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Abstract—2,4,6-Triphenylpyrylium tetrafluoroborate (TPPBF4)-sensitized photoinduced electron-transfer (PET) reactions of 1,4-
diaryl-2,3-dioxabicyclo[2.2.2]octanes 5 (a: Ar1 = Ar2 = p-MeOC6H4, b: Ar1 = Ar2 = p-MeC6H4, c: Ar1 = Ar2 = Ph) underwent novel
fragmentation through their radical cations to give 1,4-diarylbutan-1,4-diones 6 accompanied by elimination of ethylene. On the
other hand, 4-aryl-cyclohex-3-en-1-ones 7, p-substituted phenols 8, and 4-aryl-4-aryloxycyclohexanones 9 were produced through
proton-catalyzed pathways when the PET reactions of 5 were performed in the absence of a certain base such as 2,6-di-tert-butyl-
pyridine (DTBP). Particularly, the formation of 9 is consistent with the novel cationic rearrangement involving nucleophilic O-1,2-
aryl shifts and C-1,4-aryl shifts.
� 2004 Elsevier Ltd. All rights reserved.
Much attention has been devoted to studies on photo-
induced electron-transfer (PET) and nonphotochemical
single electron-transfer (SET) reactions of organic mole-
cules.1 In particular, the electrolytic2 and Fe(II)-
induced3 reduction of cyclic peroxides,4 which results
in the cleavage of the weak O–O bond, has been exten-
sively investigated since SET processes of cyclic per-
oxides are responsible for their chemical2–4 and
antimalarial activities. 3 In contrast, only a few examples
on the chemical reactions of cyclic peroxides through the
SET oxidation have been reported although the cyclic
voltammetric behavior of some cyclic peroxides and
their radical cations has been intensively investigated.5

For example, SET oxidation of anthracene endoper-
oxides 1 and 1,4-diphenyl-2,3-dioxabicyclo[2.2.2]oct-5-
ene 3, induced by the photoexcitation of their charge-
transfer complexes with tetracyanoethylene6, underwent
C–O bond cleavage to afford 2 and 4, respectively, along
with molecular oxygen (1O2 and/or

3O2) (Scheme 1).6a,b
0040-4039/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.
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These results and our interest in this field prompted us
to investigate the reactivity of the radial cation species
generated through PET processes of saturated-type anti-
malarial bicyclic peroxides such as 1,4-diaryl-2,3-dioxa-
bicyclo[2.2.2]octanes 5a–c7 since little work has been
done on the PET and SET oxidation reactions of 5a–c.
For this purpose, we selected 2,4,6-triphenylpyrylium
tetrafluoroborate (TPPBF4)

8 as a PET sensitizer since
the singlet excited state of TPPBF4 has sufficient elec-
tron-accepting ability to generate the radical cations of
5a–c. As described below, we have found that 5a–c
underwent a novel transformation through their radical
cation intermediates to give 1,4-diarylbutan-1,4-diones 6
and ethylene, whereas 5 concurrently underwent novel
proton-catalyzed rearrangement and fragmentation to
afford 4-aryl-cyclohex-3-en-1-ones 7, p-substituted phen-
ols 8, 4-aryl-4-aryloxycyclohexan-1-ones 9. In addition,
we have also found that evidence for the nucleophilic
O-1,2-aryl shifts and the novel nucleophilic C-1,4-aryl
shifts was obtained by the isolation of rearrangement
products 9.

When a nitrogen-purged CH2Cl2 solution of 5a
(2.0 · 10�2M), a catalytic amount of 2,4,6-triphenyl-
pyrylium tetrafluoroborate (TPPBF4, 1.0 · 10�3M),
and 2,6-di-tert-butylpyridine (DTBP, 1.0 · 10�3M) as
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a proton acceptor 9 in a Pyrex tube was irradiated by a
2-kW Xe lamp (>360nm) for 10min, 1,4-di(p-methoxy-
phenyl)butan-1,4-dione 6a�,3a,10 was obtained in good
�All products were isolated by silica gel TLC and characterized by

their spectral data. The structures of 6 and 8 were also confirmed by

their authentic spectral data.

