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of ca. I O 4  s-’. We propose that this corresponds to the rate of 
dissociation of a (partially) vibrationally relaxed primary product, 
either HCO or FCO. Excitation of HFCO at 193 nm results in 
rapid, detector-limited formation of CO(v=O-2) but slow for- 
mation of CO(u=3,4). This observation is attributed to the fact 
that the energy supplied by a 193-nm photon is sufficient to form 
C0(0=0-2), but CO(u>2) can be formed only from that fraction 
of the H C O  (or FCO) population with energy in excess of the 
threshold for secondary decomposition, Le., only from the high- 
energy “tail” of the triatomic’s energy distribution function. We 

conclude that the chemistry of HFCO following UV photoexci- 
tation qualitatively differs from the “thermal” chemistry of this 
species: Bond fission is the dominant process in the former case 
while molecular elimination, yielding HF and CO, is observed in 
the latter. 
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The reaction of ozone with tram-Zbutene has been studied in the gas phase at 294 K and 530 Pa (4 Torr) by using a stopped-flow 
reactor coupled to a photoionization mass spectrometer. The concentrations of reactants and products were determined as 
a function of reaction time. A mechanism is proposed to account for the observed products: CH3CH0, H,CO, CO,, CH4, 
CH,C(O)C(H)(OH)CH,, H,C=C=O, HzO, 2-butanone, 2,3-epoxybutane, CH3C(0)C(O)CH3, and HC(O)C(O)H. This 
work again indicates that the simple “hot” ester hypothesis needs to be critically reconsidered for gas-phase ozonolysis. 

Introduction 
The mechanisms of the reactions of ozone with alkenes in the 

gas phase continue to present very serious interpretive problems.’-3 
In earlier work from this laboratory, we developed a detailed 
mechanism for the ozone-ethene reaction4 that had as its starting 
point the Criegee mechanism5S6 for solution-phase ozonolysis: 

03 + C2H4 -+ POZ 

POZ -+ H2CO + H2COO. 

HzCO + H&OO* -.+ SOZ 

where POZ is the primary and SOZ the secondary ozonide. In 
the gas phase at low pressure we found that the reaction leading 
to SOZ was inoperative and that the fate of the dioxymethylene 
biradical (the Criegee intermediate RbC(Ra)OO.) was determined 
by unimolecular loss proce~ses:~ 

?’ 
‘ 0  0 .  

0 

- HpC’l - HpC - HC(O)OH* - Hp + C02 - Hp0 + CO 
- 2 H  + C02 

(In this paper an asterisk is used to designate a highly excited, 
chemically activated state that can undergo further unimolecular 
reactions (isomerizations, decompositions, etc.). See p 417 of ref 
6b for a review of the rearrangement of dioxymethylenes to excited 
acids and/or esters via dioxiranes (I) and methylenebis(0xy)s (11). 

H2C‘ ?-” 
\ 

(1) Herron, J. T.; Martinez, R. I.; Huie, R. E. Int. J .  Chem. Kinet. 1982, 
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Rearrangements of biradicals, such as the one above 

?* 
I 

H2CO* - HC0)OH” 

that involve migration of an alkyl group or H atom from carbon 
to carbon or from carbon to oxygen appear to be commonplace 
in photochemically initiated and chemically activated systems (see 
the Appendix). See also p 419 of ref 6b and p 231 of ref 1 for 
a synopsis of the product channels accessed by excited acids and 
esters. ] 

Extension of this work to propene and isobutene’ was not as 
successful in that the particular dioxymethylene decomposition 
channels were more difficult to identify unambiguously. We had 
tentatively proposed a general mechanism involving isomerization 
of the dioxymethylene to a -hot” acid or ester which then de- 
composed: 

\ L CRbCfO)OR.l* - products 

Our inability to fit the propene and isobutene data in a satisfactory 
manner indicated that knowledge of the secondary chemistry was 
incomplete or incorrect or that other isomerization/decomposition 

0 -  

(7) Herron, J. T.; Huie, R. E. Int. J .  Chem. Kinet. 1978, 10, 1019 
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SCHEME I: Hydroperoxide Channel 
0-0’ 

R’ 
R.I / \ 

R “CH 2 - C - R”CH=C-OOH* 

R”CH=C-OOH* - R’c(o)-c--R”* 

R’ H 
I / 

\ 
OH 

/” 
\ \ 

/” 
R’C(O)-C-R’‘* - R’C(0) + *C-R” 

\ 
OH 

\ 
OH 

H 
M / 

\ 
- R’C(0)-C-R“ 

OH - R’C(O)-CC(O)R” + H2 

channels were available to dioxymethylenes. 
Since that earlier work, an extensive mass spectrometric analysis 

of the products of a broad range of ozone-alkene reactions2 re- 
vealed that the mechanism is more complex. 

