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tq, 4 H); ir (neat) v C=C 2190 cm-'; MS M+ m/e (rei intensity) '254 
(72), 185 (16), 156 (28), 141 (loo), 128 (E), 115 (36). 
l-Ethoxy-l-(p-anisylethynyl)cyclopropane 8 (X = OC&; R 

= a&&): NMR (CCb) d 1.02 (m, 4 H), 1.05-1.30 (t, 3 H, J = 7 Hz), 
3.50-3.85 (q, 2 H, J = 7 Hz), 3.75 (s, 3 H), and 6.65-7.35 ppm (q, 4 H); 
ir (neat) Y C=€ 2185 ax-' (very strong); MS M+ mle (rei intensityj 
316 (3), 201 (6.5), 188 (41). 172 (20) ,  159 (loo), 144 (35), 116 (20), 115 
(15),88 (20). 

1 -( F,Z',Z'-Trifluoroethoxy)- 1 -( p-anisylethynyl )cydopropane 
8 (X = OCB[J;B = CHtCFz): NMR (CCld) 6 1.10-1.20 (m, 4 H), 3.75 
ts, 3 H), 3.80-4.20 (q, I H, J = 8.7;Hz), and 6.70-7.30 ppm (q, 4 H); 
ir (neat) Y C=€ 2190 c n - I ;  MS M+ m/e (re1 intensity) 270 (24.5),201 
(loo), 187 (47), 173 130), 171 (n), 159 (89), 145 (36), 144 \32),128 (38), 
116 (B), 115 (24.5), 57 (32),55 (45). 
Z-Methylene-l-p-anisyl-3-butyn- 1-01 10 (X = OCH3): NMR 

( C C 4 )  6 3.75 (9,s H), 1.20 (m, 2 H), 5.50 (m, 2 H), and 6.70-7.40 ppm 
(9.4 H); ir (neat) v C=C 3185 cm-': MS M+ mie (re1 intensity) 188 
17.5), 159 (loo), 144 (4), 116 (3), 57 (4), 55 (2.8). 

~ - j F ~ , Z ' - ~ u o ~ ~ ) - 2 - ~ t h y l e n e - 4 - p 9 n e  

(q,2H,J=8.7Hz),4.15(m,2H),5.55(m,2H),and6.70-7.40ppm 
(q,4 H); ir (neat) Y C 4  2180 cm-'; MS M+ mle (re1 intensity) 270 
(70), 172 (25.5), 157 (loo), 135 (25.5),57 (60). 55 (29.5). 
Kinetic procedures have been described in the preceding re- 

port.' 
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10 (X = OCHS; R = CHFFj): NMR CcC14) 6 3.75 ( ~ , 3  H), 3.80-4.20 

NO.-& 57951-60-7; 4, 60512-41-6; 5, 60512-42-7; 6, 
13837-45-1; 8 (X = CH3), 60512-43-8; 8 (X = OCHa), 60512-44-9; 8 
(X = H; R = CH&F3), 60512-45-0; 8 (X = CHa; R = CHZCH~), 
60512-46-1; 8 (X = CH3; R = CHZCF~), 60512-47-2; 8 (X = OCH.1; R 
= CHKHZ), 60512-48-3; 8 (X = OCHs; R = CHgF?), 60512-49-4; 9 
(X = CHX), 766-97-2; 9 (X = OCH3), 768-60-j; 10 (X = H; R = 
CHKF3), 60512-50-7; 10 (X = CHR), 60512-51-8; 10 iX = CHR; R = 
CHKHX), 60512-52-9; 10 (X = CHa; R CHzCF3), 60512-53-0; 10 (X 
= OCHa), 60512-54-1; 10 (X = OCHs; R = CH&F3), 60512-55-2; 
1,I-dibromo-2-p-tolylethylene, 60512-56-3; l,l-dibromo-2-p-ani- 
sylethylene, 60512-,57-4: tosvl chioride, 98-59-9. 
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In continuation of our work on superacid induced cleavage-rearrangement reactions of hydroperoxides,2a we 
have undertaken a study of the superacid induced cleavagerearrangement reactions of peroxy esters. Studies in- 
cluded those of tea-alkyl peroxyacetates, as well as various other tert-butyl peroxy esters. Particularly, tert-butyl 
peracetate was found to be unique in that both 0-0 and C-O cleavage products were observed, depending upon 
conditions. The yield of 0-0 and C-0 cleavage products from various peroxy esters is discussed in terms of the in- 
activation (via protonation) of peroxy acid and the relative migratory aptitude of alkyl groups. The direct observa- 
tion of the reaction intermediates, including the dimethylphenoxycarbenium ion 24 in the reactions of cumyl per- 
oxy esters, IS discussed. 

