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The regioselectivity of bond cleavage and the subsequent
reactivity of 4-methylene-3,3-dimethyl-2,2-diphenylcyclo-
butan-1-one (5) and 4-isopropylidene-2,2-diphenylcyclo-
butan-1-one (6) in photoinduced electron transfer, pyrolysis,
and direct irradiation reactions were investigated. Novel
photoinduced electron-transfer rearrangements of 5 and 6
were found to occur through 1,4-diyl radical cations formed
by C1−C2 cleavage of 5·+ and 6·+; that is, similarly to radical-
cation Norrish type I cleavage, but in contrast to the diansyl
derivative 1·+ corresponding to 5·+, which gives an oxatetra-
methyleneethane (OTME)-type radical cation through
C2−C3 cleavage. In contrast, solvent effects on the thermal

Introduction

2-Methylenecyclobutan-1-one (MCB) is a unique com-
pound that readily participates in a variety of reactions
(Scheme 1). If a strained C2�C3 bond cleaves either homo-
lytically or heterolytically, MCB will give an oxa-analogue
of tetramethyleneethane[1,2] � oxatetramethyleneethane
(OTME, 3-methylenebutan-2-one-1,4-diyl) � which is a
new substance in the field of non-Kekulé chemistry. The
chemical properties of OTME are of great interest because
replacement of a carbon atom with an oxygen atom in a
non-Kekulé molecule induces considerable changes in the
geometry, multiplicity, electronic structure, and reactivity of
the compound, as exemplified by the oxyallyl,[3] oxa-ana-
logue of trimethylenemethane.[4,5] Moreover, if both
C1�C2 and C3�C4 cleave, MCB may participate in a met-
athesis-type reaction, since MCB is obtained through a
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rearrangement of 5 to 6 and theoretical calculations sug-
gested the intervention of an OTME-type diradical interme-
diate 16·· formed by homolytic C2−C3 cleavage of 5. In direct
photoreactions, 5 and 6 undergo [2+2] cycloreversion to give
1,1-diphenylethylenes and methyleneallenes, which are ex-
plained by both C1−C2 and C3−C4 cleavage. Consequently,
the regioselectivity of 5 and 6 in bond cleavage and their
reactivity strongly depend on the substituents and the
method of activation.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Scheme 1. Possible reaction pathways of MCB

[2�2] cycloaddition (making C1�C4 and C2�C3 bonds)
between an allene and a ketene. Consequently, we studied
the regioselectivity of bond cleavage of dianisyl derivatives
of MCB � 4-methylene-3,3-dimethyl-2,2-bis(4-methoxy-
phenyl)cyclobutan-1-one (1) and 4-isopropylidene-2,2-
bis(4-methoxyphenyl)cyclobutan-1-one (2) � under photo-
induced electron-transfer (PET) conditions with p-chloranil
(CA) as a sensitizer (Scheme 2).[6] Substrate 1 undergoes re-
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arrangement to give 2 via an OTME-type radical cation
intermediate (3·�) formed by C2�C3 cleavage of 1·�,
whereas the C1�C2 bond of 2·� cleaves to give a CA ad-
duct 4.

Scheme 2. PET reactions of 1 and 2 with CA; An � 4-MeOC6H4

To gain further insight into the regioselective bond cleav-
age and reactivity of MCB, we also studied the PET reac-
tions of 4-methylene-3,3-dimethyl-2,2-diphenylcyclobutan-
1-one (5)[7] and 4-isopropylidene-2,2-diphenylcyclobutan-1-
one (6,[7] Scheme 3), as well as pyrolyses and direct ir-
radiation reactions. Unlike the PET reaction of dianisyl de-
rivative 1, those of 5 and 6 involved C1�C2 cleavage. It
appeared that a diradical type of OTME derivative was in-
tervening in the thermal rearrangement of 5, while a zwit-
terionic counterpart rather than the diradical was proposed
as the intermediate in the rearrangement from 5 to 6.[7] Di-
rect photo-irradiation of 5 and 6 resulted in a half metath-
esis-type reaction accompanied by C1�C2 and C3�C4
cleavage. Here we report the unique reactivity of 5 and 6,
the bond cleavage regioselectivities of which depend
strongly on the substituents and the method of activation
(Scheme 3).

Results and Discussion

PET Reactions of 5 and 6

MCB derivatives 5 and 6 were prepared by thermal [2�2]
cycloaddition between 1,1-dimethylallene and diphenylke-
tene according to the method reported by Brook and co-

Table 1. Oxidation potentials (Eox
p ) of 5 and 6, free energy changes (∆Get) associated with electron-transfer reactions of 5 and 6 with CA*

or TPPBF4* in CH3CN or CH2Cl2, and the quenching rate constants (kq) for TPPBF4*

Eox
p

[a] [V] ∆Get(CA)[b] [eV] ∆Get(TPPBF4)[b] [eV] kq [1010 �1 s�1]
CH3CN CH2Cl2 CH3CN CH2Cl2 CH3CN CH2Cl2 CH3CN CH2Cl2

