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Anal. Caled for C;uH,04: C, 65.44; H, 5.50. Found: C, 65.44;
H, 5.37.

a-(Benzoyloxy)dihydrocoumarin (4f) and Coumarin,
Oxidation of 2¢ in methylene chloride; sequential crystallization
of the crude reaction mixture with ether and then with ether—
petroleum ether (bp 30-60 °C) afforded pure 4f and coumarin.

a-(Benzoyloxy)dihydrocoumarin (4f): 57%; mp 143.5-144.5
°C (ether); IR (KBr) 1775, 1715 cm™; NMR (CDCly) 8 3.24-3.50
(overlapping d of d, 2 H, J = 9, 11 Hz), 5.62-5.99 (d of d, 1 H,
J-= 9, 11 Hz), 6.93-8.26 (m, 9 H); MS, m/z (relative intensity)
268 (M, 1), 146 (100), 105 (34). Anal. Calcd for C;¢H;,0, C,
71.64; H, 4.51. Found: C, 71.42; H, 4.38.

Coumarin: 31%; mp 67-68 °C [ether—petroleum ether (bp
30-60 °C)]; IR, NMR, and MS characteristics are identical with
those of the coumarin isolated from the reaction of 2¢ with LTA
(see above).

a-(Benzoyloxy)isochromanone (4h): 52%, oxidation of 2d
in benzene; 88-89 °C [crystallized from a glass after Kugelrohr
distillation at 141-150 °C (0.2 mm)]; IR (neat) 1765, 1730 cm™;
NMR (CDCl;) § 5.18-5.70 (AB d of d, 2 H, J = 14 Hz), 6.60 (s,
1 H), 7.18-8.41 (m, 9 H); MS, m/z (relative intensity) 268 (M*,
4),105 (100). Anal. Caled for Ci¢H,;504 C, 71.64; H, 4.51. Found:
C, 71.62; H, 4.72.

a-(Benzoyloxy)-e-caprolactone (4j): 78%, oxidation of 2e
in methylene chloride; mp 125-126 °C (ether-chloroform); IR

(KBr) 1740, 1720 cm™; NMR (CDCly) 6 1.40-2.47 (m, 6 H),
4.02~4.60 (m, 2 H), 5.30-5.73 (m, 1 H), 7.20-8.23 (m, 5 H); MS,
m/z (relative intensity) 234 (M*, 13), 105 (100). Anal. Calcd for
C;3sH1404 C, 66.66; H, 6.02. Found: C, 66.91; H, 5.82.

LTB Oxidation of 2f. Oxidation of 2f gave a quantitative
yield of a mixture of 5 (17%), 6 (58%), and 7 (25%). Product
distribution was determined as described above for the LTA
oxidation of 2f. Similar results were obtained by using either
methylene chloride or benzene as the solvent during the oxidation.
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Thermolysis of 4-methyl-4-phenylmalonyl peroxide in acetonitrile is accelerated by electron donors, such as
perylene. When both the perylene and oxygen are present in solution, the reaction gives acetophenone and a
small amount of light. Investigation of the mechanism of light generation reveals that it involves formation and
fragmentation of a tetraoxide. The chemically initiated electron-exchange luminescence mechanism appears

to be responsible for light generation.

Extensive research over the past 50 years has revealed
that nearly all of the known chemiluminescent reactions
of organic compounds in solution involve the conversion
of a peroxide linkage to a carbonyl group.! The molecular
basis of this selectivity is tied strongly to the energy re-
quired to generate light. Only reactions capable of re-
leasing at least 40 kcal/mol of energy can generate visible
light, and few reactions other than peroxide fragmentations
can satisfy this requirement.

Complementing the requirement of energy sufficiency
is a mechanistic requirement for chemiluminescence.
There must be a path that directs the potential energy
stored in the peroxide toward formation of an electronically
excited state of a product. Two such paths have been
found to operate.! The first is a unimolecular reaction of
a peroxide, typically proceeding through a biradical, to
generate directly an excited product. The second is the
sequence of reactions we have identified as chemically
initiated electron-exchange luminescence (CIEEL).?

For reasons we have detailed previously,® malonyl per-
oxides possess several characteristics that may make them
efficient sources of chemiluminescence by the CIEEL path.
The thermal and photochemical properties of malonyl

(1) Schuster, G. B.; Schmidt, S. P. Adv. Phys. Org. Chem. 1982, 18,
187.

