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Oxyfunctionalization of Hydrocarbons. 1. Protolytic 
Cleavage-Rearrangement Reactions of Tertiary Alkyl 
Hydroperoxides with Magic Acid 
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Abstract: Magic acid catalyzed cleavage-rearrangement reactions of a series of re/7-alkyl hydroperoxides were studied. Sim
ilar reactions were achieved by treating directly the corresponding tertiary alcohols with hydrogen peroxide and magic acid. 
For ferf-butyl hydroperoxide both O-O and C-O cleavage reactions were observed, depending on reaction conditions. The 
intermediate carboxonium ions generated from O-O cleavage reactions were examined by 13C NMR spectroscopy. 

Introduction 

The reaction of hydrogen peroxide with tertiary alcohols 
in the presence of acid has long been used for preparation of 
hydroperoxides. For example, reaction of tert-buty\ alcohol 
with hydrogen peroxide together with a catalytic amount of 
concentrated sulfuric acid at 0-5° gives tert-butyl hydro
peroxide in good yield (eq I).2 '3 

Ri 
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C H 1 - C - O H + H2O2 
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Hv 

CH3 

CH 3 -C—0—OH (1) 

CH3 

The reaction was assumed to proceed via an S N I path
way (eq 2), although in some cases such as that of 2-phenyl-
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butan-2-ol , part ial participation of an SNi mechanism (eq 
3) could not be completely ruled out.4 

Hydroperoxides themselves react with acids, depending 
upon conditions, and acid-catalyzed rear rangement and 
cleavage reactions of part icularly alkaryl hydroperoxides 
such as cumyl hydroperoxide have been extensively investi
gated. 5 The initial step involves protonation at either oxy
gen a tom, leading to the two conjugate acids 1 and 2 (eq 4) . 
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1 can undergo C-O heterolysis forming hydrogen peroxide 
and the corresponding carbenium ion (eq 5), while for 2 
cleavage of the oxygen to oxygen bond results in formation 
of water and the corresponding highly energetic oxenium 

H 
R 2 - C — 0 O H 

R3 

R 2 - C + + H2O2 

R3 

ion 3; the latter immediately rearranges to the alkylated 
(arylated) ketone (carboxonium ion) 4 which then reacts 
further, depending on conditions employed (eq 6). 
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Oxenium ions of type 3 have never been observed as long-
lived species in solution,6 and it may well be tha t a concert
ed alkyl (aryl) shift and elimination (eq 7) follows the ini
tial protonation. 

0 + R 2 - C — C O H , 1 ^' 
R3 

R 2 ^ ^Ri 
^ C = O ; + H,0 (7 

R3 

The relative migratory apt i tude of the R group shows the 
trend phenyl > vinyl > cyclopentyl > propyl > ethyl > 
methyl . 5 Hydrogen was shown to be m propyl.1 0 

tert-Butyl hydroperoxide is remarkably resistant to acid-
catalyzed rear rangement . Sulfuric or perchloric acid in ace
tic acid failed to induce rear rangement , the reaction occur
ring via C - O heterolysis resulting in formation of 2-methyl-
propene and hydrogen peroxide.8 In the presence of boron 
trifluoride, tert-butyl hydroperoxide yielded some acetone 
and methanol . 9 More recently, however, Deno, using 9 0 -
9 8 % sulfuric acid at 25° , showed that exclusive O - O heter
olysis occurred followed by methyl migration and hydroly
sis, giving acetone and methanol . 

H2SO4 

( C H 3 ) 3 C O O H —*• ( C H 3 ) 2 C O (100%) + 

C H 3 O S O 3 H (100%) (8) 
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Table I. ' 3C NMR Parameters of rm-Butyl Systems" 

Compound 

ten- Butyl hydroperoxide 
ten- Butyl peroxide 
ten- Butyl alcohol 
Di-rer?-butyl ether b 

13C chemical shift, ppm 

- C - O - -CH 3 

80.73 25.89 
78.15 26.69 
68.68 30.99 
76.3 33.8 

o- CDCl3, internal Me4Si. b G. A. Olah and H. Lin, Synthesis, 315 
(1975). 

