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Reactions of ozone with organic materials are at the focus of Table 1. Selected *H, *C, and 7O NMR Chemical Shifts of the
current interest. Ozonation reactions play important role in the Eggzgg_‘g iﬁte_rgo(%)c’f”d the Acetal Hydrotrioxides (3) in
polluted atmospherefor wastewater purificatiofjn ozone toxicity °

studies? and in chemical synthestsOzone can initiate oxidation species HINMR FCNMR
(e.g., by Q addition and subsequent OO bond rupture, or X X R CH R®  CH, VONMR®
alternatively by O transfer to a heteroatom such as N, S, etc.), (2a) OH 6.42 1.49 3.89 119.90 23.09 64.58 96.0
abstrata H atom (HQ@ formation), or even abstract a hydride ion 4.02 122.06 24.79 65.67
(HO;s~ formation). The latter reactions are discussed in connection (39) 030201H  13.66 1'614 1'205 121522'247 2023';4 66'443520%(301)
with the antibody-catalyzed oxidation of water by singlet dioxygen ' ’ ' 455 (0(2) )
and have led to an increased interest into the elusivg H@ion® (2b) OH 6.63 6.01 3.86 112.44 64.10

In this work, we study H@ formation by using dioxolanes as 4.02
suitable model systems that support hydride abstraction by ozone(3P) OOOH  13.94 6.49 4‘824 li%i-fz 62‘;;4

due to the fact that generation of a dioxolyl cation is electronically

supported. Deslongchamps and Moreau first reported that aldehyde a5 — (0.8+ 0.2) M. Molar ratio2a:3a = 5:1, 2b:3b = 4:1. (In the case

acetals reacted with ozone to give esters in high yigbeslong- of 2-phenyl-1,3-dioxolane; molar ratc:3c = 10:1). Initial concentration

champs et al. also demonstrated that acetals react with ozone Whetfc?)fsllnit:ro(lé(;imoi;(zt&r'\e"? té)mfooé Oé%fl‘/?:lii?]ns égrmém ;lg;\/ gfcﬁénm(;sl?_zr ﬁé

they Car,] takg a Conformat!on where each oxygen has an eIeCtronozonatign was perfdrméd Wo-enrichéd Q obtained by the passége of

lone pair oriented antiperiplanar to the-@ bond (“Deslong- 170-enriched oxygen (58%0,, ISOTEC) through a semimicro ozonafdF.

champs’ hypothesis of stereoelectronic contr&t)More recently,

they also reported that synperiplanar oxygen lone pairs play a similar

role in influencing this oxidation reactid. and singlet oxygenAlO,.1314 However, kinetic and activation
Acetal hydrotrioxides (ROOOH), which have been proposed as parameters of the decompositionafindicate polar decomposition

the labile intermediates in most investigations of the ozonolysis of pathways, most likely involving water as the catalyst Similar

acetals, have actually been detected in these reactiBeseral observations were also made during the study of the ozonation of

different mechanisms for the oxidation of the-8 bonds in acetals 1,3-dioxolane 1b).

by ozone to form hydrotrioxides (ROOOH) have been proposed: =~ We have recently determined that the HOO&hion can adopt

(a) a concerted 1,3-dipolar insertidifb) a mechanism involving a singlet or triplet state Although the singlet HOOO anion in

H-atom abstraction by ozone to form a radical pair ®OOH)/2 the gas phase possesses, according to CCSD(T) calculations, the

and (c) a hydride-ion transfer to form a carbenium ion and the longest OG-OH bond ever reported for a peroxide (1.80 A), the

hydrotrioxide ion (R ~OOOH)’210.11Unfortunately, an unambigu-  anion is remarkably stable in the gas phase at 298 K. Despite its

ous substantiation of either of the proposed mechanisms is still peculiar structure, it is a covalently bonded molecule rather than a

lacking. van der Waals complex, which can be concluded from the analysis
Here we report that low-temperature ozonation of 2-methyl-1,3- of the geometry, electron density distribution, and simple bonding

dioxolane (La) in acetoneds, methyl acetate, ane@rt-butyl methyl models. Nonspecific solvation in aqueous solution substantially

ether produced both the corresponding acetal hydrotrioxide ROOOH increases the stability of the singlet HOO@nion as is reflected