Selected data for 6a3a,10: colorless plates (C2H5OH); mp 156–157�C;
IR (KBr, cm�1) 3090, 3030, 2975, 2945, 2910, 2845, 1665 (C@O),

1603, 1575, 1510; 1H NMR (200MHz, CDCl3) d 3.39 (s, 4H), 3.87 (s,

6H), 6.90–6.98 (m, 4H), 7.97–8.07 (m, 4H); 13C NMR (50MHz,

CDCl3) d 32.32 (t, 2C), 55.45 (q, 2C), 113.65 (d, 4C), 129.87 (s, 2C),

130.31 (d, 4C), 163.41 (s, 2C), 197.30 (s, 2C).

Selected data for 7a3a: colorless prisms (CH3OH); mp 70–71�C; IR
(KBr, cm�1) 3030, 2960, 2850, 1713 (C@O), 1607, 1570, 1505; 1H

NMR (200MHz, CDCl3) d 2.63 (t, 2H, J = 6.7Hz), 2.80–2.93 (m,

2H), 3.00–3.08 (m, 2H), 3.81 (s, 3H), 5.98–6.03 (m, 1H), 6.83–6.93 (m,

2H), 7.28–7.37 (m, 2H); 13C NMR (50MHz, CDCl3) d 27.93 (t, 1C),

38.68 (t, 1C), 39.87 (t, 1C), 55.26 (q, 1C), 113.72 (d, 2C), 119.15 (d,

1C), 126.22 (d, 2C), 133.17 (s, 1C), 136.97 (s, 1C), 158.91 (s, 1C),

210.12 (s, 1C); MS (EI) m/z 202 (M+, 100%); UV kmax (CH3CN) 268.5

(e 20,300) nm.

Selected data for 8a3a: colorless prisms (n-hexane–CH2Cl2); mp 54–

55�C; IR (KBr, cm�1) 3400 (OH), 3050, 3025, 2960, 2850, 1610, 1515;
1H NMR (200MHz, CDCl3) d 3.73 (s, 3H), 6.52 (br s, 1H), 6.76 (s,

4H); 13C NMR (50MHz, CDCl3) d 55.85 (q, 1C), 114.88 (d, 2C),

116.05 (d, 2C), 149.42 (s, 1C), 153.50 (s, 1C).

Selected data for 9a: colorless oil; IR (CHCl3, cm
�1) 3070, 2960, 2950,

2860, 1712 (C@O), 1617, 1590, 1502; 1H NMR (200MHz, CDCl3) d
2.15–2.39 (m, 4H), 2.55–2.92 (m, 4H), 3.70 (s, 3H), 3.83 (s, 3H), 6.56–

6.74 (m, 4H), 6.88–6.98 (m, 2H), 7.37–7.48 (m, 2H); 13C NMR

(50MHz, CDCl3) d 35.79 (t, 2C), 37.13 (t, 2C), 55.26 (q, 1C), 55.51 (q,
1C), 78.55 (s, 1C), 114.03 (d, 2C), 114.14 (d, 2C), 119.82 (d, 2C),

126.56 (d, 2C), 136.31 (s, 1C), 148.87 (s, 1C), 154.19 (s, 1C), 158.91 (s,

1C), 211.12 (s, 1C).

Selected data for 10: pale yellow needles (n-hexane–CH2Cl2); mp 121–

123�C; IR (CHCl3, cm
�1) 3050, 2960, 1683 (C@O), 1659 (C@O),

1600, 1580, 1501; 1H NMR (200MHz, CDCl3) d 4.86 (s, 2H), 7.45 (s,

1H), 7.33–7.62 (m, 11H), 7.94–8.12 (m, 4H); 13C NMR (50MHz,

CDCl3) d 45.95 (t, 1C), 123.58 (d, 1C), 126.73 (d, 2C), 128.23 (d, 4C),

128.49 (d, 2C), 128.56 (d, 2C), 128.70 (d, 2C), 129.26 (d, 1C), 132.63

(d, 1C), 133.03 (d, 1C), 136.98 (s, 1C), 139.01 (s, 1C), 141.94 (s, 1C),

152.63 (s, 1C), 190.70 (s, 1C), 195.97 (s, 1C).

