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Abstract: The bicyclo[2.2.2]oct-2-ene
radical cation (1.�) exhibits matrix
ESR spectra that have two very different
types of �-exo hydrogens (those hydro-
gens formally in a W-plan with the
alkene � bond), a(2H) about 16.9 G
and a(2H) about 1.9 G, instead of the
four equivalent hydrogens as would be
the case in an untwisted C2v structure.
Moreover, deuterium substitution
showed that the vinyl ESR splitting is
not resolved (and under about 3.5 G);
this is also a result of the twist. Enantio-
merization of the C2 structures is rapid
on the ESR timescale above 110 K
(barrier estimated at 2.0 kcalmol�1).
Density functional theory calculations
estimate the twist angle at the double

bond to be 11 ± 12 degrees and the
barrier as 1.2 ± 2.0 kcalmol�1. Single-
configuration restricted Hartree ± Fock
(RHF) calculations at all levels that
were tried give untwisted C2v structures
for 1.� , while RHF calculations that
include configuration interactions (CI)
demonstrate that this system undergoes
twisting because of a pseudo Jahn ±
Teller effect (PJTE). Significantly, twist-
ing does not occur until the �-orbital of
the predicted symmetry is included in

the CI active space. UHF calculations at
all levels that include electron correla-
tion (even semiempirical) predict twist-
ing at the alkene � bond because they
allow the filled � and the � hole of the
SOMO to have different geometries.
The 2,3-dimethylbicyclo[2.2.2]oct-2-ene
radical cation (2 .�) is twisted significant-
ly less than 1.� , but has a similar temper-
ature for maximum line broadening.
Neither the 2,3-dioxabicyclo[2.2.2]oc-
tane radical cation (3 .�) nor its 2,3-
dimethyl-2,3-diaza analogue (5 .�) shows
any evidence of twisting. Calculations
show that the orbital energy gap be-
tween the SOMO and PJTE-active or-
bitals for 3 .� is too large for significant
PJTE stabilization to occur.
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Introduction

The question of whether the ethylene radical cation adopts a
twisted equilibrium structure has been the subject of numer-
ous experimental and theoretical studies over several de-
cades.[1±5] In the gas phase, a twisted form of the ion has been
inferred from investigations of the vibrational structure in the
Rydberg state,[1] as well as from a careful consideration of the

photoelectron spectrum.[2] However, ab initio molecular-
orbital calculations have given more ambiguous results, the
answer depending largely on the level of the calculation and
the choice of basis set.[3, 4] In the most recent theoretical study
with highly correlated wave functions,[4] Handy and co-
workers calculated only a marginal stabilization energy of
about 0.1 kcalmol�1 below the planar structure with a twist
angle of about 16� ; these results deviate substantially from the
derived experimental values of 0.67 ± 0.84 kcalmol�1 and
25�.[1, 2]

A clear-cut determination of the torsional structure of the
ethylene radical cation has also proved to be elusive in the
condensed phase.[5] A matrix ESR study of the expected
C2H4

.� formed by radiolytic oxidation in SF6 and Freons at 4
and 77 K gave poorly resolved signals dominated by the
detection of a solvent superhyperfine 19F coupling with only
line-broadening effects that could be assigned to weak 1H and
13C hyperfine interactions.[5a] The 1H coupling is indeed
expected to become less negative on twisting;[6] this would
explain why it is difficult to observe a true signature spectrum
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in the solid state. Without a definitive identification of the
C2H4

.� signal carrier, however, the estimated torsional angle
of 8 ± 23�, based on the probable magnitude and range of
unresolved hyperfine couplings,[5a] can only be regarded as
tentative.

In view of these uncertainties regarding the structure of the
prototype ethylene radical cation, interest naturally turns to
the possible characterization of other twisted olefin radical
cations. Cederbaum and co-workers[2] have stressed the
importance of vibronic coupling[7] as the basic mechanism
for twisting, so that, as a guide to possible examples of this
genre, an olefin cation with a small energy gap between
ground and excited states is expected a priori to be highly
favorable to the process.[7c] However, convincing evidence for
a vibronic interaction requires the experimental detection of a
double minimum in the potential energy surface,[8a] which, by
symmetry, in this case would be along the torsional mode.[8b]

We now report ESR and com-
putational studies on the bicy-
clo[2.2.2]oct-2-ene radical cat-
ion, 1.� , and its vinyl dimethyl
analogue, 2 .� , that clearly es-
tablish that these molecules
have such interconverting twist-
ed structures.

