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The structures and properties of the negative ions of the transition states of the Cope rearrangement of hexa-1,5-
diene and 2,5-dicyanohexa-1,5-diene and the negative ion of cyclohexanedione are examined at the Becke3LYP/6-
31+G* level of theory. The negative ion of the hydrocarbon cyclohexane-1,4-diyl is calculated to be unstable with
respect to electron detachment and with respect to ring opening. Addition of two cyano substituents results in an
ion that is stable with respect to both electron detachment and with respect to ring opening, such that the Cope
rearrangement has an inverted potential energy surface for the negative ion. The negative ion of cyclohexanedione
is calculated to be stable with respect to ring-opening, but unstable with respect to electron detachment in the chair
conformation. The ion in the boat geometry is predicted to be stable with respect to vertical electron detachment,
suggesting that bicyclo[4.2.0]octa-2,5-dione will form a stable negative ion in the gas phase.

Introduction

Anyone interested in the history of physical organic chemistry
is likely to be familiar with the literature on the Cope rearrange-
ment [eqn. (1)]."* The list of authors who have examined this
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reaction in the nearly 60 years since it was discovered includes
some of the top chemists in the field, and the elegant experi-
mental methods one encounters illustrate the myriad of tools
available for the investigation of reaction mechanisms.*®
Similarly, one sees the improvement of theoretical methods,
beginning with semi-empirical”® and small basis set self-
consistent field calculations,”!® progressing to multireference
approaches,”!""* and advancing through the latest density func-
tional theory.">'¢ Lastly, the different foci of the studies reflect
the broad range of topics that are of interest to physical organic
chemists, ranging from unique substituent effects'” and vari-
ations of the Cope reactants'®!® to engineering of potential
energy surfaces.””?! Overall, given the extent to which the Cope
rearrangement has been investigated, it is safe to conclude that
the reaction constitutes an important chapter in the treatise of
physical organic chemistry.

With all the interest in the Cope rearrangement in the last 60
years, it is not surprising that many of its properties are well
known. For example, labeling studies in the 1970s established
that the reaction pathway proceeds through a chair pathway
and requires 33.3 + 0.5 kcal mol~',° while reaction via a boat
pathway requires an additional 11.4 + 2.0 kcal mol '.>> How-
ever, the detailed electronic structures of the species involved
in the reaction, especially for the chair pathway, still remain

T Optimized geometries for 1-6 at the Becke3LYP/6-31+G* level of
theory are available as supplementary data. For direct electronic access
see http://www.rsc.org/suppdata/p2/1999/2357, otherwise available
from BLDSC (SUPPL. NO. 57643, pp. 13) or the RSC Library.
See Instructions for Authors available via the RSC web page (http://
www.rsc.org/authors).

largely unsolved. Early computational studies identified two
distinct singlet structures. The aromatic'® structure is a transi-
tion state characterized by delocalized electron density and long
bond-lengths between the two allylic fragments (the interallylic
bond distance). The biradical structure is a stable minimum
and has electron density localized on the sp? carbons, C' and
C*, and a short interallylic bond length. Recent computational
results’® find that the kinetic isotope effects for the reaction of
the hydrocarbon, also measured in the 1970s,?* are similar to
those calculated for the reaction through the aromatic transi-
tion state, but not for the reaction through the biradical. This
result, along with the thermochemical estimation that the heat
of formation of the biradical lies 44 kcal mol™! higher in energy
than the hexa-1,5-diene reactant, firmly establish that the
hydrocarbon undergoes a synchronous reaction? through an
aromatic transition state.

The effect of substitution on the reaction has also been
examined. The enhanced rates of the Cope rearrangement upon
addition of phenyl*?® and cyano?’?® substituents to the 2- and
S-positions of hexa-1,5-diene were originally interpreted as
supporting a biradical for this system. However, these substitu-
ents can also stabilize the aromatic structure and therefore the
rate measurements do not provide an unambiguous means for
determining electronic structure.?*?

