
a narrower and lower barrier, is more susceptible to tunneling
than is [4]annulene, Figure 3.
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