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The observation of practically identical activation parameters
for the Cope rearrangement 2— 6 and its “frustrated” coun-
terpart 1— 5 indicates a two-step mechanism for the reaction
2— 6. Direct proof of this interpretation comes from trapping
experiments, which demonstrate the intermediate formation

of the diradicals 5 and 9. From the temperature and oxygen
dependences of the trapping rates, recombination barriers of
AH* = 11.5 and 6.5 kcal-mol~! have been derived for 5—1
and 9— 6, respectively. These results agree well with ab ini-
tio calculations (CASPT2).

Recently, the syntheses, properties and reactions of the
highly strained polyenes 1—4 have been reported.!!! For the
Cope rearrangement leading to 6—8, a two-step mechanism
must be considered in view of the highly strained nature
of starting materials and the products, respectively. In 1,5-
hexadiene, the non-concerted pathway is destabilized by
59.721-33 5131 = 262 kcal'mol™!; this could not be
counterbalanced by the introduction of radical stabilizing
substituents®! because a comparable stabilization was also
observed for the concerted route.

Scheme 1. Cope-rearrangement of 1,5-hexadiene systems
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A completely different situation must be envisaged in the
case of 2, 3, and 4. Here, the concerted route should be
rendered more difficult because of the steric hindrance that
occurs when the terminal carbon atoms of the 1,5-hexadi-
ene moiety approach each other. X-ray investigations on
stelladiene derivatives have shown that the distance between
the termini of the exomethylene groups amounts to
4.12—4.20 A and that the central bonds are elongated to
1.61—1.62 A.D! In this paper, we report on our attempts
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to establish the two-step nature of the rearrangement 2— 6
through oxygen-trapping experiments. In a concluding sec-
tion, the experimental results are compared with ab initio
calculations for the systems in question.

1. Equilibrium 1 == 5

The “frustrated” Cope rearrangement 1 == 5 should be
an adequate reference system for the two-step Cope re-
arrangement 2—6 and should be amenable to kinetic
analysis by trapping of the diradical 5.

Indeed, gas-phase thermolysis of 1 in the presence of di-
oxygen leads to a decrease in the substrate concentration,
which follows strictly pseudo-first-order kinetics; no forma-
tion of new products of low molecular weight could be ob-
served. The rate of the reaction was measured at five tem-
peratures (90—130°C), each at four different oxygen pres-
sures (0—1000 mbar). The resulting rates are listed in Table
4 and their oxygen dependence is shown graphically in Fig-
ure 1.

Figure 1. Oxygen dependence of the trapping rate of 5
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The curvature of the graph meets with expectation for the
trapping of an intermediate in a preequilibrium (Scheme 2).
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At low oxygen pressures, the rate decrease shows a linear
dependence on the oxygen concentration, because the equi-
librium 1 &= 5 is still established here. At high concen-
trations of the trapping agent, under which conditions all
intermediate diradicals are trapped, the rate decrease
asymptotically approaches a limiting value, corresponding
to the rate constant k; 5. To calculate k54, knowledge of k
the rate constant that describes the reaction of 5 with oxy-
gen, is essential. It has been shown repeatedly!® that rad-
icals as well as diradicals react with oxygen in a collision-
controlled fashion,[”! so that this assumption seems to be
justified here as well. Though the absolute value of the rate
constant k is thus not known with high accuracy, it does
not affect the calculated activation enthalpy. Since k, rep-
resents a collision-controlled reaction, its temperature de-
pendence follows a T2 law, and only this relation enters
the calculation of the activation enthalpy. The uncertainty
in k; on the other hand appears only in the A-factor of
the reaction.

Scheme 2. Mechanism for the trapping of 5
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The analysis is somewhat affected by the high back-
ground rate of the thermolysis reaction. Even in the absence
of oxygen, one observes a significant decrease in the sub-
strate concentration, which strictly obeys pseudo-first-order
kinetics. Noteworthy is the fact that the activation energy
for this reaction resembles that for the formation of the di-
radical 5 (E, = 28.9 kcal'mol™!; log 4 = 12.4). Obviously,
5 can also be trapped through reaction with the wall of the
flask, a reaction that has been observed with other long-
living diradicals.!® In Figure 1, the intercept corresponds to
the contribution from this reaction.

