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ABSTRACT: Hydrotrioxides (HT), ROOOH, from isopentane, 1,4-dimethylcyclohexane, 1,3-dimethylcyclohexane,
decalin and triphenylmethane were synthesized for the first time by low-temperature ozonation of the corresponding
hydrocarbons on a silica surface. Thermal decomposition of hydrotrioxides is accompanied by the formation of
radicals and by infrared and visible chemiluminescence (CL). In solution the HTs form self-associates and react
reversibly with the solvent (acetone) producing Bayer–Villiger type intermediates (unsymmetrical dialkyl trioxides).
These reactions cause a complex character of the decomposition kinetics of HTs, as evidenced by monitoring the
dependence of CL intensity on time. Activation parameters of thermal decomposition of HTs show a compensation
effect (logA vsEA) which describes well the available experimental and theoretical data for the homolysis of organic
trioxides. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Hydrotrioxides (HT), ROOOH, were proposed as inter-
mediates in the reaction of ozone with saturated
compounds in the early 1960s.1–4 HTs including a wide
range of O- and Si-containing compounds (alcohols,
ethers, acetals, aldehydes, silanes, etc.) have been
synthesized and examined since then.5,6 However, the
formation of hydrotrioxides on ozonation of hydrocar-
bons has been proved experimentally only for cumene7

and for some cyclopropyl-substituted alkanes.8

In the mid-1970s, Cohenet al.9 first demonstrated that
ozonation of hydrocarbons with tertiary C—H bonds on a
silica gel surface (dry ozonation) selectively yields
tertiary alcohols. It was proposed that hydrotrioxides
are intermediates in this reaction.10–12Recently, we have
proved experimentally the formation of HT during the
ozonation of adamantane on silica.13 Hence dry ozona-
tion may be considered as a route to hydrotrioxides from
hydrocarbons with non-activated C—H bonds.

In this paper we report the synthesis of hydrotrioxides
from isopentane, 1,4-dimethylcyclohexane, 1,3-di-
methylcyclohexane, decalin and triphenylmethane. The
kinetics of the decomposition of HTs were investigated

by following the visible and infrared chemiluminescence
(CL) which accompanies this process.

EXPERIMENTAL

Reagents

Adamantane, 1,4-dimethylcyclohexane, 1,3-dimethylcy-
clohexane (Fluka) and acetone-d6 were used without
further purification. Pentane, isopentane, acetone and di-
chloromethane were purified by common procedures.
Decalin was passed through an alumina column and
distilled. Triphenylmethane was recrystallized from
ethanol. Freon 11 (CFCl3) was saturated with ozone
until the stable, deep blue color of ozone persisted. After
removing the excess of ozone, the Freon was treated with
sodium carbonate solution, dried over anhydrous MgSO4

and distilled. All solvents were additionally dried over
4 Å molecular sieves.tert-Butyl hydroperoxide was
distilled in vacuo(55°C/43 mmHg). Silica gel (Chema-
pol, L 40/100, 0.063 –0.2 mm) was precalcinated for 5 h
at 250°C.

Hydrotrioxide synthesis

Adamantane, decalin, 1,4-dimethylcyclohexane, 1,3-
dimethylcyclohexane and triphenylmethane were ad-
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sorbedon silica from pentane.14 Adsorptionof isopen-
tane was carried out in sealedampouleswith heating.
Samples of silica with adsorbed hydrocarbons(1–
3 mmol) were saturatedwith ozone(1.5–3.0mmol) at
ÿ70°C and kept for 1–3h at the same temperature.
Unreactedozone was removed by a cooled oxygen
stream.Productswereelutedwith 7–10ml of precooled
acetone-d6 –Freon11 (1:1).

Analysis and identi®cation

1H NMR spectrawererecordedwith a Bruker AM 300
spectrometer equipped with a variable-temperature
probe. Hydrotrioxide concentrationswere determined
using triphenylphosphine.15 Decomposition products
were analyzed by gas–liquid chromatographyon a
Chrom-5 chromatograph(370� 0.3cm i.d. column,
SE-30,50–300°C, helium carrier gas,flame ionization
detection).

Chemiluminescence

Chemiluminescencein the infrared spectralrangewas
detectedwith a photometricunit with a cooledFEU 8316

photomultiplier (the registration range was 1000–
1300nm with a light filter). Visible CL (350–650nm)
wasdetectedwith anFEU 148photomultiplier.