In principle, spectroscopy could be used to determine the
electronic structures of these species. Of course, spectroscopic
studies of highly reactive intermediates are not possible using
conventional means. Negative ion photoelectron spectro-
scopy,* on the other hand, is a powerful tool that can be used to
examine reactive organic species, including carbenes, biradicals,
and transition state,*! and could possibly be used to study
intermediates and/or transition states in the Cope rearrange-
ment. Recognizing that these studies require intense beams of
negative ion precursors, Bob Squires sought to develop
methods for generating these precursors of reactive intermedi-
ates in the gas phase. His insight and creativity lead to a general
approach for the synthesis of these species that involved a reac-
tion with molecular fluorine, F,.** Among the negative ions
generated this way were those of trimethylenemethane *-*° and
1,2-, 1,3-, and 1,4-benzyne.’**’ The work culminated with the
measurement of the photoelectron spectra of these ions,**3®
from which the singlet-triplet splittings and vibrational
spectroscopic information for the corresponding biradicals
were obtained.
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Not content with only synthesizing the negative ions,
Squires also sought to understand their electronic structures. In
collaboration with John Nash, Squires developed a general
molecular orbital description of biradical negative ions,* which
was applied in a computational study of the benzyne negative
ions. In this paper, the MO approach used by Squires is applied
to the negative ions of the Cope transition states. The goal of
this work is to identify those situations in which the negative
ions are stable with respect to electron detachment and ring-
opening, such that they could be used as precursors for negative
ion photoelectron spectroscopy studies that would provide
insight into the electronic structure of the Cope rearrangement
transition states. These results suggest that the negative ions can
be made stable by adding electron withdrawing groups at C!
and C*.

Computational method

All calculations were carried out at the Becke3LYP/6-31+G*
level of theory using GAUSSIAN94.*° This level of theory has
been shown to give accurate electron affinities for small and
medium sized molecules.*** Geometries and energies were cal-
culated for the chair and boat forms in the singlet, triplet, and
ionic states. Molecules in a chair conformation were restricted
to C,, geometries, while those in boat conformations were
restricted to C,, symmetry, unless otherwise noted. Ring
opened structures correspond to the closed-shell singlet in a C,;,
geometry unless otherwise noted. Vibrational frequencies for all
the ions were calculated at the optimized geometries. Relative
energies are the differences in electronic energies and do not
include zero-point vibrational energy corrections.

Results and discussion

In this section, the results of the calculations for three different
cyclohexane-1,4-diyls are presented. For each system, the struc-
tures and energies are calculated for the singlet, triplet, and
negative ion states in the chair and boat conformations. In addi-
tion, results for the ring-opened neutral and negative ion are
also reported. The intermediates and transition states examined
in this work are the unsubstituted and dicyanocyclohexane-1,4-
diyls, and cyclohexane-1,4-dione. However, before discussing
the computational results, a molecular orbital description of
the electronic structure of the Cope rearrangement transition
states is presented.

General considerations

The negative ions examined in this work can formally be con-
sidered to be the products of one electron reduction of the
cyclohexane-1,4-diyls. Therefore, in order to understand the
electronic structure of the ions, it is important to understand
the electronic structure of the neutral biradicals. In this section,
a molecular orbital description of the cyclohexane-1,4-diyls is
provided, which can then be used as a basis for the discussion of
the negative ions.

To a first approximation, the molecular orbitals for cyclo-
hexane-1,4-diyl can be constructed from allylic orbitals as
shown in Fig. 1. The electronic properties of the system most
strongly depend on the 1b, and 2a, orbitals, which are best
described as the NBMOs for the system. The 1b, orbital con-
sists of the anti-bonding combination of two bonding allyl
orbitals. Occupation of this orbital gives rise to two effects.
First, the electron density is evenly distributed over all the
carbon atoms in this system. Second, because of the anti-
bonding interaction, occupation of the 1b, orbital leads to a
long interallylic bond length. Therefore, this is the orbital that is
responsible for the properties of the aromatic, or delocalized,
transition state for the Cope rearrangement.

Similarly, the biradical, or localized, intermediate of the
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Fig. 1 Molecular orbitals for the Cope transition states created from
the union of two allylic fragments.

Cope rearrangement reflects of the properties of the 2a, orbital,
which results from the bonding interaction of two allylic anti-
bonding orbitals. The bonding interaction between the frag-
ments results in a shorter interallylic bond distance, as has been
found for that species.

