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Abstract: (6/6)CASSCF and CASPT2/6-31G* calculations have been performed to understand the experimental
finding of Goldstein and Benzon (J. Am. Chem. Soc.1972, 94, 5119) thatexo-bicyclo[2.2.0]hexane-d4 (1b)
undergoes ring inversion to formendo-bicyclo[2.2.0]hexane-d4 (4b) faster than it undergoes cleavage to form
cis,trans-1,5-hexadiene-d4 (3b). Goldstein and Benzon also found that the latter reaction, which must occur
via a chairlike transition structure (TS), is much faster than cleavage of1b to trans,trans-1,5-hexadiene-d4

(2b) via a boatlike TS. Our calculations reveal that all three of these reactions involve ring opening of1,
through a boat diradical TS (BDTS), to form a twist-boat diradical intermediate (TBDI ). TBDI can reclose to
4 via a stereoisomeric boat diradical TS (BDTS′), or TBDI can cleave, either via a half-chair diradical TS
(HCDTS) to form 3 or via a boat TS (BTS) to form 2. The calculated values of∆Hq ) 34.6 kcal/mol,∆Sq

) -1.6 eu, and∆H q ) 35.2 kcal/mol,∆Sq ) 2.0 eu for ring inversion of1 to 4 and cleavage of1 to 3,
respectively, are in excellent agreement with the values measured by Goldstein and Benzon. The higher value
of ∆H q ) 37.6 kcal/mol, computed for cleavage ofTBDI to 2, is consistent with the experimental finding
that very little2b is formed when1b is pyrolyzed. The relationships betweenBDTS, HCDTS, andBTS and
the chair and boat Cope rearrangement TSs (CCTS andBCTS) are discussed.

Pyrolysis of bicyclo[2.2.0]hexane (1a) affords 1,5-hexadiene
by cleavage of two C-C σ bonds. The detailed mechanism for
this apparently simple reaction has been a puzzle for over 30
years.1

Pyrolyses of stereochemically labeled derivatives of1 by
Paquette,2 Roth,3 and Goldstein4 and their co-workers have
shown that this reaction does not proceed by a least-motion
pathway. Instead of2, the 1,5-hexadiene that would be formed
by a Woodward-Hoffmann-forbidden, retrograde,σ2s + σ2s

pathway,5 the major product in each case has been3, the
stereoisomer expected from an allowed, retrograde,σ2s + σ2a

reaction.
However, the experiments suggest that the cleavage of1 to

3 is not a concerted reaction.1-4 Particularly compelling evidence
for a diradical mechanism of the type shown in Scheme 1 comes
from the elegant study of Goldstein and Benzon.4a They found
thatexo-1-d4 (1b) undergoes cleavage almost exclusively to3b,
with ∆H q ) 36.0( 0.3 kcal/mol; but ring inversion of1b to
4b occurs slightly faster, with∆H q ) 34.4( 1.3 kcal/mol.

The formation of4b does not completely exclude a concerted,
retrograde,σ2s + σ2a mechanism for cleavage of1b to 3b, which,
fortuitously, has a slightly higher activation enthalpy than ring

inversion to give4b. However, Occam’s razor favors the more
economical interpretation of the experimental results, shown in
Scheme 1, in which diradicals are involved in the formation of
both3b and4b. In this mechanistic scheme the measured value
of ∆∆H q ) 1.6 ( 1.0 kcal/mol between the two pathways in
the pyrolysis of1b is equal to the difference in enthalpy between
the transition structure (TS) that leads to cleavage of the initially
formed boat diradical (BD) to 3b and the TS that leads to closure
of BD to 4b.

The diradical mechanism, shown in Scheme 1, raises more
questions than it answers. For example, is the rate-determining
step in the formation of4 from 1 ring opening of1 to form BD
or conformational isomerization ofBD to the inverted boat
diradical (BD′)? Is a chair diradical (CD) on the reaction path
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in the BD f BD′ conformational change; or, as Alder has
suggested,6 does the conversion ofBD to BD′ proceed via a
twist boat diradical (TBD)?7 If TBD does lie on the reaction
path for ring inversion of1, is TBD an intermediate or a TS?

