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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 dialky! 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 vs E5) which describes well the available experimental and theoretical data for the homolysis of organic
trioxides. Copyrightd 2000 John Wiley & Sons, Ltd.
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INTRODUCTION by following the visible and infrared chemiluminescence
(CL) which accompanies this process.
Hydrotrioxides (HT), ROOOH, were proposed as inter-
mediates in the reaction of ozone with saturated
compounds in the early 1966s* HTs including a wide
range of O- and Si-containing compounds (alcohols, EXPERIMENTAL
ethers, acetals, aldehydes, silanes, etc.) have been
synthesized and examined since tRénHowever, the Reagents
formation of hydrotrioxides on ozonation of hydrocar-
bons has been proved experimentally only for curiene Adamantane, 1,4-dimethylcyclohexane, 1,3-dimethylcy-
and for some cyclopropyl-substituted alkafies. clohexane (Fluka) and acetodg-were used without
In the mid-1970s, Coheet al® first demonstrated that  further purification. Pentane, isopentane, acetone and di-
ozonation of hydrocarbons with tertiary C—H bonds on a chloromethane were purified by common procedures.
silica gel surface (dry ozonation) selectively yields Decalin was passed through an alumina column and
tertiary alcohols. It was proposed that hydrotrioxides distilled. Triphenylmethane was recrystallized from
are intermediates in this reactic"J?T.lzRecentIy, we have ethanol. Freon 11 (CFg)l was saturated with ozone
proved experimentally the formation of HT during the until the stable, deep blue color of ozone persisted. After
ozonation of adamantane on silithHence dry ozona-  removing the excess of ozone, the Freon was treated with
tion may be considered as a route to hydrotrioxides from sodium carbonate solution, dried over anhydrous MgSO
hydrocarbons with non-activated C—H bonds. and distilled. All solvents were additionally dried over
In this paper we report the synthesis of hydrotrioxides 4 A molecular sieves.tert-Butyl hydroperoxide was
from isopentane, 1,4-dimethylcyclohexane, 1,3-di- distilled in vacuo(55°C/43 mmHg). Silica gel (Chema-
methylcyclohexane, decalin and triphenylmethane. The pol, L 40/100, 0.063 —0.2 mm) was precalcinated for 5 h
kinetics of the decomposition of HTs were investigated at 250°C.

Hydrotrioxide synthesis
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sorbedon silica from pentané-* 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
—70°C and kept for 1-3h at the sametemperature.
Unreacted ozone was removed by a cooled oxygen
stream.Productswere elutedwith 7—10ml of precooled
acetoneds —Freonll (1:1).

Analysis and identification

'H NMR spectrawere recordedwith a Bruker AM 300

spectrometer equipped with a variable-temperature
probe. Hydrotrioxide concentrationswere determined
using triphenylphospine!® Decomposition products

were analyzed by gas-liquid chromatographyon a

Chrom-5 chromatograph(370x 0.3cm i.d. column,

SE-30,50-30C0C, helium carrier gas, flame ionization

detection).

Chemiluminescence

Chemiluminescencén the infrared spectralrangewas
detectedwith a photometricunit with a cooledFEU 83'©
photomultiplier (the registration range was 1000-
1300nm with a light filter). Visible CL (350-650nm)
wasdetectedwith an FEU 148 photomultiplier.

Kinetics of chemiluminescence decay

ROOOHSsolutions(0.5-0.1ml, 0.01-0.0A) wereadded
to the solvent (2.5-2.9ml) in a thermostated(—7 to

+30°C) reactor(10ml) andCL intensitieswererecorded
after achieving thermal equilibrium (ca 10s). The
temperaturen the reactorwas controlled by a thermo-
couple.

Radical intermediates

Equimolaracetonesolutionsof HT and a spin trap (N-

phenyltert-butylnitrone,PBN) wereplacedin ampoules
andelectronparamagneticesonanc€EPR)spectravere
registeredat room temperatureusing a RadiopanSE/X

2544 spectrometer.

