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/. Introduction 

Among the many families of isomeric strained hy
drocarbons, the (CH)8 group is one of the most inter
esting.2 This arises, in part, from the size, i.e., the 
number of members, being large enough to provide 
considerable variety of behavior but not so large that 
a coherent picture becomes unachievable. The number 
of isomers may be determined by graph theory.3-6 All 
compounds so far known correspond to planar graphs 
(i.e., their formulas can be written so that no lines 
(bonds) are crossing). The possible planar graphs lead 
to 17 constitutional isomers (a constitutional graph is 
one whose points symbolize atoms and whose lines 
symbolize covalent bonds). Including stereoisomers, 
however, there are 21 isomers in all.8 So far, 13 of these 
isomers have been made, and a 14th is crucially im
plicated in several of the rearrangements. These mem

bers of the family are shown in Figure 1 as compounds 
1-14. 

This review concentrates on thermal, photochemical, 
and catalyzed behavior of these 14 isomers. To round 
out the picture, spectroscopic properties, particularly 
photoelectron spectra, which reveal the pattern of en
ergy levels, are also included. Other C8H8 isomers that 
are not part of the (CH)8 family are not in general in
cluded in this review (to keep the article tractable) but 
are mentioned where their reactions are relevant. 
Earlier reviews have dealt with thermal and photo
chemical rearrangements.7-10 Noteworthy are those of 
Scott and Jones7 and Chapter 8 of Gajewski's book10 

on hydrocarbon thermal isomerizations. Sufficient new 
data have accumulated since these last reviews to merit 
a reexamination. New thermal isomerization studies 
have provided a fairly comprehensive picture of the 
energy surfaces involved. Moreover, two of these 
studies reveal the phenomenon of reactions enhanced 
through vibrational energy release. Kinetic and theo
retical modeling of this has been carried out in sufficient 
detail to merit a special section. There has been some 
progress in understanding the photochemistry of these 
hydrocarbons, but in general there remains a consid
erable lack of detail about the states involved and in 
some cases still confusion concerning the products. 

/ / . Reactivity of the (CH)8 Hydrocarbons 

A. Thermal Behavior 

1. Heats of Formation 

A proper understanding of the energy hypersurface 
of the (CH)8 family cannot be obtained without a 
knowledge of gaseous heats of formation. Experimental 
values are available in only a few cases. Combustion 
calorimetry has been used for cubane (I),11 the most 
strained member of the (CH)8 family, and yields AHf0 

= 148.7 ± 1.0 kcal-mol"1. The only other molecule to 
which this method has been applied is cyclooctatetraene 
(13),12 giving AHf° = 71.1 ± 0.3 kcal-mol"1. Heats of 
catalytic hydrogenation have been determined for 1313 

and also for barrelene (H).14 When corrected for heats 
of solution, these lead to AHf°(13) = 69.4 ± 0.3 kcal-
mol-115 and AHf°(ll) = 72.5 ± 1.5 kcal-mol"1.16 Thus 
for cyclooctatetraene (13) there is a small discrepancy 
that merits further investigation. Equilibrium studies 
have been or may be used to derive heats of formation. 

0009-2665/89/0789-1125$06.50/0 © 1989 American Chemical Society 
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From the temperatue dependence of equilibrium con
stants ("second-law method") reaction enthalpies were 
obtained for the equilibrium reactions of cyclo
octatetraene (13) with both semibullvalene (1O)17 and 
bicyclo[4.2.0]octa-2,4,7-triene (12).18 Assuming negli
gible corrections to room temperature (usually a rea
sonable assumption) and taking the combustion value 
for A# f°(13), one can calculate AHf°(10) = 73.6 ± 1.0 
kcal-mol'1 and Atff°(12) = 76.6 ± 1.0 kcal-mol-1. These 
would be 1.7 kcal-mor1 too high if the alternative, lower 
value for A//f°(13) were correct. 

The shortage of data and the increasing power of 
computers have encouraged the growth of semiempirical 
and ab initio calculations in this area (as for many other 
substances). In the semiempirical category MINDO 
calculations19-21 do not reproduce (CH)8 heats of for
mation very well, and it is questionable whether MIN-
DO/321 is better than MINDO/1,2 0 although the values 
for AH(° for cubane (139.821 and 116.9 kcal-mor120) do 
indicate improvement in that case. A newer version of 
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the parameterized quantum mechanical model, AMI,22 

gives better results for cubane, AH{°(1) = 151.2 kcal-
mol-1. We have calculated the AHf values for the other 
(CH)8 hydrocarbons using both MNDO and AMI,97 but 
the results (Table 1) do not show especially good 
agreement with experimental values where these are 
known. In principle, force field calculations should be 
capable of providing very good values for heats of for
mation in the (CH)8 family, since an extensive data base 
of dynamic information exists on simpler hydrocarbons, 
both strained and unstrained.23,24 The latest version for 
saturated species,25 MM2, gives a value of AH° = 148.8 
kcal-mor1 for cubane. A reparameterization of MM2,26 

carried out to improve predictions of internal rotation 
barriers, leaves AH{°(1) = 148.7 kcal-mol-1, essentially 
unchanged. The application of MM2 to cuneane (3) 
required another model27 modified to deal more effec
tively with linked three-membered rings. This led to 
AH ° (Z) = 110 kcal-mol-1.38 In yet another version, 
MMPl , developed for molecules with double bonds, the 
value for cyclooctatetraene, AH ° = 70.4 kcal-mol-1, was 
obtained,28 in good agreement with experiment. In 
principle, there is no reason why these models should 
not give reliable values for all hydrocarbons, although 
Nature appears to find new difficulties in too many 
individual cases for comfort. 

A more general, slightly less accurate but simpler, 
approach is to use Benson's group additivity method 
for strainless compounds29 and calculate the ring strain 
energy by summation of contributions of the individual 
small rings. For example, for cubane 

Atff° = 8AH{° [C-(C)3(H)] + 6£(straincyclobutane) 

= 8(-1.9) + 6(26.2) = 142.0 kcal-mol-1 

a slight (but not severe) underestimate. 
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TABLE 1. Experimental and Calculated Heats of Formation (kcaNmol"1) for (CH)8 Hydrocarbons 

compd" expt MINDO/1" MINDO/3c MM2 (MMPl) additivity'' ab initio MNDO" AMle 

1 148.7' 
2 
3 
4 
5 
6 
7 
8 
9 

10 73.6** 
11 72.5d 

12 76.6d 

13 71. lm 

14 

116.9 
121.0 
106.0 
155.0 
115.4 
95.1 
64.8 

120.2 
120.8 
53.0 
78.0 
77.9 
66.4 
77.9 

"See Figure.!. 6References 20 and 37. c 

Reference 22. >'Reference 38. * Reference 17 

139.8 

132.3 
120.2 
123.1 
91.3 
99.0 
78.4 
58.1 

leference 21 
' Reference 

148.7* 

110.C 

70.4" 

142 
124 
106 
93 

115 
102 
81 

116 
118 
70 

80 

95 

148.7* 

76.7' 

69.1* 

99.0' 
142.9 
100.8 
98.8 

118.8 
96.0 

103.4 
102.5 
105.0 
87.8 
67.5 
64.2 
56.2 
92.7 

151.2' 
172.4 
133.9 
129.5 
149.7 
115.7 
125.3 
138.2 
141.7 
9 9 ! 
67.3 
81.8 
63.5 

118.0 

''See text. "Reference 97. 'Reference 11. ^Reference 26. ^Reference 32. 
Reference 36. ""Reference 12. "Reference 28. 

SCHEME 1 

W 

12 

13 14 
Figure 1. (CH)8 hydrocarbons. 

The trouble with this method is the complexity of 
coupling of ring structures in polycyclic molecules, 
which leads to special situations (for example, bicyclo-
[2.2.1]systems). A valiant attempt has been made to 
allow for these situations,30 and using this and occa
sional chemical intuition, we have estimated the heats 
of formation of most members of the (CH)8 family. The 
results are shown in Table 1, along with the other data 
mentioned in this section. This approach appears to 
underestimate values by ca. 1 kcal-mol-1 per small ring 
(three-, four-, or five-membered ring).. Ab initio calcu
lations have now developed to the level where values 
of chemical accuracy are beginning to emerge. The 
techniques and procedures are too elaborate to discuss 
in detail, but the quality of calculation improves with 
the quality of basis set and the use of electron corre
lation. Relating ab initio to experimental energies in 
a way that helps cancel any remaining errors can then 
be done either by use of iso- or homodesmic reac
tions31'32 or by use of atom33 or group equivalents.34'35 

A calculation at a high level by Disch et al.32 using a 
6-31G* basis at an MP2 level gave A#f°[cyclo-
octatetraene (13)] = 69.1 kcal-mol-1 and A# f

0[cubane 
(I)] = 148.7 kcal-mol-1, using homodesmic reactions to 
obtain the heats of formation. As a somewhat lower 

/ 
~7 U-4U-

12 13 

19 

level of calculation an STO-3G basis set at the SCF 
level36 using isodesmic reactions (not as good as hom
odesmic reactions) gave AH{°[barrelene (H)] = 76.7 
kcal-mol-1. Wiberg, using group equivalents,34,35 calcu
lated Atff° [cubane (I)] = 147.1 kcal-mol"1 with a 6-31G* 
basis set. Clearly, the calculations, especially the higher 
level ones, are good. 

However, in spite of all these advances, much remains 
to be done on the thermochemistry of (CH)8 hydro
carbons. It is our feeling that if a heat of formation is 
lacking, and a friendly theoretical chemist with a good 
program is not at hand, group additivity (with additivity 
of ring strain) will give a value quickly, painlessly, and 
probably reliable to better than 5 kcal-mol-1. 

2. Valence Isomerizations 
Cubane (1), the molecule with the highest heat of 

formation and strain energy, is surprisingly thermally 
stable. Gas-phase thermolysis at temperatures in excess 
of 200 0C gives rise to acetylene, benzene, cyclo-
octatetraene (13), and several dihydropentalenes.39'40 At 
high pressures 13 predominates while at low pressures 
the other products are the main ones. This has been 
explained39'40 in terms of the intermediacy of highly 
vibrationally excited cyclooctatetraene, which can either 
be stabilized or react further. The mechanism is shown 
in Scheme 1. 

The first step involves single C-C bond breaking to 
form a biradical that then breaks a further bond to form 
9*, which is too vibrationally excited to be stabilized. 
9* then leads via 12* to 13*, all known rearrangements. 
The stability of cubane is explained by Martin et al.39,40 

by the fact that the biradical formed in the rate-de-
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SCHEME 2 

+ M +M 

10 \ / 
13 

termining step still has its molecular cage largely intact, 
and its formation, therefore, offers little by way of strain 
release. An alternative explanation in terms of a con
certed forbidden process (in the Woodward-Hoffmann 
sense) leading from 1 to 9* has been offered by Doering 
et al.41 It may be rather difficult in practice to distin
guish such alternatives, but in any case the biradical 
intermediate is energetically accessible. Kinetic studies 
of cubane pyrolysis in the temperature range 230-260 
0C show first-order behavior and give the Arrhenius 
equation 

log (k/s-1) = 
(14.68 ± 0.44) - (43.1 ± 1.0 kcahmol'1) / RT In 10 

(D 
Further discussion of the pressure dependence appears 
in the next section. 