(3a) and the hemiortho este2#)'? in molar ratio 1:5 (78 °C). by its geometry and particularly an G@H bond of 1.51 A&

Both intermediates were fully characterized 1y, 13C, and’O Similar conclusions hold for an acetone solution. Ozone abstracts

NMR spectroscopy (Table 1), and at higher temperatures, they bothhydride from 2-methyl-1,3-dioxolane, thus forming a stable car-
decomposed to the corresponding hydroxy ester. The kinetic andbenium ion and the HOOOanion in an exergonic reactiodgG
activation parameters of the decomposition of acetal hydrotrioxide = —28.9 kcal/mol, PISA/B3LYP/6-311+G(3df,3pd}"~1° with
3a(Table 2) indicate that the homolytic cleavage of the-RQDH = 20.7 for acetor®®) (Scheme 1), while the hydrogen abstraction
bond to produce ROand*OOH radicals is the first step of the  reaction yielding HOO® and a dioxolane radical is slightly
decomposition process. These radicals either abstract the hydrogemendergonic ArG = 0.2 kcal/mol) under the same conditions.

atom from the substrate-RH to produce the hemiortho est2a The ion pair, R "OOCOH, can then collapse directly in the solvent
and hydrogen peroxide or react in the solvent cage to prodace cage to either the tetrahedral intermediate, that is, the hemiortho
ester Ra) (Ar{G = —40.3 kcal/mol) or the hydrotrioxide6) (Ar,G

:Sgggfg&”g}”ﬂﬂgﬁ; E-mail: bozo.plesnicar@uni-ij.si. = —29.5 kcal/mol), where the former process is favored in line
* University of Gaeborg with the calculated charge distribution of the O30201H anion
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Table 2. Kinetic and Activation Parameters for the Decomposition of the Hemiortho Ester 2a and the Hydrotrioxide 3a in Various Solvents?

R-OH (2a) R-OOOH (3a)
kx10%Pst kx10%Pst
solvent T,°C o, ppm OH¢ CHs E,, keal/mol log A o, ppm OOOHe CHs E,, keal/mol log A

acetoneds —15 5.84 3.15 3.23 125 1.2 7.2+0.8 13.11

15 12.58 3.73 3.83 175 1.6°¢ 99+11
methyl -15 5.32 11.74 11.27 145 1.3 95+1.0 12.67
acetate 15 12.33 5.54 5.34 19:01.5° 11.2+11
tert-butyl —-15 5.51 0.82 14.8 1.5 84+1.1 12.80
methyl ether 15 12.60 1.40 2471 15.0+£ 1.2

a2a= (0.08+ 0.02)M. P Standard deviations +10%. ¢ 2b:acetoneds, E; = 13.14+ 1.1 kcal/mol, logA = 8.1+ 0.9.3b: acetoneds, E; = 20.0+ 1.5
kcal/mol, logA = 12.5+ 1.1.9 Following decay of the OH absorptiofFollowing decay of the OOOH absorption.

Scheme 1
o R Q
E Gl +4'0, —= R-C-OCH,CH,0H
oH
O RO 5 2
. = |(dc-r e(OO—OH)]/ T
o H cage b\ O R O R
1,R = CHy (a) E - E - Ry
H®) o “o0oH d o *00H

suggesting a HO--O,°~ structure with a relatively large negative
charge at position O1 and a smaller one at O3.

Hydrotrioxide 3a decomposes to R@Gnd HOG radicals in an
endergonic proces&kG = 19.2 kcal/mol in acetone solution). The
RO radical can easily abstract an H atom to fd2en This, together
with considerably greater kinetic stability 8&, as opposed to that
of 2a (see Table 2), suggests that the hemiortho e2teiis
preferentially formed by ion pair recombination involving the $O
anion rather than via hydrotrioxidga.?!