Evaluation of the data in Table 4 (Experimental Section)
has been performed by simulation of the reactions shown
in Scheme 2 using a simplex routine.”” The resulting acti-
vation parameters are summarized in Table 1. Starting with
a force-field valuel'” for the heat of formation of 1, the
aforementioned activation enthalpies allow the construction
of the energy profile for the trapping reaction of 5, as de-
picted in Figure 2. The resulting heat of formation for the
intermediate diradical 5 is in satisfactory agreement with
the calculated force-field!'® value for this species (81.2 vs.
80.0 kcalmol™'). Using the reaction force-field
MMEVBH, % one obtains for the transition state of the
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reaction a heat of formation that comes close to the exper-
imental value (94.4 vs. 92.5 kcal'mol ™).

2. Rearrangement 2— 6

In the gas phase at temperatures >100°C, 2 quantitatively
forms the diene 6!'2l. From the first-order rate constants
(Table 5), determined at five different temperatures
(90—130°C), one can derive the activation parameters listed
in Table 1.

In the presence of oxygen, the gas-phase thermolysis of
2 shows in addition to the formation of 6, an overall loss
of mass. In analogy to the thermolysis of 1, no new low
molecular weight products could be detected. The reaction
was monitored at five temperatures (90—130°C), each at up
to four different oxygen pressures. The resulting first-order
rate constants for the trapping and consumption of the sub-
strate are summarized in Table 5 (Experimental Section).

As can be seen from the data in Table 5, the rate of de-
crease in the starting material concentration exhibits a lin-
ear dependence on the oxygen pressure at high oxygen con-
centrations. This indicates a bimolecular reaction of the
substrate with oxygen, in analogy to the behavior of other
molecules with highly strained o-bonds, e.g. 1,3,5-[2.2.2]pa-
racyclophane!® or octamethylsemibullvalene.!!3]

At low temperatures, at which the rearrangement 2— 6 is
negligible, the bimolecular reaction can be observed inde-
pendently. Using the rate constants in Table 5 (Experimen-
tal Section), the activation parameters shown in Table 1
were derived.

However, the observed overall loss of mass during the
thermolysis of 2 in the presence of oxygen is significantly
larger than the mass loss attributable to the bimolecular
reaction alone. Because the rearrangement product 6 does
not react with oxygen, this indicates a partial trapping of
the diradical 9. If one accepts that, in analogy with the trap-
ping experiments of 5, the reaction of 9 with oxygen is also
collision-controlled, the ratio of trapping and rearrange-
ment products allows calculation of the rate constant ko,
which leads to the activation parameters shown in Table 1.

The oxygen pressure dependence of the observed reaction
is in accord with an interpretation based on the trapping of
an intermediate species. As can be seen in Figure 2, this
dependence varies asymptotically from a nonlinear to a lin-
ear behavior at high oxygen pressures. The linear part de-
scribes the situation where all intermediate diradicals are
trapped quantitatively, i.e. here the slope of the graph is
caused by the bimolecular reaction of the substrate with
oxygen. At low temperatures, where the formation of 9 can
be ignored, the graph shows only the linear dependence
over the whole pressure range, in agreement with the bimo-
lecular reaction now being the sole reaction.