5 �2.05 �2.13 [c] �0.94 �0.46 �0.74 1.6 1.5
6 �1.87 �1.89 [c] �1.18 �0.64 �0.98 1.9 2.0

[a] Vs. SCE in CH3CN containing 0.1  Et4NClO4, or in CH2Cl2 containing 0.1  nBu4NBF4, irreversible. [b] ∆Get � [Eox
p (5 or 6) �

0.03]�Ered
1/2(sensitizer)�E0�0(sensitizer)�c. Ered

1/2(TPPBF4) � �0.39 V, E0�0(TPPBF4) � 2.87 eV, c �0.00 eV in CH3CN. Ered
1/2-

(CA) � �0.12 V, E0�0(CA) � 2.69 eV, Ered
1/2(TPPBF4) � �0.20 V, E0�0(TPPBF4) � 2.81 eV, c � �0.23 eV in CH2Cl2. [c] No attempt.
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Scheme 3. Regioselective bond cleavage of 5 and 6 depends on the
substituent and the method of activation

workers.[7] The halfwave oxidation potentials (Eox
p ) of 5 and

6 are low enough to quench the excited states of CA and
triphenylpyrylium tetrafluoroborate (TPPBF4) exer-
gonically, as suggested by the calculated free energy changes
(∆Get) for electron transfer.[8�10] In agreement with calcu-
lations, 5 efficiently quenches TPPBF4 fluorescence in aer-
ated acetonitrile and dichloromethane. Table 1 shows the
values of Eox

p , ∆Get, and the rate constants (kq) for the
TPPBF4-fluorescence quenching by 5 and 6.

Compound 5 was consumed with 43% conversion on ir-
radiation (λ � 400 nm) in the presence of CA for 60 min
in degassed dichloromethane, but no obvious product was
observed. In contrast, TPPBF4-sensitized photo-irradiation
of 5 for 10 min in dichloromethane produced a mixture of
the isomers 3,4-dihydro-3,3-dimethyl-2-methylene-4-phenyl-
2H-naphthalen-1-one (7, Scheme 4) and 2,3,4-trimethyl-4-
phenyl-4H-naphthalen-1-one (8), in 28 and 24% yields,
respectively, at 69% conversion. Similar PET reactions of 5
to give 7 and 8 took place in the more polar acetonitrile,
although the yields were lower, as shown in Table 2. Control
photo-irradiation of 7 for 10 min in dichloromethane re-
sulted in the quantitative recovery of 7. Similar photo-ir-
radiation of 6 afforded completely different results. A CA
adduct, 2�,3�,5�,6�-tetrachloro-4�-hydroxyphenyl 2-isopro-
pylidene-4,4-diphenyl-3-butenoate (9), was formed in CA-
sensitized photo-irradiation of 6 in dichloromethane (59%
yields at 59% conversion). In contrast, TPPBF4-sensitized
photo-irradiation of 6 in dichloromethane or acetonitrile
gave a rearranged isomer of 3,4-dihydro-2-isopropylidene-
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Scheme 4. PET reactions of 5 and 6 with CA or TPPBF4

Table 2. PET reactions of 5 and 6 under various sets of conditions

[a] Time Conversion Yields [%]
[min] [%]

Sensitizer Solvent 7 8 9 10

5 CA CH2Cl2 60 43 0 0 0 0
TPPBF4 CH2Cl2 5 32[b] 19 9 0 0

10 69[b] 28 24 0 0
CH3CN 5 34 11 3 0 0

10 64 21 5 0 0
6 CA CH2Cl2 5 30 0 0 30 0

10 59 0 0 59 0
TPPBF4 CH2Cl2 2 51 0 0 0 44

5 92 0 0 0 54
CH3CN 5 63 0 0 0 59

10 93 0 0 0 81

[a] [5 or 6] � [CA] � 0.01 , [TPPBF4] � 0.003 . [b] A small
amount (5�6%) of 3-methylene-4,4-dimethyl-5,5-diphenyltetra-
hydrofuran-2-one (23) was also formed during the reactions.

4-phenyl-2H-naphthalen-1-one (10) in moderate to good
yield.

Scheme 5 shows a plausible reaction mechanism for the
TPPBF4- or CA-sensitized PET reactions of 5 and 6. The
initially formed 5·� undergoes C1�C2 cleavage to give 11·�,
which undergoes subsequent cyclization to form a fused
radical cation, 12·�. Ketone 7 is formed from 12·� though
a formal 1,7-H shift and back electron transfer (BET) from
the triphenylpyranyl radical, whereas 8 is the result of a 1,2-
CH3 shift and BET in the 1,3-radical cation 13·�, which is
probably formed from 12·�. In fact, a large difference be-
tween 12·� and 13·� in their calculated heats of formation
suggests a facile rearrangement of 12·� to 13·�.[11] The high
stability of 7 shown in the control experiment excludes the
possible conversion of 7 to 8. A similar mechanism operates
in the photoreaction of 6. The initially formed 6·� also un-
dergoes C1�C2 cleavage to give 14·�. In the case of CA
sensitization, the reaction between 14·� and CA·� involves
a sequence of additions and a formal H shift to give the
CA adduct 9. For TPPBF4 sensitization, ketone 10 is
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Scheme 5. A plausible mechanism for PET reactions of 5 and 6 in
the presence of CA or TPPBF4

formed from 15·� through an H shift and BET, as with
ketone 7. The C1�C2 cleavage of 5·� and 6·� is similar
to radical-cation Norrish type I cleavage, as reported for
arylalkyl ketones by Akaba and co-workers (Scheme 6)[12]

and as exemplified by the dianisyl derivatives 2
(Scheme 2).[6]