Ab initio calculations

Thesewere performedusingthe 6—31 G(p, d) basisset
with full geometryoptimization asimplementedin the
GAMESSpackage-’

Copyrightd 2000JohnWiley & Sons,Ltd.

RESULTS AND DISCUSSION
Formation of hydrotrioxides on a silica surface

Hydrotrioxides were synthesizedby low-temperature
ozonatiorof hydrocarbonsibsorbednssilicagel. During
supplyof ozoneon silica with adsorbedubstratea blue
color appearedThe periodof time betweersaturatiorof
the sampleandremovalof unreactedO; shouldbe long
enoughfor HT formationin sufficientyield, but not too
long to prevent HT decompositionin a secondary
reactionwith excessof ozone.We found the optimum
reactiontime to be 1-3h. For further CL investigations
we considered~reon11 and dichloromethaneo be the
most favorable solventsbecauseof their inertness but
their eluting capability is poor. Therefore,we usedan
acetone—Freorl1l mixture as the eluent. Quantitative
determinationof HT concentrationsvas performedby
treatmentof the eluatewith a fourfold excessof PhgP,
then the mixture was warmedto room temperatureand
unreactedriphenylphosphinavas determinedby iodo-
metry. The concentrationof ROOOH was found to be
0.01-0.13v. Owing to the high adsorbtivityof silica at
low temperatures/e wereunableto eluteHT completely,
so the ROOOH yield did not exceedca 30—-60% (with
respecto theinitial substrate).

By makinguseof the aboveprocedurewne synthesized
hydrotrioxides from isopentane, 1,4-dimethylcyclo-
hexane,1,3-dimethylcyclohgane, decalin,adamantane,
andtriphenylmethang1-6):

RH 2 ROOOH

OO0OH OOCH 000
KO O
1 2 3
OOOH OOOH Ph
Ph——‘»ooori
Ph
4 5 6

The low-temperature'H NMR spectraof the eluates
containingROOOHshoweda singlepeakatcal3.3ppm
and two signalsat ca 4.3ppm which disappearedfter
heatingto ambienttemperaturgFig. 1). An increasein
temperaturecausesupfield shifts of theseabsorptions
(Fig. 1) togetherwith a decreaseén their intensity until
complete disappearanceCooling the samplesdid not
leadto any reappearancef the absorptionat 6 13.3and
4.3ppm. It is well establishedthat the *H NMR
absorptionat 6 13ppm is typical of the hydrotrioxide
proton of ROOOH species:® The natureof the absorp-
tion at6 4.3ppmwill bediscussedater. The positionof

J. Phys.Org. Chem.2000;13: 87-96
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Figure 1. Temperature dependence of the '"H NMR spectra of 1,4-dimethylcyclohexane hydrotrioxide. Acetone-ds—Freone 11

(1:1), [ROOOH] =5.1 x 1072 M, [CeHel =8.5 x 103 M

thesignalat13.3+ 0.2ppm(—60°C) doesnotdepencn
the natureof the substituentR. This signalappearsasa
singletat any temperatureand concentratiorusedin the
experimentsin an ethanolds solutionof AJOOOH the
absorptionat ca 13.3ppmwasnot observed.
Hydrotrioxides of alkanesand cycloalkanessynthe-
sized by us have neverbeenobtainedby liquid-phase
ozonation. In contrast, hydrotrioxides of oxygen-con-
taining compounds;® alkylaromatic (cumenej and
cyclopropyl-sibstituted hydrocarbon® 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 concentrationof
reagentson the surface,which cannot be reachedin
solution, especiallyat low temperature Consequently,
ozonationon silica proceeddasterthanin solution****
Second, limited translational motion of adsorbedre-

Copyrightd 2000JohnWiley & Sons,Ltd.

agents,intermediate¥® 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 anisotropic medium,
which stabilizesionic intermediates? in solution such
stabilization is possible only in super-acid$® As
expected earlier/® 2172 carbocation stabilization
favors HT formationin reactionsof ozonewith C—H
bonds.