The observation that at high oxygen concentrations the
rate of consumption of 2, after correction for the bimolecu-
lar reaction, exhibits no further dependence on the oxygen
pressure, underlines that there is no reverse reaction 9—2
to speak of. This means that the energy difference between
the transition states leading to 9 and 6 must be >3-4
kcal'mol~!. However, the trapping experiments do not al-
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Figure 2. Enthalpy diagram [kcal - mol!] for the trapping of 5 and 9. The calculated (cal.) values are based on the ab initio calculation.
The values given for the heat of formation of 1, 2 and 6 are derived from force field calculations.[!%!
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Table 1. Activation parametersl?] Figure 3. Oxygen dependence of the loss of mass in the thermolysis
of 2
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low a precise determination of this difference. If, in accord-
ance with force-field calculations, ! one assumes that the
heats of formation of 5§ and 9 are comparable, then one
obtains the energy profile for the Cope rearrangement 2— 6
shown in Figure 2. In line with a two-step mechanism, prac-
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The peroxy diradical 10, i.e. the primary product of both
the trapping of 9 and the bimolecular reaction of the sub-
strate with oxygen, should be able to decompose either to
the product 6 or, as a reversal of its formation, to the start-
ing material 2. With a reaction enthalpy AHR(2,9) = 17.6
kcal'mol™! (Scheme 2), the energy of the C—OO" bond of
31.5 kcal'mol !4 and an allyl stabilization energy of 13.5
kcal'mol~'[1% the reaction with the starting material
should be practically thermoneutral [AHg(2,10) = —17.6 +
31.5 — 13.5 = 0.4 kcal'mol™']. The formation of 6, on the
other hand, should be correspondingly exothermic. How-
ever, trapping experiments in supercritical carbon dioxide
with an oxygen pressure of 11 bar[!>l show that the decay
10— 6 does not occur. Otherwise, at low temperatures, at
which the rearrangement 2— 6 is negligible, formation of 6
should have been observed, which was not the case. This
clearly indicates that the intramolecular cyclization 10— 11
is the dominant reaction channel for the stabilization of 10.
Furthermore, it also explains why in the case of 1, where
the equivalent cyclization is not possible, no bimolecular
reaction of the substrate with oxygen could be observed.

3. Discussion

The Cope rearrangement demonstrates impressively how
the mechanism of a reaction can be manipulated through
the introduction of substituents.

For the parent system, a concerted mechanism!®! with a
distinct preference for the chair over the boat geometry of
the transition state has been demonstrated.!'”! Tts heat of
formation (AH{® = 53.6 kcal'mol ") lies 9.0 kcal'mol ™!
below that of 14-cyclohexanediyl (AH® = 62.6
kcal'mol~1)[18],

If one or both double bonds of the 1,5-hexadiene moiety
become part of a cumulated system, the two-step reaction
path is able to compete with the concerted mechanism. In
the thermolysis of 1,2,6-heptatriene, the 2-methylene-1,4-
cyclohexanediyl is a trappable species!'®, its heat of forma-
tion (AH® = 69.4 kcal'mol™")!®! Iying 10.6 kcal-‘mol ! be-
low that for the concerted transition state (AH{® = 80.0
kcal'mol~1)[18],

Scheme 6. Mechanism for the Cope-rearrangement [kcal - mol™!]
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Attempts to assist the decay of 1,5-hexadiene into two
allyl radicals through conjugative stabilization, so that this
pathway lies below the concerted one in energy, have led to
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the formation of radical pairs. Despite the fact that their
heat of formation is smaller than the heat of formation of
the transition state of the concerted reaction, a decay into
free allyl radicals does not occur.[!’]

The Cope rearrangement of 2 adds a new variant to the
aforementioned mechanistic range. The decay of the 1,5-
hexadiene moiety into two allyl radicals is supported here
by the release of strain energy, i.e. the two-step mechanism
becomes the energetically favoured one.

The rate-determining step in the thermolysis of 2 is the
formation of the intermediate diradical 9. Even though an
interaction between the ends of the 1,5-hexadiene moiety is
possible, the transition state of the reaction is not affected
by this possibility. This leads to practically identical acti-
vation parameters for the bond-breaking step in 1 and 2,
respectively. To assist the breaking of the central carbon-
carbon bond in 2, i.e. to support the concerted pathway, the
terminal olefinic carbons would have to approach each
other by approximately 3 A. According to force-field ' cal-
culations this would require an energy of 15.6 kcal'mol ™!,
which is too large to be compensated for by the energy
gained in the concerted reaction. The two-step mechanism
is thus, as demonstrated by the trapping of 9, the energeti-
cally favoured alternative.