(2) Schuster, G. B. Acc. Chem. Res. 1979, 12, 366.

(3) Darmon, M. J.; Schuster, G. B. J. Org. Chem. 1982, 47, 4658.
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peroxides were first investigated by Adam and his co-
workers,* who found that simple alkyl-substituted exam-
ples decarboxylate and then cyclize to a-lactones. The
lactones typically are not isolable but go on to form po-
lyesters. This sequence of reactions is illustrated in eq 1.

R R o}
o{o_ﬁ:oo = I:R\.<:OJ—-..RC?&F; — £CRL-0% (1)

In order for malonyl peroxides to generate light effi-
ciently by the CIEEL path, their reaction must be cata-
lyzed by electron donation from an activator (ACT). Also,
to satisfy the energy requirement, the biradical shown in
eq 1 must be diverted away from formation of a-lactone
toward a more exothermic path. QOur recently reported
study of the thermal chemistry of cyclopropyl-substituted
malonyl peroxides showed that the first requirement is
easily met. However, the cyclization of the biradical to the
a-lactone is apparently faster than even the rearrangement
of the cyclopropylcarbinyl radical to the allylcarbinyl
radical.’ Thus, easily detected but very inefficient

(4) (a) Adam, W.; Rucktaschel, R. J. Am. Chem. Soc. 1971, 93, 557.
(b) Adam, W.; Rucktaschel, R. J. Org. Chem, 1978, 43, 3886. (c) Chap-
man, O. L.; Wojtkowski, P. W.; Adam, W.; Rodriguez, O.; Rucktaschel,
R. J. Am. Chem. Soc. 1972, 94, 1365. (d) Adam, W.; Liu, J.-C.; Rodriguez,
0. J. Org. Chem. 1973, 38, 2269.

(5) Griller, D.; Ingold, K. U. Acc. Chem. Res. 1980, 13, 317.
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chemiluminescence is observed from these specially con-
structed peroxides.?

Reasoning that resonance stabilization of the biradical
shown in eq 1 would slow the formation of a-lactone and
permit other reactions to compete successfully, we pre-
pared and investigated the thermal and chemiluminescent
properties of 4-methyl-4-phenylmalonyl peroxide (1). This
peroxide does undergo unusual reactions that are described
herein.

Results and Discussion

2-Methyl-2-phenylmalonic acid is prepared conveniently,
and in good yield, from the reaction of 2-phenylpropionic
acid first with 2 equiv of tert-butyllithium and then with
CO;. The diacid is converted to peroxide 1 in 40% yield
by reaction with hydrogen peroxide in methanesulfonic
acid according to the procedure described by Adam and
Rucktaschel.#® These transformations are outlined in eq
2, and the details are presented in the Experimental

Section.
A COH ) 1-puli  Ph_-CHa  Hp0p OCH3 Pho

Ph CH3  2) Oy cloh oo CH3SOH GOm0
I

(2)

Malonyl peroxide 1 is a low-melting solid that is stable
indefinitely at 0 °C. The energy content of this compound
is quite high, and, therefore, it should be treated cautiously.
However, despite several attempts, we have been unable
to initiate a violent reaction of 1.

Unlike many of the other malonyl peroxides that have
been investigated, the reaction path followed by peroxide
1 depends markedly on the reaction conditions. Ther-
molysis in deoxygenated acetonitrile produces nearly a
quantitative yield of polyester. We presume that this arises
from reaction of the undetected a-lactone (eq 3). Simi-

Ph O
CHaCN

Ph._,CH3 1l
1 —_ § —— +(|:—C—O—)E (3)
° CH3

0
n=I|3

larly, thermolysis of 1 in air, or oxygen-saturated aceto-
nitrile, gives only polyester. Also, when the reaction of 1
is catalyzed by perylene in the absence of oxygen (vide
infra), polymer is the only observed product, and no
chemiluminescence is detected. However, when the
thermal reaction of malonyl peroxide 1 is carried out with
both oxygen and perylene present, acetophenone is formed
as a major product and weak but easily detected chemi-
luminescence is observed. The perylene is a true catalyst
in this reaction and is not consumed. The chemilu-
minescence emission spectrum corresponds exactly to the
fluorescence spectrum of the perylene. These findings are
summarized in eq 4.