Kinetics of chemiluminescence decay

ROOOHsolutions(0.5–0.1ml, 0.01–0.07M) wereadded
to the solvent (2.5–2.9ml) in a thermostated(ÿ7 to
�30°C) reactor(10ml) andCL intensitieswererecorded
after achieving thermal equilibrium (ca 10s). The
temperaturein the reactorwas controlledby a thermo-
couple.

Radical intermediates

Equimolaracetonesolutionsof HT and a spin trap (N-
phenyl-tert-butylnitrone,PBN) wereplacedin ampoules
andelectronparamagneticresonance(EPR)spectrawere
registeredat room temperatureusing a RadiopanSE/X
2544spectrometer.

Ab initio calculations

Thesewereperformedusing the 6–31G(p, d) basisset
with full geometryoptimizationas implementedin the
GAMESSpackage.17

RESULTS AND DISCUSSION

Formation of hydrotrioxides on a silica surface

Hydrotrioxides were synthesizedby low-temperature
ozonationof hydrocarbonsabsorbedonsilicagel.During
supplyof ozoneon silica with adsorbedsubstratea blue
color appeared.Theperiodof time betweensaturationof
the sampleandremovalof unreactedO3 shouldbe long
enoughfor HT formationin sufficientyield, but not too
long to prevent HT decomposition in a secondary
reactionwith excessof ozone.We found the optimum
reactiontime to be 1–3h. For further CL investigations
we consideredFreon11 anddichloromethaneto be the
most favorablesolventsbecauseof their inertness,but
their eluting capability is poor. Therefore,we usedan
acetone–Freon11 mixture as the eluent. Quantitative
determinationof HT concentrationswas performedby
treatmentof the eluatewith a fourfold excessof Ph3P,
then the mixture waswarmedto room temperatureand
unreactedtriphenylphosphinewas determinedby iodo-
metry. The concentrationof ROOOH was found to be
0.01–0.13M. Owing to the high adsorbtivityof silica at
low temperatureswewereunableto eluteHT completely,
so the ROOOH yield did not exceedca 30–60%(with
respectto the initial substrate).

By makinguseof theaboveprocedurewe synthesized
hydrotrioxides from isopentane, 1,4-dimethylcyclo-
hexane,1,3-dimethylcyclohexane,decalin,adamantane,
andtriphenylmethane(1–6):

RHÿÿÿÿ!O3=SiO2

ÿ70�C
ROOOH

The low-temperature1H NMR spectraof the eluates
containingROOOHshowedasinglepeakatca13.3ppm
and two signalsat ca 4.3ppm which disappearedafter
heatingto ambienttemperature(Fig. 1). An increasein
temperaturecausesupfield shifts of theseabsorptions
(Fig. 1) togetherwith a decreasein their intensity until
completedisappearance.Cooling the samplesdid not
leadto any reappearanceof theabsorptionat � 13.3and
4.3ppm. It is well establishedthat the 1H NMR
absorptionat � 13ppm is typical of the hydrotrioxide
protonof ROOOHspecies.5,6 The natureof the absorp-
tion at � 4.3ppmwill bediscussedlater.Thepositionof
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thesignalat13.3� 0.2ppm(ÿ60°C) doesnotdependon
the natureof the substituentR. This signalappearsasa
singletat any temperatureandconcentrationusedin the
experiments.In an ethanol-d6 solutionof AdOOOH the
absorptionat ca 13.3ppmwasnot observed.

Hydrotrioxides of alkanesand cycloalkanessynthe-
sized by us have never beenobtainedby liquid-phase
ozonation. In contrast,hydrotrioxides of oxygen-con-
taining compounds,5,6 alkylaromatic (cumene)7 and
cyclopropyl-substituted hydrocarbons8 were prepared
by ozonationin solution. From our point of view the
formationof hydrotrioxidesfrom ‘simple’ hydrocarbons
upon silica-mediatedozonationresultedfrom the dra-
matic impact of the surfaceon the courseof the reac-
tion. Severalfeaturesdeterminethe differencesbetween
low-temperatureozonation of hydrocarbonson silica
and in solution: the first is the high concentrationsof
reagentson the surface,which cannot be reachedin
solution, especiallyat low temperature.Consequently,
ozonationon silica proceedsfasterthan in solution.11,13

Second, limited translational motion of adsorbedre-

agents,intermediates18 and productsreducesthe prob-
ability of sidereactionsand,therefore,givesrise to the
selectivity of the process.Finally, the silica surfaceis
known to be a highly polar and anisotropicmedium,
which stabilizesionic intermediates;19 in solution such
stabilization is possible only in super-acids.20 As
expected earlier,7,8 21–23 carbocation stabilization
favors HT formation in reactionsof ozonewith C—H
bonds.