Scheme I 
CH3 CH3 

H+ 

CH3-C—OOH =*= CH3-C—COH2 

CH3 

5 

CH3 

1CH3. ^-CH3 

,CB 
^ C = O + 4 + H2O 

Interested in hydrocarbon functionalization reactions, we 
have now carried out a study of the reactions of tert-bnty\ 
hydroperoxide with superacids such as magic acid. We 
found that by varying the amount of acid used both path
ways (eq 5 and 6) could be observed. Our studies were also 
extended to the effect of strong acids on other tert-a\ky\ hy
droperoxides by both direct and indirect methods. The lat
ter involved reacting the corresponding tertiary alcohol in 
situ with hydrogen peroxide" and magic acid, while in the 
former, the hydroperoxide itself was added to the acid solu
tion. Moreover, use of superacid media enabled direct ob
servation of the carbocationic intermediates formed in the 
acid-catalyzed transformations of hydroperoxides, thus al
lowing to unequivocally establish the mechanism of the re
actions. 

Results and Discussion 

Preparation and Carbon-13 NMR Spectroscopic Analysis 
of Alkyl Hydroperoxides. The re/7-alkyl hydroperoxides used 
in our study were usually prepared by the acid-catalyzed al-
kylation of hydrogen peroxide, and were analyzed as de
scribed by Hiatt.12 Although this method is fairly reliable 
for hydroperoxide determinations, it tells nothing of the na
ture of any impurities present. Instrumental methods, e.g., 
ir, 1H NMR, Raman, and uv spectroscopy have also been 
employed for identification of impurities such as alcohols 
and peroxides contained in hydroperoxides.13 However, 
overlapping absorptions often make peak assignments diffi
cult. 

FT 13C NMR spectroscopy was found to be a most con
venient method for the analysis of alkyl hydroperoxides. 
The carbon shifts of the hydroperoxides are significantly 
different from those of the starting alcohols, as well as the 
corresponding peroxides. This is illustrated for the tert-
butyl systems in Table 1. 

We were able to detect the presence of impurities at lev
els of about 5% or less. For example, 1% of ferf-butyl alco
hol could be detected in tert-b\i\.y\ peroxide after ~400 
transients. Furthermore, the 13C NMR method has the ad
vantage of determining the nature of the impurities. 13C 
NMR parameters of the other hydroperoxides studied to
gether with those for the corresponding alcohols are given 
in Table II. 

Reaction of Alkyl Hydroperoxides with Magic Acid. 
ferf-Butyl Hydroperoxide. Careful addition of an equimolar 
amount of /er?-butyl hydroperoxide (5) in SO2CIF at —78° 
to a well-stirred solution of magic acid in SO2CIF at —78° 
gave a vigorous reaction. 1H and 13C NMR spectra of the 
resultant clear pale yellow solution were consistent with re
action via O-O cleavage, as were the spectra obtained when 
a twofold excess of magic acid was employed. The latter 
spectra were more clearly defined as the protonated oxygen
ated species were "frozen out" under these conditions, the 
reaction occurring as shown in Scheme I. 

The water formed in this reaction (particularly when the 
concentration of excess superacid is lower) can readily hy-
drolyze the dimethylmethoxycarbenium ion (6) yielding ac-

13C NMR 1, 27.01; 2, 32.2; 3, 24521; 4, 68.81 
1H NMR 1,2, 3.37; 4, 5.20 

Table II. 
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OOH ^ 3 

CH3 

I /-
C H 1 - C - C H 
•' 1 I 2 \ . 

CH, 

OH 
CH3 

CH3 

CH, 
4 I ^ O O H 

84.16 32.14 24.44 9.35 

71.0 36.56 28.70 8.77 

85.14 34.08 21.0 17.6 

73.05 38.88 26.44 17.77 

92.1 36.86 24.88 23.59 

79.7 41.3 28.33 24.15 

77.28 35.47 26.0 24.9 22.53 

69.76 39.66 29.67 26.0 22.1 

CH2CH3 

CH1-C-OOH 85.11 28.75 20.7 8.0 
I 
CH2CH1 

CH2CH1 

I 
CH-1C-OH 72.92 33.97 25.9 8.29 
" " I 

CH2CH1 

a In CDCl3, internal Me4Si. 

etone and methanol, both being observed as protonated 
species (Scheme II). 