If the energies of the 1b, and 2a, orbitals are similar, then an
accurate description of the singlet requires a two-configuration
wave function. The wave function for the singlet state is given
by eqn. (2), where ¢; and ¢, are the CI coefficients on the 1b,?
and 2a,’ configurations, respectively.
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If ¢, is much greater than c,, then the 1b,? configuration
dominates the wave function, and the system is best described
as delocalized. If ¢, =c,, then the system is an open-shell
biradical, with one electron in each of the generalized valence
bond (GVB) orbitals shown below.

R

Davidson and co-workers '* have reported the CI coefficients
for these configurations as a function of interallylic bond dis-
tance in C¢H,,. Near the region where the interallylic fragments
are separated by 2.1 A, which is the geometry of the delocalized
system, the ratio ¢,/c; is approximately 0.25, and the wave func-
tion is dominated by the 1b,? configuration. Near the geometry
of the localized intermediate, where the interallylic bond length
is ~1.7 A, the ratio ¢,/¢, = 0.6, reflecting the greater diradical
character for this species. The long-standing controversy
regarding the nature of the Cope rearrangement transition
state*? results from the interplay between the CI coefficients
and the transition state structure. Although it is now well estab-
lished ** that the delocalized transition state is preferred for the
hydrocarbon, it is expected that substituents on the system,
especially those at the 1- and 4-positions, will affect the relative
energies of the 1b, and 2a, orbitals, and, in turn, the CI co-



Table 1 Calculated and experimental properties for singlet, triplet, and negative ion states of unsubstituted cyclohexane-1,4-diyls“

interallylic absolute relative experimental
bond energy/ energy’/ relative energy/
length/A hartrees kcal mol ™! kcal mol ™!

chair

1s Co 'A, 1.980 —234.56746 +33.4 +33.3¢

1t Gy, °B, 1.551 —234.55591 +40.7 +444

1 Con’A, 1.629 —234.56719 +33.6 —

ring opened

1h Co 'A, —234.62076 0.0 0.0

1h~ Cu ’A, —234.57381 +29.5 —

boat

2s G, 'A, 2.240 —234.55444 +41.6 +44.7°¢

2t G, °B, 1.570 —234.54652 +46.6 +50.44

2 C,’B 1.555 —234.54884 +45.1 —

“ Calculated at the Becke3LYP/6-31+G* level of theory. ® Relative energies do not include zero-point vibrational energy corrections. ¢ Ref. 6.

4 Calculated using bond additivity; see text. ¢ Ref. 22.

efficients. If the 2a, orbital is sufficiently stabilized with respect
to the 1b, orbital, then the preferred structure changes from
delocalized to biradical. However, the effects of substituents on
the relative energies of the 1b, and 2a, orbitals are, for the most
part, not well understood.

Occupation of these orbitals also gives rise to the other elec-
tronic states of the system. For example, the triplet biradical
has one electron in each of the orbitals. As in the case of the
singlet biradical, the delocalized character of the 1b, cancels
that of the 2a, orbital, and the system is best described as a
biradical with a single electron on each trivalent carbon, corre-
sponding to cyclohexane-1,4-diyl. As described by Nash and
Squires,* two different negative ion states are also possible. The
?A, state has two electrons in the 1b, orbital and a singly occu-
pied 2a, orbital, while the *B, state configuration is 2a,’1b,".
The relative energies of the two states depend on the relative
energies of the orbitals involved. Davidson and co-workers'*
have reported orbital energies at different transition state
geometries for the singlet state of the hydrocarbon. At all
geometries examined, the 1b, orbital lies lower in energy than
the 2a, orbital, such that the *A, state will be the lower energy
anion for that system.

The orbitals for the C,, boat conformation can be con-
structed in a similar manner. In this geometry, the 1b, and 2a,
orbitals correspond to the 1b, and 2a, orbitals in the chair. The
orbitals reduce to b and a under the C, symmetry of a twist-
boat conformation.

Hydrocarbon

The discussion begins with the unsubstituted hydrocarbon. The
calculated interallylic bond length for each species is listed in
Table 1, while complete geometries and frequencies calculated
at the Becke3LYP/6-31+G* level of theory are provided as
supplementary data.t At this level of theory, the interallylic
bond length in the singlet chair transition state, 1s, is found to
be 1.980 A, which agrees with the values of 1.971 and 2.043 A
obtained by Wiest et al.'® at the Becke3LYP/6-31G* and
Becke3LYP/6-311+G* levels of theory, respectively, and 2.007
A obtained by Jiao and Schleyer'® at the Becke3LYP/6-
311+G* level of theory. The interallylic bond lengths in the
triplet and the negative ion, 1t and 17, respectively, are shorter
than those in 1s because these species have electrons in the a,
orbital, which prefers a shorter bond length, while the singlet
does not.