Iwasaki and co-workers[9] have previously reported that the
ESR spectrum of radiolytically generated 1.� in a CFCl2CF2Cl
matrix exhibits a 20.4-G 2H triplet at 4.2 K, but a 9.0-G 4H
quintet at 106 K. They attributed the low-temperature triplet
to splitting by the vinyl hydrogens in an untwisted (C2v)
structure having the CbCv�CvCb twist angle �� 0�, and the
higher temperature spectrum to a C2 twisted species having
��0�, in which the bridgehead (Hb) and vinyl (Hv) hydrogen
splittings were similar enough in size not to be resolved.
Although increasing � would, as discussed for C2H4

.� , be
expected to make a(Hv) less negative[6] and at the same time
increase a(Hb), it did not appear reasonable to us that enough
twisting could occur to make the bridgehead splitting as large
as 9 G. Our reinvestigation of 1.� shows that the observed
splittings do not arise from either vinyl or bridgehead
hydrogens but from �-exo hydrogens by means of long-range
coupling[10] that is, in fact, suitably enhanced by twisting at the
olefinic bond.

Results

ESR splitting constants of 1.� and related species : We also
observed a broadened triplet (separation �19 G) at low
temperature, and a sharper quintet (separation �9.4 G) at
higher temperature for 1.� in CFCl2CF2Cl as well as other
matrices. However, the low- and high-temperature spectra are
interconverted reversibly as the temperature is cycled over
the rather narrow temperature range of 94 to 110 K, and
exhibit the alternating line-width behavior expected for two
dynamically interconverting sets of 2H splitting constants.
Furthermore, [D1]vinyl-substituted 1.� ([D1]1

.�) and unlabel-
led 1.� give indistinguishable ESR spectra; this shows
conclusively that a(Hv) is not resolved at either high or low

temperature, in keeping with the previously mentioned
expectation[6] that twisting at the olefinic bond reduces the
absolute value of the Hv coupling. The four-hydrogen quintet
spectrum observed at higher temperature can only be
plausibly assigned to the four
�-exo hydrogens (Hx) that form
a W-plan arrangement[10] with
the spin-bearing 1e-� system
(see the highlighted bonds and
p orbital axis in Scheme 1).

The triplet spectrum ob-
served at lower temperature
indicates that these four �-exo
hydrogens must occur as two
pairs that have very different splitting constants in the
minimum-energy structure. This is consistent with a signifi-
cant � twist, contrary to the untwisted structure suggested by
Iwasaki and co-workers for the lower-temperature spec-
trum.[9] The higher-temperature spectrum is then logically
interpreted as one that interconverts the two pairs of �-exo
hydrogens, the mechanism being ring torsion over a �� 0�
barrier between equivalent positive and negative � linked to
C2-symmetry energy minima.
We will call the two types of �-
exo hydrogens in the twisted
structure Hxa and Hxn (for exo
aligned and exo nonaligned,
respectively). Scheme 2 shows
projections of the C2v and C2

structures that emphasize how
the alignment effect arises.

For the twisted C�C C2 species, one pair of CbC� bonds
becomes more nearly aligned with the p-orbital axes, while
the other pair has a larger angle between the C�C bond and p
orbital, and is designated nonaligned. From the 110 K
spectrum, the averaged a(Hx)[4H] splitting, [a(Hxa)�
a(Hxn)]/2� 9.4 G. Simulations of the spectra, assuming inter-
converting C2 twisted structures (Figure 1), give the following
information: a) a(H) for the ten hydrogens whose splitting is
not resolved in the low-temperature spectrum, that is,
a(Hxn[2], a(Hv)[2], a(Hn)[4], and a(Hb)[2], are each under
about 3.5 G. b) The difference between the �-exo splittings,
�a(Hx)� a(Hxa)� a(Hxn) best fits the observed spectra when
�a(Hx) is about 15 G, that is, with a(Hxa)� 16.9 and a(Hxn)�
1.9 G. c) Barriers to conformational interconversion of
2.0 kcalmol�1 for �a(Hx)� 15 G are obtained from the
simulations.

The sizes of both a(Hv) and a(Hx) for an undistorted 1.�

seemed rather surprising. The vinyl hydrogen splitting for
norbornene radical cation is (�)10.6 G[11] and those for
cyclopentene, cyclohexene, and cis-but-2-ene radical cations
lie between (�)8.6 and (�)9.5 G.[12] The average a(Hx) for 1

.�

is twice that of peroxide 3 .� , a(4Hx)� 4.7 G,[13a] 2.4 times that
of the tetracyclic alkene analogue 4 .� , a(8Hx)� 3.9 G,[13b] and
3.8 times that for the analogous dimethylhydrazine radical
cation, 5 .� , a(4Hx)� 2.6 G.[13c] In contrast to these results for �
radicals, a larger a(4Hx)� 15.5 G applies for the isoelectronic
2,3-diazabicyclo[2.2.2]oct-2-ene radical cation, 6 .� , which is
known to be a � radical at the nitrogens.[14] This is nicely

Scheme 1.