On reacting 5 with a fivefold excess of magic acid, 1H 
and 13C NMR showed formation of the trimethylcarben-
ium ion14 (7), together with absorptions due to the interme
diate ion 6, protonated methanol, and protonated acetone. 
Formation of 7 which occurred to the extent of 15% implies 
that with a large excess of magic acid C-O cleavage com-

CH1 

1,-OH 
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Scheme II 

CH3 CH3 ,CH3 H 
^;c=o; + H,O ^U j x = o ; + CH3OH2 

CH3 2CH3 > 2 

13C NMR I 31.6; 2, 30.21; 3, 248.53, 1, 6201 
1H NMR 1,2, 3.47; 4, 14.30, 1, 4.80, t, J = 4 Hz; 2, 9.50, q, J = 4 Hz 

petes effectively with O - O cleavage, as shown in Scheme 
III . 

Scheme III 

CH3 CH3 

H 
CH 3 —C—OOH + H + = ^ = C H 3 - C — 0 — O H =^= 

CH3 CH3 

X H 3 

C H 3 — C + + H2O, 

J 
CH3 

7 
13C NMR 1, 335.67; 2, 47.78 
1H NMR 2, 4.30 

Whereas the reaction of tert-b\ity\ hydroperoxide with 
perchloric acid yields products from C-O heterolysis8 the 
reaction with a twofold excess of magic acid gives exclusive 
O-O cleavage, while a fivefold excess of magic acid yields 
products via both O-O (85%) and C-O (15%) cleavage 
pathways. 

The differing reactivity can readily be explained as being 
due to the overall reversibility of the reaction shown in 
Scheme III, i.e. 

CH3 CH3 

I I 
C H 3 - C — 0 O H + H + ^ C H 3 — C + + H2O2 

CH3 CH3 

Under milder acid conditions,8 the t r imethylcarbenium 
ion (7) is readily lost to the equil ibrium, isobutylene being 
formed via proton elimination. Under more severe acid con
ditions 7 is s table, and thus a t rue equil ibrium can exist. 
Protonat ion of the end oxygen in 5 removes 5 from the equi
l ibrium, consequently forcing the reaction to the left. This 
type of preequi l ibr ium reaction is known to interfere with 
ra te studies in the acid-catalyzed rear rangements of hydro
peroxides,1 5 and in some cases olefins and peroxides have 
been formed as by-products . 1 6 

With a large excess of magic acid, however, it is quite 
likely that hydrogen peroxide formed from C - O heterolysis 
will be protonated, and hence its nucleophilicity reduced, 
resulting in the observation of the t r imethylcarbenium ion. 
Tha t a large excess of acid is necessary to deact ivate the hy
drogen peroxide is not surprising since it has been es t imated 
that hydrogen peroxide is more than a million t imes less 
basic than water . 1 7 It has also been shown tha t typical acids 
in strong hydrogen peroxide have about the same conduct
ing power as their salts, suggesting tha t the proton has a 
normal mobility in hydrogen peroxide, in contras t to the ab
normal conductance of the proton and hydroxyl ion in 
water . 1 8 

W e subsequently studied the behavior of hydrogen perox
ide in magic acid. The 1 H N M R spect rum of a usual sam

ple of 1:1 magic acid shows the acid proton peak at 8 12.2 
and generally a hydronium ion impur i ty peak at ca. <5 9.9. 
For the sample of magic acid used, the hydronium ion peak 
was ~ 8 % of the acid peak. Addit ion of 0.02 g of hydrogen 
peroxide (98%) 1 9 to magic acid (1 g in S O 2 C l F at - 7 8 ° ) 
increased the relative intensity of the hydronium peak to 
1 1 % of the acid peak and this was increased to 18% by addi
tion of a further 0.04 g of hydrogen peroxide with no ob
servable broadening or appreciable change in chemical 
shift. However, on addit ion of a further 0.04 g of hydrogen 
peroxide to the acid solution, the ' H N M R spect rum 
showed broadening such that no peak was discernible from 
the baseline. Higher concentrat ions, ca. 0.1 g of hydrogen 
peroxide in 1 g of magic acid, show a single broad peak in 
the 1 H N M R spectrum at - 7 0 ° at 5 10.7. The 1 H N M R 
results indicate that at low concentrat ions ( < 0 . 0 6 g of 
H 2 O 2 in magic acid) a rapid exchange is occurr ing between 
the hydronium ion and hydrogen peroxide, the equil ibrium 
presumably being well to the left, 