Unlike the related acid-catalyzed cleavage-rearrange- 
ment reaction of hydroperoxides ( 1)2 those of peroxy esters 
are considerably less studied. 

Protolysis of peroxy esters has been employed as a means 
of preparation of stable carbenium ions. Thus Farnum et al.. 
upon decarboxylation of the peroxy ester, obtained the cor- 
responding cyclopropenium ion 2.3 1 2 

R w:' 5 '@R, + CO + 'OH 

RI" R 
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Similarly Ruchardt and Schwarzer obtained the tropylium 
ion 4 from the perox,y ester 3.4 

J 

- 
CH CS -30 c 0 + CO, + t-BuOH 

4 
Ionic cleavage-rearrangement reactions of peroxy esters 

have also been known for some time. Criegee,5 in 1944, ob- 
served that the acetate and benzoate esters of trans-9-decalyl 
hydroperoxide 5 rearranged on standing to give isomeric esters 
of type 6. 

0 0 
II 

OCR 
I1 

0-0-CR 

-+ ($) R = M e , P h  

5 6 
It  was shown subsequently that the Criegee rearrangement, 

which competes effectively with homolytic decomposition, is 
facilitated by polar ~ o l v e n t s , ~ ~ ~  added salt? and with increased 
electron-withdrawing power of R.6 Furthermore, the rear- 
rangement was shown to proceed intramolecularly since in- 
corporation of the p-nitrobenzoate or p-bromobenzoate group 
into the product, when trans-9-decalyl perbenzoate was de- 
composed in the presence of added lithium p-nitrobenzoate7 
or sodium p-bromobenzoate? did not occur. That the oxygens 
in the carboxylate group are nonequivalent during the rear- 
rangement of 7 was shown by the almost complete retention 
of an lSO label in the carbonyl group of 9.9 

'"0 

0-C Ph 
I1 

1 8 0  

OOCPh 
II @+m -a 

H 8 9 

7 
These results were interpreted in terms of a highly struc- 

tured tight ion-pair iintermediate 8, which collapsed to the 
product before equilibration of the oxygens of the carboxylate 
anion.10 

The most detailed investigation to date of the Criegee re- 
arrangement is that of' Winstein and Hedaya,ll who solvolyzed 

0 

o?N+!-o-o I 
(CHJ2CR 

10 
r 0 1 

a series of 2-substituted 2-propyl p-nitroperbenzoates 10. 
Steric acceleration was found to be negligible and they con- 
cluded that the relative rate order R = CH3 < CHzCHzPh < 

CHzC6H4oCH3-p < 4-camphyl < C& < C(CH& is best 
described in terms of a nonclassical type bridged transition 
state 11 which collapsed to an a-alkoxy carbenium ion 12. 

We have shown previouslyza that for the acid-induced 
cleavage-rearrangement reaction of tert -alkyl hydroperoxides 
in superacid media intermediates analogous to 12 could be 
observed by NMR spectroscopy, e.g., 13. 

CHzCH3 < CH(CH& < CHzPh < CHzC6H40CH3-m < 

CH, 13 
Furthermore, it was found that by using the corresponding 

peracetate the intermediates showed little or no further re- 
action and were conveniently observed. Among the hydro- 
peroxides studied tert -butyl hydroperoxide was found to be 
unique in that it gave products from both 0-0 and C-0 
cleavage. We decided, therefore, to further study the reactions 
of peroxy esters in superacids, with particular emphasis on the 
effect of varying the nature of the alkyl (a) and acyloxy (b) 
groups. 

