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and evaporated in vacuo to give 36% (2.67 g, 46%): bp 86-88 °C
(0.3 mm); vmay 2930, 2850, 1695, 1645, 1430, 1390, and 1270 cmy
NMR 6 2.65-1.85 (8 H, m) and 1.85-1.44 (4 H, m); M* m/e caled
for CgH,;50 136.089, found 136.089, in agreement with literature
values.

Bicyclo[5.3.0]-9-decen-1-one (37). Cycloheptene-1-carboxoyl
chloride (4.80 g, 30 mmol) and vinyltrimethylsilane (3.34 g, 34
mmol) were treated with stannic tetrachloride (8.43 g, 34 mmol)
under the same conditions as above to give, after workup, 374
(143 g,32%): bp 91-94 °C (0.3 mm); v, 2900, 2840, 1685, 1635,
1438, 1190, and 1055 cm™; NMR 6 2.67-2.05 (8 H, m) and 2.05-1.15
(6 H, m); M* m/e calcd for C;oH 4,0 150.105, found 150.105, in
agreement with literature values.

5-Isopropylbicyclo[4.3.0]-8-nonen-1-one (38). 4-Iso-
propylcyclohexene-1-carboxoyl chloride (4.00 g, 22 mmol) and
vinyltrimethylsilane (2.51 g, 256 mmol) in dry dichloromethane
(50 mL) at —-30 °C were treated with stannic tetrachloride (6.50
g, 25 mL) under the same conditions as above to give, after
workup, 38 (2.20 g, 56%): bp 110-112 °C (0.5 mm); vy, 2960,
2920, 2870, 1700, 1650, 1395, and 1265 cm™!; NMR 6 2.66-1.85
(8 H, m), 1.85-1.20 (4 H, m) and 0.90 (6 H, d, J = 7 Hz); M* m/e
caled for CgH ;30 178.136, found 178.136.

7-Methylbicyclo[4.3.0]-8-nonen-1-one (39). 6-Methylcyclo-
hexene-1-carboxoyl chloride (5.70 g, 36 mmol) and vinyltri-

methylsilane (4.10 g, 40 mmol) in dry dichloromethane (40 mL)
at —30 °C were treated with stannic tetrachloride (10.68 g, 40
mmol) under the same conditions as above to give, after workup,
39 (3.43 g,63.5%): bp 100-102 °C (0.5 mmy}); vy, 2920, 2680, 1690,
1640, and 1390 em™; NMR 6§ 2.70-2.00 (7 H, m), 2.00-1.30 (4 H,
m) and 1.12 (3 H, 4, J = 4.5 Hz); M* m/e caled for CyoH;,0
150.105, found 150.105. The above fused cyclopentenones were
295% pure (GLC).
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Dibenzoyl monoperoxycarbonate (2) was prepared by the reaction of diphenylvinylene carbonate (1) with ozone.
The thermolysis of 2 in benzene gives products typical of the formation of benzoyloxy radicals. The reaction
rate was investigated at different temperatures, and the activation parameters were determined (AH* = 27.8
+ 1.2 kcal/mol, AS* = 6.1 &+ 3.5 eu). The thermolysis of 2 in the presence of the stable free radical galvinoxyl
was investigated also. These experiments revealed that the fraction of radical escape from the solvent cage is

60 £ 5%.

Ozonolysis of sterically hindered olefins in some in-
stances gives epoxides as well as ozonides and their derived
products.? In contrast, our attempt to epoxidize the
hindered olefin diphenylvinylene carbonate (1) with ozone
gave the unusual rearranged peroxide dibenzoyl mono-
peroxycarbonate (2). Peroxycarbonate 2, to the best of
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our knowledge, is the first reported example of a diacyl
monoperoxycarbonate. Its formation is simply understood
in terms of intramolecular trapping of the intermediate
carbonyl oxide proposed by Criegee to be formed in the
normal ozonation of olefins.?

Peroxide 2 is related to benzoyl peroxide in that it can
be prepared conceptually by inserting CO, between the
carbonyl and phenyl groups of that well-known peroxide.*
The products of the thermolysis of 2 in benzene are, in fact,

(1) Fellow of the Alfred P. Sloan Foundation, 1977-1979.
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(4) R. Hiatt in “Organic Peroxides”, Vol. 3, D. Swern, Ed., Wiley, New
York, 1971.
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similar to those obtained from the thermolysis of benzoyl
peroxide.>7 However, the rate of reaction of 2 is signif-
icantly greater than that of benzoyl peroxide. The en-
thalpy and entropy of activation for the unimolecular
decomposition of 2 suggest, moreover, that initial simul-
taneous two-bond cleavage occurs in this system.