Scheme 6. The first example of a radical-cation Norrish type I
reaction

Two electronic structures are possible for key intermedi-
ates 11·� and 14·�, as shown in Figure 1 (a) with the parent
framework: type A has formal ethyl radical and ketoallyl
cation subunits, while type B possesses ethyl cation and ke-
toallyl radical subunits. The electronic and stereochemical
structures of 11·� and 14·� shown in Scheme 5 are sup-
ported by PM5/UHF�AM1/UHF calculations. As shown
in Figure 1 (b) and Table 3, 11·� prefers a twisted structure
for Type A with dihedral angles of α � �46°, β � �5°,
and γ � �3°. The sum of the calculated partial spin density
(Σρ � �0.99) of the ethyl (actually 2-methyl-1,1-di-
phenylpropyl) subunit of 11·� is markedly higher than that
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of the ketoallyl subunit. Accordingly, the sum of the calcu-
lated partial charge density (Σq � �0.72) of the ketoallyl
subunit is higher than the value for the ethyl subunit. This
is also the case with 14·�. A similar theoretical calculation
suggested that type A of 14·� with the 1,1-diphenylethyl
radical and the 3,3-dimethylketoallyl cation subunits has a
twisted structure (Figure 1, b).[13]

Figure 1. (a) Definition of the dihedral angles (α, β, and γ) and
two subunits in the parent framework; (b) geometries of 11·� and
14·� (hydrogen atoms are omitted for clarity) optimized by PM5/
UHF

Substituent Effects on the Regioselectivity of Bond
Cleavage in 1·� and 5·�

As described above, the dianisyl derivative 1 undergoes
rearrangement to 2 via 3·�, which is formed by C2�C3
bond cleavage (Scheme 2). The difference in bond cleavage
regioselectivities between the dianisyl and diphenyl deriva-
tives 1·� and 5·� is an intriguing feature in the PET reac-
tions (Scheme 7). Miranda and co-workers recently re-
ported similar substituent effects on regioselectivity in the
bond cleavage of diaryl-substituted oxetane radical cations
(Scheme 8).[14�16] They suggested that an anisyl group de-
creases the strength of the C2�C3 σ bond through a σ�π
interaction to stabilize the positive charge of the aromatic
radical cation. This is not the case in our system, however,

Scheme 7. Contrasting regioselectivities in the bond cleavage of 1·�

and 5·�

Table 3. Dihedral angles (α, β, and γ), the sum of calculated partial spin and charge densities (Σρ and Σq), and types of electronic
structures of 11·� and 14·� calculated by PM5/UHF�AM1/UHF

α β γ Σρ ΣqRadical cation
[°] [°] [°] Ethyl Ketoallyl Ethyl Ketoallyl Type

11·� �46.3 �5.1 �3.0 �0.99 �0.01 �0.28 �0.72 A
14·� �36.4 �18.4 �5.0 �0.98 �0.02 �0.24 �0.76 A
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because the diarylmethyl subunits probably possess spin, as
described above, regardless of the structures of 3·� and
11·�.

Scheme 8. Contrasting regioselectivities in the bond cleavage of
diaryl-substituted oxetane radical cations

To gain further insight into the substituent effects on the
regioselectivity, we conducted B3LYP/6�31G(d,p) calcu-
lations for 1 and 5. As shown in Figure 2, the HOMO of 1
is located mainly on the two anisyl subunits. Conversely, the
two phenyl groups, the C1�C2 and C1�C4 bonds, and the
carbonyl subunit are all associated with the HOMO in 5.
The driving force of the C2�C3 cleavage in 1·�, anal-
ogously to the thermal rearrangement of 1, must be a relax-
ation of the steric repulsion between the two pairs of anisyl
and methyl groups in the eclipsed conformation. Similar
steric repulsion between the two pairs of phenyl and methyl
groups would be expected for 5·�, but the considerable dis-
tribution of the HOMO into the C1�C2 bond induces its
cleavage after oxidation by single electron transfer. Note
that oxidation hardly affects the steric repulsion in 5·�,
while the C1�C2 bond order is readily affected. The substi-
tution on the phenyl ring strongly affects their balance and
consequently the regioselectivity of the radical-cation
bond cleavage.