A comparison of the reaction of 2 with the analogous
rearrangement of semibullvalene 12 is informative. The re-
action enthalpies for the formation of the corresponding
bis(allyl) radicals are, according to force-field!'”! calcu-
lations, of comparable magnitude (17.1 vs. 16.0 kcal-mol™!).
However, the activation energies for these Cope rearrange-
ments differ from each other by 31.2 — 54[P% = 2538
kcal'mol~!. As a first approximation, this corresponds to
the steric energy (£, = 27 kcal'mol™ '), that is required to
reduce the distance between the terminal carbons of the
1,5-hexadiene moiety, so that this distance resembles that
of the corresponding carbon atoms in the semibullvalene
framework, i.e. 2.4 A.

Scheme 7. Comparison of the concerted and non-concerted Cope-
rearrangement of 2 and 12 [kcal - mol™!]
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In contrast to 2, the diradical 13 cannot be trapped with
oxygen because here the bimolecular reaction of 12 with
oxygen becomes the dominant process.[?!1
4. Quantum Chemical Calculations

The Cope rearrangement has been repeatedly investigated
by quantum chemical methods?23], In the course of our
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studies, the geometries of the closed-shell systems 1, 2, and
6 were calculated using the restricted Hartree-Fock (RHF)
method, whereas the open-shell systems (5, 9) and the tran-
sition states (TS-1,5, TS-2,9, TS-2,6, TS-9,6) were calcu-
lated using the CASSCF method4. The latter allows a
correct description of open-shell electronic states. The rela-
tive energies of these systems were then determined by the
CASPT2 procedure!?’], which introduces a second-order
pertubational correction to the CASSCF wavefunction. In
this way, the effects of degeneracy correlation (CASSCF) as
well as those of the dynamic correlation (CASPT2) are
taken into account. To derive the thermodynamic data of
interest, the stationary points on the energy surface were
subjected to a frequency analysis. The CASPT2 energies
were then corrected accordingly.

The starting materials 1 (D,) and 2 (Cs), the product 6
(Cs), as well as the concerted transition state TS-2,6 (Cs)
were geometry optimized at the RHF level, whereas the di-
radicals 5 (C,) and 9 (Cs)?®! as well as the transition states
TS-1,5 (Cy), TS-2,9 (Cs), and TS-9,6 (Cs) were optimized
at the CASSCEF level of theory. The latter encloses the ac-
tive space of six electrons in six orbitals, a so-called
CASSCF(6,6). The six orbitals correspond to both n- and
n*-MOs and the 6- and ¢"-MOs of the breaking bond. At
these levels (RHF and CASSCEF, respectively) the frequency
analyses were carried out. To determine the thermochem-
ical data, the unscaled frequencies were used (7' = 298.15
K). The pertubational correction of the CASPT2 energies
was based on the CASSCF(6,6) wavefunction in the case of
the diradicals and transition states, respectively. For starting
materials and products, an active space was chosen that in-
cluded both n- and n*-MOs [CASSCF(4,4), four electrons
in four MOs]. One can demonstrate that the absolute
CASPT?2 energies change only very little if one expands the
active space from (4,4) to (6,6) (AE < 2 kcal'mol™"). For all
calculations, the 6-31G* basis set?”l was used, a valence
double-(-basis with polarization functions at the carbon
atoms. The RHF and CASSCF calculations were per-
formed with the GAUSSIAN-94 program[?8l; the CASPT2
calculations with the MOLCAS-3 program?°l,

The activation parameters for the equilibrium 1 ==5 are
summarized in Table 3, while the most important bond
lengths in 1, TS-1,5 and 5 are presented in Figure 4. For
the singlet diradical !5, the distance ebetween the carbons of
the broken bond is so large (3.842 A) that a through-space
interaction can be ruled out.