CH3CN /8\ i .
| + Op+ Perylene i Ph“CHz + (Perylene) —= Perylene + Light (4)

The yield of acetophenone and light both depend di-
rectly on the partial pressure of oxygen above the reaction
solution at pressures below 0.5 atm. This is shown on
Figure 1 where the yield of acetophenone is seen to reach
a maximum at ca. 42%. These findings suggest that an
intermediate that reacts with oxygen to form eventually
acetophenone and light is generated in the presence of
perylene but not in its absence. To confirm this possibility,
we undertook the isotopic tracer and kinetic study of this
reaction.

To illuminate the role of oxygen in the formation of
acetophenone, the perylene catalyzed reaction of 1 was
carried out in the presence of 3¥0,. Mass spectroscopic
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Figure 1. Effect of increasing oxygen pressure on the yield of
acetophenone (triangles, left-hand axis) and on the relative
chemiluminescence yield (circles, right-hand axis).
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Figure 2. Effect of increasing perylene concentration on the
observed first-order rate constant for reaction of peroxide 1 in
CH,CN.

analysis of the acetophenone shows that more than 85%
of the ketone has incorporated an 80. Thus, in contrast
to previous suggestions that formation of ketones in the
thermolysis of malonyl peroxides comes from decarbon-
ylation of the intermediate a-lactone,* our findings indicate
that for 1 nearly all of the ketone formed is a consequence
of reaction with oxygen. Furthermore, analysis by FT-IR
spectroscopy of the gasses formed during the reaction
shows no detectable (<2%) carbon monoxide. This result
has further significance in the consideration of the reaction
mechanism.

The role of perylene and the origin of the chemilu-
minescence were probed by studying the reaction kinetics.
In other examples of CIEEL from malonyl peroxides and
other systems,!? it is found that the observed pseudo-
first-order rate constant for reaction (&.4) is composed
of two parts. The first is a unimolecular rate constant (k)
characteristic of thermolysis of the peroxide. The second
is a bimolecular rate constant (k) whose magnitude de-
pends on the nature of the peroxide and the oxidation
potential of the ACT (in this case perylene) (eq 5).

kobsd = kl + kcat[ACT] (5)

The rate of reaction of peroxide 1 catalyzed by perylene
in air-saturated acetonitrile was determined by monitoring
either the chemiluminescence emission intensity or the
peroxide concentration, as indicated by its characteristic
infrared absorption at 1804 cm™, as a function of time.
Both techniques give the same result, which shows that
the observed chemiluminescence is a consequence of the
reaction of the peroxide. The data are plotted according
to eq 5 on Figure 2 and give k., = 2.6 = 0.4 s M and
ky =96 £ 1.5 X 10° 57! at 70 °C. Similar results are
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obtained with 9,10-diphenylanthracene (DPA) and 9,10-
bis(phenylethynyl)anthracene (DPEA). But, 9,10-di-
bromoanthracene (DBA) gives virtually no light. This
observation rules out direct formation of excited aceto-
phenone as the light-generating path.?® Rubrene and ACT
containing nitrogen are consumed by reaction with per-
oxide 1.

These observations suggest that the reaction sequence
followed by 1 is the CIEEL path and that the activators
are acting as electron donors. In this circumstance it is
reasonable that the intermediate trapped by oxygen is the
radical anion corresponding to the suspected biradical of
eq 1. This partial mechanism is outlined in Scheme I.

The initial interaction between the peroxide and the
activator leads eventually to electron transfer and oxy-
gen—oxygen bond cleavage to give radical anion 2 and
activator radical cation (ACT™). It is anticipated’ that
2 will very rapidly lose CO, and form radical anion 3, which
can transfer an electron back to the radical cation of the
activator and form a-lactone, or 3 can be trapped by ox-
ygen to give peroxy radical anion 4. Eventually 4 must lose
CO,, an oxygen atom, and an electron if it is to be trans-
formed to acetophenone. Also, 4 is likely to be an inter-
mediate on the path leading to light since the light yield
parallels the acetophenone yield. We have carried out
experiments that confirm the intermediacy of 4, or a re-
lated species, in the formation of acetophenone.

There are several reaction sequences that can convert
4 to acetophenone. Some possibilities are outlined in eq
6-8.

