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Abstract—The mechanism for photo-oxidation of a-diketones in the presence of olefins has been studied,
focusing on the interaction of triplet diketones with O,. Two types of reactions occur competitively. Oneis the
formation of 'O, by energy transfer to O, and the other is the addition of Q, to triplet diketone, which yields
acylperoxy radicals leading to the radical epoxidation of olefins. Ratios of the two reactions were determined
from the yields of 'O, products and epoxides. For most diketones, quantum yields for 'O, formation were
considerably high, in the range 0.3-0.8 ; but the yields for epoxides werc in a wider range of 0.001-0.5. While the
ratios of 'O, formation and O, addition to triplet diketones ranged from 29 : 71 for biacetyl to 1: 99 for mesitil,
the ratios remained constant by changing solvents or temperature. The latter O, addition reaction decreased
in the order of MeCOCOMe > PhCOCOMe > PhCOCOPh but the effect of m- and p-substituents on
benzils was not significant, indicating the addition of O, as a neutral biradical. In exceptional cases, the O,
addition was not effective for sterically inaccessible mesitil and some cyclic a-diketones. The mechanism of 'O,
formation was discussed in comparison to other carbonyl compounds.

Since triplet carbonyls are diradicals

(3x-9)

a-Diketone-sensitized photo-oxidation reported by
Bartlett et al.!*? is interesting in relation to a Schenck
mechanism (Eq. 1).3

Sens = ‘Sensi]» Sens-O0* — Oxygenation (1)

In previous papers,** however, we have shown that the
photoepoxidation of olefins proceeds via the acyl-
peroxy radical, 2, generated by the photo-oxidation of
a-diketone (1) under O,. The reasonings are based on
the 1:2 stoichiometry of diketone consumed and
epoxide formed, trapping of RCO,, and the formation
of peroxy acid in the absence of olefins. The
photoepoxidation with benzoin and O, has been
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shown to occur likewise by way of an acylperoxy
radical ®
In general, the quenching of excited states by O, is
believed to be very fast and effective,’ producing 'O,
(Eq. 3).® Our interest was then focused on the
interactions of excited triplet diketones with O, i.e. the
first step in the photo-oxidation of a-diketones. It is
interesting to examine factors which determine the

reaction courses, the formation of 'O, (Eq. 3) or
addition of O, to triplet diketone 31 (Eq. 4).

314320, 1+'0, 3)

capable of abstracting a H atom just as alkoxy
radicals® and the addition of O, to C-centred radicals is
very fast,!® the addition of O to the diradicals seems to
be very facile. However, no detailed study is reported
regarding such an interaction. Herein wereport that the
ratio of reactions (3) and (4) changes with the structures
of diketones but is not dependent on the reaction
conditions, e.g. solvents and temperature.
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RESULTS

10, and RCO,* Formation

In order to determine 'O, formation (Eq. 3) and
acylperoxy radical formation (Eq. 4), «-diketones were
photo-oxidized in the presence of 1,2-dimethyl-
cyclohexene (4). That is, a benzene solution of 2-8 mM
a-diketone and 0.1 M 4 was irradiated at over 320 nm
under O, and the products were detected by GLC
analyses after NaBH, reduction.

Since olefin 4 and 'O, afford a characteristic ratio of
allylic alcohols,!! the amount of 'O, formed may be
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estimated from their yields. On the other hand, since the
epoxidation of 4 via RCO;- is effective, S the yields of
the epoxide, 5, correspond to the amount of RCO,-
formation.

As shown in Table 1(a), a typical O, sensitizer, such
as methylene blue or Rose Bengal resulted in a
characteristic ratio of allylic alcohols, 6-7-8 of
1:85:12, in accordance with that reported (i.e.
0:89:11),'* a few percent of the epoxide, 5, were also
detected. On the other hand, in the radical autoxidation
of 4 the epoxide, 5, was the predominant product and
the ratio of allylic alcohols was quite different from the
above 'O, reaction (Table la). Such an epoxide
formation as a major product is known in the
autoxidation of tetrasubstituted olefins.'? Thus, the
product ratio of 6-7-8 may lead to a decision on the 10,
reaction or the radical autoxidation.'!