Scheme 2.
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Figure 1. Comparison of observed and simulated spectra for vinyl deu-
terated 1.� in a CFCl2CF2Cl matrix at 102, 104, and 106 K. The simulations
used dynamically interconverting pairs of hydrogens with splittings of 16.9
and 1.9 G, as well as a(2H)� 2.4 G, a(4H)� 1.0 G, and a Lorentzian line
width of 2.1 G, with kex values of 0.78, 1.16, and 1.58� 108 s�1 at 102, 104,
and 106 K respectively.

consistent with the present findings for 1.� , since the
introduction of appreciable � character into the � orbital of
1.� should increase the splitting to the exo-hydrogens, as
observed.

The ESR spectrum of 2 .� (Figure 2) shows a large temper-
ature-independent septet, a(6H)� 18.35 G, for the methyl
hydrogens and also exhibits dynamic behavior for smaller
splittings, which can be successfully analyzed as two sets of 2H
that interconvert rapidly above 110 K. The average of the
smaller splittings is 3.6 G (4H) at high temperature, which is
only 38% of the averaged a(Hx) splitting of 1.� . From
simulations we assigned these splittings as a(2Hxa)� 7.0 G,
a(2Hxn)� 0.2 G, so �a(Hx) for 2

.� is about 6.8 G or 45% that
of 1.� . This appears to only be consistent with a significantly
smaller � value for 2 .� than for 1.� . Rather surprisingly, the
temperatures of maximum broadening for interconversion of
Hxa and Hxn are rather similar to those for 1.� and 2 .� . It thus
appears from its smaller a(Hx) average and difference that 2 .�

is significantly less twisted than 1.� but that the barrier to Hx

interconversion is not significantly lower. In contrast to 1.�

and 2 .� , no dynamic ESR broadening was observed for
peroxide 3 .� or hydrazine 5 .� in matrices. Therefore, these
species either have C2v symmetry or show a significantly
smaller sensitivity of a(Hx) to the twisting of equilibrating C2

structures.

Figure 2. Comparison of observed and simulated spectra for 2 .� in a
CFCl2CF2Cl matrix at 113, 104, and 85 K. The simulations employed
a(6H)� 18.35 G, a(4H)� 0.85 G, and a pair of dynamically interconverting
hydrogens, a(2H)� 7.0 G, a(2H)� 0.2 G. Lorentzian line widths and rate
constants employed were 1.6 G, kex� 8.8� 108 s�1 (113 K, indistinguishable
from the fast exchange limit); 2.6 G, kex� 1.23� 108 s�1 (104 K); and 3.0 G,
kex� 4.4� 107 s�1 (85 K).

Pseudo-Jahn ±Teller effects considering RHF calculations :
The small a(Hv), large �a(Hx), and about 2 kcalmol�1 barrier
to interconversion of Hxa and Hxn of 1.� necessitate a
significant � value for this molecule. All restricted Har-
tree ±Fock (RHF) calculations that were tried, namely AM1
semiempirical, ROHF/6 ± 31G* (which does not include
electron correlation), ROMP2/6 ± 31G* (which includes sec-
ond-order M˘ller ± Plesset electron correlation), and RO-
BLYP/6 ± 31G* density functional calculations, incorrectly
produce untwisted C2v structures for 1.� . Thus, even when
electron correlation is included, single configuration RHF
calculations are inadequate to describe the proper geometry
of this radical cation.

Multiple configuration RHF calculations do allow the
observed twisting to be calculated, and we suggest that 1.�

provides an exceptionally clear example of the pseudo-Jahn ±
Teller effect,[7] which we will abbreviate as PJTE. PJTE refers
to effects caused by vibronic mixing of a ground electronic
configuration with higher energy configurations, such that a
geometry of lower symmetry becomes more stable than that
of the highest possible symmetry. The gap between the �

SOMO ground state of C2v 1
.� , which has 2B1 symmetry in the

coordinate system we used [x direction: center of molecule to
bisector of the C�C bond; y : axis of the bridgehead carbons;
z : p orbital direction[15]] , and the higher-lying � excited states,
including the 2B2 state, can be estimated at �1.0 eV from the
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photoelectron spectroscopy data of Bischof and co-work-
ers.[16a] A vibration of the proper symmetry to allow mixing of
the states must be present for PJTE mixing to lower the
energy.[7] For 1.� , an a2 torsional mode allows such mixing,
lowering the symmetry to C2 by causing � to differ from zero
and allowing mixing of the 2B1 ground state with the 2B2 �-
ionized excited state. As the simplest computational model,
configuration interaction (CI) calculations with semiempirical
AM1-RHF calculations[17a] that employ the single � double
excitations CI implementation in VAMP,[17b] which uses the
equal numbers of occupied and virtual orbitals as the active
space, have been carried out; see the summary in Table 1 and
the plots of energy versus twisting angle in Figure 3.