Kiefer and Traylor® have concluded that formation of
small molecules between the tert-butoxy radicals that
result from the thermolysis of di-tert-butyl peroxide, di-
tert-butyl hyponitrite, or di-tert-butyl peroxyoxalate de-
creases the ratio of in-cage to cage-escaped products.
Comparison of benzoyl peroxide and 2 expands this study
since a molecule of CO, is formed between the benzoyloxy
radicals from 2.

Results and Discussion

Synthesis. The addition of excess ozone to a solution
of diphenylvinylene carbonate in CH,Cl, gives, upon
evaporation of the solvent, a peroxidic, colorless solid. In
CCl, solution this product exhibits strong IR absorptions
at 1853 and 1787 em™. Since no other diacyl monoper-
oxycarbonates have been reported, it is not possible to

(5) D. F. DeTar, R. A. J. Long, J. Rendleman, J. Bradley, and P.
Duncan, J. Am. Chem. Soc., 89, 4051 (1967).
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Table I. Products of Thermolysis of 2
in Benzene at 81.1 °C

CO, radical
product yield® balance®? balance®
CO, 2.0 2.0
biphenyl 0.64 1.28
pheny! benzoate 0.05 0.05 0.10
benzoic acid 0.69 0.69
residue? 0.54 1.08

2.74¢ 2.46¢

¢ In moles of product/mole of peroxide. ? In moles of
CO, or carboxy! groups/mole of peroxide. ¢ In moles of
radlcals incorporated/mole of peroxide. ¢ As tetrahydro-
quaterphenyl. ¢ Total value.

compare these absorptions with exact structural analogues.
However, acyl carbonates have absorptions around 1800
and 1740 cm™.,? and the modification of this structure to
form 2 is expected to shift the carbonyl absorptions toward
higher frequency. Thus, these two IR bands are consistent
with structure 2. The 'H NMR of the ozonolysis product
in CDCl; reveals that all of the hydrogens are bound to
aromatic rings. Importantly, the ZH NMR shows two sets
of doublets (four protons) at 8.02-8.12 ppm and a multiplet
(six protons) at 7.35-7.70 ppm. The presence of the
downfield doublets is indicative of benzoyl groups, and the
fact that there are two doublets confirms that the benzoyl
groups are nonequivalent. The *C NMR of the ozonolysis
product in CDCl; shows 11 lines, three of which are in the
carbonyl region (162, 158.9, and 146.9 ppm). The re-
maining lines are in the aromatic region (124.6-135.2 ppm).
The lines at 162.0 and 158.9 ppm indicate nonequivalent
benzoyloxy groups, and the line at 146.9 ppm is consistent
with a carbonate carbonyl group.

Final conformation of the assigned structure for the
ozonolysis product comes from its reaction with trimethyl
phosphite. This reduction gives benzoic anhydride in 69%
isolated yield.!"
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CPh+ (Me0)2PO +COp (2)
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Thermolysis of 2. The thermolysis of monoperoxy-
carbonate 2 in benzene gives benzoic acid, biphenyl, phenyl
benzoate, and CO,. In addition, there is a neutral, non-
volatile residue that we assign as tetrahydroquaterphenyl.?
The product yields are detailed in Table 1. Basically, we
can account, within experimental error, for all of the
fragments of 2 among the products we detect.

The thermal decomposition of a 2.23 X 1072 M solution
of 2 in benzene exhibits first-order kinetics over the tem-
perature range we examined (60.1-81.1 °C). This obser-
vation, and the experiments carried out in the presence
of the stable free radical galvinoxyl described below, rule
out radical-induced homolysis reactions under these con-
ditions. Examination of the temperature dependence of
the rate for the unimolecular thermolysis of 2 (Table II)
reveals that AH* = 27.8 4+ 1.2 kcal/mol and that AS* = 6.1
x 3.5 eu. The entropy of activation, in particular, is
consistent with an uncatalyzed unimolecular reaction, as
is the relatively low value for the enthalpy of activation.!!

When the decomposition of 2 is carried out in the
presence of galvinoxyl at 79.3 °C, the rate constant of
reaction is (1.22 £ 0.01) X 1073 s”.. The absence of a sig-

(9) D. Doplin and A. E. Wick, “Tabulation of Infrared Spectral Data”,
Wiley, New York, 1977, p 329.

(10) (a) G. A. Razuvaev, U. A. Shushunov, V. A. Dodonov, and T. G.
Brilkina in “Organic Peroxides”, Vol. 3, D. Swern, Ed., Wiley, New York,
1971; (b) W. Adam and A. Rios, J. Org. Chem., 36, 407 (1971).