The photo-oxidation of a-diketones was most facile
for biacetyl, the efficiency decreasing in the order
MeCOCOMe > PhCOCOMe > PhCOCOPh  (sec
@yipc1one in Table 1b). Since the quantum yields for the
photo-oxidation of diketones remain constant in the
presence of olefins, the predominant reaction is the
interaction between excited diketone and O,.
Exceptional cases were the photochemical reactions of
phenanthrenequinone (PhQ) and acenaphthene-
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substituents on benzils. There appears to be no
significant effect of substituents for either ®,,,,4, OF
@, 411> the ratio of Eqs (4) and (3) being 0.05:0.10 for
most benzils. One exceptional case here was the photo-
oxidation of mesitil and 2,4,6-trimethylbenzil, where
@, porige - Pio, ratios were as low as typical 'O,
sensitizers such as methylene blue. The values of
Dyixerone and @y, for mesitil were considerably low.
Another exceptional case was the inefficient photoreac-
tion of p,p'-dihydroxybenzil, probably because of its
deactivation to the ground state via an intramolecular
charge-transfer state.'s

Solvent and temperature effects

Theeflects of solvents and temperature on the ratio of
RCO,- formation (Eq. 4) and 'O, formation (Eq. 3)
were determined. As listed in Table 2, the ratios were
not affected by the polarity or viscosity of solvents or by
changing temperature. The same was true when
changing the O, atmosphere to air, i.e. by reducing Py,
to 20%.

Comparison with other carbonyls

In order to examine the validity of the above analysis
using the olefins, 4, the photo-oxidation with 2-methyl-
3-phenyl-2-butene (9) was similarly undertaken.

Me Me CH, it
/ __C\ —_— PhMeC——CMe, + Ph—C—C\ + PhC——CMe, 6)
Ph Me 0 Me
OH OH
9 10 11 12

quinone (AcQ), where the diketones react with olefins
or tetrahydrofuran very fast affording 1 : 1 adducts!3-'4
and the reaction with Q, is not a major one.

Except for the PhQ and AcQ cases, the ratios of the
allylic alcohols, 6-8, are of the typical 'O, reaction, as
apparent in Table 1(b). The @,y in Table 1 means
quantum yields for the sum of 6-8 on the basis of
incident light predominantly at 366 nm. As estimated
from the B-value 0f0.03,'* 0.1 M of olefin * traps 77% of
the 'O, formed ; then the quantum yield of 'O, formed
may be calculated by @, = @,,,,,/0.77. The ®.q,
values were considerably large, i.e. in the range 0.4-0.8
for most diketones in Table 1(b). Hence, it is apparent
that 'O, formation (Eq. 3)is effective for most diketones
except PhQ and AcQ, where the major reaction is the
1:1 formation of cycloadducts and olefins.!*

Since the 1 mol of diketone affords 2 mol of RCO;-
and, hence, 2 mol of epoxides,® the ratio of reactions (4)
and (3)is (®,poxiae/2) : Pi0,. The ratios thus obtained, as
listed in the last column in Table 1, decreasein the order
of MeCOCOMe > PhCOCOMe > PhCOCOPh.
This is the same order as the relative efficiency for
diketone photolysis (i.e. relative @y pione)-

In Table 1(c) are listed the results for the effect of ring

In the photoepoxidation with a-diketones, the olefin, 9,
afforded the epoxide, 10, together with a small amount
of acetophenone (i.e. 10-20% of the epoxide yield). The
ratio of the allylic alcohols 11-12 was 2.5: 1, which is
close to the reported ratio of 2.8:1.!7 The resulting
ratios of reactions (4) and (3) in Table 3 are 4:96 for
benzil and 34 : 66 for biacetyl, which are in accordance
with the corresponding ratios using the olefin, 4. The
consistency indicates the validity of analysis for
reactions (3)and (4) using the olefins 4 or 9. The ratios of
!0, formation and photoepoxidation were also
determined for other carbonyl compounds using the
olefin 9 (Table 3). For benzophenone, the predominant
reaction was 'O, formation and the photoepoxidation
wasineflective. For benzaldehyde, ca 5% of epoxide was
obtained, but the epoxide may also be formed via the
co-autoxidation of olefin with the aldehyde.t
Benzoin resulted in a very high epoxide selectivity
(Table 3). In the photolysis of benzoin, the type I a-
scission is very fast,'® producing the benzoyl radical