H 2 O 2 + H 3 O + — H 3 O 2
+ + H 2 O 

while at the higher concentrat ions, complete exchange be
tween hydrogen peroxide, the hydronium ion, and acid oc
curs . Thus the failure to observe static protonated hydrogen 
peroxide is in agreement with previous studies.1 6 '1 7 

The observation that the t r imethylcarbenium ion was re
act ing reversibly with hydrogen peroxide under our reaction 
conditions prompted the carrying out of quenching experi
ments in which 7 generated under stable ion conditions was 
t reated with hydrogen peroxide. The addition of a solution 
of tert-butyl chloride, tert-b\xiy\ alcohol, or isobutane, and 
hydrogen peroxide in S O 2 C l F to an S O 2 C l F solution of 
magic acid ( 2 - 3 molar excess) yielded the oxonium ion (6) 
together with some acetone and methanol (Scheme IV). 

Scheme IV 
CH3 CH3 

I SOXlF I , H A 
C H 3 - C — X + FSO3H—SbF5 — — • CH3-

•i i ° -78° 

CH3 

CH3 

CH 3 -C—O—OH =^* CH3 

I + 

CH3 CH3 

X = OH, Cl, H 

Similar results were obtained when the t r imethylcarbenium 
ion was added directly to an S O 2 C l F solution of hydrogen 
peroxide. This lat ter method, however, can result in explo
sive react ions 2 0 and therefore in the studies of other ter t iary 
alkyl hydroperoxide systems the former method was used. 

In the reactions of other tert-aXkyX hydroperoxides stud
ied under similar conditions described for tert-b\iiy\ hydro
peroxide, we failed to detect any ca rben ium ion intermedi
ates, reflecting the high stability of the t r imethylcarbenium 
ion.21 The spectra obtained from these react ions were con
sistent with products formed from O - O heterolysis. How
ever, we were able to observe the in termedia te carboxonium 
ions in the rea r rangement reaction of a number of tert-a\ky\ 
hydroperoxides. Identical intermediates were also formed 
when the corresponding ter t iary alcohol was t rea ted with 
hydrogen peroxide and magic acid, and indeed this later 
method often gave cleaner 1 3C N M R spectra. However, 1 H 
N M R spectra obtained from the reactions employing hy
drogen peroxide usually showed poor resolution due to dis-
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Table III. 13C NMR Parameters of Intermediate Carboxonium Ions 

Oxonium 
ion Structure 

Chemical shift, ppm<z 

0CH3 

245.1 68.81 32.2 27.01 

"3X +S-
"C=O / 

,CH3 

.CH 3 

CH3 JCH 

JP=O CH3 

'CH, 

243.13 

240.72 

82.47 32.37 27.27 13.03 

95.09 32.68 26.72 20.76 

12 

13 

CH3CH, CH,CH3 

C = O / ' 
6CH3CH, 

X)+ 

247.92 

241.8 

80.74 34.3 28.72 13.04 

84.63 37.73 30.17 20.46 

11.03 

14.72 

8.05 

15 
^0+ 

248.61 87.35 40.24 32.83 28.38 25.23 21.49 

4CH3 + CH2CH3 

19 ^C=O 6 243.64 
CH3CH3 

. C H N . + 

20 / 6 = = 0 \ 
CH3CH2 C H , C H J 
6 3 2 .5 

246.57 

U.57 39.86 25.27 

80.52 

12.05 

33.80 28.70 12.05 

5.25 

7.49 

a SO2ClF, external Me4Si, -40° 

solved oxygen. The 13C NMR is not affected by broadening 
since carbons have longer relaxation times than protons. 
The studied reactions are described subsequently and the 
13C NMR parameters of the intermediate carboxonium 
ions are summarized in Table III. 