In this work we have shown that the formation of
hydrotrioxidesis a commonfeatureof dry ozonationof
branchedand cyclic alkanesand alkylaromatic hydro-
carbons.Apparently, the formation of triphenylmethyl
hydrotrioxideis possiblenot only at the surface put also
in solution.However,the low solubility of Ph,CH at ca
—70°C prohibitsthesynthesiof PhhCOOOH.Moreover,
thermal or photochemicalactivation of the transient
complex ArH O3 is expectedto be necessaryfor
triphenylmethandnydrotrioxideformationin solutionas
well as for cumené’ In the caseof dry ozonationthe
polarsilica surfaceplaysa similar activatingrole.

J. Phys.Org. Chem.2000;13: 87-96
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Figure 2. Temperature dependence of "H NMR hydrotri-
oxide proton absorption. () Hydrotrioxide of 1,4-dimethyl-
cyclohexane (2), 5.1 x 107°M; (@) hydrotrioxide —of
adamantane (5), 4.6 x 1072 M

Association of hydrotrioxides in solution

Underall conditionsstudiedthe *H NMR signal of the
ROOOH proton was representedy a singlet (Fig. 1)
which shifts upfield upon warming. Obviously, this
behaviorof the signal testifiesthat hydrotrioxideslike
as hydroperoxidesexist in solutionin associatedorm.
Indeed, the chemical shift temperaturegradients for
hydrotrioxides2 and 5 (AdooofAT=0.9x 1072 and
1.0x 10 2ppm K™%, Fig. 2) are close to that for
hydroperoxides [Aboo/AT=1.1x 102-1.7x
10 2ppm K (Ref. 24)]. Unfortunately, there are no
experimentatiataonthestructureandrelativestability of
ROOOH associatesTherefore,we calculatedthe stabi-
lization energiesof cyclic (9 and10) andlinear (11 and
12) methyl hydrotrioxidedimersusingthe 6-31G(p, d)
basissetwith full geometryoptimization:

Structure Ee_s1cp, ¢ (hartree)  AE (kcal mol %)
CH;OOH —189.80757 —
7 —379.62791 8.0
CH;OOOH —264.57622 —
9 —529.16690 9.1
10 —529.16291 6.6
11 —529.16068 5.2
12 —529.16021 49

It canbe seenthatthe cyclic octatomicdimer 9 is the
moststableof themethylhydrotrioxideassociatesThese
resultsarein accordancewith RHF/6—31Gcalculations
reported early by Koller et al.?®> [14.2kcalmol™*
(1 kcal=4.184kJ)]. However, the absolutevalues ob-
tained by us are more accurateowing to inclusion of

Copyrightd 2000JohnWiley & Sons,Ltd.
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polarizationp and d functionsin the basis set during
geometry optimization. For example, our result for
methyl hydroperoxidecyclic dimer (8) (8.0kcalmol™)
is in goodaccordancavith the experimentalvalues(6.5—
7.7kcalmol™%).2° Obviously,at low temperaturénydro-
trioxides preferably exist as cyclic dimers (9). With
increasingemperaturethe molecularmobility increases
leadingto otherassociatedorms (10-13, which results,
as for hydroperoxide€® in an upfield shift of the
hydrotrioxideprotonsignal.

In the light of the data discussedabove, we can
reconsidethereasongor splitting of the ROOOHproton
signalin the*H NMR spectreof hydrotrioxidesobtained
from the low-temperaturenzonationof alcohols,ethers
andacetals’’°This splitting waspreviouslyassignedo
the presenceof two hydrotrioxide forms with OOOH
bondedeitherintramolecularlyor intermolecularly9—12

"
R o
N O R ~2Y
R—C" H ¢ n
o__ oL o
\O/ (@] o

The differenthydrogenbondsor the different conforma-
tions of associatesvere consideredto lead to distinct
NMR signals®® Our resultsand also data reportedfor
cumyl” anddimethylphenylsilylhydrotrioxides®* 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
accompanieddy infrared and visible CL. Most of the
infrared runswere performedin CH,CI,, sincethe most
intense CL was observedin this solvent. The decay
kineticsof CL dependontheinitial concentratiorof HT,

[ROOOH]}, andon the natureof the solvent.The shapes
of thekinetic curvesof visible andinfraredCL decayare
different. Addition of tert-butyl hydroperoxide(0.1m)

J. Phys.Org. Chem.2000;13: 87-96
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Figure 3. Kinetics of infrared chemiluminescence on
decomposition of isopentyl hydrotrioxide in CH,Cl,: (1) 18;
(2)12;(3)7°C

led to aconsiderablémorethanoneorderof magnitude)
decreasén CL intensityin both spectralranges.

