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Abstract. The methylene blue (MB)-sensitized photo-oxygenation of indene (1) in
CHpH gave trans-2-hydroperoxy-I-methoxyindane (9), homophthalaldehyde (4),
and its cyclic acetal 8. The same reaction conducted in acetaldehyde gave only 4.
Repetition of the photo-oxygenation of 1 in slightly acidic aq. acetone (1 :9) gave
essentially trans-2-hydroperoxy-I-hydroxyindane (14) together with some cis-5,6-
dihydro-3,3-dimethyl-1 ,2,4-trioxinol[ I ,2-e ]indene. The MB-sensitized photo-oxygen-
ation of 1,2-dihydronaphthalene (16) in CH30H gave l,4-dihydro-l-hydroperoxy-
naphthalene (17) and trans-l,2,3,4-tetrahydro-2-hydroperoxy-I-methoxynaphthalene
(19). In acetaldehyde, 16 furnished only 17. In aq. acetone (1:9) 16 gave 17 and trans-
2-hydroperoxy-I-hydroxy- 1,2,3,4-tetrahydronaphthalene (23). Product compositions
were rationalized in terms of the 2-peroxides ofthe I-cation oft and 16, namely 11 and
20. Treatment of 23 with aldehydes and ketones on catalysis with Amberlyst-15 or
trimethylsilyl trifluoromethanesulfonate afforded the trans-fused 1,2,4-trioxanes 25.
The 1,2-dioxetanes of 1 and 16 condensed with acetaldehyde on catalysis with
CF3COOH to give the cis-fused 1,2,4-trioxanes 12 and 22.

by Hock cleavage (2 ---7 3; Scheme 1). In
other words, the initial event was assumed
to be an ene-type reaction of singlet oxy-
gen (1 ---7 2). Later, 2 was shown not to be
an intermediate as a separately prepared
sample did not rearrange to 3 [3]. Subse-
quently, it became apparent that the prod-
uct composition varies enormously with
the solvent, sensitizer, and the conditions
used [4]. Consequently, it is no surprise
that interpretations on the mechanism of
reaction have differed widely. A typical
instance is provided by the photo-oxy-
genation of 1 in CHpH where rose ben-
gal (RB) in high concentration was used
as sensitizer (Scheme 2) [5]. Only traces
of 4 were observed, but substantial quan-
tities of its cyclic acetal (8, 25%), cis-
indane-l,2-diol (7, 21%) and the trans-
and cis- 2-hydroperox y-3-methoxyindanes
(9, 34% and 10, 17%) were obtained in-
stead. All products were ascribed to a
common intermediate, the 1,2-dioxetane
5. Scission accounted for 4 and 8, while
electron-transfer from RB to 5 was sup-
posed to produce 7. The pair of indane
hydroperoxides 9 and 10 was thought to
spring from 5 by protonation to the hy-
droperoxy cation 6 which was finally
quenched indiscriminately by CH30H.

Recent evidence has shown tha't RB is
to be shunned as a sensitizer, especially
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The dye-sensitized photo-oxygenation
of olefins constitutes an important chapter
in organic chemistry [I]. Depending on
the olefin, reaction can occur to give hy-
droperoxides, l,2-dioxetanes, and endo-
peroxides. These oxygenated products are
of obvious synthetic value, but the manner
of their formation is also important and
has commanded considerable attention
over the years. As a molecule for testing
mechanism, indene (1) has been much
studied, since its structure allows it to
undergo all three of the above-mentioned
reaction courses.

The first photo-oxygenation of 1 was
carried out in 1968, and innocuously
enough was the start of a long polemic on
the nature of the primary intermediates
[2]. In CH2CI2, a single product, homoph-
thaI aldehyde 4, was obtained which was
thought to arise from the hydroperoxide 2



naphthalene (16) and two derivatives 26
and 27 which resemble 1. The photo-
oxygenation of 1was sensitized by meth-
ylene blue (MB) in CH30H and performed
for 10 h at 100

• Three products wereisolat-
ed, trans-2-hydroperoxy-I-methoxyindane
(9,35%), homophthalaldehyde (4, 20%),
and the cyclic acetal (8, 36%) (Scheme 3).
This result indicates that a molecule of
singlet oxygen has added to 1to form the
zwitterionic species 11 which enjoys sta-
bilization as a benzylic cation. Closure to
dioxetane 5 soon follows. Cleavage to-

gether with methanolysis accounts for 4
and 8. Significantly, 11 lives long enough
to undergo external capture by a molecule
of CH30H. The peroxide group first ac-
quires a proton to give the cation 6 which
is then attacked on its least hindered side
by CH30H so producing 9. The resulting
trans-product does not equilibrate with
the cis-isomer 10 owing to the poor nucle-
ofugacity of the CH30 group.