Selected data for 11b: colorless crystalline; IR (CHCl3, cm
�1) 3080,

2960, 1709 (C@O), 1510, 1443, 1412, 1320, 1255, 1177, 1135, 1107; 1H

NMR (200MHz, CDCl3) d 2.00–2.21 (m, 2H), 2.24–2.47 (m, 2H),

2.36 (s, 3H), 2.68–2.88 (m, 2H), 3.08 (s, 3H), 7.15–7.25 (m, 2H), 7.28–

7.36 (m, 2H); 13C NMR (50MHz, CDCl3) 21.02 (q, 1C), 34.95 (t, 2C),

50.27 (q, 1C), 75.91 (s, 1C), 125.81 (d, 2C), 129.14 (d, 2C), 137.18 (s,

1C), 140.06 (s, 1C), 211.46 (s, 1C).
yield (16% yield at 18% conversion) as the sole product
(Scheme 2; entry 1 in Table 1). Prolonged irradiation
(30min) of the same solution under otherwise the same
conditions increased the conversion of 5a and the yield
of 6a (55% yield at 66% conversion: entry 2). Likewise,
photosensitized reactions of 5b and 5c predominantly
afforded the corresponding 1,4-diketones 6b (95%) and
6c (94%), respectively (entries 3 and 4). It seems that
the low reactivity of 5a compared to that of 5b and c
(entries 2–4) is ascribed to a lower oxidation potential
of the p-anisyl group than those of the p-tolyl and phe-
nyl groups. Thus, the radical ion pair, generated by the
SET of 5a with TPPBF4, is likely to be deactivated by a
back electron-transfer in competition with the formation
of 6a since the energy for the hole transfer from an aro-
matic ring to a C4–C5 bond is relatively higher in 5a+�

than that in 5b+� and 5c+�. Detailed mechanistic studies
further provided the following results. In the absence
of light, 5a–c were completely recovered even after
24h. In the absence of TPPBF4, only small amounts of
1,4-diketones 6a–c were produced, respectively, from
5a–c (2–4% yields at 4–9% conversions of 5a–c). Thus,
both the presence of TPPBF4 and irradiation were
essential to promote the degradation of 5. The fluores-
cence of TPPBF4 was effectively quenched by 5a–c.�

9,10-Dicyanoanthracene, however, was not an effective
sensitizer to promote the PET reactions under the same
irradiation conditions.� In addition, the triplet photo-
sensitization using benzophenone did not significantly
increase the conversions of 5a–c and the yields of 6a–c
(entries 5–7). These results would indicate that the radi-
cal cations of 5a–c, generated by the SET with the
excited singlet state of TPPBF4, undergo elimination
�The oxidation potentials of 5a–c were measured by cyclic voltamme-

try at v = 100mVsec�1 in CH3CN containing 0.1M Et4NClO4

(Eox
1=2=V vs SCE: 1.72, 2.08, and 2.08, respectively, for 5a–c) and

found to be low enough to quench the excited singlet state of TPPBF4

(E�
redðS1Þ � 2:5V vs SCE).8 Indeed, 5a–c effectively quenched the

fluorescence of TPPBF4 (kqs = 76.8, 54.4, 44.7 in CH2Cl2, respec-

tively, for 5a–c). On the contrary, the fluorescence of DCA

(E�
redðS1Þ � 1:9V vs SCE)11 was not measurably quenched by 5b

and 5c but was quenched by 5a. DCA-sensitized photoreactions of

5a–c (DCA = 1.0 · 10�2mmol; 2kW Xe lamp; k > 360nm; irradiated

for 30min.) produced the corresponding diketones 6a–c (2–4% yields

at 3–9% conversions of 5a–c) as the sole product.