-C0z HC Ph ACT o)
a2, iod
O 0o Ph)J\CH3 (6)
+0, HEC_Ph -03 C +ACT: o
4 —E e X i X (7}

» — - »  —
02C "0000 0C s 0 -C0p P~ TCH3

cO,
o}
Pl Ph
ava— )<P" H3C>< TACT (8

oooo CHy Oz 0gC -0z Ph” TCHy
6 5

The initial decarboxylation suggested in eq 6 generates
a carbonyl oxide radical anion, which, on reaction with
activator radical cation, gives acetophenone O-oxide. To
test this possibility, we carried out the catalyzed reaction
of 1 in the presence of styrene or cyclopentanone. These
reagents are known to be good oxygen atom acceptors,®?
and their oxidation would suggest the intermediacy of a
species, such as the carbonyl oxide, capable of transferring
a single oxygen atom. However, no detectable oxidation
of either of these reagents is found. And thus the sequence
of eq 6 is eliminated.

The sequence outlined in eq 7 involves first trapping of
4 by oxygen to form a tetraoxide radical anion and then
the loss of ozone to give radical anion 5, which in turn
neutralizes ACT*- and loses CO,. Simple bond-energy

(6) Vassil’ev, R. F. Prog. React. Kinet. 1967, 4, 305.

(7) Bartlett, P. D.; Hiatt, R. J. Am. Chem. Soc. 1958, 80, 1398.

(8) Sawaki, Y.; Kato, H.; Ogata, Y. J. Am. Chem. Soc. 1981, 103, 3832.
Bartlett, P. D.; Shimizu, N. Ibid. 1976, 98, 4193.

(9) Friess, S. L.; Frankenburg, P. E. J. Am. Chem. Soc. 1952, 74, 2679.
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calculations indicate that the conversion of 4 and O, to 5
and Oj; is mildly endothermic. Nevertheless, we attempted
to detect ozone in the reaction mixture by sweeping the
gases formed by the reaction into a styrene solution and
analyzing this solution for benzaldehyde, the known ozo-
nolysis product.’® None is found, and for this reason the
sequence of eq 7 is eliminated.

The dimerization of radical anion 4 to tetraoxide 6, as
illustrated in eq 8, has considerable precedence in the
autoxidation of hydrocarbons.!! The intermediacy of a
tetraoxide in that case was proved by an isotope-exchange
reaction. We have carried out a similar experiment on the
perylene-catalyzed reaction of malonyl peroxide 1.

Thermolysis of an acetonitrile solution of 1 containing
perylene under an atmosphere consisting of ca. 50% %0,
and 50% %20, gives the anticipated amount of %O, on the
basis of the observed yield of acetophenone. This result
confirms both the formation of 4 (or a related species) as
shown in Scheme I and its dimerization as outlined in eq
8.

The rate of decay of the chemiluminescence is quite
cleanly first order, and the total chemiluminescence in-
tensity is directly and linearly dependent on the concen-
tration of peroxide 1. To maintain consistency with the
oxygen isotope exchange experiment, these results require
that dimerization of 4 be essentially its only fate.

The final steps in the reaction sequence require decar-
boxylation of 5 and back electron transfer to ACT*.. The
experimental results require that some intermediate,
formed after the reaction is committed to give aceto-
phenone, is responsible for light generation. Although we
have no direct evidence on this point, we suspect that
decarboxylation of 5 to acetophenone radical anion before
the annihilation with ACT™- leads to electronically excited
activator and thus light. On the other hand, reaction of
radical anion 5 with ACT*. before decarboxylation, per-
haps by an addition-elimination sequence, gives only
ground-state products. In this model, the low yield of light
is a consequence of the slow decarboxylation of 5. This
mechanism for the chemiluminescence of 1 is summarized
in Scheme II.

Conclusion

The properties of malonyl peroxide 1 reveal some in-
teresting features of the thermal and electron transfer
catalyzed reactions of these systems. Evidently, conju-
gation with a phenyl group does not slow the cyclization
of the biradical in eq 1 enough to permit its trapping by
oxygen. However, the corresponding radical anion can be
trapped by oxygen before back electron transfer to ACT™-
and cyclization to a-lactone. Thus, in this regard, we have
accomplished our initial objective of diverting the malonyl
peroxide away from a-lactone toward a more exothermic
route. However, the yield of light from this system is still
quite low, probably less than 0.1%. We presume that this