t The olefin epoxidation is known to occur in the co-
auto-oxidation of the aldehyde and olefins.!2-'®
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Table 2. Effect of solvents and temperature on the ratios of photoepoxidation and the
10, reaction of 4*

With benzil With biacetyl
Solvent (n, cp)® (epoxide-allylics)® (epoxide-altylics)®

Benzene (0.65) 11:89 57:43
CCl, (0.97) 9:91 51:49
MeCN (0.35) 12:88 42:58
i-PrOH (2.86) 12:88 58:42
MeOH (0.55) 11:89 58:42
PhH-CH,Cl, (1:3),0° 13:87 —

PhH-CH,Cl, (1:3), —65° 14:86 43:57

* Irradiation of 2-4 mM diketone and 0.1 M 4 at over 320 nm under O, at 20°,
Products at theinitial stage (i.e. 5-10% conversion of diketone) were determined by GLC

after reduction with NaBH,.
b Viscosity of solvents.

¢ Allylics are the sum of 6-8; the typical ratios of 6-7-8 are 2:78: 1 for benzil and
2:36: 10 for biacetyl. The latter case is not of a typical 'O, reaction, suggesting the
significant contribution of a radical auto-oxidation of 4.

Table 3. Photo-oxidation of 9 with some carbonyl compounds under O,*

Carbonyl E;* Product ratio epoxide ;4

compounds (kcal/mol) [ (epoxide-allylics)® 2 7
PhCOCOPH 53 092 13:87 4:96
PhCOCOPH, air — — 13:87 4:96
MeCOCOMe 56 1.0 64:36 34:66
Ph,C=0 69 1.0 2:98 1:99¢
PhCHO 72 — ~5:95 ~3:97°
PhCOCH(OH)Ph — -— 88:12 81:19¢

* Irradiation of 2-5 mM carbonyl compounds and 0.05 M 9 in benzene at over 320 nm under

0, at 20°.

® Er, Energy of T; ; ®s; quantum yields of intersystem crossing from S, to 7.8

° Allylics are the sum of 11 and 12 (Eq. 6).

4See footnote g in Table 1. Yields of 'O, formation were calculated from 0.05 M 9 with
B = 0.035;'7 i.e. 59% of 'O, is trapped by the 0.05 M olefin.

¢ The ratio of epoxide-'0,.
Ph|c|—cm>h a%e phee + CHPh e
3 b ok

and, hence, PhCO,- by O, trapping.® This pathway
(Eq. 7) is significantly different from the present case of
diketones, as discussed later. Hence, it is not certain
whether the 129 formation of allylic alcohols from
benzoin and 9 are produced from 'O, via energy
transfer from excited benzoin, or produced from
benzaldehyde or from by-products.}

DISCUSSION
Since excited triplet carbony! is a diradical

(i.e. >c-o)

capable of abstracting H® and the addition of O, to
carbon-centred radicals is very fast,'° the addition of

t The major products of benzoin photolysis are PhCO,H
and PhCHO, but unknown coloured products were also
detected by examining UV spectra.®

PhCOO- (+ PhCHOO:) —e O~ transfer
| | ™
0 OH

O, to the diradicals may be expected to be facile. This
corresponds to a formation of ‘moloxide’ im'a Schenck
mechanism.> The a-diketone-sensitized photo-
epoxidation of olefins reported by Bartlett et al.?
seemed to be the first clear example of such a Schenck-
type oxygenation (Eq. 1). Indeed, although the
photolysis of benzil in benzene is very slow under
nitrogen and does not yield the benzoyl radical,?® the
reaction under Q, proceeds smoothly yielding benzoic
acid, phenyl benzoate and biphenyl.?! Here, phenyl
benzoate is produced from the benzoyloxy radical and
solvent benzene. However, our recent studies®>
revealed that the photo-oxidation rate of a-diketones is
independent of olefins and that the stoichiometry of
diketone—epoxide is 1:2.} Photo-oxidation in the
absence of olefin affords a significant amount of peroxy