There has been no report of the thermolysis of oc-
tabisvalene (2). Cuneane (3) is another molecule with 
a very high strain energy, but again, like cubane, it is 
surprisingly stable, not decomposing substantially below 
180 0C. Gas-phase thermolysis produces semibullvalene 
(10) and cyclooctatetraene (13) in proportions that are 
pressure dependent, with 10 predominating at high 
pressures and 13 at low pressures.38 This has been 
explained by the involvement of vibrationally excited 
semibullvalene (10*) reacting reversibly to form vibra
tionally excited cyclooctatetraene (13*). The mecha
nism is shown in Scheme 2. 

The initial step is single C-C bond breaking in the 
most strained part of the molecule, but there are two 
possibilities leading to either biradical 3a or 3b. The 
authors,38 while preferring the pathway via 3b, were 
unable to rule out 3a. Both biradicals are energetically 
accessible on the basis of the measured activation en
ergy. Kinetic studies38 in the temperature range 
230-260 0C show first-order behavior and give the Ar
rhenius equation 

log (k /S"1) = 
(13.82 ± 0.09) - (37.7 ± 0.2 kcaX-mot1) / RT In 10 

(2) 

As with cubane, the initially formed biradical, whether 
3a or 3b, retains a substantial degree of ring strain and 
this accounts for the surprising stability of 3. However, 
once a second bond in the biradical is broken, sufficient 
energy is released to form semibullvalene (10*) in a 
highly vibrationally excited state. Further discussion 

SCHEME 3 

"> 15 16 17 
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18 19 20 21 

SCHEME 4 

22 23 

of this and the pressure dependence of product for
mation in cuneane (3) pyrolysis appears in the next 
section. 

Thermolysis of tetracyclo[3.3.0.02-4.03'6]oct-7-ene (4) 
in a flow system (temperatures > 200 0C), studied by 
Stapersma et al.,42,43 gives a mixture of products that 
are subject to rapid polymerization and isomerization. 
These were identified as dihydropentalenes 18, 19, 20, 
and 21 by trapping experiments with F3CC=CCF3 . 
Independent experiments showed that 19 isomerized 
to the same mixture under the conditions of pyrolysis. 
Semibullvalene (10) and cyclooctatetraene (13), how
ever, were notably absent under temperature conditions 
at which they are stable. The authors proposed the 
mechanism in Scheme 3. 

The initial, rate-determining step is a retro-Diels-
Alder reaction giving dihydrocalicene (15), which re
arranges via a 1,5-hydrogen shift to 16 and thence to 
dihydropentalene (17) by an analogue of the vinyl-
cyclopropene-cyclopentadiene rearrangement. 17 rap
idly isomerizes again via 1,5-hydrogen shifts to the ob
served dihydropentalenes 18, 19, and 20. This di
hydropentalene mixture, in which 1,5-dihydropentalene 
(19) is the most abundant and therefore most stable 
component, is formed in the pyrolyses of a number of 
(CH)8 hydrocarbons40'45,72 and has been investigated by 
Meier and co-workers.44'46'47 Five of the dihydro
pentalenes can readily and rapidly interconvert at low 
temperatures via 1,5-hydrogen shifts, but a sixth isomer, 
1,2-dihydropentalene (21), cannot be generated by this 
route. It is, however, sufficiently stable to be observed 
in the thermolysis of 4 and other (CH)8 hydrocarbons. 
Evidence from cyclooctatetraene (13) pyrolysis suggests 
its formation from other dihydropentalenes is not 
unimolecular but rather catalyzed. 

In the rearrangement of 4, all proposed intermediates 
(i.e., 15, 16, and 17) are known or plausibly argued to 
rearrange too rapidly to be observed under thermolysis 
conditions. The intermediacy of the bicyclo[3.3.0]-
octa-2,6-diene-4,8-diyl biradical (22, Scheme 4) was 
ruled out43 by the absence of 10 or 13 among the 
products. Lack of scrambling in appropriately D-Ia-
beled versions of 4 was argued to rule out a two-step 
formation of 15 via biradical 23 on the grounds that 
formation of 23 from 4 should be reversible. 

Kinetic studies have not been carried out but from 
the conditions of study we may estimate an activation 
energy of 38 (±3) kcaknol-1. This could make biradical 
23 energetically accessible, although uncertainties are 
large.48 Finally, it is worth noting that in the decom-
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SCHEME 5 SCHEME 7 

X y - O - B>: 

SCHEME 5 a 

SCHEME 6 

24 

concerted 

10 

22 

position of exo-tricyclo[3.2.1.02,4]oct-6-ene49 (Scheme 5), 
the analogous retro-Diels-Alder reaction does occur as 
a minor pathway. 

The pyrolyses of both tetracyclo[4.2.0.02'4.03'5]oct-7-
ene (5)50 and octavalene (tricyclo[5.1.0.02,8]octa-3,5-
triene) (ft)51 apparently both lead to cyclooctatetraene 
(13). 5 rearranges in the gas phase above temperatures 
of ca. 250 0C although in solution, while it is claimed 
to rearrange at 140 0C in chloronaphthalene, it does not 
do so in benzene for as long as 2 days. Catalysis is 
suspected in chloronaphthalene. 6 is much less stable 
and rearranges slowly at 80 0C (CDCl3 solution). It is 
not certain that this is a unimolecular pathway, as ca
talysis by traces of acid could not be ruled out. Possible 
mechanisms are included in Scheme 5a. 

For 5 the question is whether the bicyclo[1.1.0]butane 
or cyclobutene portion of the molecule rearranges more 
rapidly while for 6 the choice of pathways seems to lie 
between a direct concerted process and one involving 
the highly stabilized biradical 24. No kinetic data are 
available. 

The thermal rearrangement of tricyclo[3.3.0.02,6]-
octa-3,7-diene (7) occurs readily at room tempera
ture52"64 to give semibullvalene (10). Both reactant 
decay and product growth were observed in CCl4 solu
tion by NMR. Both concerted55'56 and two-step mech-
anisms10,54'57 have been proposed (Scheme 6). The 
latter involves the intermediacy of the bicyclo[3.3.0]-
octa-2,6-diene-4,8-diyl biradical (22). Although kinetic 
studies have not been carried out, Frey and Hopkins57 

have estimated the following Arrhenius equation (by 
comparison with tricyclo[3.3.0.02,6]oct-3-ene pyrolysis): 

log (k/s~l) = 14.0 - (22.8 kcal-mol-1)/RT In 10 (3) 

which corresponds to a lifetime of ca. 10 min for 7 at 

20 0C. From our estimated heat of formation of 7, this 
implies a transition-state energy of ca. 104 kcal-mol"1, 
about 9 kcal-mol"1 greater than that of 22,17 making the 
biradical 22 energetically accessible. Ih spite of the 
uncertainties of such estimates (probably ca. ±5 
kcal-mol"1), this strongly argues in favor of the two-step 
mechanism. The proposed concerted mechanisms, in
volving antarafacial components, look to involve ex
tremely difficult geometric contortions of 7. The most 
likely concerted mechanism would appear to involve a 
forbidden suprafacial 1,3-carbon shift across one of the 
ir-allylic components of 7. The fact that 7 does not 
rearrange to cyclooctatetraene (13) has been attributed 
to the forbidden character of the reaction,10,54 but it may 
equally be argued that biradical 22 collapses to semi
bullvalene (10) more readily than to 13 for reasons of 
strain. This point is taken further in the discussions 
of semibullvalene (10) and cyclooctatetraene (13) py
rolyses. 

The syn and anti dimers of cyclobutadiene were first 
synthesized in 1964 and thermolyzed in dichlorobenzene 
solution at 140 0C to give cyclooctatetraene (13).59 

Kinetic studies have been carried out by two groups,60'61 

and the decompositions show first-order behavior. Frey, 
Martin, and Hekman60 obtained the following Arrhenius 
equations: 

log (feW/s"1) = 
(14.01 ± 0.09) - (32.59 ± 0.17 kcal-mol"1)/RT In 10 

(4) 

log (feOVs"1) = 
(14.22 ± 0.09) - (30.49 ± 0.16 kcal-mol"1)/RT In 10 

(5) 

Very similar equations were obtained by Dewar et al.61 

9 decomposes faster than 8 undoubtedly because of the 
greater ground-state steric strain of the syn isomer. 
Both these reactions are forbidden (in the Woodward-
Hoffmann sense) and probably proceed via the inter
mediacy of bicyclo[4.2.0]octa-2,4,7-triene (12) (Scheme 
7). The formation of 12 itself involves a forbidden [ir2s 
+ o-2s] pathway but is probably concerted by analogy 
with the decomposition of bicyclo[2.2.0]hex-2-ene.62,63 

If a biradical were involved here, it would be difficult 
to distinguish it from an excited state of 12. Never
theless both a biradical and a triplet-state pathway have 
been discussed.60'61 

Semibullvalene (10), discovered by Zimmerman and 
Grunewald,64 is remarkable for the rapidity of its de
generate Cope rearrangement, which takes place at -150 
0C, with an activation energy 4.8 ± 0.2 kcal-mol-1 in 
CF2Cl2 solution65 (13C NMR: 5.24 ± 0.09 kcal-mol"1).6^ 
The degeneracy of the rearrangement is removed in the 
solid state, probably by intermolecular perturbations, 
although the rearrangement (exothermic direction) re-
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SCHEME 8 

mains essentially as fast as in solution.66'67 Numerous 
theoretical calculations68-71 show that this reaction is 
one of the archetypal concerted processes, although 
estimates of the activation energy vary considerably 
according to the quality (level) of the calculation. The 
best calculation, giving an activation energy of 5.7 
kcal-mol"1 (MNDO + CI), would appear to be that of 
Miller et al.70 The small size of the activation barrier 
continues to excite the possibility that, by suitable 
substitution, the transition-state bishomobenzene 
structure can be stabilized relative to the classical 
semibullvalene.70,71 This remains a challenge for ex
perimentalists. 

The high-temperature thermolysis of semibullvalene 
(10) appeared for a while controversial in that different 
groups claimed to observe different products.43,68'72 Two 
studies (250-300 0C) using flow pyrolysis (with NMR 
analysis of products) claimed cyclooctatetraene (13) was 
the sole product43'58 whereas another using a shock tube 
(470-630 0C) and UV monitoring suggested 1,5-di-
hydropentalene as the main product.72 This has been 
resolved in a quantitative study17 of the kinetics (static 
system, GC analysis) that showed unequivocally that 
13 was the only product in the temperature range 
200-360 0C. The reaction was found to be reversible, 
with equilibrium quantities of 10 lying in the range 
2-4% at temperatures of 270-360 0C. Both forward 
and reverse reactions were first order and the following 
Arrhenius equations were obtained: 

log (A(IO-laj/s"1) = 
(13.81 ± 0.08) - (39.82 ± 0.19 kcal-mol"1)/RT In 10 

(6) 

log (A;(13^10)/s-1) = 
(13.15 ± 0.08) - (42.19 ± 0.19 kcal-mol^/jfJT In 10 

(7) 

Other nonkinetic studies show interconversions of the 
tetramethyl- and octamethyl-substituted versions of 10 
and 13, with equilibrium lying more in favor of the 
semibullvalene.73'74 Both concerted (2s + 2a + 2a) and 
two-step mechanisms have been proposed, but our 
calculations17 show that the )iradical intermediate 22 
is energetically accessible and therefore likely to be 
involved (Scheme 8). 

