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Introduction

Many familiar chemical reactions take a different, often un-
expected course when the reactants are subjected to one-
electron oxidation or reduction.[1,2] In other cases the ex-
pected products are formed, but the reactions are greatly ac-
celerated (electron transfer catalysis[3]). In particular, many
studies have been devoted to elucidate the kinetic and
mechanistic effects of removing an electron from reagents
involved in pericyclic reactions.[4] Among those are the vi-
nylcyclopropane[5–8] and vinylcyclobutane[9,10] rearrange-
ments, the latter often in the context of a stepwise pathway
for radical cation Diels–Alder reaction.[11–13]

When the vinylcyclobutane moiety is part of a rigid poly-
cyclic framework, as it is the case in a- and b-pinene, then

the sigmatropic rearrangement appears to be suppressed for
steric reasons (in the case of b-pinene it would lead to a
bridgehead olefin). Instead one-electron oxidation leads to
products derived from ring-opened distonic radical cat-
ions.[14–17]

On the other hand, cyclobutanes have also been found to
undergo cycloreversion on oxidation;[18–21] the distonic radi-
cal cations which arise as primary products of the cleavage
of a single bond in ionized cyclobutanes often show interest-
ing ensuing rearrangements.[22,23]

Three tricyclic vinylcyclobutanes that we have recently
synthesized have yielded some intriguing products upon
photoinduced electron transfer.[24] This paper is dedicated to
the elucidation of these rearrangements which we have in-
vestigated by studying the reactive intermediates that are
generated on ionization of the vinylcyclobutanes in Ar ma-
trices, and by computational chemistry. In particular, we
studied the three substrates 1–3 shown below.
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Methods

Syntheses : The tricyclic vinylcyclobutanes used in this study were synthe-
sized according to previously published procedures.[25]

Matrix isolation : The substrates were premixed in a 1:1000 ratio with a
gas mixture consisting of 85% Ar, 15% N2 (which was added to improve
the optical quality of the matrices) and 0.1% CH2Cl2 (which acts as an
electron scavenger). This mixture was deposited slowly onto a CsI
window held at 20 K in a closed-cycle cryostat. After that the sample was
cooled to the lowest temperature attainable by the cryostat (6 or 10 K,
depending on the adsorbant used in the second expansion stage), and ex-
posed to X-irradiation (W anode, 40 kV, 20 mA) for different intervals of
time.

Spectroscopy : Electronic absorption (EA) spectra were recorded be-
tween 200 and 2000 nm on a Perkin-Elmer Lambda 900 instrument with
1 nm resolution. For IR spectra we employed a Bomem DA3 FT-interfer-
ometer which was operated at a resolution of 0.5 cm�1 with an MCT de-
tector. Usually 256 scans were accumulated for each IR spectrum.

Computations : Except where noted otherwise we employed the B3LYP
density functional method (Becke�s three-parameter hybrid exchange
functional[26] combined with the Lee–Yang–Parr correlation functional[27])
with the 6-31G* basis set as implemented in the Gaussian 98 program
package[28] for geometry optimizations and frequency calculations. Excit-
ed state calculations were carried out by time-dependent response
theory, based again on density functional methods (the so-called TD-
DFT method),[29] as implemented in G03.[30] Thereby the B3LYP func-
tional and the 6-31G* basis set were again used.

Experimental Results

Figures 1–3 document the spectral changes observed on X-
irradiation (black curves) and on subsequent selective pho-
tolyses (red and blue curves) in the UV/Vis/NIR and in the
IR spectroscopical range. These spectra will be discussed
separately for each compound in the following three subsec-
tions.

Compound 1: In the case of 1, ionization leads to a broad
band peaking at 675 nm, in addition to a range of sharper
bands with lmax of 460, 400 und 325 nm. Photolysis at the
low energy edge of the visible band (>780 nm) leads to a
decrease at >700 nm and a concomitant increase at the
high-energy edge of this band (red curve in Figure 1). Simi-
lar behavior is observed for the other bands in the spectrum.
Conversely, irradiation through a 578 nm interference filter
bleaches mainly the high-energy part of the broad visible
band while the NIR absorptions increase (blue curve in
Figure 1).

Similarly, the IR difference spectra show new peaks upon
X-irradiation (black curve) while subsequent photolysis at
>780 nm leads to changes that involve mainly very close-
lying peaks (see, e.g., the bands at 1350 and 1380 cm�1 in

the red trace). The IR difference spectrum for 578 nm irra-
diation (blue trace) is almost a mirror image of the red
trace, although the increasing peaks are quite weak in this
case, indicating only partial reversibility of the process.