The absolute energies of 1s, 1t, and 1~ are shown in Table 1.
This table also shows the energies of the ring-opened, C,, hexa-
1,5-diene, 1h, and the C,, hexa-1,5-diene negative ion, 1h™. The
calculated relative energies for these species are shown in the
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third column of Table 1. For the cyclic geometry, the singlet
state is calculated to have the lowest energy, although the energy
difference between 1s and 1° is too small to draw any conclu-
sions. The triplet is calculated to be ca. 7 kcal mol™* higher in
energy than 1s and 1°. However, the lowest energy isomer for
this system is hexa-1,5-diene, 1h, which is calculated to be 33.4
kcal mol™! more stable than 1s. Moreover, although the radical
anion of 1h (1h7) is calculated to be unstable with respect to
electron detachment, it is still significantly lower in energy than
1". Therefore, although it is possible that 1~ may be stable with
respect to vertical electron detachment, it is likely to be unstable
with respect to ring opening. However, vibrational analysis
finds that 17 is a minimum on the potential energy surface, such
that there is a barrier for the ring opening. The ring-opened ion
is also a potential energy minimum, but is unstable with respect
to electron detachment.

The interallylic bond lengths of the boat forms of the singlet,
triplet, and negative ion states, 2s, 2t, and 27, respectively, are

"\ h HV_H]: H _H
2s 2- 2t

included in Table 1, as are the absolute and relative energies. In
a C,, boat conformation, the ion is found to have a single
imaginary frequency, and this structure is the transition state
for the interconversion of two equivalent, C, twist-boat struc-
tures, 27. The C, ion is a stable minimum, 1.4 kcal mol™! more
stable than the C,, triplet biradical and 3.5 kcal mol ! less stable
than the singlet. Therefore, the ion is predicted to be unstable
with respect to vertical electron detachment to form the singlet
state in addition to being unstable with respect to ring opening.
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The trends in the interallylic bond lengths in the boat geom-
etry differ slightly from those for the chair. For the chair, the
bond lengths in the ion are longer than those in the triplet
because the extra electron goes into the 1b, orbital. This is a
result of the fact that the 1b, orbital is lower in energy than the
2a, orbital at all interallylic bond lengths. However, in the boat
the energy ordering of the 1b, and 2a, orbitals depends on the
bond length. For long interallylic bond lengths, as in the singlet,
the 1b, orbital is lower in energy than the 2a,. For shorter bond
lengths, such as those at the geometries of the ion and triplet,
the 2a, orbital is lower in energy than the 1b,. Therefore, the
electronic state of the C, ion is 2B, with two electrons in the a
orbital and one electron in the b, and the ion prefers shorter
bond lengths than in the triplet despite the fact that it is
charged.

The calculated results for the unsubstituted system provide
an opportunity to evaluate the reliability of the Becke3LYP
approach for calculating these energies because many of the
thermochemical properties are experimentally available. For
example, the measured activation energies for the chair and
boat pathways of the Cope rearrangement provide reasonable
values for the relative energies of 1s and 2s. The experimental
enthalpies of 33.3 £ 0.5% and 44.7 £ 2.0 kcal mol *** respect-
ively, are in very good agreement with the computed values 33.4
and 41.6 kcal mol™!, respectively. The excellent agreement for
the singlet states is somewhat surprising given the qualitative
MO description provided above, which suggests that a multi-
reference approach should be required. However, the success of
the Becke3LYP approach for the study of the Cope rearrange-
ment has been noted previously by Wiest et al.'® and by Jiao
and Schleyer,' who obtained relative energies similar to those
reported here.