Infrared chemiluminescence. Infrared CL kinetic
curves for the decompositionHTs 1-5 have similar
shapeqFig. 3). After additionof the HT solutionto the
thermostatedeactor,the CL intensityincreasesteaches
a maximum and then decreasesaccording to an
exponentiallaw. The lower the temperaturehe longer
is the time to achievethe maximum(Fig. 3). During the
decompositiorof HT 6, amaximumonkinetic curvewas
not observed,and only an exponentialdecay of CL
intensitytook placein this case.

This curiousbehaviorof CL intensitywith time cannot
ariseasa resultof thermalinstability causedoy addition

of the cold (—70°C) ROOOHSsolution,sincethethermal
equilibriumis adjustedn cal0s.In atypicalrunthetime
requiredto reachmaximumcCL intensitywas100-500s.
The CL decay followed first-order kinetics. From the
temperaturedependenceof the rate constantkyg the
activation parametersof the processwere calculated
(Tablel). Therateconstank increasesvith increasing
initial concentration[ROOOH],.

Thekinetic curvesof infrared CL from decomposition
of hydrotrioxidesl, 2, 4 and 5 havea shapetypical of
reactionswith intermediateproductformation (Fig. 3).
Obviously,this behaviorof CL intensityis causedy the
transformatiorof oneunstablespeciesn to anothemwhen
the cold (—70°C) hydrotrioxidesolutionis addedto the
solventwhichis atasubstantiallyhighertemperaturé—5
to +30°C).

Let us assumethat hydrotrioxidesin solution at low
temperaturearepresentin aform A. Whenthe solution
is heatedor dilutedthe form A decomposesreversibly:

A —— hu(vis) + ... (1)
or reversiblytransformsinto form B:
A=B (2)

The hydrotrioxide in form B also undergoesthermal
decomposition:

B —— hy(ir,vis) +... (3)

Theslowriseof CL intensity(Fig. 3) indicatesthatother
unstable compoundsare presentin solution besides
associatesof hydrotrioxides. This suggestionis con-
firmedby the presencef high-field*H NMR signalsat §
3—4ppm which irreversibly disappearupon heating.
Thesesignalsare not due to anothertype of hydrotri-

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

hydrotrioxides of hydrocarbons

ROOOH [ROOOH} (10 3M)  Solvent,method k(103s1)? Log A (s} Ea (kcalmol™)
1 3.2 CH,Cl,, ir 1.4 11.5+1.2 18.6+ 1.6
1 5.7 CH,ClI,, vis 2.4 6.8+ 0.6 12.2+0.8
2 5.8 CH,Cl,, ir 6.4 7.0+ 0.6 11.94+0.7
2 7.8 CH,Cl,, vis 8.1 7.1+0.4 11.9+0.6

C 7.8 Acetone,vis 32.6 6.7+0.9 10.6+1.2
24 7.8 Acetone,vis 3.4 51+1.8 9.8+2.3
4 6.5 CH,Cly, ir 4.1 9.2+0.9 15.0+1.2
4 4.0 CH,Cl,, vis 7.0 10.2+0.7 16.0+ 1.0
5 6.4 CH,Cly, ir 8.2 9.5+0.9 15.0+0.9
5P 2.1 CH,Cl,, ir 6.0 14.0+ 1.4 21.0+1.9
5 3.7 CH,ClI,, vis 10.6 9.3+0.7 14.6+0.9
5 2.3 Acetone,vis 5.8 129+ 1.4 19.6+1.9
6 7.4 CHLCly, ir 53.5 9.0+ 0.9 13.3+1.3
& Calculatedat 10°C.

b ROOOHwaselutedwith Freonll—ghanoldg
€ First part (kyis').
4 Secondpart (kyis').

