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Kautsky®; the reactive intermediate is an excited
singlet state of molecular oxygen.

The evidence which supports mechanism a is as
follows. (1) Gaffron found that with one sensitizer,
at least, light of 8200 A. is effective. Since this wave
length is of insufficient energy to excite the 'Z;* state
of O,, Gaffron concluded that singlet oxygen could not
be intermediate.®! Kautsky, however, pointed out that
there was ample energy in Gaffron’s system to excite
oxygen to the lower-lying !4, state.’® (2) Livingston's
kinetic studies indicate that the active intermediate
has somewhat different kinetic behavior when formed
with anthracene or with diphenylanthracene as sensi-
tizer” The rates were measured indirectly, and with
a fairly high probable error, making this conclusion
somewhat questionable. In other cases, Schenck
has found that the rate of disappearance of the active
intermediate does not depend on sensitizer.?

Until now, the singlet oxygen mechanism has been
generally disregarded despite the following observa-
tions. (1) Kautsky observed that reaction occurs
even when sensitizer and acceptor are adsorbed on
separate granules of silica gel, which would indicate
that a reactive intermediate is formed which is capable
of diffusion under vacuum.*® Similar phenomena were
noted by Rosenberg and Shombert® No satisfactory
explanation of these observations in terms of mechanism
a has yet been made. (2) The ‘‘moloxide” would have
to have an unexpected property; for example, in the
reaction with anthracene, which is both sensitizer and
acceptor, the kinetics require that the intermediate
(which, if it is a moloxide, is presumably of structure I)
cannot collapse to product II itself, but must transfer
oxygen to a second anthracene molecule.?*
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Since singlet oxygen has now been shown to be ef-
fective in carrying out reactions identical with the
photosensitized autoxidations,’® the weight of the
evidence favors the intermediacy of singlet oxygen.
Further experiments are in progress.
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A Study of the
Peroxidation of Organic Compounds by Externally
Generated Singlet Oxygen Molecules
Sir:
The existence of two low-lying metastable singlet
states of diatomic oxygen ('A; and !Z; which are 0.977
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and 1.63 e.v. above the ground state)! and the “for-
biddenness”’ of radiative return to the ground state
suggested the possibility that singlet O, might be a
useful and selective reagent in organic chemistry. We
were further interested in this case as a result of our
previous experience with another highly reactive small
molecule, diimide? (N;H,), and because of the possible
importance of metastable O, in photosensitized per-
oxidations.®* It seemed to us that the O, molecule,
raised above its ground state by ca. 22.5 or 37.5 kcal./
mole and converted to a singlet state (removing spin-
conservation difficulties in forming singlet products
from reactants of singlet multiplicity), could reasonably
be expected to afford the same reactions as observed
in sensitized photooxidation.?

Our initial studies have been conducted using gaseous
oxygen subjected to electrodeless discharge at 6.7
Mec., a method for producing singlet O, first described
by Foner and Hudson.®! The radiofrequency unit
was a T21/ARC-5 U. S. surplus aircraft transmitter
(modified to permit resonant coupling to the discharge
tube) with the output leads attached (by platinum
wire) to two aluminum foil bands (2 cm. apart) fitted
around quartz tubing (12-mm. o.d.). Oxygen was
passed through the quartz tube at ca. 20 mm. with the
discharge operating to produce a definite glow in the
tube between the aluminum terminals, and the emerg-
ing gas was bubbled into a solution of the reactant
(usually stirred). The reactor was located downstream
from the discharge zone by 20-30 cm.; the exact
distance did not appear to be a critical variable, how-
ever. A water aspirator was employed at the end of
the system to pull gas through. The vessel containing
the organic reactant was shielded from light by a
covering of aluminum foil.

Using this apparatus and bromobenzene as solvent
at 0°, anthracene, 9,10-diphenylanthracene, and 9,10-
dimethylanthracene were cleanly converted to the
corresponding 9,10-endoperoxides, identical with au-
thentic samples prepared by the photooxidation route.
No other product could be detected. In control experi-
ments in the same apparatus, under the same conditions
but with the radiofrequency unit and discharge off, no
more than trace quantities of peroxide were formed
(analysis by chromatography). Therefore, the zero
level of the 3Z, ground state of O, is not responsible
for endoperoxide formation. It also seems improbable
that vibrationally excited *Z, molecules could persist
long enough to effect oxidation in solution. Ozone
and monatomic oxygen can also be excluded since these
would lead to other types of products.®—% The species
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which can account most reasonably for the observed
results are 'A; or 'Z; forms of O;. Both of these are
known to be produced by the technique used in the
present work,%%! the former in greater amount by at
least 102.

