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The production of polycyclic carbon backbones through the
direct irradiation of simple conjugated hydrocarbons is a
remarkably simple way of forming complex molecular
architectures.[1] Examples of these processes are the produc-
tion of bicyclobutanes from butadienes,[2] tetrahedranes from
cyclobutadienes,[3] benzvalenes from benzenes,[4] and semi-
bullvalenes from cyclooctatetraenes.[5] We have demonstrat-
ed[6] that the photogeneration of 1,2-di-tert-butylbicyclobu-
tane and benzvalene involves the deactivation at different
types of S1/S0 conical intersections, which prompts a concerted
(simultaneous formation of two new s bonds)[6a] or stepwise
(initial formation of the prefulvene diradical)[6b] mechanism,
respectively. Herein, we discuss our investigations into the
mechanisms of the photochemical production of polycyclic
hydrocarbons, specifically the conversion of cycloocta-1,3,5,7-
tetraene (COT) into semibullvalene (SBV). We show that a
novel type of conical intersection is involved in this process.

Although SBV was first isolated after the sensitized
irradiation of barrelene,[5a] it can also be synthesized by the
direct irradiation of COT.[5b,c] In particular, direct irradiation
in solution[5b] affords SBV and benzene (as a by-product),
whereas vapor-phase UV irradiation is of preparative value.[5c]

Experimental evidence was obtained for the direct formation
of SBV,[5b] and a two-photon mechanism for SBV photo-
generation was proposed.[5b] According to this model, the first
photon is absorbed by the stable (cis,cis,cis,cis) configuration
of COT, thus leading to the production of the strained
trans,cis,cis,cis isomer, which then absorbs a second photon to
produce SBV. The SBV is produced more rapidly than the
strained isomer.

Double-bond shifting (DBS) is an alternative process that
occurs in antiaromatic [4n] systems such as COT. It has been
established that the reversible interconversion between DBS
isomers (a p-skeletal rearrangement) may be induced either
thermally or photochemically.[7±9] Although DBS is of no
practical interest for the parent COT, it may be used to turn
on and off the conjugation between p substituents located at

the vicinal position. The DBS reaction may thus be exploited
to design photochemically driven switches.[9]

We have found computational evidence that SBV and DBS
originate from the same (excited-state) reaction path. In
particular, the calculated S1 path[10] (Scheme 1; light lines)
goes through a novel type of boatlike S1/S0 conical intersection
(CI), which provides the locus for decay and branching[11] by
means of three independent S0 paths (dark lines).

Scheme 1. Schematic representation of the reaction paths of COT*.
Symmetry labels and relative CASPT2 energies (kcal molÿ1 in parenthesis)
are also reported for each calculated structure.

S1 COT is a planar D8h-symmetric minimum (COT*). This
structure (Figure 1) corresponds to the expected (aromatic)
geometry, which characterizes the S1 state of an antiaromatic
system.[7] The S1 ± S0 energy gap in COT* is relatively large
(20 kcal molÿ1), and deformation towards a C2v boat confor-
mation causes a progressive decrease in the gap. This change
leads to the C2v S1/S0 conical intersection point (CI; see
structure in Figure 1). Access to the CI is controlled by a C2v

transition structure (TS) that is located 15.2 kcal molÿ1 above
COT* (CASPT2 and ZPE-corrected value)[12] and is structur-
ally close to CI. The reactive mode (i.e. the transition vector)
is shown on the CI structure. Although higher energy conical
intersections exist on the S1 surface, these do not provide
competitive reaction channels and are not discussed herein.[12]

The analysis of the molecular and electronic structure
shows that the CI has tetraradical character, with two
unpaired electrons located at opposite centers (atoms C1
and C5) and another two electrons residing on the allyl
moieties C2-C3-C4 and C6-C7-C8. S1 motion towards the CI
promotes the approach of the unpaired electrons (the C1ÿC5
distance decreases from 3.68 � in COT* to 2.89 � in CI), to
form a diradical intermediate with a C1ÿC5 transannular
bond. The S0 path that corresponds to this process has been
located at a distance of 5 au from the conical intersection (see
Figure 1). The calculated C2v bicyclo[3.3.0]octadienyl dirad-
ical (DIR) corresponds to the structure suggested by Iwamura
and Morio[13] and by Martin et al.[14] as an intermediate in the
thermal valence tautomerization of COT to SBV. Although
DIR is a flat S0 energy minimum at the CASSCF level, the
inclusion of dynamic correlation energy (CASPT2 level)
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shows that this structure is unstable along the symmetry-
breaking deformation that leads to SBV (see Scheme 1). Thus,
DIR is the transition state in the Cope rearrangement of SBV,
as previously proposed by Jiao et al.[15b] and more recently by
Castano et al.[16]

The SBV relaxation path discussed above is a continuation
of the S1 path, through the CI and DIR structures. We have
been able to locate two additional (degenerate) relaxation
paths (Scheme 1 and Figure 1), which start closer (1.5 au
distance) to the CI and develop along a steeper region of the
S0 energy surface (Figure 1). One path leads back to the
reactant, whereas the other leads to its DBS isomer. The
associated relaxation coordinates indicate that a drastic
change in direction of ªmotionº from the S1 path is needed
to access these channels.

