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Singlet Oxygen Scavenger Method for the
Determination of Ketone Peroxide Kinetics

Summary: The rate of decomposition of dicyclohexylidene
diperoxide (I) has been monitored spectrophotometrically
by use of the colored singlet oxygen scavenger “tetracy-
clone” (III) (tetraphenylcyclopentadienone). The rate con-
stants determined for I are in good agreement with those
determined iodometrically.

Sir: In 1967 Story and coworkers! found that the thermal
and photochemical decomposition of cyclic ketone perox-
ides such as I and II produced macrocyclic hydrocarbons
and lactones (eq 1 and 2). About 5-10% ketone was also
produced. Story suggested that the ketone was produced
with the evolution of singlet oxygen.

The detection of singlet oxygen in liquid phases is re-
stricted almost entirely to chemical methods which might
be misleading (but several methods are available).24 In
order to determine the singlet oxygen in a liquid phase, one
may decompose the precursor in the presence of an appro-
priate singlet oxygen acceptor.’
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For example, Murray and coworkers used tetracyclone to
measure the per cent of singlet oxygen evolved from ozone
adducts of isopropy! alcohol and isopropyl ether {eq 3).6 In
our laboratory Brennan used tetracyclone to scavenge sin-
glet oxygen from phosphorus ozone adducts.”

C6H5
CHy Mo
m + 0, — | + €O 3
a0
CeH;
v

It occurred to us that this highly colored compound
might be used (if thermally stable) to measure the singlet
oxygen evolved from peroxide precursors. The extinction
coefficient of this compound is high [e ~ 1250 1./(mol cm)],
thus allowing the singlet oxygen yields to be determined on
dilute peroxide solutions with the aid of a spectrophotome-
ter.

The stable free radical technique for the determination
of free radical initiator kinetics had been so successful for
the determination of the kinetics and free radical efficien-
cies of diacyl peroxides that we decided to apply the same
technique to peroxides which might give singlet oxygen on
decomposition.?

The advantages are (a) the solution of peroxide is dilute
enough so that induced decomposition is negligible; (b) the
rate constant and the efficiency of singlet oxygen produc-
tion (the fraction of singlet oxygen per mole of peroxide
which reacts with the scavenger) may be determined in a
single experiment.

The rate data for the decomposition of cyclohexanone di-
peroxide obtained by monitoring the disappearance of the
colored band at 510 mu in tetracyclone were calculated
from eq 4 and are presented in Table I (see ref 8 for deriva-
tion of a similar equation). The rate data are in good agree-
ment with that obtained by following the rate iodometri-
cally in all solvents except cyclohexane.? The reason for
this discrepancy has not been completely resolved.

In (A - A<} = =kt + In ePe, (4)"

The values of e for I range from 0.05 to 0.02 in the sol-
vents studied, and it appears that the peroxide is not an ef-
ficient source of singlet oxygen. The yield of cyclohexanone
varies from 0.10 to 0.20 mol/mol of peroxide; so the maxi-
mum available singlet oxygen is 5 to 10% (0.05 to 0.10 for
eg). Furthermore, it is likely that the values of e, recorded
in Table I are too high since it is possible for the fading of
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Table 1
Kinetics and Singlet Oxygen Efficiencies for Dicyclohexylidene Diperoxide in Some Solventse