Table 1. TPPBF4-sensitized PET reactions of 1,4-diaryl-2,3-dioxabicyclo[2.2.2]octanes 5a

Entry 5 Sensitizer/conditions Time (min) Conv. (%) Yield (%)b

6 7 8 9

1 5a TPPBF4/DTBPc 10 18 16(88)d 0 0 0

2 5a TPPBF4/DTBPc 30 66 55(83)d 0 0 0

3 5b TPPBF4/DTBPc 30 100 95 0 0 0

4 5c TPPBF4/DTBPc 30 100 94 0 0 0

5 5a BPe 30 22 13 0 0 0

6 5b BPe 30 14 9 0 0 0

7 5c BPe 30 10f 10 0 0 0

8 5a TPPBF4
g 5 38 <1 18 23 15

9 5a TPPBF4
g 10 100 2 74 97 0

10 5b TPPBF4
g 30 54 7f 9f 30 17f

11 5c TPPBF4
g 30 19 16 0 0 0

a Irradiated by a 2-kW Xe lamp (>360nm); 20–21�C; 5 = 2.0 · 10�1mmol; CH2Cl2 = 10mL.
b Isolated yield by silica gel TLC.
c TPPBF4 = 1.0 · 10�2mmol; DTBP: di-tert-butylpyridine = 1.0 · 10�2mmol.
d Conversion yield.
e Irradiated by a 2-kW Xe lamp (>340nm) in the presence of BP; BP: benzophenone = 2.0 · 10�1mmol.
f Determined by 200MHz 1H NMR.
g TPPBF4 = 1.0 · 10�2mmol.
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of ethylene, not molecular oxygen!,6a–c to give the corre-
sponding 1,4-diketones 6a–c.

Interestingly, when TPPBF4-sensitized photoreaction of
5a was performed in the absence of DTBP, 4-(p-meth-
oxyphenyl)cyclohex-3-en-1-one 7a4a, p-methoxyphenol
8a3a, and 4-(p-methoxyphenyl)-4-(p-methoxyphenyl)-
oxycyclohexanone 9a were obtained along with a small
amount of 1,4-di(p-methoxyphenyl)butan-1,4-dione
6a3a,10 (entry 8).� Prolonged irradiation (10min) of the
same solution under otherwise the same conditions
resulted in complete conversion of 5a and degradation
of 9a to afford 7a and 8a along with a small amount
of 6a (entry 9). These products are probably produced
through acid-catalyzed pathways.§ Likewise, the photo-
reaction of 5b afforded 6b, 7b, 8b, and 9b under the same
irradiation conditions (entry 10). However, diketone 6c
was the sole product from 5c (entry 11). These results
suggest that a cationic intermediate such as 14 (see
Scheme 4) is involved in these reactions and an O-1,2-
aryl shift in 14 is promoted by electron-donating aro-
matic groups (p-An > p-Tol). DTBP probably acts as a
proton acceptor to interfere with the generation of 14.
On the other hand, DTBP may also act as a co-sensi-
tizer12 since the PET reactions of 5b and 5c (entries 3–
4) were significantly accelerated by the addition of
DTBP compared to those without DTBP (entries 10
and 11). Judging from the oxidation potential of DTBP
§Although the generation of an acidic species in the PET reactions

using TPPBF4 in CH2Cl2 has been suggested, the reaction mechanism

was not completely elucidated.8k,l
(Eox
1=2 ¼ 2:27V vs. SCE) and the fluorescence quench-

ing of TPPBF4 by DTBP (kqs = 37.0M�1 in CH3CN),
it is possible that DTBP can act as a co-sensitizer.