In this work we have shown that the formation of
hydrotrioxidesis a commonfeatureof dry ozonationof
branchedand cyclic alkanesand alkylaromatichydro-
carbons.Apparently, the formation of triphenylmethyl
hydrotrioxideis possiblenot only at thesurface,but also
in solution.However,the low solubility of Ph3CH at ca
ÿ70°C prohibitsthesynthesisof Ph3COOOH.Moreover,
thermal or photochemicalactivation of the transient
complex ArH�O3 is expected to be necessaryfor
triphenylmethanehydrotrioxideformationin solutionas
well as for cumene.7 In the caseof dry ozonationthe
polarsilica surfaceplaysa similar activatingrole.

Figure 1. Temperature dependence of the 1H NMR spectra of 1,4-dimethylcyclohexane hydrotrioxide. Acetone-d6±Freone 11
(1:1), [ROOOH] = 5.1� 10ÿ2

M, [C6H6] = 8.5� 10ÿ3
M
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Association of hydrotrioxides in solution

Underall conditionsstudiedthe 1H NMR signal of the
ROOOH proton was representedby a singlet (Fig. 1)
which shifts upfield upon warming. Obviously, this
behaviorof the signal testifiesthat hydrotrioxideslike
as hydroperoxidesexist in solution in associatedform.
Indeed, the chemical shift temperaturegradients for
hydrotrioxides2 and 5 (D�OOOH/DT = 0.9� 10ÿ2 and
1.0� 10ÿ2 ppm Kÿ1, Fig. 2) are close to that for
hydroperoxides [D�OOH/DT = 1.1� 10ÿ2–1.7�
10ÿ2 ppm Kÿ1 (Ref. 24)]. Unfortunately, there are no
experimentaldataonthestructureandrelativestabilityof
ROOOHassociates.Therefore,we calculatedthe stabi-
lization energiesof cyclic (9 and10) andlinear (11 and
12) methyl hydrotrioxidedimersusingthe 6–31G(p, d)
basissetwith full geometryoptimization:

It canbeseenthat thecyclic octatomicdimer9 is the
moststableof themethylhydrotrioxideassociates.These
resultsare in accordancewith RHF/6–31Gcalculations
reported early by Koller et al.25 [14.2kcalmolÿ1

(1 kcal= 4.184kJ)]. However, the absolutevalues ob-
tained by us are more accurateowing to inclusion of

polarization p and d functions in the basisset during
geometry optimization. For example, our result for
methyl hydroperoxidecyclic dimer (8) (8.0kcalmolÿ1)
is in goodaccordancewith theexperimentalvalues(6.5–
7.7kcalmolÿ1).26 Obviously,at low temperaturehydro-
trioxides preferably exist as cyclic dimers (9). With
increasingtemperature,themolecularmobility increases
leadingto otherassociatedforms(10–12), which results,
as for hydroperoxides,26 in an upfield shift of the
hydrotrioxideprotonsignal.

In the light of the data discussedabove, we can
reconsiderthereasonsfor splittingof theROOOHproton
signalin the1H NMR spectraof hydrotrioxidesobtained
from the low-temperatureozonationof alcohols,ethers
andacetals.27–30Thissplittingwaspreviouslyassignedto
the presenceof two hydrotrioxide forms with OOOH
bondedeitherintramolecularlyor intermolecularly9–12:

Thedifferenthydrogenbondsor thedifferentconforma-
tions of associateswere consideredto lead to distinct
NMR signals.28 Our resultsand also data reportedfor
cumyl7 anddimethylphenylsilylhydrotrioxides,31 which
are unable to form intramolecular hydrogen bonds,
strongly support the explanation of ROOOH proton
signalsplitting asbeingdueto intramolecularhydrogen
bonds.