Since the study of 7 showed that the probable in
termediate is also the biradical 22, clearly this must 
preferably close to 10 rather than open to 13. Thus 
central bond breaking in 22 is the rate-determining step 
in the interconversion of 10 to 13. The bicyclo[3.3.0]-
octa-2,6-diene-4,8-diyl biradical (22) plays a key role in 
several of the (CH)8 rearrangements. From the various 
kinetic studies reviewed here together with thermo-
chemical estimates a selected portion of the energy 
surface may be constructed as shown in Figure 2. 
Further discussion of the involvement of 22 is given 
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Figure 2. Energy surface of selected (CH)8 hydrocarbons. En
ergies in kcal-mor1. See text for details. 
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later in the section on the pyrolysis of cyclooctatetraene 
(13). It is worth mentioning, however, that 22 is a 
rather unusual biradical in that it is in part delocalized 
but geometric constraints force the two allylic fragments 
together. Its energy is estimated17 in the usual way by 
assuming no significant interaction between radical 
centers. In this sense it corresponds to an excited state 
of bishomobenzene in which the wave function has a 
nodal plane parallel to and encompassing the bridge
head C-C bond. 

The pyrolysis of barrelene (bicyclo[2.2.2]octa-2,5,7-
triene (H)) has been studied between 210 and 250 0C.16 

The products are benzene and acetylene in equal 
amounts. The kinetics v re first order and the reaction 
is homogeneous and ununolecular. The rate constants 
fit the Arrhenius equation 

log (Vs-1) = 
(14.27 ± 0.18) - (41.71 ± 0.41 foal-mol"1)/^ In 10 

(8) 

These Arrhenius parameters are consistent with a 
concerted retro-Diels-Alder process. Thermochemical 
estimates rule out the involvement of biradicals 24a and 
25 (Scheme 9). 

Bicyclo[4.2.0]octa-2,4,7-triene (12) is a valence tau-
tomer of cyclooctatetraene (13) and is in rapid equi
librium with it at room temperature. By an indirect 
trapping method, Huisgen75 estimated that roughly 
0.01% of 12 was present in 13 at 100 0C. More recently, 
the equilibrium has been studied directly between 400 
and 700 0C by freezing the mixture from the gas phase 
onto a cold surface and analyzing by NMR at -40 0C.18 

The thermodynamic parameters of this equilibrium 
were measured,18 and we have used the AH° to obtain 
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AH ° for 12 (see section on heats of formation). Kinetic 
studies of the reaction 12 -* 13 were carried out in 
solution by Vogel et al.75a between -20 and 0 0C using 
NMR. These gave the Arrhenius equation 

log (k/s-1) = 
(11.96 ± 0.66) - (18.7 ± 0.8 kcal-mol-1)/AT In 10 

(9) 

Combination of this equation with the thermodynamic 
data allows us to calculate the Arrhenius equation for 
13 — 12: 

log (k/s-1) = 11.02 - (24.2 kcal-mol-1)/AT In 10 
(10) 

This reaction (Scheme 10) undoubtedly is an allowed 
(2s + 2s + 2s) concerted electrocyclic reaction. The A 
factors of eq 9 and 10 look slightly low compared with 
those of the semibullvalene (10) ^ cyclooctatetraene 
(13) equilibrium,17 in spite of mechanistic differences. 
The interconversion activation energies for 12 and 13 
should probably be ca. 2 kcal-mol""1 higher than those 
of eq 9 and 10. 

Of all the (CH)8 hydrocarbons cyclooctatetraene (13) 
justifiably lays claim to being both the most versatile 
and the most fascinating. Already known for nearly 80 
years,76 the processes of its thermal behavior are still 
in the process of clarification. Three temperature re
gimes may be used to delineate its behavior. At low 
temperatures (<100 0C) the processes of ring inversion 
and bond switching occur. These are discussed by 
Gajewski10 and the discussion is not repeated in detail 
here. The ring-inversion process occurs through a 
planar transition state with an activation in the range 
12-15 kcal-mol"1. Ab initio calculations predict a value 
of 17.8 kcal-mol"1.77 The bond-switching process also 
occurs via a planar intermediate, although its rate ap
pears to be slightly slower. Recent measurements of 
the kinetics by dynamic NMR line-shape analysis in 
nematic-phase solvents78 using a spectral line-shape 
simulation technique gave the Arrhenius equation 

log (k/s-1) = 10.85 - (10.62 kcal-morV.RT In 10 
(H) 

The A factor of this process is low in terms of transi
tion-state theory but may be affected by either solvent 
effects or heavy-atom tunneling. The activation energy 
is probably lower than the classical barrier. Substitu-
ents considerably raise the barrier to bond switching.10 

The reversible valence isomerization to bicyclo[4.2.0]-
octa-2,4,7-triene (12), already discussed, is a further 
low-temperature process. 

The medium-temperature regime may be classified 
as 100-400 0C. In this region the reversible valence 
isomerization to semibullvalene (10), already described, 
takes place. Also operative in this region is another 
degenerate rearrangement leading to carbon scrambling 
in the cyclooctatetraene ring. This process has been 
elucidated by Paquette et al.79 and is again described 
in some detail by Gajewski.10 The available evidence 
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Figure 3. Energy surface of selected (CH)8 hydrocarbons. En
ergies in kcal-mol"1. See text for details. 

SCHEME 11 

O = CB=O^ 
13 12 14 

(methyl-shift processes) points to the involvement of 
tetracyclo[4.2.0.02'8.05-7]octene (14), a (CH)8 isomer that 
although often discussed37 has not thus far been iso
lated. Its formation comes about from intramolecular 
Diels-Alder cycloaddition from bicyclo[4.2.0]octa-
2,4,7-triene (12) (Scheme 11). 

The kinetics of this process have not be investigated 
but from the flow system conditions used by Paquette, 
Gajewski10 estimated AG* in the range 42-47 kcal-mol-1. 
From the likely tight transition state for formation of 
14 from 13, we may estimate an A factor of 1011-6 s"1 and 
an activation energy of 37 ± 3 kcal-mol"1. From this 
value and others already mentioned, together with 
thermochemical estimates from Table 1, another por
tion of the energy surface may be constructed as shown 
in Figure 3. It is clear from the figure that 14 is ex
tremely kinetically unstable, with an activation energy 
of only ca. 13 kcal-mol"1 toward decomposition. Evi
dently a successful synthesis will require very low tem
peratures. 

The high-temperature regime for cyclooctatetraene 
(13) pyrolysis may be classified as temperatures in ex
cess of 400 0C. Of course, the low- and medium-tem
perature studies imply that at high temperatures 
equilibrium amounts of 12 and 10 will necessarily be 
present in 13. In practice, these are so small that ef
fectively the bulk reactant is mainly 13 (>96%). Flow 
pyrolyses (with GC detection of products)72'80,81 reveal 
the presence of acetylene, benzene, 1,5-dihydro-
pentalene (19), and styrene at temperatures below 750 
0C and further (mainly aromatic) products at even 
higher temperatures. A shock tube kinetic study72 be
tween 1000 and 1400 K with IR and UV analysis of 
products suggested two independent, unimolecular 
pathways (Scheme 12). Arrhenius equations (12) and 
(13) were obtained for these processes: 

log (fea/s"1) = 12.6 - (45.9 kcal-mol"1)/RT In 10 (12) 

log (fcb/s"1) = 13.8 - (53.5 kcal-mol"1)/RT In 10 (13) 
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Both these rate constants are acknowledged to be 
pressure dependent and therefore in the fall-off region 
of unimolecular behavior. 

In a more recent study45'82 we have confirmed, using 
static bulb pyrolysis (free from fall-off effects) with GC 
analysis, that two unimolecular pathways exist and 
made a more detailed kinetic analysis as shown in 
Scheme 13. The dihydropentalene pathway (la) pro
duces both 1,5-dihydropentalene (19) and 1,4-dihydro-
pentalene (18) as primary products. The ratio is similar 
to that found in the pyrolyses of 4 and 1 and consistent 
with the equilibrium study of Meier.46,47 Pathway lb 
produces benzene and acetylene initially but as time 
elapses styrene and 1,2-dihydropentalene are also 
formed. These products all accumulate at the expense 
of 19 and 18, suggesting an effective channel 2. Kinetic 
analysis in the temperature range 320-410 0C of the 
initial rates obtained by extrapolation gave the following 
Arrhenius equations: 

log (fela/s~x) = 
(14.16 ± 0.08) - (54.32 ± 0.25 bcel'mct1)/RT In 10 

(14) 

log (fcib/s"1) = 
(15.51 ± 0.26) - (59.87 ± 0.78 kcal-mol-^/flTln 10 

(15) 

The data were not consistent with a unimolecular re
action for pathway 2 and suggested instead a surface-
catalyzed mechanism. 

The detailed mechanisms of steps la and lb, as or
iginally proposed by Jones and Schwab,81 are almost 
certainly those in Scheme 14. Biradical intermediates 
22 and 24a are both energetically accessible.45 In fact, 
for pathway a the surprise is that the rate-limiting 
barrier is some 30 (±4) kcal-mol"1 higher than 22. From 
the lower temperature interconversion of 13 and 10 this 
barrier must be associated with the 1,2-hydrogen shift 
from 22 leading to 1,8-dihydropentalene (17). As has 
been pointed out before,43 this is an astonishingly high 

Figure 4. Energy surface of selected (CH)8 hydrocarbons. En
ergies in kcal-mol"1. See text for details. 
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barrier for such a process, which has a magnitude of 
only a few kcal-mol"1 in the prototype 1,3-trimethylene 
biradical. Probably this hydrogen shift is made difficult 
both by the rigidity of the molecular frame and by the 
double allylic character of the biradical. Parts of the 
relevant energy surface are shown in Figure 2. 

For pathway lb, 24a is an obvious intermediate and 
is close in energy to the rate-limiting barrier, which is 
probably the C-C bond-breaking step from 12. An 
alternative mechanism could be via 14, biradical 25, and 
barrelene (11) (Scheme 15). Although energetically 
possible,45 the high observed A factor for reaction lb 
is more consistent with the original proposal than this 
mechanism. This part of the rearrangement energy 
surface for cyclooctatetraene (13) and related (CH)8 

isomers is shown in Figure 4, an extension of Figure 3. 
The mechanism of formation of styrene and 1,2-di

hydropentalene, while apparently surface catalyzed in 
static bulb experiments, may nevertheless have con
tributing unimolecular pathways at higher tempera
tures. Both products appear to be secondary in nature 
starting from cyclooctatetraene and therefore are 
probably only formed from the other dihydro-
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Figure 5. Energy surface of selected (CH)8 hydrocarbons. En
ergies in kcal-mor1. Diradical intermediates are omitted. See 
text for details. 
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pentalenes. 1,5-Dihydropentalene is thought to rear
range mainly to styrene.72 A shock tube kinetic study 
using UV monitoring gave the Arrhenius equation 

log (k/s-1) = 
(13.1 ± 0.3) - (57.8 ± 2 kcal-mol-V-RTln 10 (16) 

A possible mechanism would be Scheme 16. In this 
process the rapid 1,5-hydrogen shifts equilibrating the 
dihydropentalenes mean that any accessible route from 
one of them will deplete them all. In this case 1,7-di-
hydropentalene (26) can rearrange readily and almost 
certainly reversibly to 6-vinylfulvene (27), which can 
then form styrene by aromatization of the fulvene 
moiety. The possible unimolecular mechanism of in
volvement of 1,2-dihydropentalene (21) remains ob
scure. 

A final potential energy surface that emphasizes the 
key role of cyclooctatetraene (13) as product of the 
rearrangements of 1, 3, 9, 10, and 12 is shown in Figure 
5. In order to simplify this surface biradical interme-

S 

7 

13 

diates are omitted. This surface helps explain the 
substantial vibrational energy release that occurs when 
the energy-rich molecules cubane (1) and cuneane (3) 
decompose. 