Repetition of the photo-oxygenation
in a ten-fold excess of acetaldehyde sever-
al times at temperatures between _780 and

for mechanistic studies. RB possesses the
additional property of being able to reduce
singlet oxygen to superoxide radical anion
1.6J. Decomposition of the latter to H202
then results in the epoxidation of suscep-
tible oJefins such as adamantylidene-ada-
mantane. Some of the aforementioned pro-
ducts could have arisen from the action of
superoxide radical anion or H202 on 1.

Other evidence obtained from the pho-
to-oxygenation of I,3-dimethylindole [7]
and 2-methoxynorbornene [8] suggests
that singlet oxygen reacts with electron-
rich double bonds to form zwitterionic
peroxides as the first event. Indene (1)
should behave similarly. By a suitable
choice of solvent, namely CH30H or
acetaldehyde, the identity of the relevant
ionic peroxides could be revealed.

Results and Discussion

We now report on such trapping exper-
iments which have been carried out on 1
and for good measure on 1,2-dihydro-
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general, such hydroperoxy cations readily
condense with carbonyl partners to afford
cis-fused 1,2,4-trioxanes [10].

1,2-Dihydronaphthalene (16) has a
structure which is similar to that of indene
(1), but its photo-oxygenation has been
studied less [11]. The products obtained in
the RB-sensitized experiment [12] in ace-
tone at _78° were just the l-hydroperoxy
deri vati ve 17 (23 %) and the adduct of a
double addition of oxygen (18, 67%)
(Scheme 6). Re-examination of this reac-
tion at 10° in CHpH by using MB as
sensitizer gave a result reminiscent of that
found with indene (1). The hydroperox ide
17 (66%) was obtained as before, but
accompanied by trans-l ,2,3,4-tetrahydro-
2-hydroperoxy-l-methoxynaphthalene
(19, 30%) (Scheme 6). Again, the prove-
nance of 19 can be attributed to the prima-
ry peroxidic zwitterion 20 which has suc-
cessfully captured a proton and CHpH to
give successively 21 and 19. As before, 20
could not be intercepted to give trioxane
22, even when the photo-oxygenation of
16 was conducted in an overwhelming
excess of acetaldehyde (Scheme 6). Evi-
dently, 20 and 11 are equally inert towards
aldehydes. An essential difference between
1 and 16 is that the ene-type reaction
operates for the latter as a competing mode.

In an aq. medium, acetone/H20 9: I
with or without a drop of HCI, 16 reacted
with singlet oxygen to give the usual ene
product 17 (60%) and the trans-hydroper-
oxy alcohol 23 (29%) (Scheme 7). No
trace of 1,2,4-trioxane 24 was detected.
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Scheme 720° gave none of the expected 1,2,4-triox-
ane 12, but only 4 (Scheme 4). Clearly, the
intermediate 11 is either not reactive
enough or too short-lived to be intercepted
by a molecule of acetaldehyde. However,
when the above experiment was carried
out in aq. acetone (l :9) containing traces
of HCI, trans-2-hydroperoxy-l-hydrox-
yindane (14) became the main product
(72%) (Scheme 5). A tiny amount of the
chloro analogue 13 (2%) and the cis-fused
3,3-dimethyl-1 ,2,4-trioxane 15 (7%) were
also obtained. The configurations of 14
and 15 were ascertained by their reduction
with NaBH4 and LiAlH4, resp., to the
known trans- and cis-l ,2-indane diols [9].

The origin of 15 was not the trans-
hydroperoxy alcohol 14, since it did not
react with acetone on catalysis with Am-
berlyst-15 or CuS04. The trans-methoxy
hydroperoxide 9 was equally inert. Obvi-
ously, the dipolar species 11 is inert to-
wards acetone as it did not even react with
the more electrophilic acetaldehyde mol-
ecule. A reasonable candidate is the hy-
dr6peroxybenzyl cation 6 which is in equi-
librium with the chloro derivative 13. In
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Varying the amount of HCI had no effect
on the product composition.