Figure 2. The HOMOs of 1 (dianisyl, left) and 5 (diphenyl, right)
obtained by B3LYP/6�31G(d,p) calculations
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Thermal Rearrangement of 5 to 6 via an OTME
Intermediate

Brook and co-workers also found[7] that the rate constant
for the rearrangement of 5 increases by less than twofold
when the solvent is changed from o-dichlorobenzene [DCB,
ET(30)[17] � 38.0 kcal·mol�1] to benzonitrile [ET(30) � 41.5
kcal·mol�1]. They assumed the generation of a zwitterionic
OTME-type intermediate 16�� formed by heterolytic
C2�C3 cleavage rather than the formation of an alternative
OTME-type diradical counterpart 16·· generated by homo-
lytic C2�C3 cleavage, and concluded that the observed sol-
vent effects are not inconsistent with this assumption
(Scheme 9).

Scheme 9. Two possible intermediates (16�� and 16··) in the ther-
mal rearrangement of 5

In contrast, calculations suggest that 16·· is preferable to
16�� regardless of the method (AM1 or PM5) or medium
(in vacuo or in DMSO with ε � 45). As judged from the
sums of the calculated partial spin and charge densities (Σρ
and Σq, respectively, in Table 4), 16 has a pair of spins at
the 1,1-dimethylallyl and the diphenylmethyl subunits and
no significant charge anywhere, suggesting a contribution

Table 4. Dihedral angles (θ and ω), the sums of partial spin and charge densities (Σρ and Σq), and types of electronic structures of 16

θ ω Σρ Σq
Methods ε [°] [°] Allyl Carbonyl Methyl Allyl Carbonyl Methyl Type

AM1/UHF 0 �40.0 �85.6 �0.97 �0.08 �1.06 �0.00 �0.03 �0.04 16··

45 �53.3 �63.4 �0.97 �0.07 �1.05 �0.00 �0.03 �0.03 16··

PM5/UHF 0 �45.3 �36.4 [a] [a] [a] �0.00 �0.01 �0.02 16··

45 �48.6 �36.7 [a] [a] [a] �0.07 �0.12 �0.05 16··

[a] Not available.

Table 5. Kinetic parameters for thermal rearrangement of 1 and 5 at 130 °C

Solvents ET(30) Ea log A kiso ∆G‡ ∆H‡ ∆S‡

[kcal·mol�1] [kcal·mol�1] [s�1] [kcal·mol�1] [kcal· mol�1] [cal·mol�1·K�1]

1 [D6]DMSO 45.1 32.1 13.6 1.8 � 10�4 30.8 31.3 1.3
[D6]DMSO/[D4]DCB[a] 41.3 31.2 13.2 1.8 � 10�4 30.8 30.4 �0.83
[D4]DCB 38.1 30.1 12.6 1.7 � 10�4 30.8 29.3 �3.7

5 [D6]DMSO 45.1 31.4 12.7 4.4 � 10�5 31.9 30.6 �3.3
[D4]DCB 38.1 32.2 13.1 5.2 � 10�5 31.8 31.4 �1.0
[D4]DCB[b] 38.1 33.3[b] 13.8[b] 5.2 � 10�5[c] 31.7[c] 32.5[c] 1.9[c]

[a] A mixture of [D4]DCB and [D6]DMSO in a 4:1 ratio. [b] See ref.[7]. [c] Calculated values using kinetic data cited in ref.[7].
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from the diradical 16··. Figure 3 (b) shows a doubly twisted
structure of 16 with dihedral angles of θ � �53° and ω �
�63°, optimized by AM1/UHF calculation. The di-
phenylmethyl and the carbonyl subunits are both twisted
with respect to each other, as in the case with the carbonyl
and the 1,1-dimethylallyl subunits. The large deviation from
a planar structure is probably due to the radical stabilizing
effects of the two phenyl groups and steric hindrance be-
tween the phenyl and the dimethylallyl groups in 16 with a
hypothetical planar structure.

The appropriate electronic structure of 16 is indicated by
solvent and substituent effects observed in reinvestigation
of the thermal rearrangement of 1 and 5 in the 110�140
°C range in [D4]DCB and [D6]DMSO [ET(30) � 45.1
kcal·mol�1], which is more polar than benzonitrile. The ki-
netic parameters are summarized in Table 5, together with
those of Brook and co-workers.[7] No significant change in

Figure 3. (a) Definition of the dihedral angles (θ and ω) and three
subunits in the OTME framework; (b) the optimized geometry of
16 (hydrogen atoms are omitted for clarity) by AM1/UHF with
ε � 45 for DMSO
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∆G‡ was observed in either 1 or 5 on changing the solvent.
Furthermore, on comparison of 1 and 5, the methoxy sub-
stitution on the two phenyl groups reduced ∆G‡ by 1 kcal
mol�1. These results suggest that the transition structure of
the reaction is a diradical 16·· rather than a zwitterion 16��,
in accordance with the calculations. Note that if the contri-
bution of 16�� is exclusive, the methoxy substitution on the
two phenyl groups should increase ∆G‡ considerably.