From these findings, we conclude that ionization of 1
leads to two species that can be partially interconverted.
The great similarity of these species, as it becomes evident
from the difference spectra, indicates that they have a simi-
lar structure. Indeed, the calculations presented in the fol-
lowing sections show that the spectra can be well explained
in terms of two conformers of the 1-methyl-8-methylene-1,6-
cyclodecadiene radical cation that arise by cycloreversion of
the four-membered ring in ionized 1.

Compound 2 : For the syn-tricyclodecane derivative 2, the
picture is quite similar in that we see again a new broad
band peaking at the long wavelength edge of the visible
range, accompanied by some sharper peaks between 300
and 500 nm (black spectrum in Figure 2). In addition there
appears to be a weak, broad absorption that tails into the
near IR range. Attempts to selectively bleach that absorp-
tion by irradiation at >970 nm led to a difference spectrum
(red trace in Figure 2) that shows a weak decrease in the
NIR accompanied by a further growth of the band peaking
at 750 m. Bleaching at the low-energy edge of this band led
to its complete disappearance (blue trace) whereby no new
absorptions arise above 400 nm.

Figure 1. Electronic absorption (top) and IR difference spectra (bottom)
for the X-irradiation of 1 in Ar matrices (black traces, a) and for subse-
quent photolyses at >780 nm (red traces, b) and then at 578 nm (blue
traces, c).
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The IR difference spectra give a congruent picture. Un-
fortunately, the one for >970 nm bleaching (red trace) is
too weak to furnish useful information about the identity of
the product that absorbs in the NIR, it only confirms that a
small additional amount of the main product of ionization
of 2 is formed in the process. Finally, bleaching at >850 nm
(blue trace) leads to a pronounced decrease of the peaks of
the main ionization product. Surprisingly, no IR peaks were
found that increase during this irradiation, so this experi-
ment does not reveal much information about the fate of
the primary product of ionization on photolysis. The calcula-
tions discussed below will show that this product is again a
1-methyl-8-methylene-1,6-cyclodecadiene radical cation,
that is, isomer 2 also undergoes spontaneous cycloreversion
on ionization in Ar.

Compound 3 : Finally, the unmethylated compound 3 was
subjected to the same experimental protocol. Thereby dis-
tinctly different spectra were obtained compared with the
previous two cases, indicating that a different type of prod-
uct is formed in this case. The main product of ionization
distinguishes itself by a double-humped band that spans
most of the visible range and extends up to 1100 nm into the
NIR (black spectrum in Figure 3). NIR irradiations were
quite inefficient and did not reveal any composite bands. On
photolysis at >830 nm, the band peaking at this wavelength

was bleached, together with some sharper peaks at 450 and
380 nm, while a broad absorption at 500–600 nm increased
(blue trace). The shoulder at 650 nm did not seem to be af-
fected by this irradiation, so we exposed the sample to pho-
tolysis at 578 nm, the result of which is shown in the red
trace. Indeed, this irradiation leads to the decrease of a
broad band peaking at about 650 nm and the concomitant
increase of the 830 nm band (the maximum of which is shift-
ed to longer wavelength in the difference spectrum).

The corresponding IR spectra show the formation (black
trace) and bleaching of a species with a distinct IR spectrum
(blue trace), but the difference spectrum for 578 nm irradia-
tion does not reveal much information on the species that is
bleached in this process, it only shows that more of the main
product of ionization of 3 is formed. The calculations pre-
sented below will demonstrate that this main product is a
radical cation complex between 1-methylenecyclopent-2-ene
and cyclopentene, so 3 also undergoes cycloreversion, albeit
in a different way in that the two bonds which remain intact
on ionization of 1 and 2 are separated in 3.

In the following section we will offer assignments of
the spectra mentioned above and try to explain the chemis-
try that is expressed in these spectra in terms of the po-
tential energy surfaces of the radical cations that are formed
as primary species on X-irradiation of compounds 1–3 in
Ar.

Figure 2. Electronic absorption (top) and IR difference spectra (bottom)
for the X-irradiation of 2 in Ar matrices (black traces, a) and for subse-
quent photolyses at >970 nm (red traces, b) and then at >850 nm (blue
traces, c).