3. Vibrational Energy Release and RRKM Calculations 

There are relatively few known examples of poly
atomic molecule thermolyses resulting in sufficient 
vibrational energy release to cause further chemical 
reactions.83-85 

Because of their high strain energies two members of 
the (CH)8 family, cubane (1) and cuneane (2), offer good 
examples of this phenomenon. In the studies of 1 and 
3 carried out in our laboratories38,40 and discussed in the 
previous section, conditions for investigation of this 
phenomenon were particularly favorable. Over the 
practically accessible pressure range (a few Torr up to 
nearly 1 atm), the competition between collisional sta
bilization and further reaction of vibrationally excited 
products (hot molecules) was balanced in such a way 
that interception of anywhere between ca. 0 and 90% 
of hot molecules could be achieved. Thus these systems 
yield rate constants for reaction of vibrationally excited 
molecules over quite a wide pressure range and offer 
excellent possibilities of tests of the theory of unimo
lecular reactions. We have carried out such tests.86 

Only an outline of the results can be given in the limited 
space of this review. It turns out that, because of the 
number of parameters required in such calculations, the 
theory itself has to be assumed and the calculations 
have to be limited to verification of some of the pa
rameters. Nevertheless, useful information has been 
obtained. 

Details of the application of RRKM theory to the 
calculation of rate constants for "chemically activated" 
molecules using multistep collisional deactivation 
models can be found in Holbrook and Robinson87 as 
well as other texts. In outline, the stages involved are 
(i) the estimation of the energy, E(initial), or energy 
distribution of the vibrationally excited species (this can 
be obtained from the potential energy surface); (ii) the 
construction of transition-state models for each decom
position pathway of the vibrationally excited species 
(consistent with measured Arrhenius parameters); and 
(iii) the calculations of k{E), the energy-specific rate 
constant, and of f{E), the steady-state fractional pop
ulation energy distribution, at each particular pressure 
(or collision frequency) (this depends on the choice of 
collisional deactivation model and in particular on the 
average energy removed in a down collision, (AE)& the 
rate constant at each pressure, k*, is then obtained as 
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the sum J^k(E) f (E) over the effective energy range). 
Our findings were as follows: 
Cubane (1) System. The decomposition mechanism 

may be represented by a simplified version of Scheme 
1, viz., Scheme 16a. The vibrationally excited molecule 
is cyclooctatetraene (13). Its initial energy distribution 
was first estimated for the potential energy surface in 
Figure 5 (and a knowledge of thermal energies) by as
suming no losses occurred en route via collisions at 
intermediate stages, 9 and 12. This gave a minimum 
^(initial) of 122 kcal-mol"1 and a maximum population 
of 13* at ca. 130 kcal-mol"1 above the ground state. 
These energies are well above the barriers for reaction 
via pathways la and lb. Transition-state models were 
based on measured Arrhenius parameters.40,45 The 
vibrational assignments of the activated complexes for 
both pathways were made in the usual way by suitable 
modification of ground-state vibrational wavenumbers 
after allowance for path degeneracy. No rotational or 
centrifugal effects were incorporated since geometry 
changes in the transition states were thought unlikely 
to affect moments of inertia significantly. The RRKM 
calculations based on these parameters proved unsat
isfactory in that to obtain some kind of a fit required 
a collisional deactivation model with (AE)d ^ 4000 cm-1 

for C-C4F8 as bath gas and (AE)d ~ 2000 cm"1 for N2 

as bath gas (C-C4F8 and N2 were chosen for these ex
periments as representative "strong" and "weak" col
lision partners). Although our knowledge of collisional 
deactivation efficiencies is far from complete, current 
evidence from experiments on molecular systems sim
ilar to those described here88-90 suggests values for 
(AE)d of ca. 1000 (±500) cm"1 for C-C4F8 and ca. 250 
(±100) cm-1 for N2. With these values (and a stepladder 
deactivation model) reasonable fits were obtained by 
adjustment of the initial energy distribution minimum 
OE(initial)) to ca. 105 kcal-mol"1 for C-C4F8 bath gas and 
ca. 99 kcal-mol"1 for N2 bath gas. It is doubtful whether 
the differences in E'(initial) are significant. This implies 
that the reacting cyclooctatetraene (13) molecules 
possess 20 ± 3 kcal-mol-1 less energy than the maximum 
available. This points to the likelihood of losses in 
energy prior to the formation of 13*. There is some 
evidence from higher than expected yields of 13 at 
higher pressures that collisional stabilization of vibra
tionally excited 9 occurs to a small extent. This in
terpretation assumes that no other source of error ex
ists. Another possibility could have been the Arrhenius 
parameters (and dependent transition-state models) for 
decomposition of 13. However, other evidence86 sup
ports the measured Arrhenius parameters.45 The cal
culations agree well with the observed product channel 
ratio, klh*/ku* = 3.5 ± 1.0 for both bath gases, virtually 
over the whole pressure range. This ratio was found to 
be a sensitive function of thermal A factors, requiring 
a value for A l b /A l a of ca. 10L1 (cf. observed value 
1013±0-3). This is all the more striking in that under 
thermal decomposition conditions45 the ratio kih/ku = 
0.33. In other words, the RRKM calculations predict 
the interchange of major and minor products in going 
from thermal to chemical activation conditions. An
other feature of these calculations is that they also 
predict the low-pressure "turn-up" phenomenon,87 

characteristic of weak collisional deactivation (as ob
served). 
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Finally, it was shown that the same transition-state 
models reproduced quite well the unimolecular fall-off 
observed by Dudek et al.72 in their shock tube study of 
the decomposition of cyclooctatetraene (13). 

Cuneane (3) System. The decomposition mechanism 
may be represented by a modified version of Scheme 
2, viz., Scheme 17. The initially formed vibrationally 
excited molecule is semibullvalene (10). Its initial en
ergy distribution was estimated from the potential en
ergy surface in Figure 5 to be at least 74 kcal-mol-1. 
Allowance for the thermal distribution of energies above 
this gave a maximum population of 10* at ca. 80 
kcal-mol"1 above the ground state. This energy is well 
above the barrier for isomerization to cyclooctatetraene 
(13). The transition-state model was based on mea
sured Arrhenius parameters.38 As with the RRKM 
modeling of cyclooctatetraene decomposition, the ac
tivated complex was assigned by modification of vi
brational wavenumbers (which themselves had to be 
estimated for ground-state 10) with allowance for path 
degeneracy. The first calculations were based on irre
versible isomerization of 10* to 13* via step 2. The 
RRKM calculations, again performed in combination 
with a weak collisional (stepladder) deactivation model, 
gave an approximate fit to the data with (AE) ^ = 750 
cm"1 for C-C4F8 as bath gas and (AE) d = 310 cm"1 for 
N2 as bath gas. These values, as already indicated, are 
reasonable and suggest that unlike cyclooctatetraene 
(13*) formed from cubane (1) the semibullvalene (10*) 
formed from cuneane (3) has the expected energy con
tent. This is consistent with its formation as the first 
product of cuneane (3) isomerization. The good fit to 
the data also suggests that the activated complex as
signment (and therefore the thermal Arrhenius param
eters) are reasonable. 

One feature, however, was poorly fitted, and that was 
the nonzero (ca. 17-18%) yield of semibullvalene (10) 
at low pressures. In order to match this, reaction 2 was 
made reversible (i.e., step -2 was introduced). k.2* was 
arbitrarily adjusted and the best fit was obtained with 
k-2*/k2* ca. 0.2. Independent RRKM calculations on 
step -2 showed that in the energy range of reacting 
molecules the expected value for fe_2*/fc2* - 0.10. This 
value, while not in perfect agreement with the best fit 
to experiments, nevertheless offers reasonable evidence 
in support of the closeness of 10 and 13 in ground-state 
energy. This to our knowledge is the first example of 
a collisionally quenched reversible reaction. The ob
served ratio of rate constants represents a frozen 
'"equilibrium" at that energy above the isomerization 
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barrier from which the final effective deactivating step 
takes place. It is a measure of the ratio of state densities 
at this energy. Finally, it is worth noting that the excess 
energies involved in forming 13* from cuneane (3) are 
insufficient to cause reaction to dihydropentalenes (step 
la) or benzene and acetylene (step lb). Interestingly, 
when cyclooctatetraene (13*) was formed from cubane 
(1), very small amounts of semibullvalene (10) were 
detected.45 It was difficult in that case, however, to 
distinguish between thermal and chemically activated 
sources, since temperatures are high enough to convert 
10 to 13 fairly rapidly. 

B. Photochemistry 

Our knowledge of the photochemistry of (CH)8 hy
drocarbons is still at a fairly primitive stage. Thus while 
a good deal of information is available on photopro-
ducts, very little is known about the excited states in
volved, quantum yields, and pressure or wavelength 
dependences. A lot of early work was carried out in 
solution using broad-band mercury arc sources. Much 
of the available information was reviewed by Scott and 
Jones7 in 1972, who noted many similarities between 
pyrolysis and photolysis products. This has led to the 
idea that, at least in direct (as opposed to sensitized) 
photolyses, vibrationally excited ground-state molecules 
may be responsible for much of the observed behavior.91 

There are, however, notable examples of different 
products in some sensitized photolyses,92,93 leading to 
suggestions of triplet-state involvement. Orbital sym
metry arguments have been used also with considerable 
effect, notably by Zimmerman's group, to explain ob
served patterns of behavior. While the emphasis in this 
review is on more recent work, earlier studies are dis
cussed where necessary. For interpretational purposes 
we can take advantage of the energy surfaces (Figures 
2-5) that have become available largely as a result of 
thermal studies (see previous section). Once again, as 
with thermal rearrangements, cycloctatetraene (13) is 
a ubiquitous product. 

The direct photolysis of tetracyclo[3.3.0.02'4.03'6]oct-
7-ene (4) in solution (254 nm, room temperature)94 leads 
to 13 and benzene (presumably with accompanying 
acetylene). D-Labeling studies show that benzene 
formation involves partial but by no means complete 
scrambling of deuterium. The suggested mechanism 
is shown in Scheme 18. 

The partial reversibility of the conversion of 12 and 
13 explains the isotopic labeling result, although it could 
arise through secondary photolysis of 13. Another in
termediate, not considered by the authors, that would 
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explain this result is tetracyclo[4.2.0.02'8.05,7]oct-3-ene 
(14). 

The acetone-sensitized photolysis of 4 in solution (300 
nm, room temperature)94 as well as producing 13 and 
benzene forms in addition some semibullvalene (10). 
This is explained by the mechanism in Scheme 19, 
which accounts for the observed pattern of D-labeling 
in 10 when starting from specifically labeled 4-d. This 
mechanism is an example of the di-7r-methane rear
rangement,95 in which the triplet-state biradical 28, 
prevented by reason of spin conservation from forming 
12 directly, rearranges to biradical 29, which survives 
long enough to permit intersystem crossing and collapse 
to 10. 

The solution photolysis of 5 has been only briefly 
studied.50 Full mercury arc photolysis through quartz 
yielded cyclooctatetraene (13). Irradiation through 
Pyrex yielded no useful results. The mechanism of 
Scheme 20 is suspected, but trapping experiments failed 
to provide evidence for 6. 