The failure to isolate trioxane prompt-
ed further tests on 19 and 23. Like 9, 19
proved unreactive to acetaldehyde on ca-
talysis with Amberlyst-J5 or trimethylsi-
lyl trifluoromethanesulfonate (TMSOTf)
(Scheme 8). On the other hand, unlike
trans- 2-hydroperox y-1-hydrox yin dane
(14),23 underwent efficient condensation
with both aldehydes andketones (R IR2CO)
on catalysis with Amberlyst-J5 to give the
corresponding trans-fused 1,2,4-trioxanes
(25) in high yield. Several of these com-
pounds were stable, crystalline solids
which permitted their structures to be de-
termined by X-ray analysis [13]. The tri-
oxane obtained from acetone (25a, R I=
R2=Me) revealed that the fusion of the
new oxygenated ring is trans, and that the
ring itself adopts a chair conformation

Scheme 9

(Fig.). This result is of synthetic utility as
most bicyclic 1,2,4-trioxanes prepared so
far are cis-fused.

Lastly, the effect of substituents on the
course of the photo-oxygenation ofl6 was
assayed. The 6-nitro derivative 26 proved
to be totally unreactive which undoubted-
ly is due to the lowering of the energy of
the HOMO of the styrene-like part of the
molecule (Scheme 9). Conversely, the 6-
methoxy derivative 27 in acetone/H20
(9: 1) as solvent underwent complete reac-
tion within I h to deliverthe dialdehyde29
(81%)and itscyclization product 30 (10%).
No sign of the 2-hydroperoxy-l-hydroxy
derivative analogous to 23 was seen. Ob-
viously, a capturable, discrete zwitterion-
ic peroxide is not formed; therefore, for-
mation of the dioxetane 28 from 27 is
likely to be concerted.

A final set of experiments was per-

o

formed with authentic samples of the 1,2-
dioxetanes of indene (5) [15] and 1,2-
dihydronaphthalene (31) [16] to rule out
the possibility that they were intermedi-
ates rather than the zwitterionic species
(Scheme JO). Both were inert to neutral
CH30H, however, on catalysis with
CFFOOH both underwent ready conden-
sation with acetaldehyde in CH~C1~to
afford the cis-fused 1,2,4-trioxanes ~(12
and 22) in yields of 95 and 75%, resp.

Conclusion

The present results attest to the forma-
tion of zwitterionic peroxides 11 and 20,
when singlet oxygen collides with indene
(1) and 1,2-dihydronaphthalene (16). The
positive charge in 11 and 20 is stabilized
as a benzylic cation, whereas the negative
charge exists simply as the free peroxide
ion. The latter is easily protonated, but is
unable to add to the aldehyde function. In
CH30H, some of 11 escapes capture and
closes to dioxetane 5. In contrast, 20 is
completely captured by CHpH. Further-
more, 16 undergoes hydroperoxidation as
a second course of reaction.

Both olefins 1 and 16 are different
from 2-methoxynorbornene and 2-(me-
thoxymethylidene)adamantane, the zwit-
terionic peroxides of which are readily
captured by acetaldehyde [8]. However,
the behaviorofl and 16 parallels thatof2-
(phenoxymethylidene)adamantane which
always gives 1,2-dioxetane product even
in the presence of acetaldehyde [171.

A final difference between 1 and 16 is
revealed by their abil ity to form 1,2,4-
trioxanes. The synthesis of both cis- and
trans-fused bicyclic trioxanes (e.g. 22 and

Figure. Perspective drawing of the X-ray struc-
ture of trioxQne 25a
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25) is possible for 16 through the interme-
diacy of the 2-hydroperoxy cation 21 de-
rived from 31 and the trans-2-hydroper-
oxy alcohol 23, resp. Indene (1) only af-
fords the cis-fused trioxanes (12 and 15),
through the 2-hydroperoxy cation 6. Inex-
plicably, trans-fused trioxanes are inac-
cessible.