Solvent 103 Py, mol/l.b T, C 10°% (2 std dev), sec t}/2, min ty2 min® eg
Toluene 10.0 170.1 96.3 (+4.6) 12.0 13.2 0.038
10.6 170.1 99.1 (24.0) 11.6 0.035
5.00 170.1 84.0 (£6.2) 13.7 0.039
8.46 160.1 27.9 (£1.3) 41.4 39.6 0.048
10.0 160.1 31.2 (£1.2) 37.0 0.035
10.0 160.1 25.8 (20.7) 44.7 0.044
10.1 160.1 29.3 (x4.0) 39.4 0.035
Cyclohexane 10.0 160.1 23.5 (£1.3) 30.0 41.6 0.038
10.0 155.1 14.6 (£0.7) 61.4 86.8 0.043
Chlorobenzene 10.0 155.1 27.4 (£2.8) 42.1 45.0 0.050
Bromobenzene 13.5 160.1 45.5 (£0.4) 25.4 26.2 0.046
13.5 155.1 27.0 (z0.8) 42.8 45.0 0.049
o -Dichlorobenzene 10.0 160.1 36.0 (£1.9) 32.0 0.022
10.0 155.1 27.3 (£1.4) 42.3 0.026
10.0 150.0 18.0 (£2.0) 64.3 0.019
Acetophenone 10.0 155.1 27.8 (£0.6) 41.8 37.3 0.043

e The initial scavenger concentration (Sp) was 8.00 X 10-4 M. b Initial peroxide concentration in moles per liter. ¢ The half-life in this

column came from iodometric rate studies (Po =~ 0.02 mol/1.).

the tetracyclone to be caused by addition of radicals to the
double bonds (eq 5).

R-+ Il — R - Il —> colorless products (5)

When III was heated with di-tert-butyl peroxide in de-
gassed chlorobenzene solution at 160°, fading occurred.
This is presumably due to radical addition to the double
bonds of II1. No product studies were done however.

Table II shows the yield of cis-dibenzoylstilbene deter-
mined by vpc analysis. The yield is higher here than the
yield determined spectrophotometrically.

It was observed in the vpc trace that there were several
unidentified peaks with a retention time higher than those
of cis-dibenzoylstilbene and tetracyclone. These peaks
were shown to be absent when the peroxide was thermo-
lyzed in the absence of tetracyclone. The products which
give rise to the unidentified peaks are presumed to be radi-
cal addition products of tetracyclone.

It is likely that the oxygen which is generated in the
thermal decomposition of ketone peroxides enters into a
chain reaction!! if it does not add to tetracyclone as singlet
oxygen. For example, the following free radical chain pro-
cess is reasonable.

o—
C>< >O — products + R- + O, (6)
0—0

R- + 0, — R—0—0: (7)

R—0—0O- (R*) + tetracyclone —> radical adduct (8)

R—0—0: + R—0-—0- — nonradical products - (9)

The termination reaction 9 has been shown for the auto-

oxidation of ethylbenzene to give the products in eq 10.12

This type of termination is well known for secondary per-
oxy radicals.12-15

CH, (")
2CH;CH—0—0- —CH;,C—CH, +
CH;CH(OH)—CH, + 0, (10)

The point to be made by eq 6 through 10 is that fading of
the tetracyclone may be caused by radical addition (eq 8)
or singlet oxygen generated via paths such as eq 9.

Table I1
Per Cent Yield of cis-Dibenzoylstilbene
Po, ) So,
Solvent T,C mol/L® molL? e og
Cyclohexane 160 0.1 =~0.05 0.053 0.038
170 0.1 =~0.05 0.078
n-Decane 150 0.1 =~0.05 0.034
160 0.1 =~0.05 0.074
Toluene 150 0.1 =~0.05 0.058
160 0.1 =~0.05 0.078 0.035—-0.048
170 0.1 =~0.05 0.099 0.035-0.039
Chlorobenzene 140 0.1 =~0.05 0.059
150 0.1 =~0.05 0.055 0.046
160 0.1  ~0.05 0.055
165 0.1 ~0,05 0.053

@ Initial peroxide concentration in moles per liter. °Initial
scavenger concentration in moles per liter. ¢ Yield of cis-dibenzoyl-
stilbene determined by vpc analysis. ¢ Singlet oxygen efficiency .
determined by spectrophotometry on dilute solutions (Py = 0.01,
So = 0.0008 mol/1.).