The RHF SOMO for 1.� is the b1 � orbital, and the three
highest-lying doubly occupied orbitals in these calculations
have a2 (SOMO-1), b2 (SOMO-2), and a1 (SOMO-3) symme-
try, respectively. When the active space for the CI calculation
includes only b1, a2 , and the first two LUMOs, the symmetry
remains C2v (�� 0�), and almost no change occurs relative to
the single-configuration RHF calculation. When the b2 orbital
is included in the active space, the symmetry is lowered to C2 ,
the �� 0� C2v geometry becomes an energy maximum, and
�� � for the energy minimum increases to almost that same
value as when the a1 orbital is also included. For the largest
calculation done, which included the three highest-lying
doubly occupied orbitals and the four lowest unoccupied
orbitals (this resulted in 44
configurations), the ground
state of the radical has a 1.5%
contribution from the configu-
ration having the b2 orbital
singly occupied and the b1 (�)
orbital doubly occupied, and
very little mixing (�0.1%) of
other configurations.

When the energy gap be-
tween the ground state and
excited states becomes large,
PJTE state-mixing becomes
small.[7] Photoelectron spectra
of dialkyl olefins with un-
branched alkyl groups show
that the �,� energy gaps are
considerably larger, and little
PJTE would be expected. We

explored this point using AM1 calculations for the cis-but-2-
ene radical cation. The single configuration RHF calculation
predicts �� 21.1�, with enthalpy 0.28 kcalmol�1 lower than
the �� 0� form; this is essentially the same result as that
obtained for a 44-configuration calculation (�� 20.5�,
barrier� 0.25 kcal mol�1, � orbital 99.9% of the total ground
state MO). No PJTE was found, presumably because of the
larger energy gap for the cis-but-2-ene cation than for 1.� .

Peroxide 3 .� is nearly isostructural with 1.� (it lacks the
vinyl hydrogen atoms) but differs significantly electronically
because it has two more electrons in its � system. It does not
assume a ��0� C2 structure. Photoelectron spectroscopy
indicates that the energy gap between the � and � orbitals is
about 2.0 eV.[16b] As indicated on the left side of Figure 4,
because 3 .� has a 3e-� bond instead of the 1e-� bond of 1.� , its
SOMO has a2 symmetry, and the �-orbital that has the proper
symmetry for PJTE interaction is a1. This orbital has an
energy gap of 4.9 eV from the RHF SOMO for 3 .� , which is

Table 1. Comparison of AM1-RHF calculations for 1 .� with and without
CI.

active space Optimum Barrier
� [�] [kcalmol�1]

b1
[a] 0 0

b1,1LUMO 0 0
a2,b1,2L 0 0
b2,a2,b1,3L 11.5 0.33
a1,b2,a2,b1,4L 11.4 0.27

[a] Restricted calculation with the half-electron model.

Figure 4. Comparison of RHF and UHF orbital energies calculated by AM1 for C2v 1
.� and 3 .� .

Figure 3. Plots of �Hf versus CbC�CCb twist angle � curves produced by
AM1/RHF calculations for 1.� by using CI calculations that have various
sizes of active space. When the b2 �-orbital that has the right symmetry for
PJTE interaction with the � SOMO is included, the system is calculated to
change from a C2v single-minimum, untwisted structure to a C2 double-
minimum one.
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36% larger than that for 1.� . Curiously, the difference is small
to cause the qualitatively different results of 1.� , which shows
an obvious PJTE, and 3 .� , which does not show the effect. We
will return to this point below.

We conclude that twisting in 1.� may be confidently
attributed to a PJTE, and that the correct amount of twisting
(see below) can be obtained by using CI of RHF calculations
that include the � orbital of proper symmetry to allow the
mixing necessary to obtain the twist.

UHF calculations : In contrast to the above single-configu-
ration RHF calculations, unrestricted Hartree ± Fock (UHF)
calculations that include any electron correlation produce C2

twisted structures, as summarized in Table 2. As indicated, the

UHF/6 ± 31G* calculation, which does not include any
electron correlation, still gave a C2v optimized structure. We
think it is noteworthy that even the greatly simplified UHF/
AM1 method reproduces the torsional twist that requires far
more complex and computationally expensive multiconfig-
urational CI methods when RHF calculations are employed.
We also think it is noteworthy that UMP2/6 ± 31G* geometry
optimization on this hydrocarbon radical cation apparently
does not produce proper twist angles in the bicyclic ring,
because the DFT methods make these twist angles consid-
erably different, and also give reasonable predictions of the
hyperfine splitting constants (see below), which are quite
sensitive to the twist angles.