Chemiluminescence kinetics on thermal
decomposition of hydrotrioxides in solution

Thermal decompositionof HTs 1–6 was found to be
accompaniedby infrared and visible CL. Most of the
infraredrunswereperformedin CH2Cl2, sincethe most
intense CL was observedin this solvent. The decay
kineticsof CL dependon theinitial concentrationof HT,
[ROOOH]0, andon thenatureof thesolvent.Theshapes
of thekinetic curvesof visible andinfraredCL decayare
different. Addition of tert-butyl hydroperoxide(0.1M)

Figure 2. Temperature dependence of 1H NMR hydrotri-
oxide proton absorption. (&) Hydrotrioxide of 1,4-dimethyl-
cyclohexane (2), 5.1� 10ÿ2

M; (*) hydrotrioxide of
adamantane (5), 4.6� 10ÿ2

M

Structure E6–31G(p, d) (hartree) DE (kcalmolÿ1)

CH3OOH ÿ189.80757 —
7 ÿ379.62791 8.0
CH3OOOH ÿ264.57622 —
9 ÿ529.16690 9.1
10 ÿ529.16291 6.6
11 ÿ529.16068 5.2
12 ÿ529.16021 4.9
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led to aconsiderable(morethanoneorderof magnitude)
decreasein CL intensityin bothspectralranges.

Infrared chemiluminescence. Infrared CL kinetic
curves for the decompositionHTs 1–5 have similar
shapes(Fig. 3). After additionof the HT solutionto the
thermostatedreactor,theCL intensityincreases,reaches
a maximum and then decreasesaccording to an
exponentiallaw. The lower the temperaturethe longer
is the time to achievethemaximum(Fig. 3). During the
decompositionof HT 6, amaximumonkineticcurvewas
not observed,and only an exponentialdecay of CL
intensitytook placein this case.

Thiscuriousbehaviorof CL intensitywith timecannot
ariseasa resultof thermalinstability causedby addition

of thecold (ÿ70°C) ROOOHsolution,sincethethermal
equilibriumis adjustedin ca10s.In atypical runthetime
requiredto reachmaximumCL intensitywas100–500s.
The CL decay followed first-order kinetics. From the
temperaturedependenceof the rate constantkIR the
activation parametersof the processwere calculated
(Table1). TherateconstantkIR increaseswith increasing
initial concentration,[ROOOH]0.

Thekinetic curvesof infraredCL from decomposition
of hydrotrioxides1, 2, 4 and 5 havea shapetypical of
reactionswith intermediateproduct formation (Fig. 3).
Obviously,this behaviorof CL intensityis causedby the
transformationof oneunstablespeciesin to anotherwhen
the cold (ÿ70°C) hydrotrioxidesolutionis addedto the
solventwhichis atasubstantiallyhighertemperature(ÿ5
to �30°C).

Let us assumethat hydrotrioxidesin solution at low
temperaturesarepresentin a form A. Whenthesolution
is heatedor dilutedtheform A decomposesirreversibly:

A ÿÿÿÿ! h��vis� � . . . �1�

or reversiblytransformsinto form B:

A � B �2�

The hydrotrioxide in form B also undergoesthermal
decomposition:

B ÿÿÿÿ! h��ir ; vis� � . . . �3�

Theslowriseof CL intensity(Fig. 3) indicatesthatother
unstable compoundsare present in solution besides
associatesof hydrotrioxides. This suggestionis con-
firmedby thepresenceof high-field1H NMR signalsat �
3–4ppm which irreversibly disappearupon heating.
Thesesignalsare not due to anothertype of hydrotri-

Figure 3. Kinetics of infrared chemiluminescence on
decomposition of isopentyl hydrotrioxide in CH2Cl2: (1) 18;
(2) 12; (3) 7°C

Table 1. Activation parameters for infrared (ir) and visible (vis) chemiluminescence decay on thermal decomposition of
hydrotrioxides of hydrocarbons

ROOOH [ROOOH]0 (10ÿ3
M) Solvent,method k(10ÿ3 sÿ1)a Log A (sÿ1) EA (kcalmolÿ1)