The ground state of the starting material 1 is dominated
by a single determinant, which in the CASSCF(4,4) wave-
function accounts for 93% of its weight, while no other de-
terminant accounts for more than 3%. This justifies the
closed-shell approach for 1. In the transition state TS-1,5,
this configuration,

00 = |-.. (18a)*(19a)*(16b)*(17b)* >

has only a weighting of 73%, and is followed by the shell-
opening double excitation

@1 = |... (18a)%(16a)*(17h)*(18b)* >
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Figure 4. Selected bond lengths of 1 (RHF/6-31G*), TS-1,5
[CASSCEF(6,6)/6-31G*], and 5 [CASSCF(6,6)/6-31G*] in A

1(D,)

having a weighting of 16%. In the diradical, the contri-
bution of ¢, grows to 39%, whereas that of ¢, decreases to
46%. The ratio of the squares of the coefficients, cy*/ci?,
therefore, amounts to 1.17, which is fairly close to the ideal
value of 1.0 for a “perfect” diradical. Table 2 shows the
occupancy numbers of the active MOs and the ratios of
their coefficients. The singlet/triplet gap amounts to only
—0.3 kcal'mol~!. It is noteworthy that the singlet species
forms the ground state, a known contradiction of Hund’s
rule. 3%

Table 2. Occupation numbers of the natural orbitals which are in-
cluded into the active space and squares of coefficients of the most
important determinants of the CASSCF wave function

1 TS-1,5 Diradical 'S  Diradical 35

18a X 1.91 1.91 1.90
19a 1.93 1.61 1.07 1.00
20a 0.08 0.09 0.10 0.10
176 1.92 1.91 1.90 1.90
18b 0.07 0.40 0.93 1.00
19b X 0.08 0.09 0.10
co¥lc,? 115 4.56 1.17 48

¢y’ 0.93 0.73 0.46 0.85

Regarding the Cope rearrangement 2— 6, one finds on
the RHF level a single-step pathway, whereas on the
CASSCEF level of theory, a two-step mechanism is found
and the concerted pathway vanishes on the potential energy
surface. The activation parameters are summarized in Table
3 and selected bond lengths of TS-2.9, '9, and TS-2,6 are
presented in Figure 5. Note that at 2.865 A the o-bond
length in the concerted TS-2,6 is larger than that in TS-2,9
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(2.681 1&). From a geometrical point of view, this indicates
that TS-2,6 is more bis-allylic than aromatic in character.
In the case of an aromatic transition state, one would expect
an interallylic distance of approximately 2.2 A on the RHF/
6-31G* level. 3

A comparison of the geometrical parameters of the tran-
sition states TS-2,9 and TS-1,5 and of the diradicals 'S and
19 reveals a great resemblance between them. Also, the first
step of the reaction, the bond-breaking of the central o-
bond, is energetically identical for both reactions. This
means that the hexacyclic orientation in 2, typical for the
transition state of a Cope rearrangement, leads to no
stabilization whatsoever. The singlet/triplet gap of the di-
radical 9 is again small, amounting to —0.9 kcal/mol~!.

Figure 5. Selected bond lengths of TS-2,9 [CASSCF(6,6)/6-31.G*],
19 [CASSCF(6,6)/6-31G*], and TS-2,6 (RHF/6-31G*) in A

TS-2,9 (C))

TS-2,6 (C,)

Table 3. Activation parameters of the calculated reactions

Reaction AH* AS*b]
ks 28.1 4.40
ks 13.3 —-4.99
ko 283 3.26
ko 12.0 ~1.19
ko 4.0 0.86
keo 389 281
ka6 295 0.75
ke 481 ~1.75
[al [kcal - mol™']. — P [cal - K~! - mol™].