The above results indicate that both the SET and the
acid-catalyzed pathways concurrently operate in the
TPPBF4-induced PET reactions, and that 6 was pro-
duced through the SET pathway, whereas 7, 8, and 9
were produced through the acid-catalyzed pathways
that are completely suppressed by the addition of
DTBP.

In order to ascertain the production of an acidic species
under the irradiation conditions, a nitrogen-purged
CH2Cl2 solution of TPPBF4 (without 5) was irradiated
for 30min, and successively, 5a was added to the result-
ant photolysate and the resultant solution was further
stirred for 30min in the dark. As a result, 5a was com-
pletely converted to 7a and 8a (Scheme 3, entry 1 in
Table 2). Similar treatment of 5b resulted in slight
degradation to give 7b, 8b, and 9b, whereas 5c was
almost inert (entries 2 and 3 in Table 2). Notably, about
20% of TPPBF4 was decomposed to give 1,3,5-triphen-
ylpent-2-en-1,5-dione 10� during irradiation (30min),
as determined by UV measurements of the absorption
maxima of TPPBF4 before and after irradiation. These
results would indicate that the excited state of TPPBF4

(TPPBF�
4) produces an acidic species such as HBF4,

which might be formed by the reaction of TPPBF�
4 with

moisture in the solution. To ascertain the catalytic abil-
ity of HBF4, reactions of 5a–c with HBF4 were tested.
Actually, a catalytic amount of HBF4 (0.2mol% to 5a)
in MeOH effectively promoted the rearrangement and
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fragmentation of 5a to give 7a (50%), 8a (85%), 9a (6%),
and 4-methoxy-4-(p-methoxyphenyl)cyclohexanone 11a
(22%), respectively. Although 5b was almost inert with
the same amount of HBF4 (0.2mol% to 5b), treatment
of 5b with a larger amount of HBF4 (1.0mol% to 5b)
gave 8b (24%), 9b (2%), and 11b� (21%), at 43% conver-
sion of 5b. On the other hand, 5c was almost inert even
with a larger amount of HBF4 (up to 2.0% to 5c). These
results are consistent with those by the TPP-sensitized
PET reactions of 5a–c in the absence of DTBP (entries
8–11).

On the basis of the above results, a reasonable mecha-
nism for the rearrangement and fragmentation of 5 is
proposed in Scheme 4. The SET from 5 to the excited
singlet state of TPPBF4 (

1TPPBF�
4) generates the radical

ion pair 12 composed of the radical cation 5+� and TPP�.
The radical cation 5+� undergoes C4–C5 bond cleavage



Table 2. Reactions of 1,4-diaryl-2,3-dioxabicyclo[2.2.2]octanes 5 with the photolysate of TPPBF4 in CH2Cl2

Entry Condition Conv. (%) Yield (%)a

6 7 8 9

1 (i) hm/TPPBF4/30minb; (ii) 5a/dark/30minc 100 0 91 97 0

2 (i) hm/TPPBF4/30minb; (ii) 5b/dark/30minc 15 0 <1 6 4

3 (i) hm/TPPBF4/30minb; (ii) 5c/dark/30minc 5 0 0 0 0

a Isolated yield by silica gel TLC.
b Irradiated by a 2-kW Xe lamp (>360nm) under N2 atmosphere; 20–21�C; TPPBF4 = 1.0 · 10�2mmol; CH2Cl2 = 10mL.
c Compound 5 (2.0 · 10�1mmol) was added to the photolysate of (i) and the solution was stirred for 30min in the dark.
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to generate the radical cation 13 followed by elimination
of ethylene to form 6+�.– The radical cation 6+� thus
formed produces the diketone 6 upon a back electron-
transfer (BET) from TPP�.k It is also possible that the
radical cation 6+� is generated directly from the radical
cation 5+� through the simultaneous C4–C5 and O–O
bond cleavages.