Figure 3. Electronic absorption (top) and IR difference spectra (bottom)
for the X-irradiation of 3 in Ar matrices (black traces, a) and for subse-
quent photolyses at 578 nm (red traces, b) and then at 830 nm (blue
traces, c).
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Calculations and Discussion

Compound 1: In spite of its rigidity, the tricyclic carbon
frame of hydrocarbon 1 has some conformational freedom,
especially with regard to the peripheral methylene groups
which can assume an endo- or an exo-position with regard
to the rest of the molecule. This gives rise to four conform-
ers depicted in Figure 4, the relative free energies of which
are listed in Table 1.

These predictions are in good agreement with the NMR
spectra of 1[24,31] so we assume that 1 is present predomi-
nantly as conformers 1a and 1b.

Upon ionization of 1 the five-membered ring carrying the
exo-methylene group becomes planar. Hence 1a and 1b
relax to the same radical cation, 1aC+ , whereas ionization of
1c and 1d leads to different conformers of 1C+ . As these are
both formed from minor constituents of 1 and lie about
3.5 kcalmol�1 above 1aC+ on a 298 K enthalpy scale, we will
not consider them further. Figure 5 shows that the HOMO
of 1a extends significantly into the four-membered ring
bond which is antiperiplanar to the olefinic p-MO (C2�C6).
Therefore it comes as no surprise that ionization does not
only lead to elongation of the double bond, but also to that
of the antiperiplanar s bond, while the other bonds in the
four-membered ring retain approximately the lengths they
had in neutral 1a. This leads to a trapezoidal structure
which is typical of 1,2-disubstituted cyclobutane radical cat-
ions.[32]

Thus one would assume that the C1�C2 bond is poised to
break in 1aC+ , but a potential energy scan wherein this bond

was further stretched led steadily uphill without yielding a
stable product (the distonic radical cation that would be at-
tained in this process collapses back to 1aC+ on optimiza-
tion). In contrast, we found that cleavage of the adjacent
C2�C6 bond proceeds with almost no activation, via a tran-
sition state with a kite-shaped cyclobutane moiety,[32] to
yield the radical cation 4aC+ which again has a trapezoidal
cyclobutane frame, but this time perpendicular to that of
1aC+ . The spin distribution in the singly occupied HOMO of
4aC+ (cf. Figure 5) indicates that this species may also be re-
garded as an intramolecular complex between an allyl radi-
cal and a trialkylcarbonium cation.

In an attempt to induce net cycloreversion of 1aC+ we
subjected the C1�C7 bond in 4aC+ to stepwise dilation.
However, this resulted once again in an uphill process the
result of which was that the C2�C6 bond was re-formed,
which means that cleavage of the C1�C7 bond led to a radi-
cal cation that does not profit from stabilization by allylic
resonance (as 1aC+ and 4aC+ , cf. Figure 5) and collapses back
to 4aC+ upon optimization.

On the other hand we found that 4aC+ may be converted
in a low-barrier process into another conformer, 4bC+ which
differs in the conformation of the saturated five-membered
ring and has a somewhat longer C2�C6 bond (cf. Figure 5,
the same species is also formed directly by decay of the two
minor conformers of 1C+). In contrast to 4aC+ , stretching of
the C1�C7 bond in 4bC+ led to nearly activationless (and
quite exothermic) cleavage to yield the radical cation of 1-
methyl-8-methylene-(E,E)-1,6-cyclodecadiene (5bC+). When
we explored the conformational space of 5C+ we found an-
other minimum, 5cC+ , which differs from 5bC+ mainly in the
conformation of the trimethylene bridge. However, as seen
in Figure 6, this change affects also the distance between the
diene and the olefin moieties which are bound in an inter-
molecular p-complex cation.[19] This binding is less strong in
5cC+ which is therefore about 3 kcalmol�1 less stable than
5bC+ . Also, the 5bC+ ! 5cC+ rearrangement involves a pre-
dicted barrier of 8.8 kcalmol�1, that is, it would not proceed

Table 1. Relative free energies (from B3LYP/6-31G* calculations) and
equilibrium composition of 1a–d.

Conformer DG [kcalmol�1] % in equilibrium at 298 K

1a (0) 81.2
1b 1.07 13.3
1c 1.64 5.1
1d 3.09 0.4

Figure 4. Four conformers of 1 (from B3LYP/6-31G* calculations. Note
that many hydrogen atoms in the ball-and-stick models are left away for
clarity).