A pathway that involvesTBD would allow the interconver-
sion of1 and4 to bypassCD. However, it is much more difficult
to imagine how the cleavage ofBD to 3 could avoid formation
of CD. Moreover, ifCD is the TS for cleavage ofBD to 3, CD
cannot be on the reaction path for ring inversion of1 to 4.8

As noted by Goldstein and Benzon,4b the heat of formation
of the TS for the cleavage of1 to 3 is ca. 12 kcal/mol above
that9 of the chair TS for the Cope rearrangement.10,11 On the
other hand, the heat of formation of the TS that leads from1 to
3 is very close to the current estimate of the heat of formation12

of a chair diradical in which there is no through-bond or through-
space interaction between the radical centers at C-1 and C-4.10

If CD is the TS leading to3, what type of geometry does it
have that precludes both types of stabilizing interactions between
these radical centers?

Even though small amounts of products, corresponding to2,
were observed in the pyrolyses of bicyclo[2.2.0]hexanes,
substituted with ester2 or alkyl groups,3 Goldstein and Benzon
found very little 2b, when 1b was pyrolyzed.4a How much
higher in enthalpy is the TS for formation of2 than the TS for
formation of4? Does the TS for formation of2, like the TS for
the boat Cope rearrangement of 1,5-hexadiene,11 have C2V
symmetry?

To answer these questions we have undertaken ab initio
calculations of the potential energy surface (PES) for ring
inversion and cleavage of1. Herein we report the results of our
calculations and the conclusions to which they lead, regarding
the topography of this portion of the C6H10 PES and the
relationship of the TSs on it to the TSs for the chair and boat
Cope rearrangements of 1,5-hexadiene.

Computational Methodology

Geometries of stationary points were located with (6/6)CASSCF
calculations. The six-orbital active space was comprised of the bonding
and antibonding orbitals between the bridgehead atoms, C(1) and C(4)

in 1, and between C(2) and C(3), and C(5) and C(6). The vibrational
analyses, necessary to characterize stationary points and to convert the
electronic energies into relative enthalpies at 400 K, were also
performed at the (6/6)CASSCF level of theory. These CASSCF
calculations were carried oue with the Gaussian 98 suite of programs.13

The effects of dynamic electron correlation14 were included by
performing (6/6)CASPT2 calculations15 at the CASSCF geometries,
using MOLCAS.16 The CASSCF wave function had a nearly constant
weight of 80.0( 0.3% in all of the CASPT2 calculations. The 6-31G*
basis set17 was employed for both types of calculations.

Results and Discussion

The (6/6)CASPT2/6-31G* relative enthalpies of the stationary
points are given in Figure 1, along with pictorial representations
of their CASSCF geometries. Complete descriptions of the
geometries of all the stationary points, their computed vibrational
frequencies, their CASSCF and CASPT2 energies, and the zero-
point and thermal corrections to these energies are available as
Supporting Information.

At both the CASSCF and CASPT2 levels,1 is calculated to
prefer an enantiomeric pair ofC2 equilibrium geometries; but
the C2V TS which connects them is computed to be less than
0.1 kcal/mol higher in energy. Cleavage of the C(1)-C(4) bond
in 1 is predicted to occur via aC2 TS, which leads to aD2

twist-boat diradical intermediate (TBDI ).18

As shown in Figure 1, the two radical centers inTBDI are
planar and nearly orthogonal to the C(2)-C(3) and C(5)-C(6)
bonds; so there is very little interaction between the radical
centers, either through space or through these bonds. Conse-
quently,TBDI is truly a diradical. This assessment is confirmed
by the nearly equal weights (c1

2/c2
2 ) 1.28) of the two most

important configurations in the CASSCF wave function,Ψ )
c1|...b1

2〉 - c2|...b2
2〉 + ..., forTBDI . The 28% larger contribution

of the configuration in which the b1 NBMO is doubly occupied
shows that the through-space interaction between the nonbond-
ing 2p AOs at C(1) and C(4) is slightly stronger inTBDI than
the interaction of these AOs through the C(2)-C(3) and C(5)-
C(6) bonds.10
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Ring inversion of1 to form 4 is predicted to require passage
over two identical TSs, each of which connects directly to
TBDI . These boat diradical TSs are labeledBDTS andBDTS′
in Scheme 2, which depicts how they interconvert through the
intermediacy ofTBDI .