On the other hand, 5 is protonated by HBF4, which is
photochemically produced from the reaction of
TPPBF�

4 with H2O, to generate the hydroxonium 14.
The hydroxonium 14 undergoes a nucleophilic O-1,2-
aryl shift2f,3a,c to form the carbocation 15. As for the
rearrangement and fragmentation from 15, two reaction
pathways might be considered. One is the formation of
the bicyclic intermediate 16 by an intramolecular hyd-
roxyl addition to the carbocation in 15 (path a). The
other is the formation of the bicyclic intermediate 17
by an intramolecular nucleophilic aryl addition (C-1,4-
aryl shift)** to the carbocation in 15 (path b). The inter-
mediate 16 undergoes fragmentation to give 7 and 8
rather than producing the strained bicyclic acetal 18,
whereas the intermediate 17 rearranges to give the keto-
ether 9 followed by the proton-catalyzed fragmentation
to give 7 and 8. The aryl migration to give 15 and 9 is
promoted by electron-donating p-substituents on the
phenyl ring (p-An > p-Tol�Ph), as observed in the pro-
ton-catalyzed reactions of 5a–c. In the reactions of 5a–c
with the HBF4-MeOH solution, the formation of 11a
and 11b could be explained by a nucleophilic attack of
MeOH to 9 and/or 16.

In summary, we have demonstrated that: (i) TPPBF4 is
an effective PET sensitizer to generate the radical cations
of 5a–c; (ii) 5a–c underwent novel SET fragmentation
through their radical cations to afford ethylene and
1,4-diarylbutan-1,4-diones 6, whereas 5 concurrently
underwent novel proton-catalyzed rearrangement and
fragmentation to afford 4-aryl-4-aryloxycyclohexanones
9, 4-aryl-cyclohex-3-en-1-ones 7, and p-substituted
phenols 8; (iii) the evidence for the nucleophilic O-1,2-
– If the charge and spin are localized around the O–O bond, 5+� would

not undergo the O–O bond cleavage since such O–O bond possesses a

double bond character.5,6a

kAt the present stage, it cannot be completely ruled out that the triplet

excited state of 5, generated by a back electron-transfer within the

radical ion pair 12, would produce 6.
**A transannular 1,4-C-aryl shift has been observed in a 4,4-

diphenylcyclohexyl radical system, whereas analogous cationic 1,4-

C-aryl shifts are unknown in the same system.13
aryl shifts2f and the novel nucleophilic C-1,4-aryl shifts
was obtained by the isolation of rearrangement products
9a and 9b; (iv) the SET and the proton-catalyzed path-
ways were distinguished by using 2,6-di-tert-butylpyr-
idine (DTBP) as a proton acceptor. We are conducting
further studies on the PET and the proton-catalyzed
reactions of cyclic peroxides to clarify their reactivity
and mechanisms.
Acknowledgements

We are grateful to Prof. Eietsu Hasegawa (Faculty of
Science, Niigata University), Prof. Tsutomu Miyashi
and Dr. Hiroshi Ikeda (Faculty of Science, Tohoku Uni-
versity) for their helpful comments and assistance. This
work was partially supported by a grant from The
Uchida Energy Science Promotion Foundation.
References and notes

1. (a) Mattes, S. M.; Farid, S. In Organic Photochemistry;
Padwa, A., Ed.; Marcel Dekker: New York, 1983; Vol. 6,
pp 233–326; (b) Fox, M. A. Adv. Photochem. 1986, 13,
237–327; (c) Photoinduced Electron Transfer Part C; Fox,
M. A., Chanon, M., Eds.; Elsevier: Amsterdam, 1988; (d)
Photoinduced Electron Transfer I & II; Mattey, J., Ed.;
Springer: Berlin, 1990; (e) Advances in Electron-transfer
Chemistry; Mariano, P. S., Ed.; JAI: Greenwich, CT,
1994; Vol. 4; (f) CRC Handbook of Organic Photochem-
istry and Photobiology; Horspool, W. M., Song, P.-S.,
Eds.; CRC: New York, 1995; (g) CRC Handbook of
Organic Photochemistry and Photobiology; Horspool, W.
M., Lenchi, F., Eds.; 2nd ed.; CRC: New York, 2004.