Because of the facile thermal rearrangement of tri-
cyclo[3.3.0.02'6]octa-3,7-diene (7) to semibullvalene (10), 
photochemical experiments have to be carried out at 
-60 0C. At this temperature, Meinwald and Tsuruta95" 
photolyzed 7 in various solutions (full Hg arc, Vycor 
filter) to give 13 and 10 in an approximate 2:1 ratio after 
correction for impurity 10 present in the reactant 
mixture. Blank experiments showed no conversion of 
10 to 13 under the conditions of the experiments. 
Purely photochemical pathways for these rearrange
ments would be (i) for formation of 10 a concerted su-
prafacial [l,3]-sigmatropic shift and (ii) for formation 
of 13 a retro-[7r2s + ir2s] process giving cis,trans,cis,-
iraMS-cyclooctatetraene, which, if it can exist at all, is 
likely to revert very rapidly to 13. An alternative 
mechanism involves the intermediacy of the bicyclo-
[3.3.0]octa-2,6-diene-4,8-diyl biradical (22), which, if 
formed, must be sufficiently excited to surmount the 
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substantial barrier (ca. 20 kcal-mol"1) to formation of 
13 compared with that (<10 kcal-mol-1) for formation 
of 10 (see Figure 2). These are summarized in Scheme 
21. The correct mechanism is not known. 

Despite the close proximity of the w bonds in syn-
tricyclo[4.2.0.02'5]octa-3,7-diene (9), attempts to effect 
the [2s + 2s] ring-closure reaction to cubane (1) have 
not been successful. 9 is essentially inert under pho
tochemical conditions. This has been attributed to the 
mixing effect of high-lying a- orbitals with the ir orbitals, 
which would be potentially involved in the reaction. 
Other possible factors could be the high strain energy 
of 1 and the through-space bond separation.96 The [2s 
+ 2s] ring closure of a semibullvalene to a cuneane has 
been achieved for the octamethyl derivative.74 Although 
it has not been reported in the unsubstituted case, we 
have recently obtained evidence for the photochemical 
production of 3 from 10.82,97 In solution the only re
ported product of semibullvalene (10) photolysis64,92 

(full arc, quartz tube, acetone solution, room tempera
ture) is cyclooctatetraene (13). A similar result was 
obtained in the 1,3,5,7-tetramethyl-substituted case.73 

The direct photolysis of barrelene (11) (full arc, 
quartz tube, methylcyclohexane solution, room tem
perature) gives only cyclooctatetraene (13).92 The 
acetone-sensitized photolysis leads to semibullvalene 
(10) as well as 13, with the ratio 10/13 ca. 18. This 
experiment of Zimmerman et al.92 was the discovery of 
semibullvalene (10) (the remarkable thermal behavior 
of which is discussed in the previous section). The 
mechanism of this rearrangement, which was elucidated 
by deuterium-labeling studies represents a classic ex
ample of the di-x-methane rearrangement95 as shown 
in Scheme 22. 

Independent synthesis of biradical 25 via sensitized 
photolysis of an azo precursor93 shows that in the triplet 
state 25 proceeds uniquely to 10. The triplet of 25 
cannot revert directly to 11 nor can it ring close to give 
14 and therefore biradical 29 is formed, which can live 
long enough to spin invert and give 10. Energy surface 
calculations support this description. The same bi
radical 29 is implicated in the photolysis of 4, already 
discussed. The direct photolysis of barrelene (Scheme 
23) probably involves [2s + 2s] cycloaddition to give 
tetracyclo[4.2.0.02>8.05-7]oct-3-ene (14), which thermally 
rearranges to 13 via 12 (see Figure 3). 

Bicyclo[4.2.0]octa-2,4,7-triene (12), a potential in
termediate in several (CH)8 photochemical systems, is 
thermally unstable (see previous section) and therefore 
has to be studied at low temperatures. Photolysis at 
-65 0C (full arc, Vycor filter, solution with acetone 
sensitizer) gives only benzene and acetylene73 (no sem
ibullvalene (10) or cyclooctatetraene (13)). This is 
formally a [2s + 2s] cycloreversion, but no information 

SCHEME 24 

12 * 

// 

exists as to whether singlet or triplet states are involved 
or whether the reaction is concerted. The nonobser-
vation of 13, however, argues against the involvement 
of a vibrationally excited ground state from which 
formation of 13 should be overwhelmingly favored. 

As with its thermal chemistry, cyclooctatetraene (13) 
offers a potentially rich photochemistry. Early work 
identified benzene, acetylene, and styrene as products 
in the gas phase, in solution, and also in a frozen ma
trix.7 Solution photolysis73 (both sensitized and direct, 
Vycor filter) gives in addition semibullvalene (10). At 
185 nm, 4 and l,3,5-octatrien-7-yne were detected.98 

Recent gas-phase studies by Dudek et al.91 (247-312 
nm) yield also 1,5-dihydropentalene (19) while in our 
own work (285-336 nm) we find additionally other di-
hydropentalenes, 18 and 21, and also cuneane (3).82,97 

The study by Dudek et al.91 is the most comprehen
sive so far, reporting both steady-state and flash pho
tolysis measurements. In the steady-state photolysis 
at 264 nm, the pressure dependence of cyclo
octatetraene (13) disappearance suggests a zero-pressure 
quantum yield, ^13, close to unity. Increasing pressure 
reduces $13, which leads the authors to propose a vi
brationally excited 13 as the key product-forming in
termediate. Further measurements of pressure depen
dences of product ratios suggest (i) a constant ratio of 
benzene to C8H8 isomers and (ii) a pressure-dependent 
ratio [10]/[19], with 10 increasing with pressure at the 
expense of 19. These results are interpreted by the 
mechanism of Scheme 24. 

This interpretation is backed up by RRKM calcula
tions of k (E) for 13* at the several wavelengths used, 
which match experimental values obtained from 
Stern-Volmer quenching plots (with reasonably as
sumed collision numbers and efficiencies) and also agree 
with the flash photolysis results. The nature of X is 
discussed and the authors suggest biradical 22 as an 
attractive possibility. It is reasonably argued91 that in 
condensed phases at sufficiently low temperatures 12 
should be stabilized, so that its thermal reversion to 13 
is prevented. This is as observed previously.7,99'100 It 
is also argued that 10 will be stabilized in solution, as 
observed,73 because of pressure quenching of X*. 
Pressure quenching at high temperatures in the gas 
phase and at long wavelengths (X > 300 nm) has been 
exploited to provide a practical synthesis of semi
bullvalene (10).101 The mechanism of Scheme 24 is 
further backed by photochemical studies of 1,5-di
hydropentalene (19).91 
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Figure 6. Observed photochemical processes for (CH)8 hydrocarbons. See text for details. 
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This mechanism offers an answer to the question 
posed by Scott and Jones:7 How is it that the products 
of photolysis so closely match those of pyrolysis? The 
answer offered by Dudek et al.91 is because vibrationally 
excited ground-state species are the key intermediates. 
Our own studies,97 partially published,82 offer a similar 
answer, although the results differ in some respects. 
The main difference, arising from the use of gas chro
matography rather than UV absorption for product 
analysis, is that we find pressure quenching of benzene 
formation, so that at high pressures, semibullvalene (10) 
becomes the completely dominant product at the ex
pense of all the others. This leads us to Scheme 25. 

This mechanism is completely consistent with the 
energy surface of Figure 5. At the photon energies, at 
low pressures, energized cyclooctatetraene (13), in 
steady state with both 10* and 12*, can surmount 
barriers leading to benzene and acetylene, dihydro
pentalenes 18, 19, and 21, and cuneane (3). As pressure 
increases and partial collisional quenching occurs, only 
the lower barriers can be traversed, namely those to 10* 
and 12*, which are themselves quenched. Semi
bullvalene (10) is, of course, stable, but bicyclo[4.2.0]-
octa-2,4,7-triene (12) reverts thermally (at room tem
perature) to cyclooctatetraene (13). This mechanism, 
although satisfactory, still leaves open the possibility 
of other contributing pathways. It seems likely that 
vibrationally excited ground states will be largely 
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quenched in solution. In agreement with this, quantum 
yields are found to be low in solution.98 Zimmerman 
et al.73 propose a triplet contribution to formation of 
10 and also the possible involvement of a trans,cis,-
cis,cis-cyclooctatetraene intermediate.73'102 At 185 and 
254 nm in solution, although the main product is 
benzene, 4 is also formed, possibly via the intermediary 
of 12. However, temperature dependences of product 
yields differ at the two wavelengths, suggesting a more 
complex explanation. Photolysis of 13 in a molecular 
beam at 193 nm produces benzene and acetylene with 
the release of 12% of the available energy as kinetic.103 

The authors suggest that internal conversion precedes 
dissociation, with the rate limited by the former. 
Further interpretation of this result is hampered by lack 
of knowledge of other products and pathways at this 
wavelength. A similar study of styrene photochemistry 
was also carried out,103 which also implicated the for
mation of 12 as an intermediate prior to dissociation 
to benzene and acetylene. 

A summary of observed photochemical processes for 
(CH)8 molecules that attempts to distinguish between 
singlet (which includes ground-state vibrationally ex
cited) and triplet pathways is shown in Figure 6. 

C. Catalytic Behavior 

Transition-metal compounds are powerful catalysts 
for several valence isomerizations of strained members 
of the (CH)8 family. In the presence of catalytic 
amounts of rhodium (I) complexes, cubane (1) isomer-
izes to syrc-tricyclooctadiene (9). Kinetic measurements 
at 40 0C using NMR to follow the reactions yielded a 
mixed second-order rate law (first order in [catalyst] 
and in [I]). The most likely mechanism for the valence 
isomerization is via the nonconcerted oxidative addi
tion104 shown in Scheme 26. 

By contrast, Ag(I) or Pd(II) catalytically convert cu
bane (1) quantitatively into cuneane (3).105 The 
mechanistic route for Ag(I) is probably electrophilic. 
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Figure 7. Catalyzed rearrangements of (CH)8 hydrocarbons. 
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The isomerization is then the consequence of attack of 
Ag(I) on one of the strained bonds followed by rear
rangement of the cage carbenium ion106 (Scheme 27). 

Cuneane (3) is isomerized to semibullvalene (10) by 
Rh(I) in an analogous manner to the 1 -* 9 rearrange
ment.105 Tetracyclooctene 5 is converted to cyclo-
octatetraene (13) by Ag(I), whereas other transition 
metals produced no useful products (in some cases no 
reaction).50 anti-Tricyclooctadiene (8) is also converted 
to cyclooctatetraene (13) in the presence of silver 
fluoroborate with a half-life of 5 min at 56 0C.107 These 
catalyzed rearrangements are summarized in Figure 7. 

III. Electronic and Spectroscopic Properties of 
(CH)8 Hydrocarbons 

A. Ultraviolet Photoelectron Spectroscopy 
(UPES) 

The interaction of nonconjugated 7r-electron systems 
has attracted great theoretical and experimental in
terest. Hoffmann108 introduced the concepts of 
"through-space" and "through-bond" interaction be
tween pairs of semilocalized orbitals $ a and $b. A direct 
measure of this interaction is the difference in the 
ionization energies of the interacting orbitals <£>a and €>b 

relative to the ionization energies of a proper reference 
molecule that contains isolated, noninteracting orbitals 
of the type <f>a and 4>b.

109 It is obvious that all (CH)8 

molecules 1-13 shown in Figure 1 should display in
teresting UPE spectra, the characteristic features of 
which arise from a subtle interplay of the aforemen
tioned intramolecular interactions. 

1. Cubane (1) 

Cubane (1), in comparison with its isomer cuneane 
(3), offers an interesting example of a highly strained 
compound that is not as easily oxidized as its count
erpart (3) notwithstanding the fact that 1 possesses the 
higher ground-state energy.110-112 Since the electron is 
removed from the highest occupied molecular orbital 
(HOMO), it is necessary to determine both the energy 

-3 3E r=- l ,94 ^0,25 A =-0.21 

V^\ V ^ \J 
-2.5 t-0 9 

Figure 8. Cross-terms between localized STO-3G orbitals of 
cubane (I).115 For comparison the values for simple hydrocarbons 
are also given. These matrix elements (in eV) have been obtained 
from an STO-3G model. 