0 
: II 

R-O+O-CR' 

(a) (b) 

Results and Discussion 
The preparation of the peroxy esters used in this study is 

described in the Experimental Section. The esters were 
characterized and their purity checked by both 'H and I3C 
NMR spectroscopy. 13C NMR parameters for the tert- butyl 
peroxy esters studied are given in Table I. 

tert-Butyl Peracetate (14). The lH NMR and 13C NMR 
spectra of the resultant solution from the reaction of 14 with 
a fivefold excess of magic acid in SOzClF at  -78 OC showed 
the dimethylmethoxycarbenium ion 13 and protonated acetic 
acid in 60% yield, together with 40% of the trimethylcarben- 
ium ion 15 and peracetic acid. The former products are the 
result of 0-0 cleavage, route a of Scheme I, while the latter 
are the result of C-0 cleavage, route b of Scheme I. 

Ion 13 showed no sign of solvolytic cleavage under the 
conditions employed. The third alternative cleavage path for 
b, namely, cleavage to the acetyloxy cation, the cyclic form of 
which could be significantly stabilized,12 was not indicated 
by the experimental data. 

0 0 - (CH,),COH + CH,-6' I 
I H  \n " 

CH3 

Treatment of 14 with a twofold excess of magic acid resulted 
in exclusive reaction via route a, as found previously for 
tert -butyl hydroperoxide.2a Furthermore, reaction products 
of 14 with an equimolar amount of magic acid, in S02ClF at  
-78 "C, gave the ion 13 and acetic acid together with a third 
species, which on the basis of its 13C NMR data is regarded 
as protonated tert-butyl peracetate 16, the expected primary 
protonation product. 

These results may be explained by the reasoning used in the 
case of the tert -butyl hydroperoxide/magic acid systems, that 
an excess of magic acid is required to deactivate peracetic acid 
to act as a nucleophile, thus enabling direct observation of 
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Scheme I 
route a 

0 
I1 

CH,% 

I 
I 

CH3-C-O-0-CCHJ + H+ 

I3 
I3C NMR: I ,  26.83; 2 ,  32 .1;  

3 ,  245.48; 4 ,  68.87 
'H NMR: 1, 2, 3 .40;  4, 5.23 

"C NMR: 1, 20.08;  2 ,  144.68 
'H NMR: 1, 3.27; 2 ,  13 .07 ,  12.27 

route b 

I 

CH 3 

14 
0 
II 

CHJ 
I r4+ 

I H  
- CH,- -C+WCCH,  

CHJ 

CHJ 
15 

I3C NMR:  1, 335.7; 2 ,  47 .78  

I3C NMR: 1, 16.90; 2 ,  192.30 
'H NMR: 2, 4 .30  

'H NMR: 1, 3.27;  2, 13 .57 ,  13.33 

I 
CH 1 

16 
I3C NMR: 1, 24.94:  2 ,  86 .66;  3, 177.28; 4 ,  17.19 [6,,, 

C-0 cleavage. At lower acid concentrations the peroxy ester 
readily re-forms and can then react via 0-0 cleavage. 

(Me&)] 

0 5"' I1 
0 

+ CH,C-OOH CH3- -O-*CCH, 
H+ I 

(2H, 
Ht 
+ routea 

Indeed the rearrangement reaction of peroxy esters is so 
facile that alkylation (of peroxy acids cannot be used as a 
method of preparation of peroxy esters.13 

The equilibrium character of the solution obtained from 
the reaction of tert-butyl peracetate with a fivefold excess of 

magic acid was proven by gently warming the solution to -10 
"C in the NMR probe. This shifted the equilibrium to the 
right, resulting in loss of the trimethylcarbenium ion with 
subsequent increase in the amount of carboxonium ion 13 and 
acetic acid in solution. After -30 min at -10 "C no trace of the 
trimethylcarbenium ion remained, and a t  this temperature 
acetic acid was dehydrated to yield the acetylium ion 17.14 

H+ + CH,CO,H - C H , s O  + HZO 
-H,O 

17 
Our success in trapping products from both C-0 and 0-0 

heterolysis in the reaction of 14 with a fivefold excess of magic 
acid led us to examine the reaction of other peroxy esters 
under similar conditions to check if this pathway was char- 
acteristic only of the tert-butyl system as found previously 
for a series of tert -alkyl hydroperoxides.2a 

Our attention was first turned to variation of the acyloxy 
group in tert- butylperoxy esters. Reactions of these peroxy 
esters with a fivefold excess of magic acid are summarized in 
Table 11. 