Figure 5. HOMOs of 1a, 1aC+ , 4aC+ and 4bC+ . Numbers indicate bond
lengths in �.
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tures.

Figure 7 sums up the sequence of events discussed above
in the form of an enthalpy diagram. From this we conclude
that the first species to be detectable after ionization of 1 is
likely to be radical cation 5bC+ because the small activation
barriers that exist on the way to this species are easily over-
come, either with the thermal energy at room temperature,
or with the excess energy that is imparted onto the incipient
radical cations formed by charge transfer from ionized Ar in
the cryogenic experiments. It is not impossible that enough
excess energy is available to induce also the conformational
rearrangement of 5bC+ to 5cC+ , and the experiments descri-
bed in the Experimental Results section seem to indicate
that this is indeed the case, because ionization of 1 results in
formation of two species that have very similar electronic
and vibrational absorption spectra, and these spectra are in
good accord with those that are predicted for 5bC+ and 5cC+ ,
as shown in Figure 8 (IR) and Table 2 (UV/Vis/NIR).

It can be assumed that the small barriers separating
ionized 1 from 5C+ are also readily overcome in PET
experiments involving 1. Therefore the question arises
in what way the main product which was found in
these experiments,[24] that is, 1-methyl-8-methylenetricy-
clo[4.4.0.02,7]decane (6), is formed.

In principle 6 could arise by cross-cycloaddition of 5C+ to
6C+ , but calculations indicate that this reaction is thermody-
namically unfeasible because 6C+ lies 12.7 kcalmol�1 above
5bC+ on a free energy scale.[33] Conversely, the reduction of
5bC+ to the triplet state of 5 is strongly exergonic (DG =

�125.7 kcalmol�1 according to B3LYP/6-31G*). As the trip-
let sensitized [2+2] cycloaddition of a 8-methylene-1,6-cy-
clodecadiene derivative to give the corresponding 8-methyl-
enetricyclo[4.4.0.02,7]decane is known,[34] we assume that 6 is
formed after back electron transfer from 5C+ to the sensitizer
radical anion.

Figure 7. Enthalpy diagram for the decay of 1aC+ .

Figure 8. IR difference spectrum from Figure 1 (top trace), compared
with spectra calculated by B3LYP/6-31G* for 5bC+ and 5cC+ (bottom two
traces).

Table 2. Optical transitions and transition moments for 5bC+ and 5cC+ ac-
cording to TD-B3LYP calculations.

Compound Wavelength Transition moment

5bC+ 323 0.0148
341 0.0053
372 0.0877
418 0.0563
598 0.0843

5cC+ 356 0.0028
393 0.0095
416 0.0101
488 0.0266
779 0.0887

Figure 6. Structures and singly occupied MOs of 1-methyl-8-methylene-
1,6-cyclodecadiene radical cations 5bC+ and 5cC+ . Numbers indicate dis-
tances in �.
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Compound 2 : The syn-isomer of 1, compound 2, exists also
in different conformations, but, to simplify the calculations,
only the lowest-energy conformer 2a was considered (where
one of the peripheral methylene groups is in an endo- and
the other in an exo-position). Upon ionization, this species
also relaxes to a structure 2aC+ with a trapezoidal cyclobu-
tane moiety, but, as in the case of 1, the bond which is most
easily broken is not the one that is lengthened on ionization.
Instead, extension of the C2�C6 bond leads to radical cation
7aC+ , the analogue of 4aC+ above (see Figure 9). Again, this
latter compound undergoes a facile conformational change
to a structure 7bC+ in which the methylene group in the
intact five-membered ring adopts an exo-position. In this
case, this small conformational change entrails, however, a
complete cleavage of the C2�C6 bond which results in a
truly distonic radical cation with an allylic moiety that car-
ries most of the spin, while the LUMO (which can be re-
garded as the “charge-bearing” MO) is localized mostly on

C6. Also 7bC+ is about 2 kcalmol�1 more stable than 7aC+ ,
so that any further chemistry must be assumed to originate
from 7bC+ (Figure 9).

Indeed, cleavage of the C1�C7 bond occurs, as in 4bC+ ,
with no activation on an enthalpy scale (see Figure 10) and
leads to the much more stable radical cation of 1-methyl-8-
methylene-(Z,Z)-1,6-cyclodecadiene (8bC+) of which we
were only able to find a single stable conformer. Thus, as in
the case of the anti isomer 1, ionization of 2 leads to com-
plete cycloreversion (see Figure 10), and the IR and UV
spectra obtained after X-irradiation of Ar matrices contain-
ing 1 are indeed in good agreement with those predicted for
8bC+ , as shown in Figure 11.