{In the photoepoxidation of 0.1 M PhMeC=CH, or
Ph,C=CMe, with PhCOCOPh, PhCOCOMe and
MeCOCOMe, the amount of epoxides formed was 2.0+0.1
mol per mol of diketone consumed.®* One mol of diketone
yields 2 mol of epoxide.
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acid.* Thus, itis apparent that «-diketones under O, are
photo-oxidized according to Eq. (4) to yield the acyl
peroxy radical RCO,:, affording trans-epoxides
predominantly via radical epoxidation. That is, the
diketones do not recycle as a sensitizer but decompose
photochemically under O,. Alternatively, the photo-
oxidation is not a O, reaction since it is not sensitized
by methylene blue or Rose Bengal which absorb over
989 of the light.

Thus, thefollowing processes (Eqs 8—12)are expected
as a dominant photochemical event.

OsT

15112y )
31 — 1+ hv or heat ©)
3140, »1+30, (10)
14+0,—-1+10, n

I
3140, - Rﬁ—(lz—R (»C—C scission) (12)

o O

Here, *0, is O, and ®g; is quantum yield for
intersystem crossing. In Eq. (9), hv corresponds to the
phosphorescence from 31 and heat to radiationless
deactivation. For the case of a-diketones, the
intersystem crossing from '1 to 1 is effective (i.e. gy
~ 1), 22:23 gnd the lifetimes of 31 are as long as 1-10
ms.?* Since the quenching of triplet diketones by O, is
fast(ie. k, = 10’-10° M~ ' s~ "),® the quenching of *1 is
expected to be almost quantitative under air (ca 2 mM
O, in solution) or under O, (ca 10 mM). Actually,
quantum yields for the diketone photo-oxidation are
practically the same in air or under O,, indicating no
significance of Eq. (9).

Reaction (10) is the perturbed intersystem crossing
assisted by O,, but it seems not to be a major path, at
least in the cases of biacetyl and benzil, since the
combined quantum yield of Egs (11) and (12) is sig-
nificantly high. For example the sum of @, 0.14¢/2P10,

1 + 0,— (1 0,)—
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10, Formation and O, addition to 3C=0

The O, quenching of tripiet carbonyls is known to be
fast and effective,”-®2*:2% the quenching rates for most
carbonyls are of the order of 10° M~ ! s~ !, whereas they
are ca 10® for some ketones.t A recent study in the
vapour phase?® resulted in small negative activation
energies for the quenching rate with O, suggesting the
existence of a weakly bound complex between excited
carbonyls and Q,. The O, quenching for excited o-
diketone in solution is, likewise, fast;e.g. 1 x 10° M ™!
s~! for benzil>” and 5x 10° for biacetyl.2® In fact,
relatively high yields of ! O, formation resulted for most
diketones, ie. ®.o, =0.2-08 (Table 2). Three
mechanisms are conceivable for the formation of 'O,
from 31 and O, (Eqs 13a—<).®

Electron transfer:

1+40,-1""+0;" = 1+1'0, (13a)
Diradical formation:
1+0,-1—00--1+10, (13b)
Electron exchange :
3140, 51410, (13¢}

The first mechanism via electron transfer (Eq. 13a) is
not appropriate in view of the constant photo-
oxidation rates and constant ratios of epoxide~'O,
when changing to polar or protic solvents. The second
mechanism of 'O, formation via a diradical adduct (e.g.
3)is not acceptable on the basis of the fact that 'Q, is
similarly produced from mesitil where the addition to
C=0 is sterically inhibited.] Hence, the only
mechanism possible for 'O, formation is that of energy
transfer via electron exchange (Eq. 13c). Electron
exchangeis believed to be operative for most cases of O,
quenching.?-2¢