Finally, the hydrogen trioxide (HOOOH), observed recently in
the low-temperature ozonation of isopropyl alcohol, isopropyl

methyl ether, and various hydrocarbdf&s¢ was not detected in

(6) Deslongchamps, P.; Moreau, Can. J. Chem.1971, 49, 2465. (b)
Deslongchamps, P.; Atlani, P.; Frehel, D.; Malaval, A.; MoreauCean.

J. Chem 1974 52, 3651. (c) Li, S.; Deslongchamps, Petrahedron Lett
1993 34, 7759 and references therein.

(7) Deslongchamps, FStereoelectronic Effects in Organic ChemistRer-
gamon: Oxford, 1983; pp 4147. (b) Kirby, A. J.Stereoelectronic Effects
Oxford University Press: Oxford, 2000, pp-7@1. (c) Perrin, C. LAcc.
Chem. Res2002 35, 28.

(8) Kovag F.; Plesniar, B.J. Am. Chem. Sod979 101, 2677.

(9) Taillefer, R. J.; Thomas, S. E.; Nadeau, Y.; Fliszar, S.; Henr€&h. J.
Chem 198(Q 58, 1138.

(10) Nangia, P. S.; Benson, S. \0.. Am. Chem. Sod98Q 102 3105.

(11) Pryor et al. have suggested that transition states for the ozonationtdf C
bonds in saturated systems might have contributions ranging from radical
to ionic resonance forms, depending on the substrate and the conditions
used. (Giamalva, D. H.; Church, D. F.; Pryor, W. A.Am. Chem. Soc.
1986 108 7678. Giamalva, D. H.; Church, D. F.; Pryor, W. A.Org.
Chem.1988 53, 3429.)

(12) The hemiortho est@a (2-hydroxy-2-methyl-1,3-dioxolane) was character-
ized before in the hydronium ion-catalyzed hydration of 2-methylene-
1,3-dioxolane (Capon, B.; Ghosh, A. K. Am. Chem. Sod.981, 103
1765). (b) For a review on tetrahedral intermediates, see: McClelland,
R. A.; Santry, L. JAcc. Chem. Red4983 16, 394.

(13) A radical inhibitor, i.e., 2,6-diert-butyl-4-methylphenol has a relatively
small effect on the rates and the activation parameters for the decomposi-
tion of 3aand3b. This, together with relatively low yields of @, formed
in these reactions, supports an “in cage” reaction as the predominant
reaction pathway. (b) The formation O, in the decomposition of the

: ; ; i ; _ hydrotrioxide of 2-propyl-1,3-dioxolane has been confirmed by chemi-
the ozonized solutions of acetals und_er investigation. This corre liminescence measurements. (Khurshan, S. L.; Khalizov, A. F.. Avzy-
sponds to the fact that H-atom abstraction by ozone to form HOOO anova, E. V.; Yakupov, M. Z.; Shereshovets, V.Russ. J. Phys. Chem

radicals (and subsequently HOOOH) is energetically disfavored 2001, 75, 1225.). See also ref 8.

(14) Plesniar, B.; Cerkovnik, J.; Tekavec, T.; Koller, J. Am. Chem. Soc

when dioxolanes are dissolved in acetone, thus underlining the 1998 120, 8005. (b) Plesrir, B.: Cerkovnik, J.; Tekavec, T.: Koller, J.

important role of the H@ anion in ozone reactiofsinvolving

substrates with the potential of forming relatively stable carbenium

ions in solution.
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Supporting Information Available: Details of calculations and
structures and complete kinetic data for the decompositichasfd 3

and activation parameters of the decomposition of eiftzeor 3a

(16) Somewhat smaller activation parameters for the decomposit®aafd
3b in acetoneds and methyl acetate as compared to valueteitibutyl
methyl ether might reflect the fact that the decomposition is proceeding
by several simultaneous first-order processes involving radical (predomi-
nant) and nonradical pathways. Among the latter, water-assisted decom-
position might be more important in acetone thartén-butyl methyl

(PDF). This material is available free of charge via the Internet at http:/ ether (different solubility of water in these solvert®).

pubs.acs.org.
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