terf-Amyl Hydroperoxide. 7m-Amyl hydroperoxide was 
reacted with magic acid as outlined in Scheme V. tert-
Amyl alcohol with hydrogen peroxide and magic acid be-

2,3-Dimethyl-2-butyl Hydroperoxide. The carboxonium 
ion intermediate (9) was obtained by protolysis of the hy
droperoxide or via the alcohol-hydrogen peroxide route. 
The reaction was complicated by isopropyl alcohol formed 
from hydrolysis of 9, reacting further to yield the rerf-hexyl 
cation etc.23 (Scheme VI). 

3,3,2-Trimethyl-2-butyl Hydroperoxide. The procedure 
described by Winstein and Hedaya24 for the preparation of 

Scheme V 
CH2CH3 

CH3—C—OOH 

CH2CH, 

CH3' 

H + 
C = O f + CH3CH2OH2 

haved similarly; however, in this system the intermediate 
carboxonium ion (8) was less affected by hydrolytic cleav
age. No products arising from methyl migration could be 
found. This was the case in all systems studied where there 
was a choice of migrating group. 

Scheme VI 
CHQ CH: 

CH3' 

CH3 

CH3 C C' 

^.CH3 

^ C = O + XCH 3 

CH3 . 
/ C = O f 

CH3 

H 

9 

CH3 

CH3 

+ 
+ / C H ^ 
CH 

CH, 
v — H2OCH^ 

TH3 CH 

10 
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3,3,2-trimethyl-2-butyl hydroperoxide gave low yield. How
ever, the rearrangement reaction of the 3,3,2-trimethylbutyl 
system was studied by way of the reaction of 3,3,2-trimeth-
ylbutan-2-ol and hydrogen peroxide with magic acid. As ex
pected, the /erf-butyl group migrated to the total exclusion 
of methyl migration. The initial carboxonium ion (11) 
formed in this reaction was not stable and readily cleaved to 
give acetone and the trimethylcarbenium ion. The latter un
derwent further reaction with excess hydrogen peroxide 
present in the system, yielding the oxonium ion 6, (Scheme 
VII). 

Table IV. Baeyer-Villiger Oxidation of Ketones 

Scheme VII 

CH3 CH3 

C H 3 - C C - C H 3 + H2O2 

CH3 OH 

CH3 

C - C H 3 

MA 
CH3 

CH3 

. /I 
/ C = O + CH3 

CH3 / C H 3 H 0 / M A 

"^C=O + +-^ CH3 

CH3 

CH3 

-C+ + 
CH3 

CH 
C=O 

CH3 

1,1-Diethylpropyl Hydroperoxide. The 13C NMR spectra 
of the resultant solution from the reaction of 1,1-diethylpro-
panol with hydrogen peroxide and magic acid showed clear
ly the presence of the intermediate diethylethoxycarbenium 
ion (12) together with its hydrolysis products pentan-3-one 
and ethanol (Scheme VIII). 

Scheme VIII 

(CH3CH2)3C—OH + H2O2 
H+ 

(CH3CH2)3C—0OH2 

CH3CH2. /CH2CH3 H n CH3CH2 y 

^ C = 0 ^ ^ > = 0 ^ 
CH3CH2 

H 

CH3CH; 
12 + 

CH3CH2OH2 

The 1H NMR spectrum of the solution showed broad un
resolved signals. However, the chemical shifts for the meth
ylene protons in ethanol and in 12 were sufficiently dis
placed (5 5.17, 5.50 ppm, respectively) to allow integration 
which showed the ion 12 to be present to the extent of ap
proximately 50%. 

Some small impurity peaks were also observed in the 13C 
NMR spectra. In particular one peak at 5i3C 194 (10% of 
the peak height of the carbonyl carbon in 12), suggested the 
presence of an ester moiety. An ester would be an expected 
by-product in this reaction, since it could be formed via the 
Baeyer-Villiger oxidation of pentan-3-one. The feasibility 
of this side reaction was shown in separate experiments in 
which we induced the Baeyer-Villiger oxidation of a num
ber of ketones under similar conditions employed for the al
cohol/hydrogen peroxide/magic acid reactions. 