TABLE 2. Ionization and Orbital Energies (eV) of Cubane (1) 
orbital 

3t2s 

lt2u 
lei 
3tiu 
2a2u 

3alg 

2t2| 

2tlu 

J.m 115 

9.0-9.1 
9.5-9.6 
9.8-9.9 

13.75 

14.2-14.3 
15.60-15.66 

17.6 
18.5 
22.1 

T 114 

8.74 

13.62 

15.34 
(16.87) 
(17.26) 

_ , MINDO/3 115 

9.21 

9.57 
14.36 
13.25 
15.89 
17.44 
20.00 
28.71 

SCF116 

9.74 

9.74 
14.74 
15.41 
17.30 
19.11 
20.56 
25.86 

SCF-Xa117 

10.2 

10.8 
14.9 
15.4 
16.5 
18.5 
19.9 
22.7 

and the shape of the valence orbitals of 1 and 3. 
The UPE spectrum of cubane (1) was first recorded 

by using a retarding-potential grid-type spectrome
ter.113114 Later high-resolution He(Ia) and He(IIa) PE 
spectra of cubane were measured.115 The high sym
metry (O/j) and strain of this molecule have remarkable 
consequences for the arrangement of the highest occu
pied molecular orbitals and therefore for the PE bands 
in the spectrum. The positions of the band maxima 
(Ij"1) are collected in Table 2. 

Ionization energies were computed both by using 
Koopmans' theorem and by performing SCF calcula
tions on the positive ion states (ASCF). They are in
cluded in Table 2. The 28 occupied molecular orbitals 
of cubane span the following irreducible representations 
of the group (Oh): 

r = 3A11, + 2A2n + IE , + 3T1n + 3T21, + I T Mg Iu 
L2g L2u (17) 

The spectrum shows a first band system in the range 
8.5-10.5 eV. Since the two radical cation states 2T2* and 
2T2u are involved, the resulting Jahn-Teller instability 
leads to complicated band envelopes. The three max
ima at 9.1, 9.55, and 9.9 eV cannot therefore be assigned 
to these two states in a simple way. 

The second band system from 13.5 to 15.0 eV is again 
composed of two states, 2Eg and 2T1n. The vibrational 
fine structure of the first component of this composite 
band is remarkable. At 15.5 eV the spectrum displays 
a fine-structured band that is due to the fifth state, 2A211. 

A convenient interpretation of the electronic structure 
is obtained by localization procedures.115'117 The in
fluence of strain on the sequence of the molecular or
bitals becomes evident if the particular role of the 
cross-terms between localized STO-3G orbitals is in
vestigated. These cross-terms are displayed in Figure 
8. The most important feature of the cubane system 
is the B interaction term, which increases in absolute 
size with decreasing bond angle, and especially the very 
large 1,3-interaction matrix element T = -1.94 eV. The 
dramatic influence of this 1,3-interaction can be noticed 
if it is introduced as a perturbation. This is shown in 
Figure 9. The surprisingly large gap between the t^/t^u 
levels on the one hand and the eg/t lu levels on the other 
hand is satisfactorily accounted for by this EBO model. 
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Figure 9. An equivalent bond orbital (EBO) model of cubane 
showing the sequence of the molecular orbitals (a) without T terms 
and (b) with inclusion of T matrix elements.115 

TABLE 3. Ionization Energies from Electron Impact 
Studies118 

compd 
styrene 
cyclooctatetraene (13) 
barrelene (11) 
cubane (1) 
cmtt-diene (8) 
syn-diene (9) 

I1, eV 
8.46 ± 0.10 
8.06 ± 0.10 
7.95 ± 0.10 
8.64 ± 0.10 
8.27 ± 0.10 
8.20 ± 0.10 

TABLE 4. Ionization and Orbital Energies (-c,/eV) of 
Octabisvalene (2)119 

If MINDO/3 

8.42 8.08, ag 
9.50-10.50 8.75, au 

9.07, b2g 
9.70, b lu 

11.50-12.10 10.45, b3g 
11.40, blg 
11.57, b3u 

MNDO 
9.77, ag 

10.35, au 
10.80, b2g 
10.90, b lu 
12.26, b3g 
12.33, blg 
12.65, b3u 

HAM/3 STO-3G 

9.11, ag 7.40, ag 

9.68, b2g 8.38, au 

9.76, au 9.12, b2g 

10.40, b,u 9.64, b l u 

11.55, b l g 11.45, b l g 

11.67, b3g 11.48, b3g 

11.72, b3u 12.32, b3u 

Since oxidation of hydrocarbons involves an electron 
removal from the highest occupied molecular orbital 
(HOMO), there is a relationship between the half-wave 
oxidation potential and the HOMO energy. The cor
relation eq 18 was found by using nine strained poly-

/«(1 = 1.28Ei/2 + 6.25 (18) 

cyclic hydrocarbons.111 According to this equation, the 
first adiabatic ionization energy of cubane (I^i » 8.46 
eV) correlates with the oxidation potential Ey2 = 1.73 
V (SCE). From earlier measurements the mass spectra, 
appearance potential data, and ionization energies have 
been obtained and are given in Table 3.118 

2. Octabisvalene (2) 

The U P E spec t rum of 2 (pentacyclo-
[5.1.0.02'4.03'5.06-8]octane) exhibits six distinct bands in 
the low-energy region; three of them are listed in Table 
4 together with the results of SCF calculations.119 

The detailed analysis of the UPE spectrum of bi-
cyclobutane (30) is extraordinarily helpful in this con
text.120 It is to be expected that the valence orbitals of 
octabisvalene represent certain symmetry-adapted 
combinations of the four topmost molecular orbitals of 
bicyclobutane (30). Since the energy levels of the latter 
are strongly dependent on the dihedral angle 6, it is not 
easy to assess which basis orbital energy has to be taken 
before combining the fragment orbitals. Moreover, the 

7a, 7a, (9.39) 

1a' ' * Vc^dV KI 1a2(l,,30) 

3b, 

30 

3b2(11.70) 

30 

Figure 10. Qualitative correlation diagram showing the effect 
of combining the valence orbitals of the bicyclobutane fragments. 
The latter have been taken from ref 120. 

TABLE 5. Ionization Energies (Maxima) If (eV) of 
Cuneane (3) and Assignment (-«;/eV) according to Model 
Calculations with MM2-Optimized Geometry121 

HAM/3 STO-3G 

9.09 
9.45 

10.02 
10.63 
11.11 
11.61 
13.27 

9.31, a! 
9.87, a2 

10.16, b2 

11.19, bj 
11.42, a2 

11.76, A1 

13.22, b2 

7.98, B1 
8.84, a2 
8.85, b2 

10.48, b! 
10.57, a2 
11.31, B1 

13.66, b2 

inductive perturbation of one bicyclobutane moiety on 
the other one is completely unknown. With this in 
mind, the correlation diagram in Figure 10 cannot be 
given more than a qualitative meaning at the moment. 
On the other hand, the level sequence obtained in this 
manner is in accordance with calculations carried out 
by means of some more sophisticated models (cf. Table 
4). 

3. Cuneane (3) 

Cuneane (3) along with cubane (1) is one of the most 
highly strained (CH)8 hydrocarbons. The PE spectro
scopic investigations reported recently121 were stimu
lated by the following observation: In spite of the 
higher ground state and strain energy for cubane, cu
neane is more easily oxidized than cubane. The oxi
dation potential of cuneane is lower than that for cu
bane by 0.2 V, and the adiabatic ionization energy is 
lower by ca. 0.25 eV.111,112 It was therefore of interest 
to determine the vertical ionization energy of cuneane 
and to compare it with the complicated band envelope 
of the first PE band of cubane. Furthermore, infor
mation was desired on the nature of the orbital from 
which the electron comes during oxidation of 3. Table 
5 shows the ionization energies (band maxima). 

From Tables 2 and 5 the following conclusions can 
be drawn: 

(a) Lowering the symmetry from Oh (1) to C2v (3) 
causes the levels t ^ and t ^ to split. For 3 they are now 
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found between 9 and 12 eV. 

(b) The characteristic gap between 11 and 13.5 eV in 
the PE spectrum of cubane (1) is also qualitatively 
present in the spectrum of cuneane (3). However, this 
gap is squeezed into the region 12-13 eV. 

(c) The central <x bond in 3 may interact vicinally with 
the other two four-membered-ring bonds. This <7,<r in
teraction in four-membered rings is considerable, 
amounting to ca. -2.0 eV (cf. the T term in Figure 8).115 

Thus, the antibonding combination 31 (Scheme 28) is 
to be expected below the six levels that are observed 
in the range 9-12 eV. The HAM/3 method122 predicts 
that this vicinal antibonding <r orbital 31 is the HOMO 
for 3. 

(d) The complex band envelope of the first PE band 
of cubane (1) makes it difficult to locate the ionization 
energy that leads to the symmetrical cubane cation 
radical. One possibility is that the second maximum 
at 9.6 eV (the centroid of the band system) is to be 
interpreted as the central maximum of the cubane 2T2g 

state. If this is correct the first vertical ionization en
ergy of cuneane (3) would be lower than that of cubane, 
and it would then run parallel to the lower adiabatic 
ionization energy of cuneane. The structure of the 
adiabatic radical cation 32 of 3 in its electronic ground 
state was calculated by using an open-shell MINDO/3 
method.121 The bond length changes show that the 
most pronounced effect is observed for the central bond. 
The increase from 160 pm (neutral ground state 33 of 
3) to 178 pm in 32 agrees with the fact that the pho-
toelectron is removed from an orbital that is signifi
cantly localized in the central bond (cf. 31). 

4. Tetracyc\o[3.3.0.(fA.(f6]oct-7-ene (4) 

In view of the large amount of strain energy present 
in 4, a study of its molecular orbital structure was of 
interest.123 Since the position and the splitting of the 
highest occupied levels of the cyclopropane ring, es and 
ea, are of special interest, a series of the related com
pounds 34-37 (Scheme 29) is discussed as well. 

The experimental and calculated (Hartree-Fock-
Slater method) ionization energies are summarized in 
Table 6. 

The discussion is based on semilocalized orbitals, i.e., 
the TT orbital of the double bond and the Walsh orbitals 

TABLE 6. Experimental (J/VeV) and Calculated (HFS) 
Ionization Energies of 4, 34, and 35123 

compd Ijm HFS molecular orbital 
4 8.95 8.0 13a', Tr(C=C) 

9.15 8.1 7a", 60% ea(C2C3C4) - 30% 1V(C1C5C6) 
9.90 8.8 12a', 6,(C2C3C4) 

10.95 9.9 6a", mainly (C1C5C6) 
11.25 10.1 11a', C4C6 bridge 

34 8.85 7.6 8a", 65% ea(C2C3C4) - 20% 1V(C1C5C6) 
9.70 8.4 13a', e,(C2C3C4) 
9.70 8.4 7a", mainly (C1C5C6) 

35 8.75 7.3 15a', Tr(C=C) 
9.50 7.7 8a", ea(C2C3C4) 
9.65 8.1 14a', es(C2C3C4) 

eVn 

-10 

Figure 11. Experimental orbital correlation diagram (e,- = 7;
m) 

for 4 and 34-37. The reversal in the es,ea sequence for 4 and 34 
is clearly demonstrated. The nearly degenerate es and ea levels 
in 35 correspond to the usual situation in 1,2,3-trialkylated cy-
clopropanes.123,124 

SCHEME 31 

38 39 40 41 

of the cyclopropyl moiety (Scheme 30). The Walsh 
orbitals may be written as 

es = (1/21Z2Mp2 - p3) (19a) 

ea = (l/61/2)(2p1 - p2 - P3) (19b) 

It has been shown that the orbital sequence in 36 and 
37 is TT > e8 > ea, the splitting es-ea amounting to 0.6 
eV in 36 and to 0.8 eV in 37.124 The reason for the lower 
ionization energy of es in 36 and 37 is comprehensible. 
Since the shift in e(ea) and e(es) (induced by an alkyl 
substituent in position n of the cyclopropane ring) is 
proportional to the squared coefficient of the atomic 
orbital pM in eq 19, the linear combination es in 36 and 
37 is destabilized more strongly than the antisymmetric 
orbital ea. Compounds 4 and 34, however, are found to 
be unique in having ea well above es.