We suggest that a Weinhold natural-bond-orbital (NBO)
analysis[18] clarifies the reason for the single-configuration
UHF methods obtaining the twist. The UHF wave function
for the C2v structure has the � SOMO in an essentially pure
�(C�C) orbital, and the second-order perturbation theory
analysis of vicinal interactions that NBO provides gives a
7.12 kcalmol�1 interaction of this � SOMO with each of the
four equivalent Cb-CH2 �CC hybrid orbitals. The � and � �

wave functions for the C2 geometry optimum, for which ��
11.5�, have significantly different orientations from the �

framework: the �� SOMO has ��� 9.7�, and the unfilled ��

orbital has ��� 13.0�. The filled � orbital is less twisted
(twisting destabilizes � orbitals), while the ™hole∫ is more
twisted; this allows larger vicinal interactions with the CbCH2

�CC hybrid orbitals. The second-order perturbation-theory

analysis produces 2� 11.54 kcalmol�1 stabilizations for the
aligned �CC bonds and 2� 3.26 kcalmol�1 for the nonaligned
ones, so there is 1.12 kcalmol�1 more stabilization for these
interactions than occurs for the C2v structure. The twist leads
to a slight decrease of stabilization for several other orbitals,
and �Hf for the C2 structure is only 0.14 kcalmol�1 lower than
that for the C2v structure. According to AM1/UHF calcula-
tions then, 1.� undergoes twist to allow improved �-hole, �CC

stabilizing interactions, and it has C2v symmetry by using RHF
calculations because the filled and empty � orbitals have been
improperly assumed to have the same spatial distribution. In
reality, there are of course no two-electron orbitals in an open-
shell system, because the odd electron splits the degeneracy of
� and � electrons.

Figure 4 compares the RHF/AM1 and UHF/AM1 orbital
energies for 1.� and 3 .� and shows how different the pictures
are. Because electron occupancy has a major effect on orbital
stability and this effect is ignored in RHF calculations, the
relative energies of the SOMO are extremely different. As
frequently occurs for radical cations when using UHF, there
are filled � orbitals higher in energy than the SOMO. It will be
noted that the SOMO is far more stabilized when it is
centered at oxygen (in 3 .�) than at carbon (in 1.�); this results
in a �,� orbital energy gap for orbitals of the proper symmetry
to have undergone PJTE stabilization of 0.5 eV for 1.� and
2.3 eV for 3 .� . This large difference in orbital energies
rationalizes the lack of C2 structure stabilization for 3 .� .
Figure 4 also emphasizes that the energies of orbitals having
different numbers of electrons should not be compared.

Despite the qualitative utility of the very simple AM1
calculations for rationalizing the PJTE in 1.� , AM1 calcu-
lations have a serious drawback for considering bicy-
clo[2.2.2]octyl systems quantitatively. They incorrectly get
the bicyclic ring torsion at saturated bridges (the
CbCH2CH2Cb twist angle �, see Scheme 3) to be far too small
in bicyclooctanes, as has been thoroughly documented for 2,3-
diazabicyclooctanes.[19]

Scheme 3.

Thus, although the UHF/AM1 structure for 1.� has
substantial twist at the unsaturated bridge (�), it has these
saturated bridges almost untwisted (�� 1.0�). On steric
grounds, one expects the signs of � and � to be the same
because this leads to the least angle strain; the CvCbCn and
CvCbCa angles are the same when the twist angles have the
same sign. The small � calculated by AM1 is of the same sign
as � (see Table 2); however, the minimum energy structures
of 1.� calculated by using large basis sets have opposite signs
for � and � ; this makes the CvCbCa angle significantly smaller
than the CvCbCn angle. For the B3LYP/6 ± 31G* structure,

Table 2. Bicyclic ring twists for UHF calculations on 1 .�and 2 .� .

Radical Method �[a] �[b] Barrier[c]

cation

1 .� UHF/AM1 � 11.5 � 1.0 0.14
1 .� UHF/6 ± 31G* 0.0 0.0 none
1 .� UMP2/6 ± 31G* � 8.5 � 16.7 0.7
1 .� UBLYP/6 ± 31G* � 12.1 � 12.5 2.0
1 .� UB3LYP/6 ± 31G* � 11.0 � 12.3 1.2
1 .� UB3LYP/6 ± 31�G* � 11.3 � 12.6 1.2
2 .� UB3LYP/6 ± 31�G* � 5.7 � 2.6 0.9

[a] � is the CbCv,CvCb twist angle; [b] � is the CbCH2,CH2Cb twist angle;
[c] ��H [kcalmol�1] from the C2v structure.
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these angles are 99.9� and 111.6�. As also indicated in
Scheme 3, this difference in bond angles makes the distance
between a � orbital p-lobe and the aligned Ca carbon smaller
than that between the inverse p-lobe and the nonaligned Cn

carbon; this is probably important in determining the size of
the a(Hx) splittings. The opposite signs for � and � presum-
ably arise to allow as much �-bond,�-hole stabilizing inter-
action as possible. The lower tendency of alkene radical
cations to twist at their (C�C)� bonds as more alkyls are
placed on the double bond has been previously pointed out,[6]

and is probably responsible for the smaller twist in 2 .� than
1.� .