1 3.2 CH2Cl2, ir 1.4 11.5� 1.2 18.6� 1.6
1 5.7 CH2Cl2, vis 2.4 6.8� 0.6 12.2� 0.8
2 5.8 CH2Cl2, ir 6.4 7.0� 0.6 11.9� 0.7
2 7.8 CH2Cl2, vis 8.1 7.1� 0.4 11.9� 0.6
2c 7.8 Acetone,vis 32.6 6.7� 0.9 10.6� 1.2
2d 7.8 Acetone,vis 3.4 5.1� 1.8 9.8� 2.3
4 6.5 CH2Cl2, ir 4.1 9.2� 0.9 15.0� 1.2
4 4.0 CH2Cl2, vis 7.0 10.2� 0.7 16.0� 1.0
5 6.4 CH2Cl2, ir 8.2 9.5� 0.9 15.0� 0.9
5b 2.1 CH2Cl2, ir 6.0 14.0� 1.4 21.0� 1.9
5 3.7 CH2Cl2, vis 10.6 9.3� 0.7 14.6� 0.9
5 2.3 Acetone,vis 5.8 12.9� 1.4 19.6� 1.9
6 7.4 CH2Cl2, ir 53.5 9.0� 0.9 13.3� 1.3

a Calculatedat 10°C.
b ROOOHwaselutedwith Freon11–ethanol-d6
c First part (kVIS

i).
d Secondpart (kVIS

ii ).
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oxide, e.g. a secondaryhydrotrioxide, since OOOH
alwaysgivesabsorptionnear� 13ppm.Moreover,low-
temperatureozonation of hydrocarbonson a silica
surface proceedsselectively and affords the tertiary
alcoholsaspredominant(>98%)products.9 We presume
thatthisadditionalintermediateis formedby thereaction
of hydrotrioxidewith thesolventacetone.

Hydrogenperoxide32andalkyl hydroperoxides33,34are
known to react readily with aliphatic and alicyclic
ketonesgiving a-oxyhydroperoxidesanda-oxyperoxides
(13), respectively,evenwithout acid or basecatalyst:

Apparently,a similar reactiontakesplacein a solution
of ROOOH in acetone,affording 2-alkyltrioxy-2-oxy-
propane(14). Reaction(4) proceedsas a nucleophilic
addition at a rate dependenton hydroperoxideacidity,
and thereforeon the degreeof activationof the ketone
carbonylgroupby protons,ratheron thereactivityof the
hydroperoxideitself.33 Hencemoreacidichydrotrioxides
would reactwith ketonesmorereadily.

The values of the forward and backward reaction
constants(5.3� 10ÿ4 l molÿ1 sÿ1 and 1.2� 10ÿ3 sÿ1,
respectively)and the value of the equilibrium constant
(2.9 l molÿ1) for the reactionof tetralyl hydroperoxide
with acetone(20°C)33 suggestthat the reactionequili-
brium adjusts slowly and a significant part of the
hydroperoxideis transformedinto 2-tetralylperoxy-2-
oxypropane.Based on the data on the equilibrium
constantsfor the reactionof cyclohexyl hydroperoxide
with cyclohexanoneat ÿ60°C (3.8� 103 l molÿ1) and
25°C (6.6 l molÿ1),34 one must assumethat hydroper-
oxide (10ÿ2 M) in neatketonewould exist preferablyas
adduct13 at low temperature.After 10-fold dilution and
warming of the solution to ambient temperaturethe
contentof adductwould decreaseto ca 10%.

We thereforeattributedthe hydrotrioxide(monomer,
cyclic or linear dimer) to form B that gives NMR
absorptionat � 13.3ppm.Adduct14correspondsto form
A and represents,in essence,an unsymmetricaldialkyl
trioxide. Apparently,the absorptionsat � 3–4ppm arise
from the intermolecularand intramolecularhydrogen-
bondedprotonof thehydroxygroupof adduct14. Dialkyl
trioxides are less stable than hydrotrioxides35 and
decomposethroughhomolysisof an OO—O bondwith
formationof alkoxy andperoxyradicals.36 Thehydroxyl
groupin theadduct14 destabilizesthe adjacentO—OO
bondevenmore:

Owing to irreversibledecomposition[reaction (1)] and

adjustmentof equilibrium(2) uponheatinganddilution,
adduct14 (� 3–4ppm) is exhaustedmore rapidly than
hydrotrioxide(� 13ppm),which is clearly confirmedby
the 1H NMR data(Fig. 1).