(10) Bailey, P. S. “Ozonation in Organic Chemistry”; Academic Press:
New York, 1978; Vol. 1.
(11) Bartlett, P. D.; Traylor, T. G. J. Am. Chem. Soc. 1963, 85, 2407.
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Table I. Oxygen Isotope Ratios from Mixed O,
Atmosphere Thermolysis of 1

0, *0, *0,
start? 1.0 0.05 1.0
expected final® 1.0 0.11 1.0
actual final @ 1.0 0.10 1.0

@ By mass spectrometry. ? Assuming a statistical con-
sumption of a 1:1 ratio of *0,/*0, and production of a
1:2:1 ratio of #0,/*0,/*0,.

is a consequence of slow loss of the second CO, to generate
acetophenone radical anion. We are currently exploring
ways to speed up this reaction to test this hypothesis.

Experimental Section

General Procedures. Proton magnetic resonance spectra were
recorded on a Varian Associates EM-390 instrument with tetra-
methylsilane as the internal reference. IR spectra were recorded
on a Nicolet 7199 FT-IR instrument. Gas chromatographic
analyses were done on a Hewlett Packard 5790A or a Varian 3700
gas chromatograph, both equipped with a flame-ionization de-
tector. A 3!/,-ft glass column packed with OV-101 (10%) on
Chromosorb WHP (100/120 mesh) was used in all cases unless
otherwise noted. GC/MS data were recorded on a Varian 311A
mass spectrometer interfaced to a Varian 2700 gas chromatograph.
Oxygen isotope gas analyses were recorded on a Nuclide Model
3-60-RMS mass spectrometer. Elemental analysis, active oxygen,
and molecular weight determinations were performed by the
Analysis Laboratory, Department of Chemistry, University of
Tllinois, Urbana, IL. Melting points were obtained with a Biichi
Schmelzpunktbeststimmingapparat and are uncorrected.

Chemiluminescence measurements were performed as described
previously.? The rate of reaction of peroxide 1 was determined
by monitoring the decay of chemiluminescence. In a typical
experiment, a 1-mL CH3;CN solution of 1 and activator was placed
in a Pyrex cell equipped with a Teflon stopcock. The cell was
placed in an electrically heated cell holder. After thermal
equilibration to 70 °C (4-8 min), the chemiluminescence decay
was monitored at the fluorescence maximum of the activator. The
rate constant was determined by a least-squares analysis of the
intensity data.

Analysis of the reaction kinetics by FT-IR spectroscopy pro-
vided the rate of the thermolysis of peroxide 1 for both the
catalyzed and uncatalyzed decompositions. Strict adherence to
Beer’s law was established for the carbonyl absorption band (1804
cm™) of the peroxide. This absorption was then monitored as
the reaction progressed. The acetonitrile used was obtained from
Burdick and Jackson Inc. (Gold label) and distilled from CaH,
before use.

2-Methyl-2-phenylmalonic Acid. 2-Phenylpropionic acid (5.0
g, 0.033 mol; Aldrich) was dissolved in 200 mL of dry THF (Na,
benzophenone) and the solution cooled to ~78 °C (under a N,
atmosphere). A pentane solution of tert-butyllithium (35 mL,
2.3 M) was added dropwise to the cold solution, which was then
stirred at 0 °C for 1 h. Dry CO, was bubbled through the mixture
for 45 min. The resulting off-white suspension was diluted with
350 mL of water, washed with ether, acidified to pH 5 with 10%
aqueous HCI, and extracted three times with 50-mL portions of
ether. The organic layers were combined, dried with MgSO,, and
filtered, the solvent was evaporated, and the resulting white solid
was recrystallized from 3:1 ethyl ether/ CHCI; to give 3.9 g (0.020
mol, 79%) of the acid: mp 158-159 °C; NMR (acetone-dg) &
7.2-7.6 (m, 5 H), 1.85 (s, 3 H); IR (CH,Cly) yc—p 1732 cm™.

Anal. Caled for C,yH,(O. C, 61.86; H, 5.15. Found: C, 61.97;
H, 5.18.

