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Abstract—A photoinduced electron-transfer reaction of 2,2-dianisyl-4-isopropylidene-3,3-dimethylcyclobutanone (1) in benzene
gave two unexpected CA-adducts, 5,5-dianisyl-4,4-dimethyl-3-[1-(4-hydroxy-2,3,5,6-tetrachlorophenyl)methylethylidene]dihydrofu-
ran-2-one (7) and 2,2-dianisyl-4-(4-hydroxy-2,3,5,6-tetrachlorophenoxy)-4-isopropenyl-3,3-dimethylcyclobutanone (8), while the
reaction in acetonitrile did not, suggesting significant solvent effects on the product distribution.
� 2005 Elsevier Ltd. All rights reserved.
Recently, we reported the first chemical capture of the
radical cation variant of the oxatetramethyleneethane
(3-methylenebutan-2-one-1,4-diyl radical cation, OTME�+,
Chart 1) intermediate.1 Photoinduced electron-transfer
(PET) reactions of 2,2-dianisyl-4-isopropylidene-3,3-
dimethylcyclobutanone [1, anodic peak potential
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Scheme 1. Solvent- and sensitiser-dependent PET reactions of 1.
ðEox
apÞ ¼ þ1:43 V versus SCE, in acetonitrile] using p-

chloranil (CA, Ered
1=2 ¼ �0:00 V) or 1,2,9,10-tetracyano-

anthracene (TCA, �0.43 V)2 generated an OTME�+-
type intermediate 2�+, which was captured by water3 or
molecular oxygen5 in acetonitrile to give 2,2-dianisyl-4-
isopropylidene-5,5-dimethyldihydrofuran-3-one (3) and
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Figure 1. The ORTEP drawing of 7 with an acetone molecule.

Hydrogen atoms are omitted for clarity.
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4,4 0-dimethoxybenzophenone (4, Scheme 1).1 Interest-
ingly, similar PET reactions of the 2-methylenecyclo-
butanone derivatives, 5 and 6, strongly depend on the
solvents and sensitisers.7–9 A CA-sensitised PET rear-
rangement from 5 to 6 via the corresponding
OTME�+-type intermediate took place efficiently in non-
polar benzene, but not in polar acetonitrile, while simi-
lar TCA-sensitised photoreactions in both solvents
resulted in the formation of a complex mixture. To gain
further insight into the reactivity of 1�+, we studied sol-
vent effects on the CA- or TCA-sensitised PET reactions
of 1. Here, we briefly report on the significant solvent
and sensitiser effects on the product distribution and
the occurrence of unexpected CA addition reactions.10

PET reactions of 1 were carried out with a 2 kW Xe
lamp (k > 440 nm). Methylenecyclobutanone 1 was not
consumed on irradiation of TCA for 60 min at 20 �C
in degassed dry benzene with or without water or molec-
ular oxygen. Similar irradiation of CA for 30 min in de-
gassed dry acetonitrile resulted in the sole consumption
of 1 (30%, Table 1).1 Conversely, a similar reaction in
degassed dry benzene for 60 min gave two unexpected
CA-adducts, 5,5-dianisyl-4,4-dimethyl-3-[1-(4-hydroxy-
2,3,5,6-tetrachlorophenyl)methylethylidene]dihydrofuran-
2-one (7, Scheme 1) and 2,2-dianisyl-4-(4-hydroxy-2,3,
5,6-tetrachlorophenoxy)-4-isopropenyl-3,3-dimethylcyclo-
butanone (8) in 27% and 16% yields, respectively, at 49%
conversion. 13 A small amount of 7 was detected under
PET conditions in dry dichloromethane. The structure
of 7 was determined in X-ray crystallographic analyses,
and is shown in Figure 1.14 The structure of 8 was con-
firmed by spectroscopic analyses,13 especially 1H NMR
analyses involving heteronuclear single quantum corre-
lation and heteronuclear multi-bond connectivity meth-
ods. On similar irradiation for 30 min in degassed
aqueous [2% (v/v)] acetonitrile, 3 was formed quantita-
tively. By contrast, the reaction in degassed aqueous
[0.062% (v/v)12] benzene for 30 min gave not only 3
but also 7 and 8 in 6%, 23% and 8% yields, respectively,
at 60% conversion. In degassed aqueous [0.151% (v/v)12]
dichloromethane, 3 was formed in 29% yields at 35%
conversion with a trace amount of 7. On irradiation
for 20 min under an oxygen atmosphere in dry acetoni-
Table 1. Solvent effects on the product distribution in the CA-sensitised PE