It has been established that DFT calculations predict ESR
splitting constants rather well for many radicals.[20, 21] Table 3

shows splitting constants calculated for 1.� by using both the
pure DFT method UBLYP, and the hybrid DFT/HF method
UB3LYP, which are seen to produce rather similar results for
both geometry and splitting constants. The principal features
of the experimental spectra, a large difference in a(Hxa) and
a(Hxn), and a small a(Hv), are successfully calculated,
although both calculations get a larger value than that
observed for a(Hxa). It should be realized, however, that the
splittings calculated for the minimum-energy structure are not
those that would be observed experimentally. The a(Hx) and
a(Hv) splittings are quite sensitive to both � and � twisting,
and the energy surface is flat enough that Boltzmann
averaging over both � and � twisting would have to be
considered for accurate estimation of splitting constants.[22]

Because both � and � must change sign to interconvert C2

structures, the energy surface is presumably of the ™Mexican
hat∫ type that avoids the ���� 0� C2v maximum-energy
point.[7b,c] The splitting constants predicted for the smaller
twists (���5.7�, ���2.6�) obtained for 2 .� (Table 2):
a(Hxa)� 6.15 (7.0) G, a(Hxn)��0.06 (0.2) G, and a(HMe,
averaged)� 17.8 (18.35) G are also seen to be consistent with
the observed values given in parentheses.

Discussion

Although the distortion of several organic radical cations has
been attributed to vibronic coupling,[23] there are actually very

few examples where both the barrier height has been
determined and the mixing vibrational mode is well charac-
terized. Most of the previous ESR studies in this area have
been concerned with delocalized � radical cations of al-
kanes[24] and cycloalkanes,[25] in which matrix annealing effects
appear to play a significant role, and the process has been
characterized[23±26] as a ™matrix-assisted pseudo-Jahn ±Teller
distortion∫. The case of the norbornane radical cation[26] is
illustrative; this distortion amounts to only a small difference
between two pairs of exo hydrogens with hyperfine coupling
constants of 7.4 and 5.5 G (7.0 and 6.1 G in some instances).
Moreover, the four exo hydrogens were found to be almost
equivalent in somematrices, even at very low temperatures. In
other words, the induced distortion, which in this case can take
on various forms,[26] is only a very minor perturbation on the
expected first-order � delocalized structure with a(4H)�
6.5 G.

Since, in contrast, the norbornene radical cation shows no
such delocalization and the ™hole∫ is localized at the olefin
bond,[11] an analogous undistorted 1.� would similarly be
expected to exhibit about 10-G couplings to the vinyl hydro-
gens. However, the ESR spectrum of 1.� shows it to be
significantly twisted at its 1e-� bond with undetectable vinyl
hydrogen splittings. Calculations demonstrate that the satu-
rated bridges are twisted about the same amount in the
opposite direction; this results in angle strain, so the distortion
clearly has an electronic origin. This is the first case of a
bicyclic olefinic system for which the effect of bicyclic torsion
upon W-plan � ESR splittings[10] has been measured, and
fortunately they prove to be quite sensitive to torsional angles.

It is interesting to note that the radical cation of bicyclo-
propylidene has also been shown by ESR studies to assume a
twisted geometry at the 1e-� bond,[27] although rapid inter-
conversion between the two twisted forms was not observed in
this case. We suggest that vibronic coupling is again the most
likely explanation for this twist. The failure to observe the
interconversion in this case can probably be attributed to the
ease with which the bicyclopropylidene radical cation rear-
ranges to the ring-opened tetramethyleneethane radical
cation.[27]

Thus, in comparison with previous ESR studies, it should be
stressed that 1.� fulfills several experimental criteria simulta-
neously for the unequivocal demonstration of vibronic
coupling. Firstly, the ESR spectrum is remarkably different
in hyperfine structure from that expected for an undistorted
form of the radical cation. Secondly, the stability of the radical
cation allows it to undergo interconversion between the
twisted forms without a competing chemical rearrangement.
Finally, the barrier of 2.0 kcalmol�1 is such that, whilst it is
substantial, it also lies easily within the accessible temperature
range of matrix studies. This latter point is important because
several small radicals and radical cations that are predicted
theoretically to become distorted as a result of vibronic
coupling, and which would be amenable to investigation, are
unfortunately also characterized by extremely flat potential
energy surfaces.[28]

At the same time, RHF-CI calculations also show that 1.� is
an excellent example of a molecule that exhibits a significant
pseudo-Jahn ±Teller (PJTE) effect.[7, 8] UHF methods that

Table 3. Comparison of DFT calculations (6 ± 31G* basis set) of hyperfine
splittings of 1 .� with experimental results.