The possible role of an oxygen atom product channel 

was discussed’s2 and later was confirmed. Thus, an FTIR study 
of the atmospheric pressure ozonation of trans-C2H2C1: provided 
evidence for the reaction 

Oxygen atom production has also been validated forg 

forl,lO,1l 

- HzCO + 0 
/”-Ow 

H2C: + 0 2  - HzC*  

and for12J3 

- MeZCO + 0 
?-O’ 

Me& 

More recently, two studies reported work on the gas-phase 
reaction of O3 with 2,3-dimethyl-2-b~tene.’~J~ These studies 
showed that there is a significant change in the mechanistic path 
followed by a dioxymethylene, RbC(R,)OO., depending on the 
nature of R, and Rb. For R, = Rb = H, it follows the ester 
channel. For R, = Rb = CH3, the ester channel apparently cannot 
compete with the 0-atom channel12 and the hydroperoxide 
~ h a n n e l . ’ ~ , ~ ~  (Refer to Figure 3 of ref 12 for the thermochemistry 
of the chemically activated transformations discussed below for 
the hydroperoxide channel of Scheme I.] 

Thus the secondary chemistry for dialkyl-substituted dioxy- 
methylene RlC(R2)00 .  is substantially different from that for 
H2CO0.. Note that R’ = CH3 and R” = H for the dioxy- 

(8) Niki, H.; Maker, P. D.; Savage, C. M.; Breitenbach, L. P.; Martinez, 

(9) Sander, W. Angew. Chem., Int. Ed. Engl. 1985, 24, 988. 
(10) Hatakeyama, S.; Bandow, H.; Okuda, M.; Akimoto, H. J .  Phys. 

R. I .  J.  Phys. Chem. 1984, 88, 766. 

Chem. 1981,85, 2249. 
(11) Martinez, R. I.; Huie, R. E.; Herron, J. T. J.  Chem. Phys. 1981, 75, 
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(12) Martinez, R. I.; Herron, J. T. J. Phys. Chem. 1987, 91, 946. 
(13) Kafafi, S. A.; Martinez, R. I.; Herron, J. T. Chapter 10 In Molecular 

Structure and Energetics; Liebman, J. F., Greenberg, A,, Eds.; VCH Pub- 
lishers: Deerfield Beach, FL, in press. 
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SCHEME 11: Ester Channel 

CH,C(O)OH* - CH, + coz - HzC=C=O + H20 

- CHsC(0) + OH 
C H j  + H + C02  - 

methylene Me2CO0. from the O3 + 2,3-dimethyl-2-butene re- 
action. Also, R’ = R” = H for the dioxymethylene CH3C(H)O0. 
from the 0, + 2-butene reaction. 

The rearrangement of a dioxymethylene R”CH2C(R’)OO- to 
a hydroxyalkanone R’C(0)-CH(OH)R”* via a hydroperoxide 
R”CH=C(R’)-00H* was first reported to occur in 196715 (see 
p 87 of ref 6a for a review of these rearrangements; see the 
Appendix for the mechanistic details of the 1,4-migration of H 
from carbon to oxygen). For the O3 + 2,3-dimethyl-2-butene 
reaction, these rearrangements have since been validated in the 
gas phase als0.’~3’~ However, the hydroperoxide is not observed;I4 
hence it is not stabilized even at  atmospheric pressure14 (see 
thermochemistry in Figure 3 of ref 12). The partial decomposition 
(510%) of the hydroxyalkanone to the alkanedione R’C(0)-C- 
(0)R”  was also reported in ref 12 for the O3 + 2,3-dimethyl-2- 
butene reaction (see thermochemistry in Figure 3 of ref 12). The 
real-time temporal profiles (Figure 2 of ref 12) indicated that the 
alkanedione was produced directly and not via secondary free- 
radical reactions.12 

It was not clear, however, which channels would be operative 
with only one alkyl substituent [RC(H)OO.]. 