The energies of the triplet states of cyclohexane-1,4-diyl can
be estimated from experimental heats of formation using bond
additivity methods. The enthalpy of formation can be calcu-
lated for the triplet biradical using the enthalpy of formation of
cyclohexane (—29.43 kcal mol™))* and the secondary C-H
bond dissociation enthalpy of 99 kcal mol 1.** The value
obtained using this approach, 64.4 kcal mol ™%, is 44 kcal mol ™!
higher in energy than that for hexa-1,5-diene (20.4 * 0.4 kcal
mol").¥ The relative energy for the triplet calculated at
the Becke3LYP/6-31+G* level of theory, 40.7 kcal mol ™!, is in
reasonable agreement with the thermochemical estimate. The
energy of the triplet state in a boat conformation should be
higher than that of the chair by about the boat—chair energy
difference in cyclohexane, 6.4 kcal mol 1.* The calculated
energy difference is 5.9 kcal mol™'. Overall, the agreement
between the calculated and experimental values listed in
Table 1 is very good, indicating that the B3LYP approach gives
acceptable results for these systems.

Cyano substitution

In the previous section, it was calculated that unsubstituted
cyclohexane-1,4-diyl does not form a stable negative ion. The
reason the ion is not stable is that the singly occupied a, orbital
is too high in energy to hold the extra electron. The energy of
the a, orbital can be decreased by adding electron withdrawing
groups at the 1- and 4-positions. In this section, the effect of
adding cyano substituents is examined.

The results for the chair singlet, triplet, and negative ion
states, 3s, 3t, and 37, respectively, are shown in Table 2. The
trend in the interallylic bond lengths for this series is similar to
that found for the hydrocarbon, with the singlet bonds signifi-
cantly longer than those in the triplet or anion. Again, the dif-
ference can be attributed to the properties of the b, and a,
orbitals and the extent to which each is occupied. Compared to
the unsubstituted system, the bond lengths in 3s are signifi-
cantly shortened. This effect could, in principle, result from
increased contribution of the a,* configuration in the two con-
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Table 2 Calculated energies for singlet, triplet, and negative ion states
of dicyanocyclohexane-1,4-diyls“

interallylic absolute relative
bond energy/ energy’/
length/A hartrees kecal mol ™!
chair
3s Co 'A, 1.756 —419.07530 +23.5¢
3t Cy °B, 1.550 —419.07866 +21.3
3" Co ’A, 1.598 —419.15854 —28.8
ring opened
3h Co 'A, —419.11268 0.0
3h~ Con’A, —419.13280 -12.6
boat
4s Gy, 'A 1.5444 —419.09724¢ +9.7
4t G, °B, 1.566 —419.06968 +27.0
4 C,, B, 1.550 —419.14496 —20.3

“ Calculated at the Becke3LYP/6-31+G* level of theory. ® Relative
energies do not include zero-point vibrational energy corrections. ¢ The
experimental value is +23.2 kcal mol *; see ref. 28. ¢ Corresponds to the
bicycli/g geometry. The bond length between the bridgehead carbons is
1.607 A.

O‘Z

3s 37 3t

figuration wave function. Borden and co-workers have carried
out CI calculations on this system and found that although the
wave function is still dominated by the b,? configuration® the
ag’ contribution is greater than that in the hydrocarbon. This is
consistent with the observation of Davidson and co-workers'*
that the CI coefficients are dependent on the interallylic bond
length.

The absolute and relative energies of 3s, 3t, and 3~ are listed
in Table 2, along with the energies for the ring opened neutral
and negative ion, 3h and 3h™, respectively. As expected, the
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addition of cyano substituents has significantly stabilized the
negative ions. While the energy of the negative ion was similar
to that of the singlet for the unsubstituted case, with cyano
substituents the ion (37) is more stable than the singlet (3s) by
52.3 kcal mol™!. Moreover, 3™ is also more stable than the ring-
opened singlet, 3h, and the ring-opened ion, 3h~ by 28.8 and
16.2 kcal mol ™!, respectively. Therefore, 3™ is calculated to be
stable with respect to electron detachment and ring opening.
Both 3™ and 3h™ are stable minima, as indicated by the absence
of any imaginary frequencies.

The calculations described above predict that for the negative
ion, the chair intermediate is more stable than the ring-opened
species. This type of situation has been observed previously for
the radical cation surfaces of hexa-1,5-diene?' and semi-
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Fig. 2 Schematic potential energy surfaces for the Cope rearrange-
ment of 2,5-dicyanohexa-1,5-diene and the corresponding negative ion.
The electron affinities of the reactant and the transition state are indi-
cated, in kcal mol™.

bullvalene,?* and has been described as an “inverted potential

energy surface”? for the Cope rearrangement. The potential
energy surfaces for the Cope rearrangement of 2,5-dicyano-
hexa-1,5-diene and the negative ion are shown in Fig. 2. The
reason for the inverted potential energy surface for the negative
ion surface is that the electron affinity of the transition state
(52.2 kcal mol™!) is much larger than that of reactant (12.6 kcal
mol ). This is analogous to the situation observed by Williams
for the radical cation surface,! which is inverted because the
ionization potential of the transition state is 63-68 kcal mol™!
smaller than that of the reactants.