Copyrightd 2000JohnWiley & Sons,Ltd.
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oxide, e.g. a secondaryhydrotrioxide, since OOOH
alwaysgivesabsorptionnears 13 ppm. Moreover,low-
temperature ozonation of hydrocarbonson a silica
surface proceedsselectively and affords the tertiary
alcoholsaspredominant>98%)products’ We presume
thatthis additionalintermediatas formedby thereaction
of hydrotrioxidewith the solventacetone.
Hydrogenperoxid€? andalkyl hydroperoxide®*are
known to react readily with aliphatic and alicyclic
ketoneggiving a-oxyhydroperoxideandoa-oxyperoxides
(13), respectively evenwithout acid or basecatalyst:

Me Me
ROOH + \c—o ROO (l: OH
W | @
€ Me

Apparently,a similar reactiontakesplgcein asolution
of ROOOH in acetone,affording 2-alkyltrioxy-2-oxy-
propane(14). Reaction(4) proceedsas a nucleophilic
addition at a rate dependenbn hydroperoxideacidity,
and thereforeon the degreeof activation of the ketone
carbonylgroupby protonsratheron the reactivity of the
hydroperoxidatself >3 Hencemoreacidichydrotrioxides
would reactwith ketonesmorereadily.

The values of the forward and backward reaction
constants(5.3x 10 % Imol™* s ' and1.2x 103 s 1,
respectively)and the value of the equilibrium constant
(2.9 I mol™?) for the reactionof tetralyl hydroperoxide
with acetone(20°C)*® 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
constantdfor the reactionof cyclohexyl hydroperoxide
with cyclohexanoneat —60°C (3.8 x 10° I mol™?) and
25°C (6.6 | mol™1),** one must assumethat hydroper-
oxide (1072 M) in neatketonewould exist preferablyas
adductl3 at low temperatureAfter 10-fold dilution and
warming of the solution to ambient temperaturethe
contentof adductwould decreaseo ca 10%.

We thereforeattributedthe hydrotrioxide (monomer,
cyclic or linear dimer) to form B that gives NMR
absorptiorat 6 13.3ppm.Adduct14 correspondso form
A andrepresentsin essencean unsymmetricaldialkyl
trioxide. Apparently,the absorptionsat 6 3—4ppm arise
from the intermolecularand intramolecularhydrogen-
bondedorotonof thehydroxygroupof adductl4. Dialkyl
trioxides are less stable than hydrotrioxide$® and
decomposehroughhomolysisof an OO—O bond with
formationof alkoxy andperoxyradicals®® The hydroxyl
groupin the adductl14 destabilizeghe adjacentO—OO
bondevenmore:

I\l/[e I\l/Ie
ROOO—?—OH —» ROO: +-O—?—OH
Me Me

14

Owing to irreversibledecompositionreaction (1)] and

Copyrightd 2000JohnWiley & Sons,Ltd.

adjustmenbf equilibrium (2) uponheatinganddilution,
adduct14 (6 3—4ppm) is exhaustedmore rapidly than
hydrotrioxide(é6 13 ppm),which is clearly confirmedby
the '"H NMR data(Fig. 1).

Recently,Plesniar et al.”” showedthat low-tempera-
ture ozonationof isopropyl alcohol affords significant
amountof hydrogertrioxide in additionto hydrotrioxide
ROOOH (H,03:ROO0H=0.6:1). The following
schemewasproposedo explainH,O3 formation:

#
CHy  H CH3\8-/H""0\O CHy . -OOOH
o +0; —> C | — C
3/ “oH 7N\ 50 /N

|37

cHy” o cHy” OH cH;y” OH
CH; ,OOOH / l
PN OH
cHy”’ “oH

!
CH,—=C—CH; + HOOOH

According to this scheme,abstractionof a hydrogen
atomfrom the methyl groupof 2-hydroxypropylradical

by HO3 with formation of H,O5 proceedsat almostthe

samerate asrecombinatiorof trioxyl andalkyl radicals
which leadsto ROOOH.Takinginto accounthatHO; is

very labile®®> and decomposeswith a rate constant
1.1x 10° s * evenin acidic solution® one cansuggest
anotherroute leading to H,Os. We considerthat the

initial reaction of alcohol with ozone affords only

hydrotrioxide, which further transformsreversibly into

hydrogentrioxide andacetone:

CHs__OOOH CHy
C JR——
VARS .
3

OH CH;

C=0 + HOOOH
CH,

With thesedatain hand ,we canexplaintheregularities
of theCL kinetics.Thekineticfeaturesf theinfraredCL
upondecompositiorof hydrotrioxidesl-5becomeclear
if oneassumethatCL emittersareformedin reaction(3)
but not in reaction(1). Thus, the infrared CL reflects
accumulationand depletionof associate®. The top of
thekinetic curvescorrespondso themomentwhenA has
almost disappearedand the concentrationof B has
reacheda maximum. After the maximum the infrared
CL kinetics representhe decompositionof a hydrotri-
oxide in form B. The equilibrium adjustsmore rapidly
andthe maximumappearsfter a shorterperiod of time
as the temperatureis increased(Fig. 3). Perhapsthe
absenceof a maximumin the infrared CL kinetic curve
upon decompositionof triphenylmethanehydrotrioxide
(6) is accountedor by a stericallyhinderedandtherefore
slower backwardreaction (2) resultingin a negligible
proportionof adductl4.

Visible chemiluminescence. In acetonethe visible CL
on adamantylhydrotrioxide (5) decompositiondecayed
accordingto an exponentiallaw, whereasfor other HTs
the CL decaywasdescribedy a biexporentiallaw. In the
caseof HT 2 we succeededn evolving biexponential

J. Phys.Org. Chem.2000;13: 87-96



DECOMPOSITIONOF HYDROTRIOXIDES 93

600

200 -

I, arbitrary units

0 100 200 300 400 500
5s

Figure 4. Kinetics of visible chemiluminescence on decom-
position of adamantyl hydrotrioxide in CH32CI2 at 12°C; (1)
7.1x1073%(2)25x 1073 (3)2.1x 1077 (4 1.5x 10°3;
(5) 0.4 x 10> M

componentsand determining rate constantsky,s' (first
part) and kys" (second part) and their activation
parameterg¢Tablel). ForHTs 1 and6 thefirst component
wasvery fastandcloseto therespons constanbf the CL
set-up,soit was impossibleto calculateky,s'.

In dichlormethanethe kinetic curvesof CL intensity
for all ROOOHSstudiedhada commonappearance fast
first and slower secondregions (Fig. 4). There are no
differencesn the spectraof the first andsecondpartsof
CL curve.Whentheinitial concentratiorof the HT was
increaseda small maximumappearedetweenthe first
and secondpartsof the kinetic curve (Fig. 4). The most
dramatic effect was observedfor HTs 5 and 1; the
maximumwas less pronouncedor other ROOOH and
washot observedor HT 6. Thekinetic curvesof the CL
decayfollow an exponentiallaw. The dependencesf
kvis on temperatureand the initial concentrationof
ROOOHarepresentedn Tablesl and?2.

Kinetic curvesof visible CL canreadilybeexplainedf
oneassumeshatbothreactiong1) and(3) producelight
emitters. The first rapid region representsadduct A

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

[ROOOH}, (103 m) k(@10 3s™
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

Copyrightd 2000JohnWiley & Sons,Ltd.

depletionin reactions(1) and(2). The next slow region
correspondso full conversiorof A into B andrepresents
thedecompositiorkineticsof thelatter.Dependingnthe
reaction conditions (e.g. temperature,solvent, initial
hydrotrioxideconcentratiorandradiationquantumyield
of emitters),the maximumin the kinetic curvesmay be
moreor lessexpressear absent(Fig. 4).

Mechanism of decomposition of hydrotrioxides

CL in thevisible andinfraredregionsupondecomposition
of hydrotrioxides is a well-known phenomenori®4°
Infrared CL arisesfrom radiation relaxation of singlet
molecularoxygen®Aq O,,****which forms directly from
ROOOH or from the disproportionation of peroxy
radicals.The latter processalso gives emittersof visible
CL. Theperoxylsareformedeitherdirectly from ROOOH
or throughinvolvmentof a solventin the radicalprocess.