The calculated values are in satisfactory agreement with
the corresponding experimental values. However, correct
energies have been obtained only by the use of second-order
perturbation theory (CASPT2). At the present time it is not
possible to calculate gradients at this level of theory, which
means that the geometries must be optimized on the RHF
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and CASSCEF levels, respectively, a procedure that has pro-
ved not to be without its inherent difficulties, as was shown
by calculations of the Cope rearrangement of 1,5-hexadi-
ene.?3l We are currently investigating whether such be-
havior may play some role in the calculations of the systems
described in this paper. However, our first results indicate
that the two-step mechanism remains the preferred one,
even on the CASPT?2 level. Whether the concerted pathway
is a mechanistic alternative remains to be seen. A substan-
tial difference with respect to the parent system originates
from the rigidity of the stellane framework, which limits its
flexibility and, consequently, affects the geometrical course
of the reaction. In view of this, a fundamental mechanistic
change must be ruled out.

Theory and experiment agree on the point that the Cope
rearrangement of the stellane framework follows a two-step
mechanism with a singlet diradical as intermediate. How-
ever, the ab initio calculations indicate that, at least as a
side-reaction, the concerted pathway is still a possibility.

The ortho-stelladiene 2 therefore constitutes a borderline
case, having similar energies for the concerted- and the two-
step pathway. As a consequence, we are currently investiga-
ting the influence of the enlargement of the bridge that
leads to the homologous twistbrendadiene series, as well as
the effect of additional double bonds. While the first ma-
nipulation should favour the concerted pathway, we expect
the latter to facilitate the two-step mechanism.

We are grateful to the Deutsche Forschungsgemeinschaft and the
Fonds der Chemischen Industrie for financial support. H. L. thanks
the Studienstiftung des Deutschen Volkes for a stipend.

Experimental Section

1. Kinetic Measurements: The rate constants, listed in Tables 4
and 5, were measured using the technique and apparatus de-
scribed previously. !

Table 4. Rate constance for the disappearance of 1 in the presence

of oxygen
Temp [°C] 90.70 90.70 90.70 90.70
O, [mbar] 0.0 256.0 506.0 954.0
kagis - 104 [s7']  0.1152  0.1486  0.1554  0.1598
Temp [°C] 100.2 100.2 100.2 100.2
O, [mbar] 0.0 263.0 479.0 962.0
kais - 104 [s7']  0.3156  0.4253  0.4493  0.4699
Temp [°C] 11040 1104 110.4 110.4
O, [mbar] 0.0 219.0 450.0 947.0
kais - 103 [s7']  0.0872  0.1187  1.300 1.394
Temp [°C] 1201 1201 1201 120.1
O, [mbar] 0.0 260.0 455.0 935.0
kais - 103 [s7']  0.2544  0.3203  0.3431  0.3704
Temp [°C] 130.6 130.6 130.6 130.6 130.6
O, [mbar] 0.0 116.0 244.0 456.0 953.0
kais - 103 [s7']  0.6266  0.7325  0.8106  0.8936  0.9927
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Table 5. Rate constance for the thermolysis of 2 in the presence of

oxygen
Temp [°C] 90.1 924 88.4 100.8  100.7 110.8
O, [mbar] 0.0 1005.3 10710 0.0 1005.1 0.0
kze 103 [s71] 0.0109 0.0386 0.1136
ki 102 0.0951 0.0891 0.1912

M- 1s!

k- 103 [s71] 0.0392  0.3269 0.0934

ko 109 [s71] 0.0898 0.1137

Temp [°C] 109.8 109.7 111.2 120.7 1204 1204
O, [mbar] 251.8 503.7 10053 0.0 254.7  506.5
k26 103 [s71] 0.3232

kbi-llo 1 0.3754 0.3754 0.3754 0.7079  0.8089
M™'s™

k- 103 [s71]  0.0844 0.1334 0.2082 0.1899 0.2992
ko 109 [s™1] 0.1441 0.1481 0.1401 0.1899 0.1939
Temp [°C] 1199 130.6 131.7 131.7 131.7

O, [mbar] 999.1 0.0 126.7 249.2  1002.8
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