(11) W. Pryor and K. Smith, Int. J. Chem. Kinet., 3, 387 (1971).
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Table II. Rate Constants for Thermolysis in Benzene

temp, temp,
°C 10°k,, 87! °C 10%k,, s!
60.00 8 05 + 0.55 74.90 49,5+ 2.5
66.02 19.2+ 0.6 81.10 111: 2
70.10 26.3 + 2.5
Scheme I
Ph CO3C05CO Ph slow . 2PhCO, + CO» (3}

2 PhCO3 + COp INCAQe . ph-ph+ PRCO,PH + (PRCOR)y (@)

reaction
2 PhCO3, +COz %g(fzes—“—@— PRCOS + P - (5)
Ph- PhH__  Ph-Ph ®)
PRCO, POH . PhCORH (7)

nificant inhibition of rate of the reaction of 2 with galvi-
noxyl in the solution is inconsistent with a measurable
induced decomposition path. Indeed, the slight accelera-
tion of the reaction rate in the presence of galvinoxyl may
signal the operation of an electron transfer induced reac-
tion. We have observed similar electron-transfer processes
in the reaction of galvinoxyl and other peroxides and are
continuing to examine this path.!> Quantitative deter-
mination of the amount of galvinoxyl consumed during the
thermolysis of 2 was accomplished by spectrophotometry.
These measurements show that at most 60% of the per-
oxycarbonate 2 that reacts under these conditions gives
cage-escaped radicals. Consistent with this notion is the
observation that the yield of bipheny! drops from 64 to
22% in the presence of galvinoxyl at 79.8 °C. Thus, bi-
phenyl must be a product of both in-cage and cage-escaped
radicals. On the other hand, the yield of phenyl benzoate
increases from ca. 6 to 20% when galvinoxyl is added to
the reaction mixture. This change is consistent also with
the partial intervention of an electron-transfer path in the
presence of galvinoxyl.

We investigated briefly the effect of solvent polarity on
the thermolysis of 2. The rate constant for reaction of 2
in CH;CN at 79.8 °C is (9.64 = 1) X 107* 571, not signifi-
cantly different from the benzene solvent value. Thus, we
conclude that the carboxy inversion reaction, which is
typically accelerated by polar solvents,'® does not con-
tribute to the reaction of 2,

The thermolysis of peroxycarbonate 2 in benzene gives
products quite similar to those obtained from the ther-
molysis of benzoyl peroxide. The formation of these
products, and the observed kinetic behavior, can be un-
derstood in terms of the reactions in Scheme I. Several
points concerning Scheme I warrant further discussion.
The relatively low AS* for reaction 3 is consistent with the
direct expulsion of CO,, simultaneously forming two ben-
zoyloxy radicals.!! Viewed in its simplest form, this re-
action generates these radicals separated initially by a CO,
molecule. The ratio of cage escape (eq 4) to cage recom-
bination (eq 5) deduced from the galvinoxyl trapping ex-
periment indicates that, despite the presence of the CO,,
cage recombination in this case is significantly more ef-
ficient than for the case of benzoyl peroxide (89% cage
escape).’* This is contrary to the results of Kiefer and
Traylor® and may indicate considerable motion within the

(12) Unpublished results from these laboratories.

(13) R. Hiatt in “Organic Peroxides™, Vol. 2, D. Swern, Ed., Wiley,
New York, 1971, p 856.

(14) A reinterpretation of results from ref s ki(scavenged)/k;(not
scavenged) = 1.67 X 107%/1.88 X 107 = 89%.!
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cage before recombination or escape occurs.

In eq 4 we indicate the possible formation of benzoyl
peroxide as an in-cage product of the thermolysis of 2.
Indeed, direct thermolysis of benzoyl peroxide does pro-
duce some in-cage regeneration of the reactant.!'> How-
ever, we are not able to detect any benzoyl peroxide, either
spectroscopically or kinetically, during the reaction of 2.
Computer simulation of the reaction kinetics indicates that
we would be unable to detect less than 5% of this product.

In summary, the ozonation of diphenylvinylene carbo-
nate gives dibenzoyl monoperoxycarbonate, the first re-
ported compound of its class. Its formation is consistent
with the Criegee mechanism for the ozonation of olefins.
The thermolysis of dibenzoyl monoperoxycarbonate pro-
duces the same radicals as benzoyl peroxide, but at a
significantly greater rate. This might make 2 useful as a
source of free radicals.