The energies and interallylic bond lengths for the boat con-
formations of singlet, triplet, and negative ion species, 4s, 4t,
and 47, respectively, are shown at the bottom of Table 2. In this
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conformation, the singlet, 4s, collapses to 1,4-dicyanobicyclo-
[2.2.0]hexane,”*® which is calculated to be only 9.7 kcal mol™!
higher in energy than 3h. The C,, boat negative ion is calculated
to be a transition state that interconverts two equivalent C,
forms, 4°. The C, twist-boat ion is more than 8 kcal mol™!
higher in energy than 37, but is still stable with respect to ring
opening and electron detachment. Therefore, the twist boat ion
is stable with respect to electron loss and rearrangement and
could be prepared as a stable species if it could be locked into
that conformation.

The relative energy of the singlet dicyano transition state
agrees surprisingly well with the experimental value of 23.2
kcal mol™ measured by Wehrli et al?® for the activation
energy for the Cope rearrangement of a methylated derivative.
Therefore, as has been found for the unsubstituted system,!*¢
the properties of the singlet dicyano transition state are
accurately calculated using a single reference method that
incorporates electron correlation. Borden and co-workers have
also obtained reasonable values for the activation energy of
the dicyano Cope rearrangement from MP2* and density
functional calculations.*’

Cyclohexanedione

Although it is usually not recognized as such, cyclohexane-1,4-
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Fig. 3 Molecular orbitals created by combining the p orbitals on
oxygen with the 1b, and 2a, orbitals in cyclohexane-1,4-diyl.

dione can be considered to be a stable intermediate for the Cope
rearrangement shown in eqn. (3). In this case, an inverted
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potential surface for the reaction results from addition of
oxygen substituents that stabilize the intermediate more than
they do the reactant. The effect of the substituent on the MOs
of cyclohexane-1,4-diyl is illustrated in Fig. 3. Two sets of b,
and a, orbitals are created, corresponding to w and n* orbitals,
respectively. Cyclohexanedione is a stable Cope intermediate
because both the b, and a, orbitals are filled, while these
orbitals are only half filled for the H and CN substituted transi-
tion states described above. However, although the a, orbital
is significantly more stable in cyclohexanedione than it is in 1s,
the system does not necessarily form a stable negative ion
because the additional electron occupies a ©* orbital. In fact,
the negative ion for cyclohexanedione is a *B, ion, and the
singly occupied orbital is the n* b,,.

The calculated properties for the chair singlet, triplet, and
negative ion states of cyclohexanedione, Ss, St, and 5°, respect-
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ively, in the chair conformation are listed in Table 3. Unlike
what was found for the other systems examined in this work,
the interallylic bond lengths in the singlet, 5s, are shorter
than they are in the ion and triplet. This is because the a,
orbital is doubly occupied in the singlet, while the triplet and
negative ion have singly occupied b, orbitals. Also included in
Table 3 are the boat geometries, 6s, 6t, and 6, respectively. As
in the other systems, the energies of the 1b, (b) and 2a, (a)
orbitals are switched at short interallylic distances. This means
that the chair ion, 67, is formed by adding an electron into
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Table 3 Calculated energies for singlet, triplet, and negative ion states
of cyclohexanedione*

interallylic absolute relative
bond energy/ energy’/
length/A hartrees kecal mol ™!

chair

5s Co 'A, 1.548 —383.91684 =70.5

5t Cy °B, 1.599 —383.77454 +18.8

5" C,, ’B, 1.612 —383.91147 —67.1

ring opened

5h G, °B —383.80452 0.0

5h™ C,’B —383.89780 —58.5

boat

6s Gy, 'A 1.556 —383.90821 —65.1

6t G,, B, 1.620 —383.76276 +26.2

6 G, A 1.541 —383.91393 —68.7

“ Calculated at the Becke3LYP/6-31+G* level of theory. ® Relative
energies do not include zero-point vibrational energy corrections.
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the n* 2a, (a) orbital. Therefore, the bond length in the ion is
shorter than that in the singlet. In the C,, triplet, the n* b,
orbital is lower in energy than the n* a,, which means that
the n* b, orbital is occupied in that state. Therefore, the
bond lengths in the triplet are longer than those in the singlet
and ion.