The 1H N M R and 13C N M R spectra of the final reac
tion mixture for the ketones studied gave the results indicat
ed in Table IV. 

1-Methylcyclopentyl and 1-Methylcyclohexyl Hydroper
oxides. The acid-catalyzed rearrangements of 1-methylcyc-
lopentyl hydroperoxide25 and 1-methylcyclohexyl hydroper
oxide26 have previously been reported. Reaction was in-

Ketone 
% yield of ester 

and hydrolysis products 

Butan-2-one 
Pentan-3-one 
Heptan-4-one 

40 
66 
10 

duced in concentrated sulfuric acid, and the products isolat
ed were, for 1-methylcyclopentyl hydroperoxide, unspeci
fied yield of 7-hydroxyheptan-2-one. Deno10 observed a 
similar reaction upon the addition of 1-methylcyclopentanol 
and 1-methylcyclohexanol, respectively, to solutions of 
K2S208 in 20-60% H2SO4 , obtaining the cyclic carboxo
nium ions 13 and 15. 

We examined these systems by both addition of the hy
droperoxide to magic acid and by reaction of the alcohols 
with hydrogen peroxide and magic acid. For the 1-methyl
cyclopentyl systems the spectra obtained were consistent 
with exclusive formation of the cyclic carboxonium ion 13. 
The spectra do not indicate the presence of the ring-opened 
hydroxy ketone 14. 

O 
Il 

CH3CCH2CH2CH2CH2OH 

14 

In the acyclic systems studied (particularly for the hydro
peroxides where the amount of water in the system is neces
sarily less than for the alcohol-hydrogen peroxide system), 
the ketone and alcohol hydrolysis products of the intermedi
ate carboxonium ions were always observed as protonated 
species for temperatures lower than ca. —40°. 

For the reaction of 1-methylcyclohexanol with hydrogen 
peroxide and magic acid, the 13C NMR spectrum of the re
action mixture indicated the presence of one species, the cy
clic carboxonium ion 15. 15 was also the major species 
formed (80%) when 1-methylcyciohexyl hydroperoxide was 
treated with magic acid, but the solution also contained a 
number of other species, one of which is the hydrolysis 
product of 15, heptan-6-on-l-ol (16). 

H,0 

O 
Il 

C H 3 C C H 2 C H 2 C H 2 C H 2 O H 

16 

For systems in which the parent compound has only one 
methyl group, the intermediate carboxonium ion can exist 
as cis and trans isomers, viz. 

Me—C— OOH 

I 
R2 

J+ Mev ,R, Me. 
/ C = O + + / C = O ^ 

R2 R2 R| 

We decided to check this experimentally. Taking the sim
plest case, 3-methylpentane 3-hydroperoxide (17), we found 
that both the hydroperoxide 17 and the corresponding alco
hol-hydrogen peroxide system gave only the hydrolysis 
products from the oxonium ion(s), namely butan-2-one and 
ethanol. The problem of hydrolysis was resolved by starting 
from the peroxy ester 3-methylpentane 3-peroxyacetate 
(18). The cleavage product in the acid-catalyzed rearrange
ment reaction of 18 and acetic acid gives little or no prod
ucts arising from acetolysis of the oxonium ions.22 The 13C 
NMR spectra of the resultant solution when 18 was treated 
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with magic acid in SO2CIF was consistent with formation 
of the two carboxonium ions 19 and 20 (Scheme IX). We 

Scheme IX 
C2H5 CaH, O 
I CH3COCl I Il H+ 

C H 3 - C — 0 — O H . > C H 3 - C — O — O — C C H 3 — * 

C2H5 N C2H5 

17 18 

C H 3 . -CH 2 CH 3 C H 3 . 

^ — ' + ^c=Ot 
CH3CH9 

;c=o; 

19 

V 
CH3 C—CH2CH3 

21, 80.69?. 