Direct Irradiation Reactions of 5 and 6

On irradiation (λ � 350 nm) of 5 in benzene, 2-methyl-
1,1-diphenylpropene (17) was formed quantitatively
(Scheme 10, Table 6). The expected counterpart, methyl-
eneketene (18) was not detected during the reaction. Inter-
estingly, however, unidentified polymeric materials formed
in the reaction mixture. In contrast, the similar photoreac-
tion of 6 gave 1,1-diphenylethylene (19) and 3,3-dimethylac-
rylic anhydride (20)[18] in 68 and 16% yields at 82% conver-
sion. The structure of 20 was confirmed by comparison
with an authentic sample prepared independently from 3,3-
dimethylacrylic acid (21) and the corresponding chloride.
As shown in Scheme 10, 20 is probably formed through the
reaction of the expected counterpart isopropylideneketene
(22) and 21, which is probably formed by the hydrolysis of
22 with a trace amount of water remaining in the reaction
system. The mechanism was confirmed by control experi-

Scheme 10. Direct irradiation reactions of 5 and 6

Table 6. Direct irradiation reactions of 5 and 6 for 6 h

[a] Conversion [%] Yields [%]
Solvents 17 19 20 or [D2]20

5 C6H6 52 50 � �
6 C6H6 82 � 68 16

H2O-saturated C6H6 86 � 86 58
D2O-saturated C6H6 84 � 73 52 (D, 85%)

[a] [5 or 6] � 0.01 .
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ments in H2O- or D2O-saturated benzene. The photoreac-
tion of 6 in H2O-saturated benzene gave 19 and 20, in 86
and 58% yields, respectively. Note that the yield of 20 in-
creased from 16 to 58% when the solvent was changed to
H2O-saturated benzene. The similar photoreaction of 6 in
D2O-saturated benzene gave 19 and [D2]20 with 85% D in-
corporation, in 73 and 52% yields, respectively.

Methyleneketenes are valuable synthetic intermediates
and have attracted much mechanistic attention theoretically
and experimentally.[19] In this connection, our photochem-
ical [2�2] cycloreversion affording aliphatic methyleneke-
tenes in situ at ambient temperature is quite useful in terms
of synthetic organic chemistry, because methyleneketenes
are typically generated by flash vacuum pyrolysis, ir-
radiation of a low temperature matrix, or treatment of 2-
bromoacryloyl chloride derivatives with some transition
metal anion. Mazzocchi reported a similar photoreaction
yielding aliphatic methyleneketenes for 3-isopropylidene-N-
methyl-4,4-dimethylazetidin-2-one.[20]

Conclusion

We have found that the bond cleavage regioselectivities of
5 and 6 strongly depend on the method of activation (PET,
pyrolysis, and direct irradiation) and the substitution on the
parent framework and the phenyl groups. In PET reactions,
we found a novel rearrangement of 5 and 6 via 11·� and
14·�, which are formed by C1�C2 cleavage of 5·� and 6·�,
respectively. This is similar to a radical-cation Norrish type
I cleavage,[6,12] but contrasts with the diansyl derivative 1·�,
which gives an OTME-type radical cation 3·� through
C2�C3 cleavage.[6] Note that the regioselectivity of cyclo-
butane radical cations is a reaction of substantial biological
importance because they are closely associated with UV
damage and the photorepair of DNA.[21�25] Solvent effects
and calculations suggested intervention by 16·· in the ther-
mal rearrangement of 5, which must be formed by hemo-
lytic cleavage of the C2�C3 bond in 5. In direct photoreac-
tions, 5 and 6 gave 1,1-diphenylethylenes (17 and 19) and
probably methyleneallenes (18 and 22), which were con-
firmed as 20 in the photoreaction of 6. These reactions were
explained in terms of [2�2] cycloreversions involving both
C1�C2 and C3�C4 cleavage (Scheme 10). A formal met-
athesis reaction system (Schemes 1) was therefore demon-
strated by the thermal cycloaddition of 1,1-dimethylallene
with diphenylketene and photocycloreversion of 5 and 6 on
direct irradiation.

Experimental Section

General Remarks: All melting and boiling points are uncorrected.
Elemental analyses were performed by the Instrumental Analyses
Center for Chemistry, Graduate School of Science, Tohoku Univer-
sity, and satisfactory elemental analyses were obtained for all the
new compounds in this report. 1H NMR spectra were recorded at
200 MHz with a Varian Gemini 2000 or at 400 MHz with a JEOL
GX-400 spectrometer. Chemical shifts are reported with the follow-
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ing abbreviations: s, singlet; d, doublet; t, triplet; q, quadruplet; m,
multiplet; br., broad; J, coupling constants (Hz). 1H NMR product
analyses were performed with the use of 1,1,2,2- or 1,1,1,2-tetra-
chloroethane as internal standards for integration. 13C NMR spec-
tra were obtained at 50 MHz with a Varian Gemini 2000 or at
100 MHz with a JEOL GX-400 spectrometer. Mass spectroscopy
(MS) was performed with a JEOL JMS-HX110 or a Hitachi M-
2500 mass spectrometer with electron or chemical ionization. The
redox potentials (Eox

p and Ered
p in V vs. SCE) were measured by

cyclic voltammetry with a Yanaco P-1000 voltammetric analyzer
or a PS-07 TOHO polarization unit in acetonitrile and dichloro-
methane containing Et4NClO4 (0.1 ) and nBu4NBF4 (0.1 ),
respectively, as supporting electrolytes (Pt electrode, scan rate 100
mV/s). Since all of the substrates gave irreversible waves, their
Eox