C2v C2(optimized) Experimental
UBLYP/UB3LYP UBLYP/UB3LYP hyperfine splittings[a]

� [�] � 0 � 12.1/� 11.0
� [�] � 0 � 12.5/� 12.3
a(2Hxa),G � 2.7/� 2.6 � 24.0/� 19.3 16.9
a(2Hxn),G � 2.7/� 2.6 � 1.2/� 0.7 1.9
a(2Hv),G � 11.1/� 12.1 � 0.7/� 3.0 � 3.5
a(2Hna)[b],G � 1.2/� 1.2 � 1.0/� 0.7 � 3.5
a(2Hnn)[b],G � 1.2/� 1.2 � 0.4/� 0.2 � 3.5
a(2Hb),G � 0.6/� 0.4 � 1.0/� 0.9 � 3.5

[a] Derived from spectral simulations (see Figure 1 and text); [b] Hna and
Hnn refer to aligned and nonaligned �-endo hydrogens, respectively; Hxa

and Hxn are defined according to Scheme 2 and Scheme 3; Hv and Hb refer
to vinyl and bridgehead hydrogens, respectively, as indicated in the text.



FULL PAPER S. F. Nelsen, F. Williams et al.

¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0805-1080 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 51080

include electron correlation allow considerably less expensive
geometry optimization for 1.� than do RHF calculations
because they do not require multiconfigurational calculations
to properly estimate the twist at the C�C bond. Density
functional theory calculations show that the saturated and
unsaturated bridges twist in opposite directions; this must be
caused by increased electronic stabilization upon twisting
being more important than the bond-angle distortion that
opposite twisting requires. Less bicyclic ring torsion occurs for
2 .� than for 1.� , but these systems have rather similar barriers
to enantiomerization. The lack of C2 twist in the bicyclic
peroxide cation 3 .� occurs because its different SOMO
symmetry and heteroatom substitution causes larger energy
gaps to the �-orbitals that participate in PJTE stabilization
upon twisting. It is important, therefore, that in considering
PJTE, energy comparisons should be made between orbitals
of the same occupancy.

Conclusion

This work has shown that 1.� provides an exceptionally clear
illustration of the PJTE as it applies to olefin radical cations.
The evidence for twisting at the olefin bond comes directly
from the fact that since the ESR spectra of 1.� and its
[D1]vinyl substituted isotopomer 1-d .� are indistinguishable,
there is no measurable hyperfine coupling to the vinyl
hydrogens–in remarkable contrast to the spectrum of the
nearly isostructural norbornene radical cation[11] and that of
other untwisted cycloolefin radical cations,[12] which typically
show vinyl couplings of about 10 G. This result nullifies the
previous interpretation[9] of the ESR spectrum of 1.� in terms
of coupling to � (vinyl) and � (bridgehead) hydrogens.
Instead, the triplet hyperfine pattern at low temperature is
properly interpreted as arising from long-range coupling to
the pair of diagonally placed �-exo hydrogens, which are
suitably aligned through theW-plan[10] as a result of twisting at
the 1e-� bond, which also reduces the vinyl hydrogen
coupling.[6] Accordingly, at high temperature, the quintet
spectrum with coupling to all four equivalent �-exo hydrogens
results from the rapid (on the ESR timescale) interconversion
of the two twisted enantiomers by the torsional motion about
the olefin bond. In keeping with this dynamic conformational
change, the spectral change is reversible. Simulation of these
temperature-dependent ESR spectra between 80 and 120 K
leads to a calculated barrier of 2.0 kcalmol�1 for this
enantiomerization. A similar barrier is found for the inter-
conversion of the corresponding enantiomers derived from
the 2,3-dimethyl-substituted 1.� (2 .�).

The lowering of symmetry in 1.� to the C2 point group as a
result of twisting is attributed to the PJTE brought about
through the allowed vibronic coupling of the 2B1 and 2B2

Born ±Oppenheimer states in C2v symmetry through the a2
torsional mode. As expected from the basic theory of PJTE,[7]

this mixing of the 2B1 �-ionized ground state and the 2B2 �-
ionized excited state is facilitated by the small energy gap of
�1.0 eV between these states, as estimated from photoelec-
tron spectroscopy.[16a] A satisfying corollary is that no
indication of twisting is observed[13a] for the isostructural

peroxide 3 .� , which has a larger energy gap of �2.0 eV
between the relevant 2A2 �*- and 2A1 �-states.