CH3CH2 CH2CH3 
20 

H 

V 
Il 

CHg^-C-"""CH2CH3 

22, 19.4% 
assigned 19 as the major isomer on the basis of the known 
isomeric distribution for protonated butan-2-one 21 and 
22.26 

Conclusions 

We have examined the reaction of a number of tertiary 
hydroperoxides and/or tertiary alcohols-hydrogen peroxide 
with magic acid. In these reactions 13C NMR spectroscopy 
proved to be a useful mechanistic probe for observing inter
mediate species. We are currently extending this work in a 
number of directions, including preparative applications, 
and will report our observations subsequently. 

Experimental Section 

Magic acid (1:1 FSOsH-SbFs) used was spectrograde from 
Cationics, Inc., Columbia, S.C. Hydrogen peroxide (98%) was ob
tained from F.M.C. Corp., Buffalo, N.Y. Sulfuryl chloride fluo
ride was spectrograde Cationics. tert-Butyl hydroperoxide (Ma-
theson Coleman and Bell) was purified by repeated distillation. 
tert-Amy\ hydroperoxide and 2,3-dimethyl-2-butyl hydroperoxide 
were prepared by acid-catalyzed alkylation of hydrogen peroxide, 
according to a literature procedure.24 

1-Methylcyclopentyl hydroperoxide, 1-methylcyclohexyl hydro
peroxide, and 3-methyl-3-pentyl hydroperoxide were prepared 
analogously. The 13C NMR parameters for the hydroperoxides 
used are given in Tables I and II. 

3-Methyl-3-pentyl peroxyacetate was prepared in an analogous 
manner to that used by Yablokov, Shushunov, and Kolyaskina27 

for the preparation of cumyl peroxyacetate. 
General Procedure for Acid-Catalyzed Rearrangement of Hydro

peroxides. To a vigorously stirred (Vortex mixer) solution of a 2-5 
molar excess of magic acid in SO2CIF at dry ice-acetone tempera
ture (ca. —78 0C) a solution of the hydroperoxide (ca. 0.5 g) was 
added slowly in small portions. The resulting solution was then 
transferred at the same temperature into the precooled NMR 
probe for study. 

General Procedure for Alcohol-Hydrogen Peroxide-Magic Acid 
Systems. A 2-3 molar excess of magic acid in SO2CIF was stirred 
(magnetic stirrer) in a 50-ml Erylenmeyer flask held at dry ice-
acetone temperature. To this was added, with great caution, a ho
mogeneous solution of the alcohol (1 g) with a 1.5-2 molar excess 
of 98% hydrogen peroxide in SO2CIF. The latter solution was kept 
at ice-salt temperature (~—20 0C) as hydrogen peroxide solidified 
at temperatures below ca. —30 °C. On addition of a few drops of 
the alcohol-hydrogen peroxide solution to the magic acid solution, 
a vigorous reaction occurred. When this subsided addition was 
continued. Usually addition of the alcohol-hydrogen peroxide solu
tion took 5-10 min. The resulting solution was then studied by 
NMR spectroscopy. 

Baeyer-Villiger oxidation reactions of ketones were carried out 
in an analogous manner. However, the magic acid-SOiCIF solu

tion in these reactions was held at ~—40°. 
NMR Spectroscopic Study 1H NMR spectra were obtained on a 

Varian Associates Model A56/60-A spectrometer equipped with a 
variable-temperature probe. 

13C NMR spectra were obtained on a Varian Associates Model 
XL-100 spectrometer equipped with a broad band decoupler and 
variable-temperature probe. The instrument operates at 25.2 MHz 
for carbon-13, and is interfaced with a Varian 620L computer. The 
combined system was operated in the pulse Fourier transform 
mode, employing a Varian Fourier transform accessory. 

Typically 1 -2000 pulses, with a pulse width of 20 jusec and pulse 
delay of 1.5 s, were required to give satisfactory signal to noise ra
tios. Field frequency stabilization was maintained by locking on 
the fluorine-19 external sample of fluorobenzene. Chemical shifts 
were measured from the carbon-13 signal of 5% carbon-13 en
riched tetramethylsilane in a 1.75-mm capillary held concentrical
ly inside the standard 12-mm sample tube. 

Precursor hydroperoxides were run in CDCI3 with internal tet
ramethylsilane. 

Peak assignments were aided by off resonance spectra. 
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