1/2 values were estimated as Eox
p � 0.03 V, a one-electron oxidation

process being assumed. Fluorescence spectra were recorded on a
Hitachi F-4010 fluorescence spectrophotometer. Steady-state pho-
tolysis was carried out at 20 � 1 °C with an Ushio 2-kW Xe short
arc lamp with an aqueous IR filter and a Toshiba cutoff filter L-
39 (λ � 360 nm) for direct irradiation, or Y-43 (λ � 400 nm) for
TPPBF4- and CA-sensitization. The ethereal solvents were dried
and distilled from LiAlH4. Acetonitrile was dried and distilled from
P2O5 and then LiAlH4. Benzene and dichloromethane were dried
and distilled from LiAlH4. The deuterated solvents used for the
kinetic study, [D6]DCB (99.6% deuterated) and [D4]DMSO
(99.6%), were dried over 4 Å molecular sieves and treated with
K2CO3 before use. Merck silica gel 60 (230�400 mesh) was used
for column chromatography.

Preparation of 5 and 6: The two isomeric methylenecyclopropanes
5 and 6 were prepared in 8 and 30% yields, respectively, through a
[2�2] cycloaddition between 3-methylbuta-1,2-diene (1,1-dimeth-
ylallene)[26] and diphenylketene,[27] by known procedures.[7]

Compound 5: Pale yellow cubes (n-hexane). M.p. 108�109 °C (ref.[7]

110.5 °C). IR (KBr): ν̃ � 1744, 1651 cm�1 (ref.[7] 1739 cm�1). MS
(70 eV): m/z (%) � 262 (100) [M�], 247 (31) [M� � CH3], 219 (100)
[247 � CO], 165 (6). 1H NMR (200 MHz, CDCl3): δ � 1.29 (s, 6
H), 5.12 (d, J � 1.1 Hz, 1 H), 5.88 (d, J � 1.1 Hz, 1 H), 7.20�7.44
(m, 10 H) ppm. 13C NMR (50 MHz, CDCl3): δ � 27.17 (2 C),
47.48, 77.95, 110.74 (2 C), 126.65 (2 C), 127.83 (4 C), 128.22 (4 C),
140.64, 162.38, 202.82 ppm.

Compound 6: Colorless plates (EtOH). M.p. 150�150.5 °C (ref.[7]

147 °C). IR (KBr): ν̃ � 1724, 1663 cm�1 (ref.[7] 1720 cm�1). MS
(70 eV): m/z (%) � 262 (80) [M�], 247 (10) [M� � CH3], 219 (8)
[M� � CO], 180 (100) [Ph2C�C�CH2]. 1H NMR (200 MHz,
CDCl3): δ � 1.80 (s, 3 H), 2.15 (s, 3 H), 3.33 (br. s, 2 H), 7.15�7.45
(m, 10 H) ppm. 13C NMR (50 MHz, CDCl3): δ � 21.46, 21.59,
37.06, 70.20, 126.67 (2 C), 126.98 (4 C), 128.54 (4 C), 138.19,
142.79 (2 C), 145.83, 199.00 ppm.

General Procedure for TPPBF4- or CA-Sensitized Photoreactions:
A solution (6 mL) containing 5 or 6 (0.06 mmol) and TPPBF4

(0.018 mmol) or CA (0.06 mmol) in a Pyrex test tube (diameter
1.5 cm) was degassed by five freeze�pump�thaw�cycles (�196
°C/10�2 Torr/ambient temperature) and was then sealed at 10�2

Torr. The sample solution was irradiated through a cutoff filter (λ
� 400 nm) with a 2-kW Xe lamp at 20 � 1 °C. For CA, the sample
solution, which contained a slight suspension of CA, was irradiated
similarly, after precipitation of CA by standing for 5 min. After
evaporation in vacuo, the product yields were determined by 1H
NMR spectroscopy.

Isolation of 7, 8, and 10: A CH2Cl2 solution (18 mL) containing 5
(472 mg, 1.80 mmol) and TPPBF4 (71.4 mg, 0.183 mmol) in a Py-
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rex test tube (diameter 2.5 cm) was degassed with five
freeze�pump�thaw cycles (�196 °C/10�2 Torr/0 °C) and then se-
aled at 10�2 Torr. The sample solution was irradiated through a
cutoff filter (λ � 400 nm) with a 2-kW Xe lamp at 20 � 1 °C for
120 h. After evaporation in vacuo, column chromatography fol-
lowed by recrystallization from hexane gave 109 mg (0.415 mmol,
23% yield) of 7, 168 mg (0.639 mmol, 36%) of 8, and 13.2 mg
(0.0472 mmol, 3%) of 23. A similar photoreaction of 6 (105 mg,
0.4 mmol) and TPPBF4 (23.8 mg, 0.06 mmol) in CH3CN (20 mL)
for 2 h gave 57.9 mg (0.221 mmol, 55%) of 10.