Recently,Plesničar et al.37 showedthat low-tempera-
ture ozonationof isopropyl alcohol affords significant
amountsof hydrogentrioxidein additionto hydrotrioxide
ROOOH (H2O3:ROOOH= 0.6:1). The following
schemewasproposedto explainH2O3 formation:

According to this scheme,abstractionof a hydrogen
atomfrom the methyl groupof 2-hydroxypropylradical
by HO3 with formationof H2O3 proceedsat almostthe
samerateasrecombinationof trioxyl andalkyl radicals
which leadsto ROOOH.Takinginto accountthatHO3 is
very labile23 and decomposeswith a rate constant
1.1� 105 sÿ1 evenin acidic solution,38 onecansuggest
another route leading to H2O3. We consider that the
initial reaction of alcohol with ozone affords only
hydrotrioxide,which further transformsreversibly into
hydrogentrioxide andacetone:

With thesedatain hand,wecanexplaintheregularities
of theCL kinetics.Thekinetic featuresof theinfraredCL
upondecompositionof hydrotrioxides1–5becomeclear
if oneassumesthatCL emittersareformedin reaction(3)
but not in reaction (1). Thus, the infrared CL reflects
accumulationanddepletionof associatesB. The top of
thekineticcurvescorrespondsto themomentwhenA has
almost disappearedand the concentrationof B has
reacheda maximum. After the maximum the infrared
CL kinetics representthe decompositionof a hydrotri-
oxide in form B. The equilibrium adjustsmore rapidly
andthe maximumappearsafter a shorterperiodof time
as the temperatureis increased(Fig. 3). Perhapsthe
absenceof a maximumin the infraredCL kinetic curve
upon decompositionof triphenylmethanehydrotrioxide
(6) is accountedfor by astericallyhinderedandtherefore
slower backwardreaction (2) resulting in a negligible
proportionof adduct14.

Visible chemiluminescence. In acetone,the visible CL
on adamantylhydrotrioxide (5) decompositiondecayed
accordingto an exponentiallaw, whereasfor other HTs
theCL decaywasdescribedby abiexponential law. In the
caseof HT 2 we succeededin evolving biexponential
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componentsand determining rate constantskVIS
i (first

part) and kVIS
ii (second part) and their activation

parameters(Table1). ForHTs1 and6 thefirst component
wasvery fastandcloseto theresponse constantof theCL
set-up,so it was impossibleto calculatekVIS

i.
In dichlormethane,the kinetic curvesof CL intensity

for all ROOOHstudiedhadacommonappearance:a fast
first and slower secondregions(Fig. 4). There are no
differencesin thespectraof thefirst andsecondpartsof
CL curve.Whenthe initial concentrationof theHT was
increaseda small maximumappearedbetweenthe first
andsecondpartsof the kinetic curve(Fig. 4). The most
dramatic effect was observedfor HTs 5 and 1; the
maximumwas lesspronouncedfor other ROOOH and
wasnot observedfor HT 6. Thekinetic curvesof theCL
decayfollow an exponentiallaw. The dependencesof
kVIS on temperatureand the initial concentrationof
ROOOHarepresentedin Tables1 and2.

Kinetic curvesof visibleCL canreadilybeexplainedif
oneassumesthatbothreactions(1) and(3) producelight
emitters. The first rapid region representsadduct A

depletionin reactions(1) and(2). The next slow region
correspondsto full conversionof A into B andrepresents
thedecompositionkineticsof thelatter.Dependingonthe
reaction conditions (e.g. temperature,solvent, initial
hydrotrioxideconcentrationandradiationquantumyield
of emitters),the maximumin the kinetic curvesmay be
moreor lessexpressedor absent(Fig. 4).

Mechanism of decomposition of hydrotrioxides

CL in thevisibleandinfraredregionsupondecomposition
of hydrotrioxides is a well-known phenomenon.39,40

Infrared CL arisesfrom radiation relaxation of singlet
molecularoxygen1Dg O2,

41,42which formsdirectly from
ROOOH or from the disproportionation of peroxy
radicals.The latter processalsogivesemittersof visible
CL. Theperoxylsareformedeitherdirectly from ROOOH
or throughinvolvmentof a solventin the radicalprocess.