The radical spin adductsproducedby the decomposi-
tion of the hydrotrioxides3 and5 in the presencef the
spin trap PBN indicate the generationof free radicals
during the thermolysisof hydrocarbonhydrotrioxides.
We assignedthe EPR signal consistingof triplets of
doublets(ay = 1.33mT, a4’ =0.20mT) to an adductof
PBN with an alkoxy radical which is formed directly
uponthe hydrotrioxidedecompositior{form A andB) or
on rearrangemenbf the PBN adduct with a peroxy
radical?®#® In the caseof adamantylhydrotrioxide an
additionalweaktriplet signal(ay = 0.79mT) appearedit
wasassignedo benzoyltert-butylnitroxide producedoy
direct oxidationof PBN by hydrotrioxide?®-3

Theyield of radicalsduringthe decompositiorof HTs
varies from zero (ethanol hydrotrioxidé) to almost
quantitative(cumyl hydrotrioxide). It is believedthatin
most cases the decomposition proceeds through a
concerted mechanismwith a small fraction along a
radical path®® Visible CL is not observedf the radical
pathis notdistinguished'* Hencethe behaviorof visible
and infrared CL can be explained accordingto the
schemebelow (SH denotesa solventmolecule):

l\l/Ie I\l/Ie
ROOO—(li—OH —> ROO + -0—(|:—0H %)
Me Me
l\l/Ie 0 I\l/[e
2
HO—C|—0-+SH —»HO—(IJ—OH+SOO~ (6)
Me Me
Al I02 +...
SO0 +ROO- — €
L >C:O* + ...
I\I/Ie Me\
ROOO—C—OH ROOOH + c=0 ®)
l\l/[e Mg
ROOOH - [RO- + -O0H] )
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P3

10,+ ...
[RO- + -O0H] —| (10)
L RO +-O0H
RO- + ROOOH —» ROH + RO + 0, (1)
0,
RO-+SH —» ROH + SO0- (12)
LAY
SO0 + SO0 — (13)
(4

—— >C=0*+ ..

At low temperaturesn acetonesolution the trioxide
existspreferablyasthe adductl4. Injection of a portion
of this solutionin to a ‘hot’ (-5 to +30°C) solvent
acceleratetheforwardreaction(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 affording peroxyradicals,
predominantlyCl,CHOO andCH;COCH,0O'. Dispro-
portionation of peroxyls leadsto formation of singlet
molecular oxygen and excited carbonyls (Cl,CO and
CH3;COCHO). We considerthat homolysisof 14 is an
effectiveradicalinitiation processln arecentpaper® we
have shownthat almostall radicalsformed during the
decomposition of di(tert-butyl) trioxide escape the
solventcage.

Hydrotrioxide ROOOH (form B) decomposeaccord-
ing to reaction(9). The radical pair [RO" ‘OOH] either
disproportionatesn the solvent cage giving molecular
singlet oxygenwith efficiency o5 or escapedhe cage
[reaction (10)]. Free radicals induce hydrotrioxide
decompositiorjreaction(11)] andalsogenerateeroxyls
from the solvent[reaction (12)]. As mentionedabove,

8 10 12 14 16 18 20 22 24
E,, kcal/mol

Figure 5. Compensation dependence of the activation
parameters of infrared and visible chemiluminescence decay
on thermal decomposition of hydrocarbon hydrotrioxides.
(O) Infrared CL; (O) visible CL (underlined); for alphabetical
indices, see Table 1

Copyrightd 2000JohnWiley & Sons,Ltd.

disproportionatiorof peroxylsleadsto *O, and excited
carbonylcompounds.