Computational studies provide further insight into the role
of the PJTE for 1.� and reinforce the above conclusions. Thus,
whereas the use of single-configuration RHF calculations at
all levels predict C2v structures, the inclusion of the � orbital
with b2 symmetry in the CI-active space leads to twisting at the
olefin bond. Also, the saturated -CH2CH2- bridges are twisted
in the opposite direction; this signifies increased angle strain,
so the distortion from C2v symmetry must be electronic in
origin. Density functional calculations with both the pure
UBYLP and the DFT/HF hybrid UB3LYP methods obtain
twisted C2 structures with barriers in the range of 0.9 ±
2.0 kcalmol�1 (Table 2). Moreover, the DFT-calculated hyper-
fine splittings (Table 3) are in good overall agreement with the
experimental values, correctly predicting the large long-range
values from the two aligned �-exo hydrogens as well as the
small, undetected couplings to the vinyl and bridgehead
hydrogens.

Experimental Section

Bicyclo[2.2.2]oct-2-ene (1): This compound was supplied by Aldrich.

Bicyclo[2.2.2]oct-2-ene-2-d (vinyl deuterated 1-d): Powdered 2,4,6-triiso-
propylbenzenesulfonyl hydrazide prepared by the method of Reese[29]

(3.1 g, 10 mmol) was added to a stirred solution of bicyclo-[2.2.2]oct-2-
one (1.3 g, 10 mmol) in methanol (15 mL), and conc. HCl (0.1 mL) was
added by syringe. The reaction was stirred for 10 h, cooled, and filtered, and
the product was washed with cold methanol. After drying at 0.1 torr for
48 h, 3.23 g (76%) of the sulfonylhydrazone was obtained, decomposed
180 ± 182�, the empirical formula C23H36N2O2S was established by high-
resolution mass spectrometry. A solution of the sulfonylhydrazone (0.5 g,
1.2 mmol) in ether (7 mL) was stirred at �78 �C, and tert-butyllithium
(1.53 mL, 1.7�) in pentane was added dropwise. After being stirred for
30 min, the orange reaction mixture was warmed to 0 �C, and gas (N2)
evolved to give a yellow solution, which was then recooled to � 78 �C and
quenched with D2O (2 mL). The organic layer was collected, dried over
MgSO4, and purified by GC to give a colorless oil. 1H NMR (CDCl3) ��
6.22 (m, 1H), 2.45 (br s, 1.93H), 1.45 (d, 8H), 1.2 (d, 8H); 13C NMR
(CDCl3) �� 134.4, 134.2 (1:1:1 triplet), 29.9, 29.8, 26.1.

2,3-Dimethylbicyclo[2.2.2]oct-2-ene(2): 2,3-dimethylbicyclo[2.2.2]octan-2-
ol (m.p. 86 �C, 21 mg) was heated with a crystal of iodine at 60 �C for 3 h.
After the mixture had been cooled, ether was added, and after it had been
decolorized with zinc dust, 2 was isolated after drying over MgSO4 and
purified by GC.

Dynamic ESR simulations : The program written by Heinzer was em-
ployed.[30]

Ab initio calculations : These were carried out at the Computer Center,
University of Erlangen, and at the University of Wisconsin by using various
versions of the Gaussian program suite.[31]

Radiolytic oxidation : Solutions containing 0.005 ± 0.01� of 1 and 2 in Freon
solvents (CFCl3, CF3CCl3, CF2ClCFCl2) were prepared on a vacuum line in
Spectrosil ESR sample tubes (3 mm i.d.) and �-irradiated at 77 K for a
typical radiation dose of 0.2 Mrad (1 Mrad� 10 kGy� 1� 104 Jkg�1).
Additional details of sample preparation and reasons for the recommended
concentration range are given elsewhere.[10d, 32, 33]

ESR Measurements : After irradiation, the sample tube was quickly
transferred from liquid nitrogen into a variable-temperature Dewar insert
mounted inside the cavity of an ESR spectrometer (Bruker ER200D SRC),
the initial insert temperature being about 80 K. The X-band microwave
frequency was recorded with a Systron-Donner 6054B counter, and the
magnetic fields were determined by an NMR gaussmeter (Bruker
ER035M). Spectra were recorded at intervals of 5 ± 10 K on progressive
annealing, the observed spectral changes being monitored for reversibility
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by recycling to the lower temperature. The best resolution was obtained
with the CF2ClCFCl2 samples in the range of 85 ± 115 K. In this temperature
region, the CF2ClCFCl2 matrix undergoes a dynamic motion characteristic
of ™rotator∫ solids, generating near-isotropic ESR spectra. Moreover,
translational diffusion in this matrix is limited below 120 K, thus
irreversible bimolecular reactions of radical cations[33] can generally be
avoided except in the case of low-molecular-weight solutes. This combi-
nation of solid state properties served admirably for monitoring the
dynamics of the interconversion between the twisted enantiomeric forms of
1.�and 2 .� , as revealed in Figure 1 and Figure 2 by the characteristic
alternating line-width effects.
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