Experimental Section

General Methods. IR spectra were recorded on a Perkin-
Elmer 237B or a Perkin-Elmer 137 instrument. The 'H NMR
spectrum was determined on a Varian HR-220 instrument using
an internal deuterium lock. The 3C NMR spectrum was measured
on a Varian XL-100, also with an internal deuterium lock. The
acquisition time was 1.35 s, and 56 000 transients were averaged.
Visible absorptions were recorded with a Perkin-Elmer 101 in-
strument. Temperatures were measured with a NBS thermom-
eter. The ozonation was done with a Welsbach ozonizer. Mi-
croanalysis was performed by J. Nemeth and associates, University
of Illinois. Diphenylvinylene carbonate (1) was prepared by the
method of Lewis and Hirsh.'¢

Dibenzoyl Monoperoxycarbonate (2). Diphenylvinylene
carbonate (1.00 g, 4.20 mmol) was dissolved in 50 mL of CH,Cl,
and cooled in an ice bath. Ozone (9 mmol, 3 mol % in O,) was
bubbled in through a glass frit. After ozonation, the solvent was
removed in vacuo, and the resulting solid was recrystallized from
hexane, giving 0.908 g (3.17 mmol) of dibenzoyl monoperoxy-
carbonate (75.6%): mp 87 °C; '"H NMR (220 MHz, CDCl) 6 8.10
(d), 8.03 (d), 7.70-7.35 (m); 3C NMR (25.2 MHz, CDCl,) 6 162.1,
158.9, 146.9, 135.2-124.6 (8 lines); IR, (CCl,) 1853, 1787 cm™. Anal.
Calcd for Ci5H,004: C, 62.94; H, 3.52; active O, 5.59. Found: C,
63.02; H, 3.62; active O, 5.57.

Thermolysis of 2 in Benzene. The products and yields were
determined as follows. A 0.1278-g (0.447 mmol) sample of 2 was
dissolved in 20 mL of benzene and heated at reflux for 2 h. A
small flow of N, was maintained at all times, and the escaping
gasses were passed through two dry ice/alcohol traps to remove
solvent vapors and then into an ascarite trap. The ascarite gained
0.0404 g, which corresponds to 0.918 mmol of CO, (yield 2.05
mol/mol of peroxide). After the reaction mixture was cooled,
0.0800 g of phenanthrene was added to the reaction mixture as

(15) J. C. Martin and J. H. Hargis, J. Am. Chem. Soc., 91, 5399 (1969).
(16) F. D. Lewis and R. H. Hirsh, J. Am. Chem. Soc., 98, 5914 (1976).
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an internal standard, and comparison by GLC [6-ft column, SE-30
(4%), 200 °C] to a standard solution gave biphenyl (0.0442 g, 0.287
mmol, 0.642 mol/mol of peroxide) and phenyl benzoate (0.00455
g, 0.023 mmol, 0.051 mol/mol of peroxide). The solvent was then
removed in vacuo, and the white solid which resulted was dried
for 2 h in vacuo. The mass of the residue was 0.242 g. This was
dissolved in 20 mL of 2-propanol and titrated to a phenolphthalein
end point with 6.18 mL of NaOH (0.0503 N). This corresponds
to 0.311 mmol of benzoic acid. An extraction with NaOH of
another sample had shown the acidic product to be benzoic acid.
The residue not accounted for by biphenyl, phenyl benzoate,
benzoic acid, and phenanthrene corresponds to 0.24 mmol when
taken as tetrahydroquaterphenyl.

The rate constants for the thermal decomposition of 2 in
benzene were determined as follows. A 0.1274-g sample of 2 was
placed in a sealed tube with 20 mL of benzene, and the tube was
placed in a thermostated water bath. For samples at 60.00, 70.10,
and 91.10 °C, the method of Banerjee and Budke!” was used.
Samples were taken at appropriate time intervals over 2 half-lives,
and a 1-mL aliquot was diluted to 25 mL with a 2:1 mixture of
acetic acid and CHCl, and then purged with N, for 1 min. Finally,
1 mL of 50% KI was then added, and the visible absorbance of
the triiodide formed was measured at 470 nm. For the samples
at 66.02 and 75.90 °C, the relative peroxide concentrations were
determined by IR. A plot of the absorbance of the peak at 1787
cm™ for known concentrations of the peroxide against concen-
tration was shown to be linear. Semilogarithmic plots of the
absorbances determined by the above methods were made, and
least-squares analyses gave the rate constants and deviations listed
in Table II.

Thermolysis of 2 in the Presence of Galvinoxyl. Galvinoxyl
was obtained from Aldrich Chemical Co. and was shown to be
pure by iodometric titration.!® For the kinetic analysis, 6.81 mg
(0.0238 mmol) of 2 and 18.98 mg (0.045 mmol) of galvinoxyl were
dissolved in 25 mL of benzene. The visible absorbance of the
galvinoxyl at 733 nm in this mixture was measured continuously.
Importantly, galvinoxyl was shown not to decompose spontane-
ously under these condtions.

To determine the fraction of cage escape, we diluted 0.02014
g (0.0477 mmol) of galvinoxyl and 0.0594 g (0.0208 mmol) of 2
to 25 mL with benzene and purged the mixture with N, for 5 min.
The absorbance of this solution was measured at 740 nm. Samples
were then placed in three tubes, purged for an additional minute,
and sealed. After reaction for 1.5 h at 97.90 °C, the absorbances
were again measured, and the amount of galvinoxyl consumed
was determined.
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