123 On the other 
hand, compound 35 displays nearly degenerate ea and 
e8 levels. Obviously, the unusual behavior of 4 and 34 
is related to the particular cage structure of these 
molecules. The theoretical analysis shows that the 
direct neighborhood of C-4 and C-5 in 4 and 34 is re
sponsible for a strong destabilization of ea. The ea or
bital has a large amplitude at C-4. When this atom is 
brought close to C-5 to form the C-4/C-5 bridge, an 
antibonding interaction with a fragment orbital C-I/ 
C-5/C-6 of equal symmetry pushes the ea combination 
upward. The correlation diagram for these molecules 
is shown in Figure 11. 
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TABLE 7. Experimental Vertical Ionization Energies J/" 
(eV) and Calculated Orbital Energies e, (eV) of Octavalene 
(6)126 

£ 
[eV] 

i r 

8.09 vib 
8.28 
9.25 

10.25 
11.72 
12.20 

character 

2a2, ic—0 

9aj , a 
3b2 , 1T-(T 
182, C+7T 
2b2, o+ir 

5. Octavalene (B) 

ZDO 

7.9 

9.3 
10.3 
11.9 
12.0 

MNDO 
8.82 

10.18 
10.74 
12.27 
12.49 

STO-3G 
6.23 

8.22 
9.31 

11.46 
12.01 

With data from UPE spectroscopic investigations of 
38, 39, 40, and 41, (Scheme 31), it has been shown that 
there is a stronger interaction between a x fragment and 
the bicyclobutane moiety compared to the cyclobutane 
fragment.125 The resonance integral /3 derived from the 
spectra amounts to /3 = -1.9 eV for 38 and 39 and to 
/3 = -2.3 eV for 40 and 41. 

The (CH)8 hydrocarbon 6 (octavalene) represents a 
nice example to check these interaction parameters. 
The ionization energies of 6 and the results of simple 
ZDO and more sophisticated calculations are given in 
Table 7.126 

The description of the electronic structure of 6 in 
terms of fragment molecular orbitals is an adequate and 
clear analytical procedure. The wave functions for the 
two fragments of 6 are the x molecular orbitals of bu
tadiene and the valence orbitals of bicyclobutane, the 
latter being displayed in Figure 10. The wave functions 
are given in eq 20a-e. 

Ir1Cb2) = 0.37(pa + pd) + 0.60(pb + Pe) (20a) 

ir2(a2) = 0.60(Pa - pd) + 0.37(pb - Pe) (20b) 

IMa2) = -0.5(ph - P6 - Pf + Pg) (20c) 

IMb2) = 0.5(3>h - P6 - *g - Pg) (20d) 

,Ma1) = (1/21Z2MSf- $h) (20e) 

In (20) the p's are pT atomic orbitals, while the $'s are 
hybrid atomic orbitals. With appropriate basis orbital 
energies and the interaction parameter /S = —2.3 eV as 
resonance integral between the butadiene and the bi
cyclobutane fragments, the orbital sequence of Figure 
12 is obtained for the five topmost valence orbitals in 
octavalene (6). 

This study confirms the assumption of a stronger 
interaction of an olefinic moiety with the bicyclobutane 
fragment than with a cyclobutane ring. 

6. Tricyclo[3.3.0.0* • 6]octa-3,7-diene (7) 

No experimental UPE studies have as yet been re
ported. However, diene 7 has been investigated theo
retically by means of CNDO/1, MINDO/3, and ab in
itio (STO-3G) calculations.12™29 The most remarkable 
result of these studies is the observation that the central 
cyclobutane ring in 7 acts as a relay fragment, i.e., a 
structural unit possessing orbitals that enforce the in
teraction between remote x orbitals. 

The two occupied x orbitals of 7 combine to a de
generate pair of molecular orbitals that interact with 
the a frame. The unoccupied x* orbitals yield linear 
combinations of a2 and b± symmetry. The split between 
these orbitals amounts to 1.06 eV, "IKb1) lying above 
<i>(a2). Experimental evidence obtained so far relates 

I f2 (O2 ) 

9O1 

-T3(Oi) 

* , (b2) 

T 2 (°2) 
Ti(°2) 

;wf' 
Figure 12. Fragment orbital analysis of octavalene (6). The 
fragment orbitals of bicyclobutane are the same as in Figure 10.126 

// <H < 
Figure 13. Qualitative interaction diagram showing the effect 
of the relay fragment cyclobutane in the hydrocarbon 7.128 

to the low energy of the first transition at 300 nm. A 
qualitative interaction diagram is shown in Figure 13. 

7. anti- and syn-Tricyclo^^.O^^JoctaSJ-diene (8 
and 9) 

Among the (CH)8 hydrocarbons dienes 7, 8, and 9 are 
of special interest because transannular x,x interactions 
are possible using symmetry-adapted Walsh orbitals of 
the central cyclobutane as transmitter and relay or
bitals. Several articles deal with this phenomenon in 
8 and 9. The first such investigation reported a UPE 
study and interpreted the experimental data by com
parison with the di- and tetrahydro derivatives within 
the concept of through-space and through-bond inter
actions.130 The electronic structure and valence isom-
erization of 8 and 9 have been studied by using the 
semiempirical MINDO/1 and MINDO/2 models.131 A 
third publication repeated the UPE measurements and 
gave an interpretation of the spectra that was based on 
MINDO/2 calculations with geometry optimization.132 

Ab initio calculations gave a sequence of high-lying x 
orbitals in both 8 and 9, without interspersed <r-domi-
nated orbitals.133 In an article entitled "A Quantitative 
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TABLE 8. Experimental Ionization Energies If (eV) and Calculated Orbital Energies «,• (eV) of 8 and 9 
assignment 

ref ref ref ref 
compd Ifm If132 130 132 135 137 

ref 
137a 

8.96 
9.93 

10.13 
10.57 
9.08 
9.44 
9.87 

10.67 

8.90 
9.93 

10.27 
10.56 
9.08 
9.46 
9.87 

10.71 

ir+(ag) 
T.(bu) 
(Ka11) 
<Kbu) 
"-+Ca1) 
TT-(D2) 

(Kb2) 
(Ka2) 

T+(Bg) 
T_(bJ 

l(bg) 
T + (B] ) 

T-(b2) 
(T(B1) 

T + (BLg) 

T(K) 
X- (D 1 1 ) 

(Ka11) 
T+(B1) 
(Kb2) 
T_(b2) 
(Ka2) 

T+ (ag) 
(T_-cr)(bu) 
((7+T-Mb11) 
(Ka11) 
T+(S1) 
(T. -a) (b 2 ) 
(<T+T.)(b2) 
(T(B2) 

T+(ag) 
T./<r(bu) 
<r/T.(bu) 
.T(D1) 
T+(a t) 
T_/a(b2) 
er/ir.(b2) 
(r(a2) 

TABLE 9. Experimental Ionization Energies If (eV) of 10, 
38, and 39138 

compd A" J m J m 

10 
38 
39 

S C H E M E 32 

8.5 
8.4 
8.3 8.7 

10.4 
10.2 
10.4 

11.4 
11.0 
10.9 

38 39 

Assessment of Through-space and Through-bond 
Interactions" a critical review of the results obtained 
so far has been given.134 A study of cyclopropanated 
homo and bishomo derivatives also reinvestigated the 
parent compounds 8 and 9.135 Both the MINDO/3 
procedure and a simple correlation technique predict 
the orbital sequence ir+ > a > x_, in contrast to the 
results of an ab initio STO-3G treatment. The situation 
became even more complicated when it was found that 
the MNDO model gave results in harmony with the 
original interpretation.136 The origin of these discrep
ancies is the extreme sensitivity of through-space and 
through-bond interaction with respect to small changes 
in geometry.134 Thus, it has finally been observed, using 
the HAM/3 model with MM1/MM2 geometries, that 
there is—dependent on the chosen geometry—a non-
negligible, significant mixing of 7r_(bu) and a(bu) orbitals 
in 8 and of 7r_(b2) and <r(b2) levels in 9.137 Recently, ab 
initio CI calculations, using a partially MINDO/2-op-
timized structure, gave results in accordance with the 
simple HAM/3 model.1373 

In Table 8 the experimental ionization energies and 
calculated orbital energies are listed. 

The interpretation of the interaction shown in Figure 
14 is based on HAM/3 calculations122'137 and on basis 
orbital energies that are assigned by using an empirical 
correlation technique.130,135 

8. Semibullvalene (10) 

In Table 9 the vertical ionization energies of semi
bullvalene (10), barbaralene (38), and dihydrobullvalene 
(39) are listed138 (Scheme 32). The four highest occu
pied molecular orbitals are built from the two originally 
degenerate Walsh orbitals of cyclopropane and the two 
•K orbitals of the double bonds. Allowing for the 
through-space and through-bond interaction among the 
IT basis orbitals yields the symmetry-adapted combi
nations Tr(a') and •*{&"). Conjugation between the 
Walsh orbitals es and ea (cf. (19) and Scheme 30) and 
the -K combinations leads to orbital energies for the four 
topmost occupied molecular orbitals of 10, 38, and 39. 
The essential correctness of these predictions is strongly 

* ^ 

'S,- * l b j ' 

( V / < ( V / t̂ rouBh V T V T space 

Figure 14. Correlation diagram for 8 and 9. Basis orbital energies 
have been assigned according to ref 130 and 135: C0(T) = -10.0 
eV, e0(<r(bu)) = -10.0 eV, and «0(o-(b2)) = -9.7 eV. Basis energies 
for o-(bu) and <r(b2) are clearly different. The through-space 
interaction amounts to 0.4-0.6 eV; the value 0.6 eV has been used 
in the figure. Mixing of T_ with cr(bu,b2) is significant. As a 
function of geometry and SCF model varying combinations (T_-X<T) 
are obtained. 

, (TT-A) 

a' 

a' 

a' 

^ A ^-— __. 
C-TT-A)^ 

( A + 7T) - ' * • ' " - ^ ( A + 7T) 

—̂^̂_._ 

_ V " I : : ; - . 
\ * w - - -

/ « 
(& + 7T) 

through Basis 
space 

38 10 

Figure 15. Correlation between the experimental ionization 
energies If = -«,• (in eV) of 10, 38, and 39. The Walsh character 
is indicated by using A in the combination. The broken line shows 
the shift of the basis orbital energy when going from 10 to 39 owing 
to the increasing a system. 

supported by the observed close resemblance of the 
UPE spectra of 10, 38, and 39.138 In Figure 15 the 
experimental vertical ionization energies of these hy
drocarbons have been correlated. In contrast to 39, the 
a" orbital energies in 10 and 38 are no longer split 
symmetrically with respect to those of the interacting 
a" pair. This is due to increasing tightness of the cage 
molecules, which will induce mixing with other a or
bitals. 