If the hydroperoxide channel were operative for the dioxy- 
methylene CH3C(H)O0. from O3 + trans-2-butene (and O3 + 
propene), where R’ = R” = H, one might expect production of 
HC(0)-CH20H (glycolaldehyde) and HC(0)-C(0)H (glyoxal). 
These are analogous to the products observed in the O3 + 2,3- 
dimethyl-2-butene reaction: CH3C(0)-CH20H (hydroxyacetone) 
and CH3C(0)-C(0)H (methylglyoxal).12 

If the ester channel shown in Scheme I1 were also operative, 
one would expect to find methane in this chemically activated 
reaction system. Methane is a unique product of the decomposition 
of excited ethanoic acid, CH3C(0)OH*, and methyl methanoate, 
HC(0)OCH3* (see p 417 of ref 6b (ref 11 also) for a review of 
the rearrangement of dioxymethylenes to excited acids and/or 
esters via dioxiranes (I); see also p 419 of ref 6b and p 231 of ref 
1 for a synopsis of the product channels accessed by excited acids 
and esters). 

NikiI6 has identified glycolaldehyde, glyoxal, methane, and 
ketene as products of the O3 + trans-2-butene reaction at  at- 
mospheric pressure in the gas phase (the hydroperoxide was not 
observed). With our instrument we cannot distinguish glycol- 
aldehyde from acetic acid or the dioxymethylene (all three are 
60 amu; a mass spectral peak at  m/e 60 was reported in our earlier 
mass spectrometric study of the O3 + trans-2-butene reaction2). 

Here we report a more detailed study of the 0, + trans-2-butene 
reaction using stopped-flow mass spectrometry. The focus of the 
work in this paper is the same as that of our earlier work on the 
O3 + 2,3-dimethyl-2-butene reaction;I2 viz., a definition of which 
reaction channels (ester channel and/or 0-atom channel and/or 
hydroperoxide channel) are accessed by the dioxymethylene that 
is formed by the initial O3 + alkene interaction. The work in this 
paper again indicates that the simple “hot” ester hypothesis needs 
to be critically reconsidered. 

Experimental Section 
The reaction was studied at 294 K and 530 Pa (4 Torr) by using 

a stopped-flow reactor coupled to a photoionization mass spec- 
trometer as described in detail e l s e ~ h e r e . ~ . ~  The reactor was a 

(15) Story, P. S.; Burgess, J. R. J. Am. Chem. SOC. 1967.89, 5126; Ibid. 

(16) Niki, H., private communication, 1986. 
1968, 90, 1094. 
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trans-2-Butene 1 

I \;H3c7~ 

0 1 2 3  
T i m e ,  s 

Figure 1. Temporal profiles of the concentrations of reactants and 
products for the reaction of trans-2-butene with excess 0, at 294 K and 
4 Torr: [O2lO N 2.2 X [trans-2-buteneIo = 
5.7 X -0.48 

[O3lO N 5.8 X 
mol ern-). Reaction time t = 0 corresponds to tcxptl 

S .  

0 1 2 3  
T i m e ,  s 

Figure 2. Temporal profiles of the concentrations of reactants and 
products for the reaction of 0, with excess trans-2-butene at 294 K and 
4 Torr: [O2I0 = 2.2 X [trans-2-buteneIo = 4.2 X lo4, [O!10 = 
7.8 X mol ern-,. The temporal profile for CH4 production is not 
shown for the sake of clarity because it coincides with that for acetoin. 
Reaction time t = 0 corresponds to tcxptl = -0.48 s. 

300-cm3 sphere. Reactants were premixed prior to their entry 
into the reactor and flowed through the reactor. Gas within the 
reactor could be isolated by closing simultaneously solenoid valves 
a t  the inlet and outlet. The gas within the reactor was sampled 
continuously through a 200-hm orifice into a photoionization mass 
spectrometer. 

In a typical experiment, a stream of O2 containing O3 was 
flowed through the reactor. A mixture consisting of trans-2-butene 
in 0, was then injected into the 03/02 gas flow at a point ca. 90 
cm upstream from the sampling orifice of the mass spectrometer. 
The reactants are well mixed before they enter the reactor. The 
partial pressures of O3 (ca 0.3-2.9% mol of O3 at  4 Torr) and 
trans-2-butene (ca. 0.006-1.9% mol of trans-2-butene at  4 Torr) 
were adjusted as required for each experiment. The mass spec- 
trometer was then focused on a particular reactant or product peak 
in the mass spectrum. 