As shown in Figure 1, the geometry ofBDTS allows more
through-space interaction between the radical centers at C(1)
and C(4) than the geometry ofTBDI does. Consequently, the
ratio of c1

2/c2
2 ) 2.73 in BDTS is larger than that inTBDI .

Nevertheless, the greater H-H eclipsing inBDTS than inTBDI
results in the CASPT2 energy ofBDTS being 1.6 kcal/mol
above that ofTBDI . Starting from1, ring inversion via1 f
BDTS f TBDI f BDTS′ f 4 is computed to have∆H q )

34.6 kcal/mol, which is almost exactly the value measured by
Goldstein and Benzon.4a

Cleavage of1 to 3 is also predicted to involve the interme-
diacy ofTBDI . The TS for this reaction is shown in Figure 1.
Since this TS is a half chair diradical, it is labeledHCDTS in
Figure 1 and Scheme 2.

Like the twist-boat geometry ofTBDI , the geometry of
HCDTS precludes either strong through-space or through-bond
interactions between the radical centers at C(1) and C(4).
Therefore, like TBDI , HCDTS has slightly less bonding
between C(1) and C(4) thanBDTS, as shown by the fact that
the CASSCF wave function forHCDTS hasc1

2/c2
2 ) 1.50.

Presumably, it is for this reason that the CASSCF and CASPT2
energies and enthalpies ofHCDTS are all computed to be 0.6-
0.8 kcal/mol higher than those ofBDTS. However, likeBDTS,
HCDTS has more H-H eclipsing thanTBDI ; consequently,
the CASPT2 enthalpy ofHCDTS is 2.2 kcal/mol greater than
that of TBDI .

Passage overHCDTS converts theD2 geometry ofTBDI
into aC2h chair geometry, from which cleavage to3 can occur
without any additional barrier.19 The CASPT2 enthalpy differ-
ence of 0.6 kcal/mol betweenHCDTS for cleavage of1 to 3
andBDTS for ring inversion in1 to form 4 is slightly smaller
than, but just within experimental error of Goldstein and
Benzon’s value of∆∆H q ) 1.6 ( 1.0 kcal/mol.

As noted in the introduction, the experimental heat of
formation of the TS (HCDTS) that leads from1 to 3 is ca. 12
kcal/mol higher than that of the chair Cope TS (CCTS) for the
degenerate rearrangement of3. However, as also noted, the
experimental heat of formation ofHCDTS is very close to the
current estimate12 of the heat of formation of a chair cyclohex-
ane-1,4-diyl in which there is no through-bond or through-space
interaction between the radical centers.

As shown in Figure 1, the CASPT2/6-31G* difference
between the heats of formation ofHCDTS and CCTS is, in
fact, ∆∆H q ) 12.2 kcal/mol. The value ofc1

2/c2
2 ) 1.50 in

HCDTS makes it easy to understand why, experimentally, the
TS for cleavage of1 to 3 has about the same heat of formation
as that expected for a chair cyclohexane-1,4-diyl in which the
radical centers do not interact, either through space or through
the C(2)-C(3) and C(5)-C(6) bonds.12

In addition to reclosing to1 (via BDTS), or closing to4 (via
BDTS′), or cleaving to form3 (via HCDTS), TBDI can also
undergo cleavage to2 via a boat TS (BTS). To compute the
enthalpy difference betweenBTS for cleavage ofTBDI to 2
andHCDTS for cleavage ofTBDI to 3, we attempted to locate
BTS.