The radicalspin adductsproducedby the decomposi-
tion of the hydrotrioxides3 and5 in the presenceof the
spin trap PBN indicate the generationof free radicals
during the thermolysisof hydrocarbonhydrotrioxides.
We assignedthe EPR signal consistingof triplets of
doublets(aN = 1.33mT, aH

b = 0.20mT) to an adductof
PBN with an alkoxy radical which is formed directly
uponthehydrotrioxidedecomposition(form A andB) or
on rearrangementof the PBN adduct with a peroxy
radical.28,43 In the caseof adamantylhydrotrioxide an
additionalweaktriplet signal(aN = 0.79mT) appeared.It
wasassignedto benzoyltert-butylnitroxideproducedby
direct oxidationof PBN by hydrotrioxide.28,31

Theyield of radicalsduringthedecompositionof HTs
varies from zero (ethanol hydrotrioxide44) to almost
quantitative(cumyl hydrotrioxide7). It is believedthat in
most cases the decomposition proceeds through a
concertedmechanismwith a small fraction along a
radicalpath.45 Visible CL is not observedif the radical
pathis not distinguished.44 Hencethebehaviorof visible
and infrared CL can be explained according to the
schemebelow(SH denotesa solventmolecule):

Figure 4. Kinetics of visible chemiluminescence on decom-
position of adamantyl hydrotrioxide in CH2Cl2 at 12°C; (1)
7.1� 10ÿ3; (2) 2.5� 10ÿ3; (3) 2.1� 10ÿ3; (4) 1.5� 10ÿ3;
(5) 0.4� 10ÿ3

M

Table 2. Concentration dependence of rate constant of
infrared chemiluminescence decay upon thermal decom-
position of adamantyl hydrotrioxide in CH2Cl2 (�5°C)

[ROOOH]0 (10ÿ3 M) k (10ÿ3 sÿ1)

8.2 10.0
4.9 7.0
3.3 5.9
2.7 5.0
2.2 4.9
1.6 3.7
1.1 3.2
0.5 2.4
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At low temperaturesin acetonesolution the trioxide
existspreferablyasthe adduct14. Injection of a portion
of this solution in to a ‘hot’ (ÿ5 to �30°C) solvent
acceleratestheforwardreaction(8),affordingmonomers,
linear dimers and cyclic dimers of the hydrotrioxide.
Simultaneously,the fast homolytic decompositionof
adduct 14 (form A) takes place [reaction (5)]. In the
presenceof molecularoxygen alkoxyls formed in this
reactionreactwith solventSH affordingperoxyradicals,
predominantlyCl2CHOO� andCH3COCH2OO�. Dispro-
portionation of peroxyls leads to formation of singlet
molecular oxygen and excited carbonyls (Cl2CO and
CH3COCHO).We considerthat homolysisof 14 is an
effectiveradicalinitiation process.In a recentpaper36 we
have shownthat almost all radicalsformed during the
decomposition of di(tert-butyl) trioxide escape the
solventcage.

HydrotrioxideROOOH(form B) decomposesaccord-
ing to reaction(9). The radical pair [RO� �OOH] either
disproportionatesin the solvent cagegiving molecular
singlet oxygen with efficiency '3 or escapesthe cage
[reaction (10)]. Free radicals induce hydrotrioxide
decomposition[reaction(11)] andalsogenerateperoxyls
from the solvent [reaction (12)]. As mentionedabove,

disproportionationof peroxylsleadsto 1O2 and excited
carbonylcompounds.

Onecanconsiderthatsingletoxygenis generatedmore
efficiently in thecagethanfrom peroxylswhich escaped
thecage,'3� '1, '1'. Actually, hydrotrioxidesgenerate
singlet oxygen with high efficiency,40,41 while dispro-
portionation of peroxyls usually gives small yields of
1O2.

46 At the same time, the formation of excited
carbonyls in reactions (7) and (13) proceeds with
comparableefficiencies,'2� '2'. Suchratios of quan-
tum yieldsexplaintheabsenceof infraredCL in thefirst
stageof theHT decompositionandthetwo regionsin the
kinetic curvesof visible CL.