The above results do not provide evidence for the
formation of the previously proposed[5b] trans,cis,cis,cis-COT
as an intermediate in the two-photon formation of SBV.[17] On
the other hand, the documented paths provide a computa-
tional model for predicting the products of ªvibrationally hotº
or ªvibrationally coldº photochemistry.[5b,c] When the S1

vibrational excess energy is low, COT* would either decay
radiatively/non-radiatively at its equilibrium structure, or be
displaced towards the CI with a small momentum along the
reactive mode, thus populating only the closer and steeper S0

relaxation paths.[18] In both cases, the decay would yield COT
together with its DBS isomer only. On the other hand, in the
presence of a vibrationally excited reactant, part of the S1

population would be channeled along the transition vector,
with enough momentum to be displaced towards the SBV
path. As a consequence, the photolysis of COT would yield a
mixture of SBVand double-bond shifted COT photoproducts.
This model provides an explanation for the fact that SBV can
be produced efficiently by the gas-phase (vibrationally hot)
photolysis of COT,[5c] as well as for the low reactivity of

1,3,5,7-tetramethyl-COT,[5b] which does
not lead to a detectable production of
1,3,5,7-tetramethyl-SBV (i.e. inertia and
steric effects imposed by the substitu-
ents restrain DIR formation). Finally,
the production of bicyclo[4.2.0]octa-
2,4,6-triene, as a precursor of benzene
(and acetylene),[5b] may occur from the
CI through an additional relaxation
path, which leads to C2ÿC7 transannu-
lar bond formation (currently under
investigation).[12]

In conclusion, we have investigated
the S1 potential-energy surface of the
prototype antiaromatic hydrocarbon
COT. The results show that the photo-
chemical behavior of COT is controlled
by the conical intersection, which fea-
tures a tetraradical structure that has
never been found in aromatic (e.g.
benzene) or open-chain (e.g. butadiene)
conjugated hydrocarbons. In Figure 2 a
we show that in the CI, the weak
interactions of the four singly occupied

orbitals adopt a tetrahedral pattern (see dashed lines). In the
previously reported bicyclobutane[6a] and benzvalene[6b] con-
ical intersection structures (Figures 2 b and 2 c, respectively),
the interactions of the four singly occupied orbitals adopt
different patterns (rhomboid (Figure 2 b) and triangular (Fig-
ure 2 c)). In the past, the same interaction patterns have been
documented for the conical intersections of H4 clusters.[19]

Thus our results support the conjecture by Michl and co-
workers[19] that the structure of the conical intersections of
conjugated hydrocarbons conforms to the conical intersec-
tions of elementary systems.

Figure 2. Prototype tetraradical conical intersections found in conjugated
hydrocarbons: a) SBV; b) bicyclobutane; c) benzvalene photogeneration.

The main ªchemicalº result reported above is that the
production of SBV and DBS are bound processes. However
DBS dominates only under conditions of low vibrational
excess energy (for instance in solution or in a matrix). This
feature should be considered when designing DBS-based
molecular switches.
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Figure 1. CASPT2-scaled energy profiles along the reaction coordinate x [bohr (amu)1/2] describing the
evolution of COT*. The geometries of COT* and of the conical intersection (CI) document the
progression along the path (open squares). The arrows illustrate the S1 reactive mode. The two S0

relaxation paths (full squares and full circles) terminate at COT (or its DBS isomer), or at the DIR
transition state. The inclusion of ZPE correction lowers the excited-state barrier from 18 to
15.2 kcal molÿ1.
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Enamides represent a significant class of compounds
because of their versatility as building blocksÐa result of
the enhanced nucleophilicity of the double bondÐand as
precursors to saturated amines.[1±3] Normally, such compounds
are prepared by additions to aldehydes via imines or other
equivalent intermediates.[2] As a continuation of our develop-
ment of metal-catalyzed additions of alkenes and alkynes,[4]

we have been interested in chain-extension reactions by
means of additions catalyzed by ruthenium complexes
[Eq. (1)]. Our recent discovery of the effectiveness of [(h5-
C5H5)Ru(N�CCH3)3]PF6 (1) [5, 6] suggested the prospect of

X [Ru]
X (1)

expanding the scope of such additions. If X was an amide
function, this chain-extension method would directly create
an enamide. A significant issue in such a reaction is the
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