At the CASSCF level we found twoC2V stationary points20

along a path connectingTBDI to the TS for the boat Cope

(19) At the CASSCF level there is a chair diradical intermediate, which
is 5.7 kcal/mol lower in enthalpy thanTBDI , and to whichTBDI is
connected byHCDTS. Cleavage of thisC2h diradical intermediate to3
requires passage over aC2 TS, but with an enthalpic barrier of only 0.2
kcal/mol. However, the existence of this intermediate is an artifact of the
absence of dynamic electron correlation from the (6/6)CASSCF wave
function.14 At the CASPT2 level this intermediate disappears, leaving the
TS for the chair Cope rearrangement as the onlyC2h stationary point on
the CASPT2 potential surface.11

(20) (a) One of these stationary points is a minimum inC2V symmetry,
with CASSCF and CASPT2 energies that are respectively 5.4 and 7.3 kcal/
mol higher than that ofTBDI . However, on the global CASSCF PES this
C2V minimum is the TS for interconverting enantiomericD2 conformations
of TBDI . (b) We also located aC2V CASSCF energy maximum, with C(3)-
C(4) and C(5)-C(6) bond lengths of 1.837 Å and CASSCF and CASPT2
energies that are, respectively, 8.6 and 5.3 kcal/mol above that ofTBDI .
However, a vibrational analysis showed that thisC2V stationary point has
large imaginary frequencies for two vibrations; hence, it is a mountain top
on the global CASSCF PES.

Figure 1. Schematic depiction of the (6/6)CASPT2/6-31G* PES (∆H
in kcal/mol) for inversion of bicyclo[2.2.0]hexane (1) to form 4 and
for cleavage of1 to form the stereoisomeric 1,5-hexadienes2 and3.
Enthalpies are relative to that of the twist-boat diradical intermediate
(TBDI ). Also shown are the enthalpies of the chair Cope TS (CCTS)
and the boat Cope TS (BCTS), relative to that ofTBDI .

Scheme 2
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rearrangement (BCTS).11 However, neither of these stationary
points proved to be the CASSCF TS for cleavage ofTBDI to
2, and neither is even a stationary point on the CASPT2 PES.
Previous CASPT2 calculations have found that, other than1,
the onlyC2V stationary point is the boat Cope TS (BCTS).11a

We were able to locate a true CASSCF TS for the direct
cleavage ofTBDI to 2, which does not involve passage through
BCTS.21 Starting from the CASSCFC2V mountain top that we
found,20bwe searched along displacements that were equal com-
binations of the two vibrations with imaginary frequencies. One
of these vibrations corresponds to in-phase and the other to out-
of-phase stretching of the C(2)-C(3) and C(5)-C(6) bonds.
Displacements that are equal combinations of these two vibra-
tional modes leave the length of one of these C-C bonds the
same as at theC2V mountain top but shorten or lengthen the
other C-C bond. Searching in this manner led to a true
CASSCF TS, withCs symmetry and with one unique C-C bond
length of 1.846 Å and the other 1.692 Å. The geometry of
the boat TS (BTS) for cleavage ofTBDI to 2 is depicted in
Figure 1.

BTS has c1
2/c2

2 ) (3.29)-1; hence, it has less diradical
character thanBDTS, BDTS′, and HCDTSsthe TSs which
connectTBDI to respectively1, 4, and 3. Nevertheless, as
shown in Figure 1, the CASPT2 enthalpy ofBTS for formation
of 2 is 3.3 kcal/mol above that forBDTS andBDTS′ and 2.7
kcal/mol above that forHCDTS. Major contributors to the
higher energy ofBTS are its boat geometry and the relatively
short bonds between C(2)-C(3) and C(5)-C(6), which allow
significant through-space interaction betweeen the nonbonding
AOs at C(1) and C(4). Because the ratioc1

2/c2
2 < 1 in BTS,

through-bond coupling is dominant in this TS. Therefore, the
interaction between the AOs at C(1) and C(4) is antibonding
and, hence, destabilizesBTS.10

On the basis of the calculated enthalpy difference of 2.7 kcal/
mol betweenBTS andHCDTS,22 at most a few percent of2b
would have been present in the3b that Goldstein and Benzon
found to be, by far, the major product in the pyrolysis of1b.
However, the rather long C(2)-C(3) bond inBTS should result
in its energy being lowered by radical-stabilizing substituents
at these two carbons, relative to the energy ofHCDTS. Thus,
the larger amounts of products, analogous to2, that were
observed in the pyrolyses of derivatives of1 with radical
stabilizing substituents at C(2) and C(3)2,3a can easily be
rationalized.