4-Methyl-4-phenyl-1,2-dioxolane-3,5-dione. 2-Methyl-2-
phenylmalonic acid (0.50 g, 2.6 mmol) was added to 5 mL of ether

(12) Smith, J. P.; Schrock, A. K.; Schuster, G. B. J. Am. Chem. Soc.
1982, 104, 1041.
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at 0 °C and 1 mL of CH4SO;H was added to the resulting solution.
Hydrogen peroxide (30%, 1 mL, 3.8 mmol) was added dropwise
to the cooled solution at a rate that kept the temperature <10
°C. The solution was warmed to room temperature and then
stirred for 17 h and poured over ice (25 g). The reaction mixture
was diluted with 50 mL of saturated (NH,),SO, and extracted
three times with 20 mL of pentane, and the combined organic
layers were dried with MgSO,. The residue after removal of the
solvent was recrystallized from cold pentane to give 0.20 g (1.0
mmol, 40%) of white crystals: mp 34-35 °C; NMR (CDCly) § 7.45
(s, 5 H), 1.9 (s, 3 H); IR (Et;0) vc—g 1804 cm™L.

Anal. Caled for C,iHgO4 C, 62.50; H, 4.17; active oxygen, 8.33;
molecular weight, 192. Found: C, 62.57; H, 4.25; active oxygen,
8.07; molecular weight (osmometry), 200.

Thermolysis of Peroxide 1 in CH;CN. Peroxide 1 (0.40 g,
2.1 mmol) was added to 25 mL of dry CH;CN and the solution
was heated at reflux for 18 h. The CH;CN was removed under
vacuum and the residue was reprecipitated from pentane to give
an off-white solid (0.38 g; 95%, based on 1): NMR (CDCl;) 6 7.45
(br 8), 1.9 (br s); IR (CDCl;) ye—o 1756 cm™.

Anal. Caled for (CgHg0,),: C, 72.20; H, 5.41. Found: C, 72.97;
H, 5.67; molecular weight (osmometry), 1930.

Thermolysis of Peroxide 1 in Presence of *¥0,. An CH,CN
solution of peroxide 1 (1 mL, 5 X 10" M) and perylene (1 mL,
5 X 107 M) was placed in a glass tube, frozen, and evacuated.
30, (760 torr) was placed over the solution and the tube sealed.
The solution was thermolyzed at 70 °C for 1 h. Mass spectral
analysis of the acetophenone gave a ratio of 1:5.5 for the m/e 120
to 122 peaks, which indicates ~85% incorporation of oxygen-18.

Attempted Trap of Carbonyl Oxide. An air-saturated
CH,4CN solution of 1 (0.25 mL, 2 X 102 M), perylene (0.25 mL,
2 X 1072 M), and a 10-fold excess of styrene or cyclopentanone
(0.25 mL, 2 X 10"t M) was thermolyzed at 70 °C. The chemilu-
minescence intensity was monitored to show that the trapping
reagent does not react directly with the peroxide. The thermolyzed
solutions were analyzed by gas chromatography (3 ft, 15% Car-
bowax on ChromWHP, 100 °C, 34 mL/min) for é-valerolactone
in the case of cyclopentanone and for styrene oxide in the styrene
solutions. Neither was observed, and control experiments revealed
that ca. 2% of these oxidation products (based on the amount
of peroxide 1) could be detected.

Ozone Trapping Experiment. An CH;CN solution of per-
oxide 1 (10 mL, 5 X 102 M) and perylene (4 X 102 M) was
thermolyzed at 70 °C in a round-bottom flask while being bubbled
vigorously with a steam of dry air. The effluent gases were passed
through a CH,Cl, solution of sytrene at 0 °C (10 mL, 7 X 1072
M). This solution was treated with 1 mL of MeOH and 3 drops
of dimethyl sulfide. The resulting solution was analyzed by gas
chromatography (3 ft, 10% OV-101 on ChromWHP, 95 °C, 30
mL/min) for benzaldehyde. None was detected. A control ex-
periment where a CH,Cl, solution of styrene (25 mL, 5 X 102 M)
was bubbled with O; (1.5 mmol/min for 0.33 min) revealed that
an ca. 2-3% yield of benzaldehyde (based on the amount of
peroxide 1) could be detected.

Thermolysis of Peroxide 1 in Mixed Oxygen Atmosphere.
An CH;CN solution of peroxide 1 (1 mL, 8 X 102 M) and perylene
(1mL, 2 X 10 M) in a glass tube was frozen at —78 °C, evacuated
to 0.1 mm, and charged with equal amounts of %20, and 30, gas
to a total pressure of 111 mm. The tube was sealed and then
thermolyzed at 70 °C. The gases above the sample were analyzed
by mass spectrometry, which revealed the oxygen-isotope ratios
shown in Table 1.
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