For Figures 1 and 2, the inlet/outlet valves were closed si- 
multaneously, and the temporal profile of each species was ob- 
tained in the isolated static reactor. This process was repeated 
anywhere from 2 to 50 times to build up sufficient signal for each 
reactant and product. In this way, we developed temporal profiles 
for the reactants O3 and trans-2-butene and each of the products 

Martinez and Herron 
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Figure 3. Yield of selected reaction products versus [trans-2-b~tene]~ at 
294 K and 4 Torr. Measured with reaction time fixed at t N 1.1 s; excess 
0, and O2 fixed at [OJO = 2.2 X lo-' and [OJO N 6.3 X lo4 mol cm-,. 

shown in Figures 1 and 2. Limiting values were obtained for CO. 
For Figure 3, the inlet/outlet valves were left open (the reactor 

used as a stirred-flow reactor). The reaction time was set by 
throttling the reactor's pump-out line. 

Converting mass spectrometric signals to partial pressure and 
then concentrations required the use of calibration mixtures. For 
the stable gases, we used procedures described in ref 4 and 7 and 
for formaldehyde that described in ref. 17. 

Experimental Results 
Figures 1 and 2 show the temporal profiles for the reactants 

and products. The temporal profile for CHI production is not 
shown in Figure 2 for the sake of clarity because it coincides with 
that for acetoin. The upper limit for the yield of CO was estimated 
to be <0.2 mol per mol of trans-2-butene consumed. No other 
products were found in significant yield. 

The t = 0 of Figures 1 and 2 is the true (absolute) reaction 
time zero from the point of admixture of the dilute 03/02 and 
trans-2-butene/02 mixtures. The dashed portions of the products' 
temporal profiles correspond to the time it takes (ca. 0.48 s) for 
the reacting mixture to flow from the point of admixture to the 
sampling orifice of the mass spectrometer. The time at which 
the inlet/outlet valves are closed is defined as texptl = 0 and 
corresponds to t 0.48 s. This is consistent with the flow times 
previously estimated.12 The solid portions of the products' temporal 
profiles correspond to the signals measured in the isolated static 
reactor (inlet/outlet valves closed). 

Figure 3 shows the yield of selected reaction products as a 
function of [trans-2-buteneIo at a fixed reaction time. The extent 
of reaction of the trans-2-butene, A[C4H8], is shown relative to 
its initial concentration. For these experiments, A[C4H8]/[C4H8], 

0.4-0.5. So for any product whose yield is ca. 1.0 (e.g., 
CH3CHO), its concentration is approximately equal to that of 
the unreacted trans-2-butene. 

In Figure 3 the assignment of the mass spectral peak at  m/e 
58 to glyoxal was based on its kinetic behavior in this work and 
on the FTIR atmospheric pressure study of the reaction by Niki 
et a1.I6 The absolute concentrations assigned to the 72-amu signal 
was based on the relative sensitivities and known composition of 
2-butanone and 2,3-epoxybutane, both of which originate from 
the same reaction.2 

Discussion 
The matching of computer-modeled temporal profiles to the 

experimentally observed ones could provide some insights about 
the relative importance of key primary reactions. But even then 
it could not define unambiguously the primary chemistry of any 
system as complex as the O3 + alkene reactions. Nonetheless, 
the modeling of the O3 + 2,3-dimethyl-2-butene reaction system12 
indicated that the key features of the O3 + alkene reaction 
mechanism are controlled primarily by the branching ratios for 
isomerization, decomposition, etc., of the initially formed dioxy- 

(17) Martinez, R. I.; Herron, J. T. In?. J .  Chem. Kine?. 1978, 10, 433. 
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than one primary source (e.g., H2CO and H 2 0  originate from both 
the ester and hydroperoxide channels). However, the yields of 
the unique indicators (CH4, 0, HC(0)-C(O)H) can provide a 
lower limit for the relative importance of each channel. 

As discussed in the Introduction, CHI is a unique indicator for 
the ester channel. Figures 1 and 2 clearly indicate that CH4 is 
produced in significant yield (ca. 6-1 1%). So the ester channel 
is operative in the O3 + trans-2-butene reaction, while it is not 
in the O3 + 2,3-dimethyl-2-butene reaction.I2 On the basis of the 
yield of CH4, the ester channel contributes a t  least 10% of the 
total CH3C(H)OO- decomposition. 