Compound 7: Yellow plates (n-hexane). M.p. 106�107 °C. IR
(KBr): ν̃ � 2968, 1668, 1595, 1454, 1272, 993, 947, 758 cm�1. MS
(EI, 70 eV): m/z (%) � 263 (20) [M� � 1], 262 (100) [M�], 261
(10), 247 (18), 244 (32), 229 (13), 220 (16), 219 (16), 207 (15), 206
(16), 195 (13), 194 (33) [M� � (CH3)2C�C�CH2], 171 (16), 166
(11), 165 (64), 91 (19, C7H7

�), 77 (50) [Ph�]. 1H NMR (400 MHz,
CDCl3): δ � 1.06 (s, 3 H), 1.25 (s, 3 H), 3.97 (s, 1 H), 5.28 (d, J �

1.6 Hz, 1 H), 6.33 (d, J � 1.6 Hz, 1 H), 6.96�6.99 (dd � m, J �

7.8, 1.8 Hz, 2 H), 7.13�7.19 (m, 4 H), 7.35 (ddd, J � 7.8, 7.8,
1.6 Hz, 1 H), 7.45 (ddd, J � 7.8, 7.8, 1.4 Hz, 1 H), 8.20 (dd, J �

7.8, 1.4 Hz, 1 H) ppm. 13C NMR (100 MHz, CDCH3): δ � 25.73,
30.54, 41.22, 58.57, 121.41, 126.66, 127.15, 127.79, 128.00 (2 C),
129.14 (2 C), 130.09, 131.69, 134.12, 141.05, 145.15, 150.00,
188.35 ppm.

Compound 8: Pale yellow plates (n-hexane). M.p. 112.5�113 °C. IR
(KBr): ν̃ � 1647, 1599, 1458, 1338, 773, 700, 709 cm�1. MS (El,
70 eV): m/z (%) � 263 (20) [M� � 1], 262 (100) [M�], 248 (12),
247 (61) [M� � CH3], 232 (15), 229 (17), 219 (20) [M� � COCH3],
204 (12), 203 (14), 202 (13), 159 (27). 1H NMR (400 MHz, CDCl3):
δ � 1.74 (q, J � 2.0 Hz, 3 H), 1.82 (s, 3 H), 2.07 (q, J � 2.0 Hz,
3 H), 6.96 (ddd, J � 8.0, 1.6, 0.8 Hz, 1 H), 7.13�7.40 (m, 7 H),
8.21 (ddd, J � 8.0, 1.6, 0.8 Hz, 1 H) ppm. 13C NMR (100 MHz,
CDCl3): δ � 11.7, 18.2, 27.1, 48.9, 126.3, 126.5, 126.7, 127.4 (2 C),
128.6 (2 C), 128.7, 129.5, 131.0, 132.0, 144.1, 150.8, 157.8,
184.3 ppm.

Compound 23: Colorless needles (n-hexane). M.p. 118.5�119.5 °C.
IR (KBr): ν̃ � 2982, 1759, 1300, 1211, 991, 763, 708 cm�1. MS
(EI, 70 eV): m/z (%) � 278 (16) [M�], 105 (16) [C8H9

� or PhCO�],
96 (100) [M� � Ph2CO], 77 (16) [Ph�], 68 (65) [(CH3)2C�C�

CH2
�], 67 (12). 1H NMR (400 MHz, CDCl3): δ � 1.21 (s, 6 H),

5.46 (s, 1 H), 6.26 (s, 1 H), 7.27�7.49 (m, 10 H) ppm. 13C NMR
(100 MHz, CDCl3): δ � 2.49 (2 C), 48.21, 92.63, 119.08, 126.75 (4
C), 127.77 (2 C), 128.06 (4 C), 140.21 (2 C), 147.08, 169.90 ppm.

Compound 10: Pale yellow powder (n-hexane). M.p. 56 °C. IR
(KBr): ν̃ � 1665, 1622, 1593, 1454, 1300, 1288, 1227, 708 cm�1.
MS (El, 70 eV): m/z (%) � 263 (20) [M� � 1], 262 (100) [M�], 261
(8), 247 (18), 229 (8), 221 (5), 220 (9), 219 (8), 207 (10), 206 (11),
195 (9), 194 (14) [M� � (CH3)2C�C�CH2], 178 (6), 171 (9), 165
(24), 115 (5), 91 (6, C7H7

�). 1H NMR (200 MHz, CDCl3): δ �

1.68 (s, 3 H), 2.17 (s, 3 H), 3.00 (dd, J � 13.7, 7.4 Hz, 1 H), 3.11
(dd, J � 13.7, 5.1 Hz, 1 H), 4.13 (dd, J � 7.4, 5.1 Hz, 1 H), 6.96
(dd, J � 6.4, 2.0 Hz, 1 H), 7.11 (AA�BB�C, J � 7.5, 2.0 Hz, 2 H),
7.20�7.42 (m, 5 H), 8.18 (dd, J � 6.8, 2.4 Hz, 1 H) ppm. 13C NMR
(50 MHz, CDCl3): δ � 22.69, 23.17, 37.12, 46.07, 126.71, 127.10,
127.85, 128.41 (2 C �1 C), 128.48 (2 C), 128.83, 132.83, 134.99,
143.66, 145.41, 146.97, 189.97 ppm.