One of us (T.H.) is grateful to Kyushu Uni-
versity for granting a leave of absence. We thank
the UNDP/WorldBanklWHOSpecial Programme
for Research and Training in Tropical Diseases
for the provision of a stipend to M.F.D.

Received: January 28, 1992 [10] C.W. Jefford, D. Jaggi, 1. Boukouvalas, S.
Kohmoto, J. Am. Chem. Soc. 1983, 105,

[I] H.H. Wasserman, R.W.Murray,Eds., 'Sin- 6497; C.W. Jefford, 1. Boukouvalas, S.

glet Oxygen', Academic Press, New York, Kohmoto, He/v. Chim. Acta 1983, 66, 2615;

1979; RW. Denny, A. Nickon, Org. React. C.W. Jefford, S. Kohmoto,J. Boukouvalas,

1973, 133; A.A. Frimer, Ed., 'Singlet Ox- U. Burger, J. Am. Chem. Soc. 1983, 105,

ygen', CRC Press, Inc., Boca Raton, FL, 6498; C.W. Jefford, in 'Dioxygen Activa-

1985, Vol. 2. tion and Homogeneous Catalytic Oxida-

[2] K. Gollnick, Adv. Photochem. 1968, 6, I. tion', Ed. L.I. Simandi, Elsevier, Amster-

[3] W. Fenical, D.R Kearns, P. Radlick, 1.Am. dam, 1991, Vol. 66, p. 555.

Chem. Soc. 1969,91,3396. [II] G.O. Schenck, Angew. Chem. 1952,64, 12.

[4] C.S. Foote, S.Mazur, P.A. Burns, D. Lerdal, [12] P.A. Burns, C.S. Foote, J. Org. Chern.

J. Am. Chern. Soc. 1973, 95, 586; P.A. 1973,41,908.

Burns, C.S. Foote, S. Mazur,J. Org. Chern. [13] Crystal structure determination oftrioxane

1976,41,899; P.A Burns, C.S. Foote, J. 25a: C13HI603' Mr = 220.3, monoclinic,

Arn. Chem. Soc. 1974,96,4339; J.D. Boyd, P2l/c, a =, 8.926( I), h = 10.040(2), c =
C.S. Foote, D.K. Imagawa, ibid. 1980, 102, 13.793(4)A,{j= ]06.74°(1), V= 1183.7(5)

3641; J.D. Boyd, C.S. Foote, ibid. 1979, A-3, Z = 4. D, = 1.24 g·cm-I, 11= 0.081

101,6758. mm-I, Fooo = 472. 1248 measured reflec-

[5] H. Takeshita, T. Hatsui, J. Org. Chern. tions at r.t. (Philips PW II OOdiffractometer),

1978, 43, 3080; T. Hatsui, T. Takeshita, 616 observed (IFoI<4cr(Fo», R = 0.075 by

Bull. Chern. Soc. Jpn. 1980,53,2655. using unit weight for 145 variables. Full

[6] C.W. Jefford, M. Jimenez Estrada, G. details of the crystal structure will be pub-
Barchietto, Tetrahedron 1987, 43, 1737; Iished elsewhere [14].

C.W. Jefford, M. Jimenez Estrada, G. [14] G. Bernardinelli, M. Ferrufino Dehcza,

Barchictto, T. Berclaz, M. Geoffroy, He/v.
[L5]

C.W. Jefford, submitted to Z. Kristallogr.

Chim. Acta 1990,73, 1653. L. Baumstark, c.A. Retter, K. Tehrani, C.

[7] C.W. Jefford, D. Jaggi, J. Boukouvalas, S. Kellogg, J. Org. Chern. 1987,52,3308.

Kohmoto, G. Bernardinelli, He/v. Chim. [16] R.E. Gillian, T.M. Pohl, D.L. Whalen, J.

Acta 1984, 67, 1104. Am. Chern. Soc. 1982, 104,4481.

[8] C.W. Jefford, J. Boukouvalas, S. Kohmoto, [17] C.W. Jefford, H.G. Grant, D. Jaggi, J.

G. Bernardinelli, Tetrahedron 1985. 41, Boukouvalas, S. Kohmoto, Helv. Chim.

2081. Acta 1984, 67, 2210.

[9] W.E. Rosen, L. Dorfman, M.P. Linfield, J.
Org. Chem. 1964, 29, 1723.