2. (a) Workentin, M. S.; Donkers, R. L. J. Am. Chem. Soc.
1998, 120, 2664–2665; (b) Donkers, R. L.; Workentin, M.
S. J. Phys. Chem. B 1998, 102, 4061; (c) Workentin, M. S.;
Maran, F.; Wayner, D. D. M. J. Am. Chem. Soc. 1995,
117, 2120–2121; (d) Antonello, S.; Musumeci, M.; Way-
ner, D. D. M.; Maran, F. J. Am. Chem. Soc. 1997, 119,
9541–9549; (e) Antonello, S.; Maran, F. J. Am. Chem. Soc.
1997, 119, 12595–12600; (f) Donkers, R. L.; Tse, J.;
Workentin, M. S. J. Chem. Soc., Chem. Commun. 1999,
135–136, and references cited therein.

3. (a) Kamata, M.; Kudoh, T.; Kaneko, J.; Kim, H.-S.;
Wataya, Y. Tetrahedron Lett. 2002, 43, 617–620; (b)
Kamata, M.; Ohta, M.; Komatsu, K.; Kim, H.-S.;
Wataya, Y. Tetrahedron Lett. 2002, 43, 2063–2067; (c)
Kamata, M.; Komatsu, K. Tetrahedron Lett. 2001, 42,
9027–9030; (d) Kamata, M.; Satoh, C.; Kim, H.-S.;
Wataya, Y. Tetrahedron Lett. 2002, 43, 8313–8317; (e)
McCullough, K. J.; Nojima, M. Curr. Org. Chem. 2001, 5,
601–636, and references cited therein; (f) Ploypradith, P.
Acta Trop. 2004, 89, 329–342, and references cited therein.



7428 M. Kamata et al. / Tetrahedron Letters 45 (2004) 7423–7428
4. (a) Organic Peroxides; Ando, W., Ed.; Wiley: Chichester,
England, 1992; (b) The Chemistry of Functional Groups,
Peroxides; Patai, S., Ed.; Wiley-Interscience: New York,
1983.

5. (a) Nelsen, S. F.; Teasley, M. F.; Kapp, D. L.; Wilson, R.
M. J. Org. Chem. 1984, 49, 1843–1845; (b) Nelsen, S. F.;
Teasley, M. F.; Bloodworth, A. J.; Eggelte, H. J. J. Org.
Chem. 1985, 50, 3299–3302; (c) Nelsen, S. F. In Advances
in Oxygenated Processes; Baumstark, A. L., Ed.; JAI:
Greenwich, 1990; Vol. 2, pp 153–179.

6. (a) Takahashi, Y.; Wakamatsu, K.; Morishima, S.; Miya-
shi, T. J. Chem. Soc., Perkin Trans. 2 1993, 243–253, and
references cited therein; (b) Takahashi, Y.; Wakamatsu,
K.; Morishima, S.; Suzuki, T.; Miyashi, T. J. Chem. Soc.,
Chem. Commun. 1994, 13–14, and references cited therein;
(c) Akaba, R.; Sakuragi, H.; Tokumaru, K. Chem. Lett.
1984, 1677–1680; (d) Miyashi, T.; Kamata, M.; Mukai, T.
J. Am. Chem. Soc. 1986, 108, 2755–2757; (e) Miyashi, T.;
Kamata, M.; Mukai, T. J. Chem. Soc., Chem. Commun.
1986, 1577–1579; (f) Miyashi, T.; Kamata, M.; Mukai, T.
J. Am. Chem. Soc. 1987, 109, 2780–2788; (g) Kamata, M.;
Miyashi, T. J. Chem. Soc., Chem. Commun. 1989, 22, 557–
558.