The relative rates of peroxidation of the three anthra-
cenes studied were 9,10-dimethylanthracene > 9,10-
diphenylanthracene > anthracene. With the particu-
lar apparatus used in the present work, 19 hr. was re-
quired for complete conversion of 100 mg. of 9,10-
dimethylanthracene to the 9,10-peroxide. Even in
the case of this relatively reactive substrate there does
not seem to be a highly efficient capture of reactive
oxygen, based on the supposition that 10% of the oxy-
gen molecules are converted to the 'A, state® and the
estimated flow rate. The considerable difference in
reactivity of 9,10-dimethylanthracene and anthracene
(roughly 100-fold) indicates that this reactive O is
rather selective.

An interesting effect of solvent on the rate of peroxi-
dation of 9,10-diphenylanthracene was noted. Chloro-
benzene, bromobenzene, and nitrobenzene gave faster
reaction rates than anisole, dimethyl sulfoxide, or
iodobenzene (which were all about the same), and these
in turn led to faster oxidation than p-cymene or decalin.
The rate factor from the most effective solvent chloro-
benzene to decalin, the poorest, was over twenty (at
0°).

Reactive 1,3-dienes are also susceptible to endo-
peroxidation. For example, and in analogy with the
classical case of photooxidation,® exposure of a-terpin-
ene to singlet oxygen afforded ascaridol. 2,5-Di-
phenyl-3,4-isobenzofuran afforded 1,2-dibenzoylben-
zene? in high yield. On the other hand, attempts to
convert olefins to allylic hydroperoxides have so far
not succeeded in the case of a-pinene, l-phenylcyclo-
hexene, tetramethylethylene (gas phase), or cholest-4-
en-33-ol. Work is in progress to ascertain the signifi-
cance of these preliminary results.

Although the instrumentation and techniques used
in the present work are quite simple (comparable to
those conventionally employed for ozonolysis), they
are satisfactory only on a limited scale; with quantities
greater than several millimoles, inconveniently long
reaction times are required for complete conversion.
Improvements in the metastable oxygen generator
are clearly desirable.

We have followed with interest several recent publi-
cations on the chemical generation of singlet oxygen
by the oxidation of hydrogen peroxide,!!~!* but we
have done no work on the application of these systems
to peroxidation of organic substrates. We have been
informed by Professor Christopher Foote!® that he
has succeeded in effecting a number of peroxidation re-
actions by the oxidation of hydrogen peroxide in the
presence of various substrates.
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It is possible that singlet O, might also be a product
of other types of chemical processes, e.g., the reaction
of hydrogen peroxide with oxalyl chloride,!®* which
yields both molecular oxygen and luminescence, and
the reactions of ozone with phosphines, phosphite
esters, sulfides, etc.V”

Work on the chemistry of externally generated
metastable oxygen is being continued along the lines
suggested by the results described above.

Acknowledgment.—We thank the National Science
Foundation for financial support under Grant GP-221
and Professors William Klemperer and Dudley Hersh-
bach for helpful discussions.

(168) E. A. Chandross, Tetrahedron Lelters, No. 18, 761 (1963).
(17) See Q. E. Thompson, J. Am. Chem. Soc., 88, 845 (1961), and refer-
ences cited therein.

DEPARTMENT OF CHEMISTRY
HARVARD UNIVERSITY
CAMBRIDGE, MAssacHusETTS 02138

RECEIVED JUNE 25, 1964

E. J. Corey
WALTER C. TAYLOR

Amineborane Reductions in Aqueous Acid Media
Sir:

Recent solvolysis studies!-? have shown that certain
amineboranes have a high degree of kinetic stability in
water and mixed aqueous solvents. Their slow rates
of hydrolysis permit studies of their reactions in highly
acidic media, conditions which preclude the study of
many other hydridic compounds such as the alkali
metal borohydrides. The present communication de-
scribes an investigation of reactions of amineboranes
with specific carbonyl compounds under such condi-
tions. The amineboranes employed were effective
reducing agents in strong aqueous acid, and their rates
of reaction with carbonyl compounds were found to in-
crease with increasing acidity of the medium.

The use of amineboranes for the reduction of alde-
hydes and ketones to the corresponding alcohols is
well known.®~7 In the present investigation, the rate
of disappearance of each amineborane in a buffered
solution containing a large excess of the carbonyl
compound was followed iodometrically® and found to
be first order in amineborane. Variations in rate with
changes in the concentration of the carbonyl com-
ponent revealed a first-order dependence on the con-
centration of aldehyde or ketone. For a given system,
above a certain concentration of hydrogen ion, the ob-
served rate varied linearly with {H*] as shown in Fig.
1 for the reaction of acetone with morpholineborane in
water at 25°. The data lead to the following rate equa-

tion.
0
—d(amineborane ) J
¢ p” ) _ (amineborane)(R—C—R")(k, +
ko[H*])
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