Diacetyl is a unique indicator for the 0-atom channel. Rad- 
ical-scavenging experiments2J8 with C H 3 C H 0  or NO2 added to 
the O3 + trans-2-butene reaction system, indicated that CH3C- 
(O)C(H)(CH,)OO. is the precursor of diacetyl. But the source 
of this R 0 2  radical precursor was unknown. Scavenging exper- 
iments with added C H 3 C H 0  suggested that it might have been 
formed via some complex reaction sequence initiated by the O H  
+ trans-2-butene reaction in the presence of excess 02.2*18 Later 
work showed that diacetyl and its R 0 2  radical precursor are 
produced by the 0 + trans-2-butene reaction in the presence of 
excess 0219 In retrospect, CH3CH0 is a good scavenger for both 
0 and OH, but the 0-atom channel was not known then.zJs On 
the basis of the yield of diacetyl in Figure 3, the 0-atom channel 
contributes on the order of 55% of the total CH3C(H)OO- de- 
composition. 

Glyoxal is a unique indicator for the hydroperoxide channel. 
For C,H2, alkenes, product analysis2 and scavenging experi- 
ments2-I8 had indicated that C, dioxoalkanes [R’C(O)C(O)R”] 
and C, ketenes [R’-C(R’’)=C-O], where m < n, originate from 
the primary, excited dioxymethylene via its isomerization to the 
hydroperoxide. For example, ketene and glyoxal are C, products 
of alkenes containing the CH3C(H)= moiety, while methylketene 
and methylglyoxal are C, products of alkenes containing, re- 
spectively, the CH3CHzC(H)= and (CH3)2C= moieties.2 [ For 
the O3 + trans-2-butene reaction, the ester channel can provide 
a second source of H2C=C=0.] 

It was not clear? however, if glyoxal was produced (a) by direct 
unimolecular reactions [intramolecular rearrangement of the 
hydroperoxide CHz=C(H)OOH* to HC(O)CH20H*, followed 
by intramolecular elimination of H2 from HC(0)CH20H*]  or 
(b) via secondary reactions (molecule-molecule reactions of the 
hydroperoxideZ or radical-radical reactions subsequent to the 
decomposition of the hydroperoxide2). 

More recent workI2 has shown that the temporal profiles ob- 
served for methylglyoxal and hydroxyacetone in the O3 + 2,3- 
dimethyl-2-butene reaction are consistent with “prompt” products 
and not with secondary products formed ,in a complex radical- 
radical reaction sequence. So C, dioxoalkanes such as glyoxal 
probably originate directly from the primary excited dioxy- 
methylene via the complex sequence of isomerizations of the 
hydroperoxide channel. On the basis of yield of glyoxal in Figure 
3, the hydroperoxide channel contributes at least 10% of the total 
CH,C(H)OO. decomposition. 

H20 is produced primarily by secondary radical-radical re- 
actions and not via the ester and hydroperoxide channels. Com- 
pare the yields of ketene shown in Figure 3 {<8% over a wide range 
of [trans-2-b~tene]~) with the yield of H20 shown in Figure 1 (ca. 
30%) and 2 (ca. 8%). Figure 2 shows an induction period for H 2 0  
production. This is consistent with scavenging of the radical 
precursors of H20 by the excess trans-2-butene, which is consumed 
ca. 25% when O3 has been consumed by ca. 90%. 

Conclusions 
The chemistry of dioxymethylenes is complicated by their facile 

interconversions and complex eq~i l ibr ia .~ . ’~  The key to further 
advances lies in studies of the spectroscopic and chemical kinetic 
properties of the isolated species.13 There is currently no way to 
do this. A reinterpretation2’ of the recent work of Akimoto and 
c o - ~ o r k e r s ~ l - ~ ~  on the matrix photolysis of alkene-02 mixtures 

0-o** 
H \  1 

POZ - CH3CHO + CH3-C* 
Ester Channel 

o-o-* 0. 
H \  / 

CH3-C 
H \  1 CHI-C 

- CH3C(D)OHY H \  P’ 
CH3-c\ 

\ 
0. 

CH3C(O)OH* - CH, + COZ 
-HzC=C=O + H z 0  - CH3 + H + C02 - CH3C(O) + OH 

0-Atom Channel 

0-0.” 

- CH3CHO + 0 
H \  

CH3-C* 

Hydroperoxide Channel 
0-0’“ 

- CHZ=C(H)OOH* 
H\ / 

CH3-C* 
CHz=C(H)OOH* - HzC=C=O + H z 0  
CHz=C(H)OOH* - HC(O)-CH20H* 
HC(O)--CHzOH* - CHzOH + CH3CO 

HC(O)-CHflH 
-HC(OI-C101H + H2 

methylene. The key mechanistic features (“prompt” production 
of methylglyoxal and hydroxyacetone, etc.)lZ could not be ex- 
plained by the secondary radical chemistry which occurs subse- 
quent to the unimolecular reactions (isomerization, decomposition, 
etc.) of the initially formed dioxymethylene. Modeling is not 
feasible for the O3 + trans-Zbutene reaction, however, because 
the specific rates of the key secondary radical-molecule or rad- 
ical-radical reactions have not been characterized. 