The importantrole of radicalsin thegenerationof CL
emitters is confirmedby dramatic(more than 10-fold)
attenuationof visible andinfraredCL in thepresenceof
tert-butyl hydroperoxide (ButOOH). Addition
of ButOOH to the hydrotrioxide solution leadsto fast
(k14 = 2.5� 108l molÿ1sÿ1)47 exchangeof alkoxy and
hydroperoxyradicalsthat escapedthe solvent cageon
tert-butylperoxyls35,48:

RO� � ButOOHÿ! ROH� ButOO� �14�

The concentrationof ButOOH (0.1M) is high enoughto
associateeffectively with hydrotrioxideandthusto play
the role of a cagefor the radicalpair [RO� �OOH]:

�RO� �� OOH� � ButOOHÿ! ROH� ButOO� � HOO�

�15�

Disproportionationof tert-butylperoxyls in non-polar
solventsdoesnot lead to the formation of visible and
infraredCL emitters.35,46Sincequenchingof CL emitters
by hydroperoxideis negligible,the only explanationfor
theCL attenuationis theexchangeof radicalsaccording
to reactions(14) and (15). Residual CL arises from
incomplete capture of RO� and HOO� radicals by
hydroperoxide.

Therefore,the secondpart in the kinetic curves of
visible and infraredCL reflectsthe thermaldecomposi-
tion of hydrotrioxide in the form B. In addition to the
equilibrium [reaction(2) or (8)], the kinetics of the CL
decaycanalsobecomplicatedby induceddecomposition
of hydrotrioxide.Thus, the rate constantsobservedare
effectivevaluesthatreflecttheirdependenceontheinitial
concentrationof hydrotrioxide (Table 2). Hence the
activationparametersarealsoeffectivevalues.It canbe
seenfor the activationparameterspresentedin Table 1
that a linear dependence(compensationeffect) between
thelogarithmof theA factorandtheactivationenergyof
theCL decayis observed(Fig. 5):

logA� �ÿ1:66� 0:55� � �0:74� 0:04�EA

This dependenceindicatesa commonmechanismfor the

Figure 5. Compensation dependence of the activation
parameters of infrared and visible chemiluminescence decay
on thermal decomposition of hydrocarbon hydrotrioxides.
(&) Infrared CL; (*) visible CL (underlined); for alphabetical
indices, see Table 1
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decompositionof the hydrotrioxidesstudied.Moreover,
the activation parametersfor the decompositionof
various ROOOH do not dependon the nature of the
substituent R, but only on the initial hydrotrioxide
concentration. Quantum chemical calculations also
indicatethat the RO—OOHbonddissociationenergyis
independentof thenatureof R.22,49

The experimental and theoretical values of the
activation parametersobtainedearlier for the thermal
decompositionof organictrioxidesobeysatisfactorilythe
compensationdependencedepicted in Fig. 5: log
A = 16.4 sÿ1, EA = 23.9kcalmolÿ1 (Ref. 7) (cumene
hydrotrioxide), log A = 17, EA = 23 (Ref. 50) and log
A = 14.5,EA = 20.8(Ref.35) [di(tert-butyl) trioxide], log
A = 16, EA = 23 (Ref. 51) (theoreticalestimation).This
testifies to a common mechanism for the trioxide
decomposition,which proceedsvia homolytic cleavage
of theR1O—OOR2 bond.

CONCLUSIONS

Theformationof hydrotrioxidesin thereactionof ozone
with C—H bonds appearsto proceed through ionic
intermediates.This mechanismcan be realizedonly if
stabilizationof theionic intermediatesby aheteroatomor
aryl or cyclopropylgroupis possible.The silica surface
actsas a stabilizerof this kind, and thereforehydrotri-
oxides of inactivated hydrocarbonsunavailable from
ozonationin solution can be synthesizedon the silica
surface.

The thermal decomposition of the hydrotrioxides
studied is accompaniedby radical formation and by
infraredandvisible CL. Hydrotrioxidesof hydrocarbons
self-associatein solution and react reversibly with the
solvent acetone.This reaction results in a complex
characterof the kineticsof CL decay.The natureof the
alkyl substituentR doesnot affect the rate constantfor
ROOOHdecomposition.
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28. Plesničar B, Kovač F, ScharaM. J. Am. Chem.Soc.1988; 110:
214–222.
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