The above consideration leads to a scheme, as a
reaction of encounter complex 13, involving energy
transfer from 31 to O, (Eq. 14) and competitive addition
of O, to the excited carbonyl in 31 (Eq. 15). The photo-

k
0 g, (14)
Kaad

[ RC—l—R (—— 2RC0;.) (19)

13

is 0.80 for biacetyl (Table 1b). The combined
quantum yields are lower for p,p’-dichloro- and p,p'-
dimethoxybenzils and much lower for mesityl and p,p'-
dibydroxybenzil. In these cases, processes (9) and/or
(10) would be significant owing to a heavy atom effect,
intramolecular charge-transfer or other process, but it
is not the purpose of this study to deal with these effects.
Hence, in the following discussion only processes (11)
and (12) are considered to be major interactions
between *1 and O,. Discussion about PhQand AcQis
excluded since their interaction with O, is minor owing

to the occurrence of fast reactions with solvents or
olefins.!3:14

+ Thequenching rate of *C=0 with O, isslower, by a factor
of 10, than the diffusion rate. This was explained by assuming
that 3(rx*) state carbonyls are less accessible for O,. However,
thisexplanation is not appropriate since 3(nn*) state carbonyls
(c.g-4-phenylbenzophenone) are quenched much more slowly,
ie 1% of the diffusion rate.® The reason for this is not clear at
present.?”

} The slightly lower yield of 'O, from mesitil (i.e. bio,
= 0.06) might be duc to either the lower ¢y or competitive
intramolecular H abstraction from o0-Me as has frequently
been obscrved for ketones.?® The irradiation of mesitil,
however, in acrated MeOD afforded no detectable deutenzed
diketone so ruling out the latter possibility.
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oxidation rate of «-diketones was constant in different
solventsand at various temperatures(from 20to — 60°),
which suggests activation energies and the dependence
on solvent polarity are practically identical between
reactions(14)and (15). Here, the B-scission of the alk oxy
radical, 3, is assumed to be very fast since the scission of
the acyl radical in the B-acyl alkoxy radical is known to
be veryfacile.>® Moreover, since the triplet diketone, 31,
possesses excited energies of 50-60 kcal/mol, the
diradical adduct, 3, might retain a significant amount of
energy from its precursor.!? This would accelerate the
B-scission of the acyl radical from 3 and, hence, make
the above assumption likely, i.e. that the radical, 3,
decomposes immediately after its formation.

What is the determining factor for selectivity of
energy transfer (Eq. 14) or O, addition (Eq. 15)? While
the yields of 'O, are relatively high and constant (i.e.
®:0, = 0.2-0.8)in most cases, epoxide yields (i.c. Eq. 15)
change with the structure of the diketones. The ratios
of epoxide to 'O, (i.e. ratios of Eqs 15-14) decrease
in the order of MeCOCOMe > PhCOCOMe
> PhCOCOPh » CQ, indicating a very facile ad-
dition of O, to aliphatic acetyl group. This is the same
order as the addition of nucleophiles to carbonyl
compounds such as in hydration equilibria.®! For
example, 67% of biacetyl is hydrated in water but benzil
is not hydrated appreciably. As for the reaction ratio of
Eqs (15)14), the effect of ring substituents on benzil is
mostly of no effect (i.e. p ~ 0); the exception is that of
diketones possessing a sterically inaccessible mesitoyl
group. In sharp contrast, the addition of ROO™, a
peroxidic nucleophile, to benzils exhibits a large polar
effect (i.e. p ~ 3)>2 and the relative reactivity of CQ
> PhCOCOMe > MeCOCOMe > PhCOCOPh is
quite different from the present reaction (Y. Sawaki,
unpublished). Since reaction (15) is the addition of
neutral radical O, to 3C=0, the polar effect of the ring
substituents is not important. The resulting order of
MeC=0 > PhC=0 is readily understood on the
basis of an unfavourable decrease in resonance
stabilization in the latter PhC=0 group on going from
1to 3.