Despite the number of interferences, the method pre-
sented above appears to be useful for determination of the
rate of decomposition of peroxides such as I which are po-
tential singlet oxygen precursors. Indeed, the above is only
a fair demonstration of the method. Furthermore, very lit-
tle was learned about that portion of the decomposition of I
which gives cyclohexanone plus oxygen. However, the tech-
nique should be very useful for the determination of rates
of decomposition and singlet oxygen efficiencies (e4) in sys-
tems which give higher yields of singlet oxygen without the
interference encountered in the study of 1.
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Heteroatom-Directed Photoarylation. A New Method
for Introduction of Angular Carbon-Carbon Bonds

Summary.: Photocyclization-rearrangement of cyclic 2-
thioaryloxyenones to annelated dihydrothiophenes and
subsequent desulfurization give 8-aryleycloalkanones in
high overall yield.

Sir: Introduction of an aryl substituent at a carbon atom 3
to a carbonyl group by conjugate addition of organocopper
reagents to «,8-unsaturated carbonyl substrates has re-
ceived considerable attention, e.g., 1 — 2.! Unfortunately,
copper catalyzed reactions of arylmagnesium halides with
a,B-unsaturated ketones usually give mixtures of 1,2- and
1,4-addition products. Conjugate addition may be more ef-
fectively performed by use of stoichiometric organocopper
reagents prepared from an aryllithium and cuprous iodide;

0] 0
CH, —. CH, Ar
cH
CH, : CH, CH,
1 2

however, the required aryllithium may not always be ob-
tainable. Furthermore, a two- or threefold excess of organo-
copper reagent is normally required for satisfactory conju-
gate addition and significant quantities of dimeric by-prod-
ucts may arise from coupling of the organocopper reagent.
In this paper, we report new methodology for the effi-
cient and experimentally simple introduction of an aromat-
ic nucleus 8 to a carbonyl group. The key step in the pro-
cess involves the photocyclization-rearrangement of 2-
thioaryloxyenones to dihydrothiophenes, e.g., 3 — 5.

Cyclic 2-thioaryloxyenones 3 were prepared? in 92-98%

yields by the potassium hydroxide catalyzed reaction of 1
equiv of aryl mercaptan with 2,3-epoxy-3,5,5-trimethyl-
cyclohexanone.? Pyrex-filtered irradiation of 3 in benzene—
- methanol solution (3:1) in a conventional preparative pho-
toreactor gave dihydrothiophenes 5 in excellent yield,
Table I. This process presumably occurs by :conrotatory
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TableI
Photocyclization of 2-Thioaryloxyenones 3 to
Dihydrothiophenes 5 and Desulfurization to
3-Aryleyclohexanones 2

2- % yield % yield

Thiocaryloxyenone Dihydrothiophene 5 formed of5° of 2¢

o}
32 cm% 91 85
CH; CH,
[¢]
3b CH, 88 87
CH; CH,

0
3c CH, 99 b
CH, CH, H(CH;)
CHy(H)
o]
3d CH, 84 86°
CH, (CH,
CH,
0
3e CH 83 83
CH; CH,
OH
o}
S
3f ot 89 50
CH; CH;

a Represents isolated yield of distilled or crystallized product.
¢ Ratio of isomers is 70:30. ¢ Product identical with that obtained by
desulfurization of 5b.

photocyclization* in the excited state of 3 to give the inter-
mediate thiocarbonyl ylide 4, which suffers 1,4-hydrogen
migration to give dihydrothiophene 5.5

The conversion 3 — 5 in all cases examined except 3¢ is
completely regioselective and is applicable to large-scale

0O
SAr b
CH; —_—
CH, CH,
3a, Ar = phenyl
b, Ar = o-tolyl
¢, Ar = m-tolyl
d, Ar =p-tolyl 0
e, Ar = p-hydroxyphenyl H
f, Ar = 2-naphthyl S
CH;
CH, CH,
R
5

synthesis. The following procedure for preparation of 5a is
representative. A solution of 3a (70.4 g) in benzene (1500
ml) and methanol (500 ml) was placed in a photoreactor
fitted with a water-cooled immersion well containing a
450-W high-pressure mercury arc lamp. Dry argon was