The UPE spectrum of semibullvalene (10) has not 
been displayed as yet. Figure 16 therefore shows the 
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£ t [eV] 

Figure 16. U P E (He(I)) spectrum of semibullvalene (1O).139 

TABLE 10. Experimental (J/m/eV) and Calculated 
Ionization Energies (eV) of Barrelene (H)140-141 ° 

MINDO/2 
(S = 113°) 

ab initio CI141 

Koopmans shake-up 

8.23 
9.65JT 

10.02JT 

11.25 
11.95 

13.2 
13.9 

14.7 

8.24 9.38, 7r(a2') 8.15, ir(a2') 
9.63 9.72, ir(e') 

11.11 

13.1 

14.5 

9.83, Or(B1') 
10.25, <r(e") 

9.63, ir(e') 

11.24, <r(e") 
11.95, 0-(B1') 

13.74, <r(a2") 
14.36, o-(e') 

14.72, ff(e') 

12.24 (e") 
12.34 (e") 
13.54 (aj'e'e") 
13.74 (a2'e'e") 
14.49 (e") 
14.83 (a2'e'e") 

"IQ: Values obtained with a grid-type spectrometer.113 6 is the 
angle between axial C-H and C-C single bonds. JT: Jahn-Teller. 

PE band system in the range from 8 to 18 eV.139 

9. Barrelene (11) 

Table 10 shows the experimental ionization energies 
and the assignment according to various theoretical 
procedures.140,141 With respect to the problem of the 
interaction of nonconjugated T orbitals barrelene (11) 
is obviously a key compound. The first two bands in 
the PE spectrum of 11 must be classified as T bands. 
The complex structure of the second band can be easily 
understood. The 2E' state of the radical cation un
dergoes a Jahn-Teller distortion.140 Difficulties arise 
when one tries to correlate the bands at higher ioniza
tion potentials with results from model calculations. 
The MINDO/2 procedure yields orbital energies that 
are dependent on the angle 6 between the bridgehead 
C-H and the C-C single bonds. According to a more 
sophisticated ab initio CI calculation,141 <r(e") lies above 
(T(BL1') in contrast to the MINDO/2 method (cf. Table 
10). The CI procedure also allows for shake-up states 
of the type (Ia2 ')2 - ( I a 2 O V ) 1 or ( a 2 ' )V ) 2 - (a,')1-
(eOHe")1. Barrelene has UV-absorption maxima at 239 
and 208 nm.142 Calculated values for the lowest triplet 
and singlet are 3.82 and 6.04 eV, respectively, both 
having a2 'e" occupancy.141 Thus the shake-up states, 
which can be envisaged as ionization of the triplet, will 
probably occur from 3.8 + 8.25 = 12 eV upward.141 

The split between the first two ir bands, e(x(a2')) -
€(7r(e')) = 1.6 eV is the resultant of two effects: 
through-space interaction and through-bond interaction 
with lower lying a orbitals. The consequence of an 

Tf(O1, 

©• 

Tt 

©-

-rr(b2) y 

Tt(O1) 

©• 

<s 

/6 
40 41 42 11 

Figure 17. Correlation diagram of the ionization energies of 11, 
40, 41, and 42.140 

SCHEME 33 

1 2 

S. , 0.27 
1J 

0,11 0.01 

S o b = a 0 7 

0,00 

S ac 

0.02 

0,04 

increasing number of double bonds (and therefore 
strain) in the bicyclo[2.2.2]octane system on ionization 
energies can be seen in Figure 17. 

Since the interaction between any two of the basis 
orbitals x,- in 7r(a2') is antibonding (cf. Figure 17), re
moval of an electron will reduce the repulsion between 
all pairs of bonds. This reduced repulsion between the 
•K bonds will lead to a deformation in which the apical 
methine groups move away from each other. Thus the 
vibrational fine structure will be dominated by the to
tally symmetric mode v = 570 cm-1.140 

It has been concluded from STO-3G calculations that 
molecules like barrelene are destabilized by homocon-
jugation but stabilized by hyperconjugation.36 

10. Cyclooctatetraene (13) 

The UPE spectrum of cyclooctatetraene (13) has been 
investigated by several groups.143,144 In 13 several in
teractions have to be discussed (see Scheme 33). A 
simple LCBO model yields for the four ir orbitals 
(symmetry D2d) 

6(H-(Sa1)) = A - 2 £ a b + Bac (21a) 

«M7e)) = A - Bac (21b) 

€(7r(4b2)) = A + 2£ a b + Bac (21c) 

The experimental results can be accommodated only 
if A = -9.8 eV, Bah = -0.7 eV, and Bac = 0 eV. It is 
interesting that the energy gaps between bands 1 and 
2, A12, and bands 2 and 3, A23, are virtually identical: 
A12 = A23 = 1.36 eV. A most important feature is that 
Bac (the interaction parameter between two opposite 
orbitals ira and xc) is practically zero in 13. This is a 
clear indication that there is a complete cancellation of 
through-space and through-bond interactions between 
the orbitals xa and irc.

144 Experimental ionization en
ergies and assignments are given in Table 11. 
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TABLE 11. Experimental (/jm/eV) and Calculated 
Ionization Energies (eV) of Cyclooctatetraene (13)144,145 

ab initio146 

If LCBO ab initio144 Koopmans shake-up 

8.42 8Al 8.72, jr(5al) 7.92, Ir(Sa1) 
9.78 9.77 10.44, ir(7e) 9.52, ir(7e) 

11.15 11.13 11.62, ir(4b2) 10.96, 7r(4b2) 10.68, 2A2 

10.88, 2A2 

11.55 12.61, (TOb1) 11.75, <7(3b,) 11.40, 2E 
11.99, 2A2 

The number of low-lying shake-up states of A2 sym
metry is notable.145 This is due to the low-lying LUMO 
7r*(3a2). The first state of this kind corresponds to the 
HOMO-LUMO process 5ax

2 -* Sa2
1. Another shake-up 

state is calculated at 11.4 eV, (Sa1)
2CVe)4 — ^a 1) 1-

(Ie)HSa2)
1. 

The asymmetry parameter /3 of the photoelectron 
angular distribution has been determined for the four 
highest occupied orbitals.146 

B. Electron Transmission Spectroscopy 

Cyclooctatetraene (13) has been investigated.147 The 
ET spectrum displays broad resonances at 1.73, 3.47, 
and 6.37 eV. There is no vibrational structure, nor is 
there evidence for excited vibrational levels of the stable 
ground-state anion. Presumably both the mono- and 
divalent anions are planar in solution and the gas phase. 
The vacant orbitals are ir*(a2), ir(e), and ir(b2) (sym
metry D2d). The 2A2 state is stable; thus the resonances 
at 1.73 and 3.47 eV are assigned to the excited states 
2E and 2B2. The first vertical electron affinity (2A2) is 
0.83 eV. 

Cyclooctatetraene (13) was found to readily form 
negative ions through unimolecular nondissociative 
thermal electron attachment.148 

C. Ultraviolet Spectroscopy 

The long-wavelength absorption of diene 7 at 300 nm 
(e ss 190) has been rationalized by means of CNDO/S 
calculations.127 

The absorption spectrum of barrelene (11) was first 
measured in an ethanol solution, and maxima were 
reported at 239 nm (e =» 300) and at 208 nm (e « 
1100).142 Absorption and magnetic circular dichroism 
(MCD) studies have been carried out in cyclohexane 
solution.149,150 Two excited states are related to a pro
motion of an electron from the HOMO (a20 to the 
LUMO (e"): At 296 nm (4.2 eV) 1A1' — 3E" and at 240 
nm (5.2 eV) 1A1' -* 1E". According to computations the 
largest oscillator strength is carried by a 1A1' -» 1A2" 
transition around 170 nm.150 An absorption and MCD 
study of barrelene in the gas phase unveiled a strong 
valence band at 178 nm, and this transition has been 
assigned to 1A1' —• 1A2" in accordance with the theo
retical predictions.142 

The near-ultraviolet spectrum of cyclooctatetraene 
(13) can be described as a broad maximum of low in
tensity over the region 310-260 nm (4.00-4.77 eV) and 
a strong end absorption with a shoulder at 205 nm (6.05 
eV).150 Semiempirical and ab initio CI calculations were 
applied to the electronic transitions of 13.145>150.151 The 
first excited singlet state (1A2) is computed at 4.37 eV 
and has the occupancy 5ax3a2*. The higher singlet 
states are 5a:8e* (5.46 eV, 1E), 4b23a2* (5.75 eV, 1B1), 

and 5a!03a2
2* (6.08 eV, 1A1). The last case (S4) is a 

doubly excited state.145 A MCD study of 13 has been 
carried out.152 

D. Miscellaneous 

The influence of bicyclo[1.1.0]butane strain on the 
13C spectra of 5, 6, and related compounds has been 
studied.153 Condensed-phase vibrational spectra are 
reported for cubane (1), cubane-d, s,ym-cubane-d2> 
sym-cubane-d6, and cubane-d8.154 Vibrational assign
ments have been made for all the fundamentals of all 
five compounds. The vapor-phase infrared spectrum 
of 1 has also been investigated.155 A detailed normal 
coordinate analysis has been performed.156 The equi
librium geometry and vibrational frequencies, of 1 have 
been studied by using accurate ab initio SCF calcula
tions.157,158 Confirmation of the octahedral symmetry 
and improved bond length measurements are obtained 
from high-resolution tunable laser spectra of the three 
infrared-active fundamental vibrations of cubane (1) in 
the vapor phase.159 Raman and infrared spectra of 
semibullvalene (10) have been recorded and 41 funda
mentals have been identified.160 Infrared spectra of 
gaseous, liquid, and polycrystalline barrelene (11) as 
well as Raman spectra for the liquid were measured.161 

The possible significance of the force constant values 
with regard to strain and rigidity of barrelene (11) has 
been discussed. A harmonic-vibration analysis for the 
vibrations of cyclooctatetraene (13) was performed, and 
the corresponding symmetry force constants have been 
given.162 

IV, Structure 

An X-ray structure determination of cubane (1) gave 
the space group RS with the cell constants a = 534.0 ± 
0.2 pm and a = 72.26 ± 0.05°. There is one molecule 
per unit cell. The molecule has cubic symmetry with 
C-C bond length 154.9 ± 0.3 pm.163 The electron dif
fraction data of gaseous cubane are also consistent with 
0h symmetry, and the C-C bond length is much longer 
than in cyclobutane, r(C-C) = 157.5 (1) pm.164 Quan
tum chemical as well as force-field calculations of the 
cubane geometry are available.165-169 The structure of 
semibullvalene (10) in the gas phase was investigated 
by electron diffraction. The cyclopentene rings in 10 
are bent, with a pucker angle of about 18°.170 A gas 
electron diffraction study of barrelene (11) gave bond 
lengths Tg(C=C) = 133.8 (2) pm and rg(C-C) = 154.1 
(1) pm. The intramolecular strain has been analyzed 
with the aid of calculations based on a consistent force 
field.171 The structure of cyclooctatetraene (13) has 
been determined both by electron diffraction and by 
low-temperature X-ray diffraction.172,173 The carbon-
carbon single- and double-bond distances are rg = 147.5 
pm, rg - 134.0 pm (ED), and r = 147.0,146.5,147.3 pm, 
r = 133.3 pm (X-ray). 
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