In the case of unsymmetrical PhACOCOMe, the
excitation might be expected to be located at the
benzoyl group in view of its lower E; energy (by 3-4
kcal/mol) compared to the aliphatic carbonyl.?> But
the resulting @, .4, is not close to that of benzil but
between biacetyl and benzil (Table 1b). Judging from
this, the excitation of PhCOCOMe seems to be on both
groups; in other words, the two carbonyls conjugate
each other. Itis known that the dihedral angles between
the two carbonyls in a-diketones change from 90° for
benzil to 180° for biacetyl and mesitil.>3 In view of the
data in Table 1, there appears to be no relationship
between the dihedral angles and @1, or ®poziqc-

Finally, benzophenone is efficient for O, formation

but inefficient for the photoepoxidation of olefin (Table

3). It is not certain whether or not a small amount of
epoxide is formed via the adduct radical 14 (Eq. 16).
This is because epoxides are often produced as a by-
product in the radical auto-oxidation of olefins.!? In
the case of benzaldehyde, 5% epoxide was obtained

t1In fact, no energy minimum could be attained for the
calculated energies of H,C(OO-)(O") by the MINDO/3 or
INDO methods (Y. Sawaki and H. Kato, unpublished).

Y. SAWAKI
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——= Epoxidation

16

14

from the olefin, 9. Again, epoxidation via 14 was not
always ascertained owing to likely epoxide formation
via the coauto-oxidation of aldehyde and olefin.'® Any
conclusion regarding the occurrence of O-transfer via
14, although of low efficiency, is not possible without
more detailed studies.

EXPERIMENTAL

'H-NMR spectra were recorded with a Hitachi R24B
spectrometer. GLC analyses were performed with a
Yanagimoto G180 gas chromatograph using two different
columns: PEG 20M, 20% on Chromosorb WAW; silicone
OV-17, 5% on Shimalite W.

Materials. Compounds 4 and 9 were described pre-
viously.>* Mesitil!3* and 4,4'-dihydroxybenzil®® were ob-
tained as described in the lit. Substituted benzils have been
described previously,*?%3¢ Other materials were from
commercial sources.

Photoepoxidation. Procedures for photoepoxidations were
as noted previously.* A typical procedure for the
determination of quantum yields is as follows. A 4 m! benzene
soln of 2 mM a-diketone and 0.1 M 1,2-dimethylcyclohexane
in a Pyrex tube was irradiated under O, at over 320nm for ! hr
at 20° using a 300 W medium pressure Hg lamp. As a filter soin,
5% NaNO, aq was used. The mixture, after reduction with
NaBH, and MeOH, was analysed by GLC using
propiophenone or biphenyl as an internal standard. The
incident light was determined using ferrioxalate actino-
metry.®” The results are listed in Table 1. The quantum yields
for the diketone disappearance were determined by UV
absorbance.

REFERENCES

!P. D. Bartlett, Organic Free Radicals (Edited by W. A.
Pryor), p. 15. American Chemical Society, Washington
(1978).

20N, Shimizu and P. D. Bartlett, J. Am. Cheni. Soc. 98, 4193
(1976); ®P. D. Bartiett and J. Becherer, Tetrahedron Lett.
2983(1978);P.D. Bartlett, A. A.M. Roofand N. Shimizu, J.
Am, Chem. Soc. 104, 3130 (1982).

3aG, Q. Schenck, Angew. Chem. 69, 579 (1957); *K. Gollnick,
Adv. Photochem. 6, 1 (1968).

4Y. Sawaki and C. S. Foote, J. Org. Chem. 48, 4934 (1983).

3Y. Sawaki and Y. Ogata, Ibid. 49, 3344 (1984).

6Y.Sawakiand Y. Ogata,J. Am. Chem. Soc.103,2049 (1981).

"N. J. Turro, Modern Molecular Photochemistry, p. 354
Benjamin/Cummings, Menlo Park (1978).

8N. J. Turro, Ibid. p. 583.