In the PET experiments with 2 the products that were
found are 1, 6, and, in addition, bicyclic hydrocarbon 9.[24]

We had previously argued that
cross-cycloaddition of deca-
diene 5bC+ occurs after reduc-
tion to the triplet state, and we
presume that the same is hap-
pening in the case of 8bC+ .

Suprafacial cyclization of
8bC+ to 1C+ (or 4+) is also

Figure 9. Species on the decay path of 2a on ionization. Numbers indi-
cate bond lengths in �. The MO shown is the HOMO, which is singly oc-
cupied in the radical cations. Some hydrogen atoms are omitted in the
ball-and-stick structures for clarity.

Figure 10. Energy (black, solid bars) and enthalpy diagram (red) for the
decay of 2a on ionization.

Figure 11. IR difference spectrum from Figure 2 (top) compared with
that calculated by B3LYP/6-31G* for 8bC+ (bottom).
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strongly endothermic and requires cis–trans isomerizations
of both endocyclic double bonds. Such isomerizations are
known to take place on triplet sensitization of 8-methylene-
(Z,Z)-1,6-cyclodecadienes,[34] hence we believe that this
process occurs also on the triplet surface, in competition
with cross-cycloaddition to yield 6. Most probably, 2 is also
regenerated in this process, but this cannot be proven exper-
imentally.

In contrast, there is no precedent for the formation of 9 in
triplet-sensitized processes which suggests that this com-
pound is at least pre-formed before back electron transfer
occurs. Although the formation of 9C+ from 2aC+ is thermo-
chemically feasible according to our calculations, it is ender-
gonic by over 7 kcalmol�1 from 8bC+ to which 2aC+ decays
spontaneously. Thus, the first reaction step leading from
2aC+ to 9C+ would have to compete with cleavage to 7aC+

which has a negligible activation enthalpy (the ensuing
decay of 7aC+ to 9C+ is also practically barrierless). In com-
putational experiments, we explored all sorts of feasible re-
arrangements of 2aC+ that may ultimately lead to 9C+ [35] but
none of them comes even close to compete with its decay to
7aC+ .

Compound 3 : In PET experiments 3, which differs from 1
only by the lack of a methyl group on C6, showed only a
very slow decomposition which was not accompanied by the
formation of products that were detectable by GC. This
could be due to the fact that the barriers for “productive”
rearrangements are too high for these processes to compete
with back electron transfer. Alternatively the volatility of
the products is such that they either do not make it through
the GC column (i.e., polymers) or that they appear together
with the solvent. In contrast, ionization of 3 in an Ar matrix
led to at least three products the major one of which could
be clearly identified by its IR spectrum.

Compound 3 exists also in four conformations 3a–d which
closely correspond to those of 1 (cf. Figure 4). Conformer
3a is largely predominant (94% in the mixture at 298 K)
while 3b almost makes up for the rest. These two conform-
ers give the same radical cation 3aC+ on ionization, but at-
tempts to stretch the C1�C2 or the C2�C6 bonds in 3aC+

did not lead to stable products. However, flipping over the
methylene group in the saturated five-membered ring leads
to a conformer 3bC+ (Figure 12) which is 2.9 kcalmol�1

higher in free energy but which is more amenable to cleav-
age of the bonds that are in a,b-position to the exocyclic
methylene group.

Cleavage of the C2�C6 bond, analogous to 4aC+ lead to a
species 10C+ that lies 6.7 kcalmol�1 higher in free energy
than 3bC+ and is not protected from collapse back to 3bC+ .
Stretching the C1�C7 bond in 10C+ led to re-formation of
the C2�C6 bond, as it had in 4aC+ , and did not lead to a
stable product. Conversely, C1�C2 dissociation in 3bC+

which involves an activation enthalpy of only 6 kcalmol�1

leads to the distonic radical cation 11C+ which in turn under-
goes spontaneous cleavage of the C6�C7 bond to yield the
radical cation complex 12C+ between 3-methylenecyclopen-

tene and cyclopentene (see Figure 12). The overall process
leading from the incipient radical cation 3aC+ to 12C+ is exer-
gonic by 9.6 kcalmol�1, that is, it is thermochemically feasi-
ble (Figure 13).