Onecanconsidetthatsingletoxygenis generatednore
efficiently in the cagethanfrom peroxylswhich escaped
thecageps > ¢1, @1'. Actually, hydrotrioxidesgenerate
singlet oxygen with high efficiency?°** while dispro-
portionation of peroxyls usually gives small yields of
10,46 At the same time, the formation of excited
carbonyls in reactions (7) and (13) proceedswith
comparableefficiencies,p, = ¢,'. Suchratios of quan-
tumyields explainthe absencef infraredCL in thefirst
stageof theHT decompositiorandthetwo regionsin the
kinetic curvesof visible CL.

Theimportantrole of radicalsin the generatiorof CL
emittersis confirmedby dramatic (more than 10-fold)
attenuatiorof visible andinfrared CL in the presencef
tert-butyl  hydroperoxide (BUu'OOH).  Addition
of BU'OOH to the hydrotrioxide solution leadsto fast
(k12=2.5x 108 mol~*s %)*’ exchangeof alkoxy and
hydroperoxyradicalsthat escapedhe solventcageon
tert-butylperoxyl$°48

RO + BU'OOH — ROH + BUu'OO (14)

The concentratiorof BU"OOH (0.1M) is high enoughto
associateffectively with hydrotrioxideandthusto play
therole of a cagefor theradicalpair [RO" "OOH]:

[RO + OOH]| + BUOOH — ROH+ BUu'OO + HOO
(15)

Disproportionation of tert-butylperoxyls in non-polar
solventsdoesnot lead to the formation of visible and
infraredCL emitters®>*®Sincequenchingpf CL emitters
by hydroperoxides negligible, the only explanationfor
the CL attenuationis the exchangeof radicalsaccording
to reactions(14) and (15). Residual CL arisesfrom
incomplete capture of RO" and HOO' radicals by
hydroperoxide.

Therefore,the secondpart in the kinetic curves of
visible andinfrared CL reflectsthe thermaldecomposi-
tion of hydrotrioxidein the form B. In addition to the
equilibrium [reaction(2) or (8)], the kinetics of the CL
decaycanalsobecomplicatedoy induceddecomposition
of hydrotrioxide. Thus, the rate constantsobservedare
effectivevaluesthatreflecttheirdependencentheinitial
concentrationof hydrotrioxide (Table 2). Hence the
activationparametersarealsoeffectivevalues.Ilt canbe
seenfor the activationparametergresentedn Table 1
that a linear dependencécompensatioreffect) between
thelogarithmof the A factorandthe activationenergyof
the CL decayis observedFig. 5):

logA = (—1.66+ 0.55) + (0.74 4 0.04)Ex

This dependencendicatesa commonmechanisnfor the
J. Phys.Org. Chem.2000;13: 87-96
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decompositiorof the hydrotrioxidesstudied.Moreover,
the activation parametersfor the decomposition of
various ROOOH do not dependon the nature of the
substituentR, but only on the initial hydrotrioxide
concentration. Quantum chemical calculations also
indicatethatthe RO—OOHbonddissociationenergyis
independenof the natureof R.224°

The experimental and theoretical values of the
activation parametersobtained earlier for the thermal
decompositiorof organictrioxidesobeysatisfactorilythe
compensationdependencedepicted in Fig. 5: log
A=16.4 s !, E,=23.9kcalmol™* (Ref. 7) (cumene
hydrotrioxide), log A=17, Ex =23 (Ref. 50) and log
A=14.5E, =20.8(Ref. 35) [di(tert-butyl) trioxide], log
A =16, Ep =23 (Ref. 51) (theoreticalestimation).This
testifies to a common mechanismfor the trioxide
decompositionwhich proceedsvia homolytic cleavage
of the R"O—OOR bond.

CONCLUSIONS

Theformationof hydrotrioxidesin the reactionof ozone
with C—H bonds appearsto proceedthrough ionic
intermediates.This mechanismcan be realizedonly if

stabilizationof theionic intermediate®y aheteroatonor
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 decompositionof the hydrotrioxides
studied is accompaniedby radical formation and by
infraredandvisible CL. Hydrotrioxidesof hydrocarbons
self-associatén solution and react reversibly with the
solvent acetone. This reaction results in a complex
characternf the kinetics of CL decay.The natureof the
alkyl substituentR doesnot affect the rate constantfor
ROOOHdecomposition.
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