Summary and Conclusions

The results of our calculations provide the answers to the
questions posed in the introduction. As depicted in Figure 1
and Scheme 2, ring opening of1 leads to a twist boat diradical
intermediate (TBDI ). It is computed to have a barrier of only
1.6 kcal/mol to closure to4 or reclosure to1 via boat diradical
TSsBDTS′ andBDTS, respectively. The computed enthalpy
of activation for ring inversion (1 f 4) of ∆H q ) 34.6 kcal/
mol is essentially the same as the value of∆H q ) 34.4( 1.3
kcal/mol measured by Goldstein and Benzon for1b f 4b.4

Also in excellent agreement with their experimental results
on the pyrolysis of1b is our finding that cleavage of1 to 3, via
a half chair diradical TS (HCDTS), has a slightly higher
enthalpy of activation than ring inversion. At the CASPT2 level
we calculate∆∆H q ) 0.6 kcal/mol, which is slightly smaller
than, but within experimental error of Goldstein and Benzon’s
value of∆∆H q ) 1.6 ( 1.0 kcal/mol.4

HCDTS really is a diradical, as shown by the value of
c1

2/c2
2 ) 1.50 in HCDTS being close to unity. Thus, it is

understandable that the experimental heat of formation of the
TS for cleavage of1 to 34 is approximately the same as that
estimated for a chair diradical in which the radical centers do
not interact.12

The boat TS (BTS) for cleavage ofTBDI to 2 hasc1
2/c2

2 )
(3.29)-1, so it has significantly less diradical character than
HCDTS. Nevertheless,BTS is computed to be 2.7 kcal/mol
higher in enthalpy thanHCDTS. Since through-bond interac-
tions are dominant inBTS, it is presumably destabilized by
antibonding between the radical centers at C(1) and C(4).

The CASSCF values of∆Sq ) -1.6 and 2.0 eu for1 f
BDTS and HCDTS,23 respectively, agree very well with the
experimental values of∆Sq ) -0.7( 1.6 eu for ring inversion
of 1b to 4b and∆Sq ) 1.5 ( 0.6 eu for cleavage of1b to 3b.4

Therefore, not only our calculated enthalpies of activation, but
also our computed entropies of activation for these two reactions
are in very good agreement with those measured by Goldstein
and Benzon.4 In addition to suggesting that the TSs that we
have found are quite good approximations to the actual TSs
for ring inversion and cleavage of1, this agreement provides
additional evidence11aof the ability of (6/6)CASPT2 calculations
to reproduce with high accuracy that portion of the C6H10 PES
on which1-4 and the TSs that connect them lie.
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(21)BCTS cannot simultaneously be the TS for the boat Cope rear-
rangement and the TS for cleavage ofTBDI ; otherwiseBCTS would have
more than one imaginary frequency. Therefore, cleavage ofTBDI to 2 via
BCTS would have to pass over a TS, higher in energy thanBCTS, whose
imaginary frequency would be for a vibration that connectedTBDI with
BCTS. However, repeated searches failed to find such a TS.

(22) Since these TSs were located at the CASSCF level, they are probably
close to but not exactly at the geometries of the true TSs on the CASPT2
PES. Unfortunately, analytical gradients are not available for CASPT2 wave
functions; so locating the CASPT2 TSs precisely would be a daunting task.

(23) The calculated value of∆Sq ) 3.4 eu for passage overBTS is 1.5
eu larger than that for passage overHCDTS.
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