The origin of the major products shown in Figures 1-3 have 
been discussed in detail e l ~ e w h e r e . ’ ~ ~ * ~ * J ~  For example, acetoin 
(CH3C(0)C(H)(OH)CH3) is formed by a sequence of secondary 
reactions initiated by the addition of OH to the 2-butene in the 
presence of 0 2 . 2 s 1 s  The HzCO is formed by several commonplace 
reactions of species such as CH3, CH30,  CH20H, CH3C(0), etc., 
with species such as 0,7 0 2 ,  03, etc.; such commonplace reactions 
were enumerated in Table I1 of ref 12. Hence, the discussion of 
the secondary free-radical chemistry’g2J8J9 will not be repeated 
here. 

Consistent with the focus of this paper (see Introduction), 
therefore, the Discussion will be limited to a succinct assessment 
of which reaction channels (ester channel and/or 0-atom channel 
and/or hydroperoxide channel) are accessed by the dioxymethylene 
CH3C(H)O0.. To do so, we focus on those products that are 
unique indicators for each channel (the selection of each unique 
indicator is based on the detailed discussions in ref 1, 2, 11-13, 
18, and 19). The discussion is developed in the context of the 
mechanism of Scheme 111. This mechanism is proposed for the 
key reactions of the dioxymethylene produced in the primary O3 
+ trans-2-butene reaction. It is consistent with all the observations 
reported to date from product analysis2 and radical-scavenging 
experiments2*’* in the O3 + trans-Zbutene reaction system and 
from a study of the 0 + trans-Zbutene r e a c t i ~ n , ’ ~  e t ~ . ~ , ~ ~ J ~  The 
italicized products of Scheme I11 are the unique indicators for 
each respective channel (discussed below). 

The product data suggest that all three channels are operative. 
But the branching ratios for each channel cannot be determined 
from the product yields alone because some products have more 

(18) Martinez, R. I.; Huie, R.  E.; Herron, J. T. Chem. Phys. Len. 1980, 

(19) Martinez, R.  I .  Chem. Phys. Lert. 1983, 98, 507. 
72, 443. 

(20) Martinez, R. I .  J .  Phys. Chem. 1987, 91, 1345. 
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indicates that it may be possible to isolate dioxymethylenes under 
carefully selected  condition^.^^*^^ 

The gas-phase mechanism for alkyl-substituted alkenes needs 
to be modified to include the ester, hydroperoxide, and 0-atom 
channels. 

Appendix: Rearrangements of Biradicals 
Rearrangements of biradicals with migration of an alkyl group 

or H atom from carbon to carbon or from carbon to oxygen appear 
to be commonplace in photochemically initiated and chemically 
activated systems. 

There is substantial evidence for rearrangements of biradicals 
that involve 1,2-migration of an alkyl group and 1,2-, 1,4-, and 
1,5-migrations of an H atom from carbon to carbon or from carbon 
to The driving force for such migrations appears 
to be the conversion of a species with unpaired electrons (the 
biradicals) to one in which all the electrons are paired (the "stable" 
product) .24 For examplez4 

CH3 CH3 I \ 

Two examples of biradical rearrangements apposite to O3 + 
alkene reactions are provided below: (A) the rearrangement of 
a dioxymethylene to a hydroperoxide (this involves a 1,Cmigration 
of H from C to O)6a91z*14*15 and (B) the 0 + alkene reactions (these 
involve 1,2-migration of alkyl and/or H from C to C). 

(21) Bandow, H.; Akimoto, H. J .  Phys. Chem. 1985,89, 845. 
(22) Hashimoto, S.; Akimoto, H. J .  Phys. Chem. 1986, 90, 529. 
(23) Hashimoto, S.; Akimoto, H. J .  Phys. Chem. 1987, 91, 1347. 
(24) Freidlina. R. Kh.: Terent'ev. A. B. Russ. Chem. Rev. 1974. 43. 129. 
(25) March, J: Aduanced Organic Chemistry: Reactions, Mechan'isms, 
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The hydroperoxide subsequently isomerizes to a hydroxy- 
alkanone.6a,l2,l4,15 

In the gas phase, the hydroxyalkanone decomposes, in part, to 
an alkanedione:12 
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