The diene that results from ring-opening of 5s is the biradical
5h. For singlet Sh, the wave function is almost purely open-
shell and requires a multireference approach. Not surprisingly,
attempts to calculate the geometry of the singlet using the
Becke3LYP/6-31+G* method failed, and the geometry col-
lapsed to the 5s structure. Therefore, results for 5h reported
here correspond to the triplet state. Given that the two radical
moieties are reasonably isolated in the molecule such that there
is not significant interaction between them, the energies of the
singlet and triplet states should not be very different. The
results of TCSCF/6-31+G* calculations support this expect-
ation, as the singlet is calculated to be lower in energy than
the triplet by 140 cal mol™! at this level of theory. With the
Becke3LYP method, the triplet state of 5h adopts a C, geom-
etry, and the Cy, structure is higher in energy by 0.9 kcal mol™".
The ring-opened negative ion, 5h™, also prefers a C, geometry
that is distinct from that of 6.

X
=
5h 5h™

The absolute and relative energies of all the species described
above are listed in Table 3. As may be expected, the singlet
dione, 5s, is the lowest energy state of the system, and is 70.5
kcal mol™! more stable than the ring-opened triplet state, while
the boat conformation of the dione is 5.4 kcal mol™! less stable
than the chair conformation. However, at this level of theory,
the lowest energy conformation of cyclohexane-1,4-dione is a
boat-like D, structure, 5s’, which is 170 cal mol ! more stable
than 5s. Allinger and Freiberg® predicted that 5s’ would be
similar in energy to 5s but could not predict with confidence

2362 J. Chem. Soc., Perkin Trans. 2, 1999, 2357-2363

o=<__"><_"=o0

5s’

which structure would be lower in energy. The present results
are not sufficiently accurate to resolve this question.

The negative ion 5~ is stable with respect to ring opening by
8.6 kcal mol ™, but is unstable with respect to electron detach-
ment by 3.4 kcal mol™!. Surprisingly, the twist-boat conform-
ation of the negative ion, 6, is 1.6 kcal mol™* lower in energy
than the chair, while the C,, boat conformation is a transition
state that is 0.1 kcal mol™! higher in energy than 5~. The main
result is that 6~ is lower in energy than the corresponding
neutral, 6s, although it is not lower in energy than either 5s or
5s’. Therefore cyclohexanedione is predicted to have a positive
electron affinity near the boat geometry, which means that a
molecule like bicyclo[4.2.0]octane-2,5-dione (7), where the

o
ON/

7

system is locked into a boat conformation, should form a stable
negative ion in the gas phase.

The triplet states of cyclohexanedione, 5t and 6t, are signifi-
cantly higher in energy than the corresponding singlets, and,
moreover, are higher in energy than the ring-opened species.
Therefore, the Cope rearrangement of the triplet state does not
have an inverted potential energy surface.

Conclusion

This study has involved the use of density functional theory to
examine whether Cope transition states form stable negative
ions. It is found that the unsubstituted hydrocarbon does not
give a stable negative ion, but with cyano substituents the
negative ion is the lowest energy state, stable with respect to
electron loss and ring opening. The ion of the dicyano
cyclohexane-1,4-diyl is stable because the singly occupied a,
orbital is stabilized by the interaction with the cyano groups.
Oxygen radical substituents also stabilize the a, orbital, but the
oxygen electrons fill that orbital to give a stable intermediate,
cyclohexanedione. Therefore, the negative ion of cyclohexan-
edione is unstable with respect to electron detachment because
the extra electron occupies a * orbital.

The results of this work suggest that negative ions of Cope
reaction transition states are stable if they have substituents
that stabilize the a, orbital. Other possible substituents that
would produce stable ions would be nitro, acyl, or possibly even
phenyl. Studies of these ions could give direct insight into the
electronic structures of the Cope transition states, and may lead
to a resolution of this nearly 60 year old problem.
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