Atmosphere Solvents H2O % (v/v) Time (min) Co

Degassed Acetonitrilec 0 30 30

Dichloromethane 0 30 15

Benzene 0 60 49

Degassed Acetonitrile 2 30 56

Dichloromethane 0.151d 30 35

Benzene 0.062d 30 60

Oxygen Acetonitrilec 0 20 62

Dichloromethane 0 40 55

Benzene 0 60 34

a [1] = [CA] = 0.01 M.
b The conversions and yields were determined by 1H NMR analysis and are
c See Ref. 1.
d The concentration of water in dichloromethane and benzene saturated wit
trile, 4 was solely formed in 59% yields, at 62% conver-
sion.1 On the other hand, on irradiation for 60 min
under an oxygen atmosphere in dry benzene 4, 7 and 8
were formed in 3%, 15% and 4% yields, respectively,
at 34% conversion. In dry dichloromethane under an
oxygen atmosphere, 4 was formed in 37% yield at 55%
conversion with a trace amount of 7. The products are
classified into two categories: one consists of 3 and 4,
which favour a polar solvent; and the other pairs 7
and 8, which prefer a nonpolar solvent. The ratio of
yields of 3 or 4 to those of 7 and 8 strongly depends
on the solvent. In a series of degassed aqueous solvents,
the ratio of 100:0 in acetonitrile changes to >95:<5 in
dichloromethane and 16:84 in benzene. Similarly, in a
series of dry solvents under an oxygen atmosphere, the
ratio of 100:0 in acetonitrile changes to >95:<5 in
dichloromethane, and 14:86 in benzene.

Scheme 2 shows a plausible reaction mechanism for the
CA-sensitised PET reactions of 1 in benzene.15 Irradia-
tion of CA with 1 gives a contact radical ion pair con-
sisting of 1�+ and CA�� ([1�+/CA��]crip) or an exciplex
of 1d+ and CAd� ([1d+/CAd�]ex). A quite small portion
of 1�+ (or 1d+) converts into 2�+ by C-2–C-3 bond cleav-
age to give 3 and 4 via a similar pathway in acetonitrile.1

Most of 1�+ (or 1d+) and CA�� (or CAd�) react within a
contact radical ion pair (or an exciplex) to give 7 and 8.
The C-1–C-2 bond dissociative nucleophilic addition16
T reactions of 1 at 20 �Ca

nv.b Yieldsb Product ratios (3 or 4):(7 + 8)

3 4 7 8

— — 0 0

— — 4 0

— — 27 16

56 — 0 0 100:0

29 — <2 0 >95:<5

6 — 23 8 16:84

— 59 0 0 100:0

— 37 <2 0 >95:<5

— 3 15 4 14:86

given in %.

h water was 0.151 and 0.062% (v/v), respectively. See Ref. 12.
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Scheme 2. A plausible mechanism for the CA-sensitised PET reaction of 1 in benzene.
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of CA�� to the carbonyl carbon of 1�+ gives 9�� or 9+�.
Cyclisation constructing a dihydrofuran ring and a
hydrogen shift probably forms ketal 10. Finally, a facile
rearrangement of the 2,3,5,6-tetrachloro-4-hydroxyphe-
nyl group in 10 occurs to give 7 via a spiro-type interme-
diate, 11�� or 11+�, or the corresponding transition state,
11TS. A similar aryl translocation from an oxygen atom
to a carbon atom in an intramolecular ipso-substitution
mechanism was reported for 14� derived from aryl ether
13 (Scheme 3).18 In competition with the nucleophilic
addition of CA�� to 1�+ (or CAd� to 1d+), a proton is ab-
stracted from the isopropylidene subunit of 1�+ by CA��

(or 1d+ by CAd�) to generate a radical 12� and CAH�.
CA-adduct 8 is formed by regioselective radical coupling
of the C-4 atom of 12� and the oxygen atom in CAH�.
The regioselectivity is attributed to relaxation of the
strain in the methylenecyclobutanone framework,
namely the transmutation of the hybrid orbital on the
C-4 atom from sp3 into sp2, in the process of the forma-
tion of 8 from 12�.

In conclusion, we found unusual additions of CA to 1
and observed significant solvent and sensitiser effects
on the product distribution. The formation of 7 and 8
can be rationalised by stepwise mechanisms involving
an aryl translocation and a regioselective CA addition,
respectively. We previously reported that the PET reac-
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Scheme 3. Aryl translocation in 14� in an intramolecular ipso-substi-

tution mechanism. Ar = 2-MeO-4-CHOC6H3. See Ref. 18.
tions of 5 and 6 strongly depended on the solvents and
sensitisers.7,8 Considering the results presented here, this
is also the case with the PET reaction of 1.
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