7. (a) Miyashi, T.; Konno, A.; Takahashi, Y. J. Am. Chem.
Soc. 1988, 110, 3676–3677; (b) Miyashi, T.; Ikeda, H.;
Konno, A.; Okitsu, O.; Takahashi, Y. Pure Appl. Chem.
1990, 62, 1531–1538; (c) Ikeda, H.; Minegishi, T.; Abe, H.;
Konno, A.; Goodman, J. L.; Miyashi, T. J. Am. Chem.
Soc. 1998, 120, 87–95; (d) Ikeda, H.; Takasaki, T.;
Takahashi, Y.; Konno, A.; Matsumoto, M.; Hoshi, Y.;
Aoki, T.; Suzuki, T.; Goodman, J. L.; Miyashi, T. J. Org.
Chem. 1999, 64, 1640–1649; (e) Miyashi, T.; Ikeda, H.;
Takahashi, Y. Acc. Chem. Res. 1999, 32, 815–824.
8. (a) Akaba, R.; Niimura, Y.; Fukushima, T.; Kawai, Y.;
Tajima, T.; Kuragami, T.; Negishi, A.; Kamata, M.;
Sakuragi, H.; Tokumaru, K. J. Am. Chem. Soc. 1992, 114,
4460–4464; (b) Akaba, R.; Kamata, M.; Itoh, H.; Nakao,
A.; Goto, S.; Saito, K.; Negishi, A.; Sakuragi, H.;
Tokumaru, K. Tetrahedron Lett. 1992, 33, 7011–7014;
(c) Akaba, R.; Kamata, M.; Sakuragi, H.; Tokumaru, K.
Tetrahedron Lett. 1992, 33, 8105–8108; (d) Akaba, R.;
Kamata, M.; Kuriyama, Y.; Sakuragi, H.; Tokumaru, K.
Chem. Lett. 1993, 1157–1160; (e) Kamata, M.; Sato, M.;
Hasegawa, E. Tetrahedron Lett. 1992, 33, 5085–5088; (f)
Kamata, M.; Murakami, Y.; Tamagawa, Y.; Kato, M.;
Hasegawa, E. Tetrahedron 1994, 45, 12821–12828; (g)
Miranda, M. A.; Garcia, H. Chem. Rev. 1994, 94, 1063–
1089; (h) Akaba, R.; Iwasaki, M.; Matsumura, T.;
Kamata, M.; Itoh, M. J. Phys. Org. Chem. 1996, 9, 187–
190; (i) Kamata, M.; Nagai, S.; Kato, M.; Hasegawa, E.
Tetrahedron 1996, 43, 7779–7782; (j) Akaba, R.; Kamata,
M.; Koike, A.; Mogi, K.; Kuriyama, Y.; Sakuragi, H.
J. Phys. Org. Chem. 1997, 10, 861–869; (k) Okada, K.;
Hasegawa, E.; Mukai, T. Chem. Lett. 1983, 305–308; (l)
Hasegawa, E.; Ishiyama, K.; Kashiwazaki, H.; Horaguchi,
T.; Shimizu, T. Tetrahedron Lett. 1990, 31, 4045–4048.

9. Gassman, P. G.; Singleton, D. A. J. Am. Chem. Soc. 1984,
106, 6085–6086.

10. Campaigne, E.; Foyl, W. O. J. Org. Chem 1952, 17, 1405–
1412.

11. Eriksen, J.; Foote, C. S.; Parker, T. L. J. Am. Chem. Soc.
1977, 99, 6455–6456.

12. Schaap, A. P.; Siddiqui, S.; Gagnon, S. D.; Lopez, L.
J. Am. Chem. Soc. 1983, 105, 5149.

13. Wilt, J. W.; Dabek, R. B.; Welzel, K. C. J. Org. Chem.
1972, 37, 425–430.


	Triphenylpyrylium salt-sensitized photoreactions of 1,4-diaryl-2,3-dioxabicyclo[2.2.2]octanes through competitive single electron-transfer pathway and proton-catalyzed pathway
	Acknowledgements
	References and notes