?C. Walling and M. J. Gibian, J. Am. Chem. Soc. 87, 3361
(1965).

103, A. Howard, Free Radicals (Edited by J. K. Kochi), Vol. 2,
p- 15. Wiley, New York (1973).

11C. 8. Foote, Accts. Chem. Res. 1, 104 (1968).

122D E. Van Sickle, F, R. Mayo, E. S. Gould and R. M. Arluck,
J. Am. Chem, Soc. 89,977 (1967);°F. R. Mayo, Accts. Chem.
Res. 1,193 (1968).

13aK Maruyama, K. Ono and J. Osugi, Bull. Chem. Soc. Jpn.
45, 847 (1972); bS. Farid and K. H. Scholz, J. Chem. Soc.
Chem. Commun. 412 (1968); °T. Sasaki, K. Kanematsu, 1.
Ando and O. Yamashita, J. Am. Chem. Soc. 99, 871 (1977).

14Y. Sawaki, Bull. Chem. Soc. Jpn. 56, 3464 (1983).

13K. Gollnick, Adv. Photochem. 6, 74 (1968).

16N. J. Turro, Molecular Photochemistry, p. 149. Benjamin,
New York (1965).

17C. 8. Foote and R. W. Denny, J. Am. Chem. Soc. 93, 5162
(1971).

'8F, Tsuchiya and T. Ikawa, Can. J. Chem. 47, 3191 (1969).



Interaction of triplet a-diketones with oxygen

19F. D. Lewis, R. T. Lauterbach, H.-G. Heine, W. Hartmann
and H. Rudolph, J. Am. Chem. Soc. 97, 1519 (1975).

20 A Ledwith, P. J. Russel and L. M. Suichoffe, J. Chem. Soc.
Perkin Trans 2 1925 (1972).

213 Saltiel and H. C. Curties, Mol. Photochem. 1, 239 (1969).

223 M. Monroe, Adv. Photochem. 8, 17 (1971).

23P. J. Wagner, R. G. Zepp, K.-C. Lin, M. Thomas, T. J. Lee
and N. J. Turro, J. Am. Chem. Soc. 98, 8125 (1976).

24 A, Kuboyama and S. Yabe, Bull. Chem. Soc. Jpn. 40, 2475
(1967).

25M. Koizumi, S. Kato, N. Mataga, T. Matsuuraand Y. Usui,
Photosensitized Reactions, p. 215. Kagakudojin, Kyoto
(1978).

26D, R. Kearns, Chem. Rev. 71, 395 (1971).

27p_B.Merkel and D. R.Kearns, J. Chem. Phys. 58,398 (1973).

28F A.Cebul, K. A Kirk, D. W. Lupo, L. M. Pittenger, M. D.
Schuh, I. R. Williams and G. C. Winston, J. Am. Chem. Soc.
102, 5656 (1980).

2205

29N, C. Yang and C. Rivas, Ibid. 83, 2213 (1961); °Y. Ogata
and K. Takagi, J. Org. Chem. 39, 1385 (1974).

30y, Sawaki and Y. Ogata, Ibid. 41, 2340 (1976).

31Y, Ogata and A. Kawasaki, The Chemistry of the Carbony!
Group (Edited by J. Zabicky), p. 1. Interscience, London
(1970).

32 Kwart and N. J. Wegemer, J. Am. Chem. Soc. 83, 2746
(1961).

33T R.Evansand P. A. Leermakers, Ibid. 89,626 (1967);%J.F.
Arnett and S. P. McGlynn, J. Phys. Chem. 79, 626 (1975).

34y, Sawakiand Y.Ogata, Bull. Chem. Soc. Jpn.54,793(1981).

3% H.Gilman and H. S. Broadbent, J. Am. Chem. Soc. 70, 2619
(1948).

36Y. Ogata and M. Yamashita, Tetrahedron 27, 2725 (1971).

373, G. Calvert and J. N. Pitts, Jr., Photochemistry, p. 783.
Wiley, New York (1966).

388. L. Murar, Handbook of Photochemistry, p. 49. Marcel
Dekker, New York (1973).