Isolation of 9: A CH2Cl2 solution (30 mL) containing 6 (78.7 mg,
0.3 mmol) and CA (80.4 mg, 0.33 mmol) in a Pyrex test tube (diam-
eter 3.0 cm) was degassed with five freeze�pump�thaw cycles
(�196 °C/10�2 Torr/ambient temperature) and then sealed at 10�2

Torr. After precipitation of CA by standing for 5 min, the sample
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solution was irradiated through a cutoff filter (λ � 400 nm) with a
2-kW Xe lamp at 20 � 1 °C for 2 h. After evaporation in vacuo,
column chromatography followed by recrystallization from acetone
gave 91.2 mg (0.0179 mmol, 60% yield) of 9.

Compound 9: Colorless powder. M.p. 219.5�220 °C. IR (KBr): ν̃ �

3344, 1724, 1441, 1396, 1180, 1165, 1042, 764, 698 cm�1. MS (CI,
15 eV): m/z (%) � 513 (12), 512 (13), 511 (51), 510 (26), 509 (100)
[MH�], 508 (20), 507 (75), 262 (7), 261 (31). 1H NMR (200 MHz,
[D6]DMSO): δ � 0.69 (s, 3 H), 1.03 (s, 3 H), 1.55 (s, 1 H), 5.68 (br.
s, 1 H), 6.20�6.50 (m, 10 H) ppm. 13C NMR (50 MHz,
[D6]DMSO): δ � 22.49, 24.78, 120.97, 122.87, 123.63, 126.12,
127.97 (2 C), 128.09 (2 C), 128.29 (2 C), 128.54 (2 C), 128.72 (2
C), 129.70 (2 C), 137.76, 139.92, 142.26, 145.99, 149.72, 154.60,
163.42 ppm.

General Procedure used in the Kinetic Study: [D4]DCB, [D6]DMSO,
and a mixture of both in 4:1 ratio were used for the kinetic study.
A solution (0.6 mL) containing 5 (0.012 mmol, 0.02 ) in a Pyrex
NMR tube (diameter 0.5 cm) was degassed with five
freeze�pump�thaw cycles (�196 °C/10�2 Torr/ambient tempera-
ture) and then sealed at 10�2 Torr. The sample solution was heated
in a controlled thermal bath. The relative and absolute yields of 6
were determined by 1H NMR without and with an internal stand-
ard, respectively.

Direct Irradiation Reaction: A dehydrated or H2O- or D2O-satu-
rated C6H6 solution (6 mL) containing 5 and 6 (15.7 mg,
0.06 mmol) in a Pyrex test tube (diameter 1.5 cm) was degassed
with five freeze�pump�thaw cycles (�196 °C/10�2 Torr/ambient
temperature) and then sealed at 10�2 Torr. The sample solution
was irradiated through a cutoff filter (λ � 360 nm) with a 2-kW
Xe lamp at 20 � 1 °C for 6 h. After evaporation in vacuo, the
product yields were determined by 1H NMR analyses with an in-
ternal standard for integration. Similar photo-irradiation of 5
(94.4 mg, 0.36 mmol) and 6 (86.6 mg, 0.30 mmol) gave 17 (47.5 mg,
0.22 mmol, 61% isolated yield) and a mixture of 19 (39.8 mg,
0.22 mmol, 67%) and 20 (21.1 mg, 0.12 mmol, 70%).

Compound 20: Yellow oil. B.p. 101�102 °C at 4 Torr (ref.[18] 77�80
°C at 0.5 Torr). IR (KBr): ν̃ � 1782, 1720 cm�1 (ref.[18] 1785, 1728
cm�1). MS (EI, 70 eV): m/z (%) � 154 (8), 83 (100)
[(CH3)2CCH(CO)], 55 (12). MS (CI, 15 eV): m/z (%) � 183 (23)
[MH�], 101 (6). 1H NMR (200 MHz, CDCl3): δ � 1.96 (s, 6 H),
2.23 (s, 6 H), 5.71 (br. s, 2 H) ppm. 13C NMR (50 MHz, CDCl3):
δ � 20.74 (2 C), 27.72 (2 C), 115.26 (2 C), 162.14 (2 C), 162.94 (2
C) ppm.

Quantum Chemical Calculation: Quantum chemical calculations
were performed with the aid of the programs Gaussian 98[28] and
WinMOPAC 2002.[29] WinMOPAC 3.5[30] was used to draw the
graphics in Figure 2. The Cartesian coordinates for 1 and 6 and
the sums of calculated partial spin and charge densities for 11·�,
14·�, and 16 are available as Supporting Information (for Support-
ing Information see also the footnote on the first page of this arti-
cle).
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