Complex 12C+ is expected to show an intense low-energy
charge transfer transition, and this is exactly what is predict-
ed by TD-DFT calculations (lmax=854 nm, f=0.188) and
what is observed in the Ar matrix experiment. The IR spec-
tra found after X-irradiation of 3 in Ar are also in good
accord with those predicted for 12C+ (Figure 14) which cor-
roborates the hypothesis that this species is formed in these

Figure 12. Species on the decay path of 3a upon ionization. Numbers in-
dicate bond lengths in �. The MO shown is the HOMO, which is singly
occupied in the radical cations.

Figure 13. Energy (black) and enthalpy diagram (red) for the decay of 2a
on ionization.
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experiments. Note that another radical cation with a maxi-
mum at about 620 nm is formed concomitantly and can be
photoconverted to 12C+ . Most likely this is unrearranged
3aC+ and TD-DFT calculations predict indeed a transition at
668 nm (f=0.044) for this species.

Thus the picture with regard to the Ar matrix experiments
is quite consistent: apparently, a part of the incipient parent
radical cations 3aC+ are endowed with enough excess energy
to surmount the 9.4 kcalmol�1 barrier that is required for
cleavage of the C1�C2 bond (which is followed promptly by
dissociation of the C6�C7 bond) to yield the complex cation
12C+ . The only question that remains is what happens on
bleaching of 12C+ (Figure 3, blue traces) because the product
does not manifests itself palpably in the spectral regions we
have investigated.

With regard to the PET experiments it is likely that the
9.4 kcalmol�1 barrier which is involved in the decay of 3aC+

to 12C+ make that this process cannot compete with return
electron transfer. The low quantum yield of PET-induced
decomposition seems to indicate that this is indeed the case.
However, even if some 12C+ was formed, this would have
given 3-methylenecyclopentene and cyclopentenene on re-
neutralization, both compounds that would have escaped
GC detection due to their high volatility.

Conclusion

Figure 15 sums up the findings of the present study, as well
as of that on the fate of the tricyclic vinylcyclobutanes 1–3
in photoinduced electron transfer (PET) reactions. This fate
depends critically on seemingly minor structural features
such as the initial stereochemistry of the hydrocarbon and/
or the absence or presence of a methyl group. Oxidative
cleavage of one of the four-membered ring bonds adjacent
to the vinyl group (which leads to a species that profits from
allylic resonance) can only occur if a tertiary carbonium ion
can be formed in the process. Hence, in the presence of a
methyl group on C6 it is invariably the C2�C6 bond that is
cleft, in spite of the fact that the C1�C2 bond is lengthened

in the incipient radical cations 1C+ and 2C+ . This process is
followed in both compounds by dissociation of the C1�C7
bond to yield a 1-methyl-8-methylene-1,6-cyclodecadiene
radical cation (5C+/8C+) the configuration of which with
regard to the newly formed double bonds depends on the
geometry of the reactant (E,E from 1, Z,Z from 2).

Compounds 5C+ and 8C+ are unambiguously identified as
reactive intermediates in the Ar-matrix experiments. In the
case of 1, the PET product is 6, a formal cross-cycloaddition
product of 5. As formation of 6C+ from 5C+ is thermochemi-
cally unfeasible, we assume that 6 arises after back electron
transfer, probably from the triplet state of 5. In the case of 2
where one of the major PET products is hydrocarbon 9 we
cannot decide from our experiments whether this is formed
via 9C+ , followed by back electron transfer, or via 38. Our
search for a feasible pathway for the transformation 2C+!
9C+ did not turn up any rearrangements that could possibly
compete with the rapid decay of 2C+ to 8C+ .

In the absence of a methyl group on C6, cleavage of the
C2�C6 bond is unfavorable and does not lead to stable
products. Instead, 3C+ undergoes stepwise cycloreversion to
yield a complex between the radical cation of 1-methylene-
2-cyclopentadiene and cyclopentadiene (12C+ in Figure 15),
which has been identified in an Ar matrix, mainly by the in-
tense charge transfer band which is typical for such radical
ion complexes. In PET experiments, 3 did not yield any de-
tectable products, probably because the activation enthalpy
for the cycloreversion to 12C+ (9.4 kcalmol�1 according to
B3LYP/6-31G* calculations) is too high for this process to
compete successfully with back electron transfer which leads
presumably back to 3.
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