It is apparent that the nature of the acyl group played a 
considerable part in determining the course of the reactions. 
As seen from Table 11, there is an increase in the percentage 
of reaction via 0-0 cleavage. 

This can be interpreted in terms of the relative ease of 
deactivation of the peroxy acid as a nucleophile. The more 
acidic the peroxy acid, the less readily it will be protonated. 
Thus for the least acidic of the three studied systems, per- 
oxyacetic acid, trapping of the C-0 cleavage reaction is fa- 
cilitated since the reaction of the formed carbenium ion with 
peroxy acid will be inhibited. 

0 
II 

CHJ 
I 

0 
II 

CH3 

F 
I 

C H 3 7 '  + CHSCOOH e H+ CH3- -0-0-CCH, 
I 1 

CH, CH 3 

Though the basicities of these peroxy acids were not known, 
the order of basic strengths would be expected to correspond 
to those of model compounds with the same RC=O groups. 
Of the related carboxylic acids [RC(=O)OH], acetic acid (R 
= CH3) is more basic (PKb = -6.10) than benzoic acid (R = 
Ph, PKb = -7.26).15 Of the related ketones, RC(=O)CH3 and 
RC(=O)Ph, the order of basic strengths is R = CH3 > Ph > 
H.lGasb Based on extrapolations, the order of base strength of 
the peroxy acids would be peracetic > perbenzoic > performic 
acid. The latter two peroxy acids would be increasingly less 
capable of deactivation on the carbonyl oxygen of the COOOH 
group. 

Next our attention was directed to the variation of the alkyl 
group of the tert -alkyl peracetates. Addition of tert-amyl 
peracetate 18 to a fivefold excess of magic acid, in S02ClF a t  
-78 "C, yielded exclusively the dimethylethoxycarbenium ion 
19 and acetic acid, the expected products from 0-0 cleavage. 
No trace of C-0 cleavage products, i.e., the dimethylethyl- 
carbenium ion and peracetic acid, was found. Furthermore, 
the ethyl group migrated to the total exclusion of methyl mi- 
gration, Scheme 11. 

Scheme I1 

CH,CH, 0 CH,CH, QHH 

b L3- 
I 11 H+ = CHI- -0-0 CCH, 

CH , 
I -Ut 

18 
Ht CHJ\ +,CHKW 
-.) ,c=o + CH?CO~H~+ 

CH3 
19 
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Table 11. Reactions of tert-Butyl Peroxy Esters with Magic Acid0 

%O-Ob %C-Ob 
Peroxy ester cleavage cleavage Observed productse 

15  

15 

15  

Acetic acid 
Peracetic acid 

Benzoic acid 
Perbenzoic acidd 

Formic acide 

Maleic acidf 
Fumaric acid 

a-Picolinic acidg 

0 All reactions carried out in fivefold excess of magic acid to peroxy esters in S0,ClF at -78 “C. b Yields determined by 
integration of the ‘ H  NMR spectra. C Product was analyzed using ‘H and I3C NMR. d Carbonyl and Cipso could be distin- 
guished from those of benzoic acid: benzoic acid, C=O 182.54, Ci 119.64 ppm; perbenzoic acid, C=O 181.55, Ci 116.76 
ppm. e Only one C=O absorption was detected in 13C NMR. If peroxyformic acid were present two carbonyl signals would 
be expected.14b f Showed two C=O absorptions in 
detected in the 13C NMR spectrum. 

NMR due to  the two isomeric acids. g Only one C=O absorption was 

Similar treatment of 3-methylpentyl3-peracetate 20 also 
gives exclusive 0-0 cleavage (Scheme 111). 21 is regarded as 
the major isomer.2a 

Scheme I11 
CH,CH 6” CH,CH, 0 

II b L7-  
11 H+ 

CH,- -0-0-CCH, = CHJ- -0-0 CCH, 
-H+ 

i: 
L 2 C H ,  L , C H ,  

20 
CHZCH, 

l\(&/ 
CH - 

CH,CH’ 
21 

CH jCH,, /CH&H3 + ,C=O + CH3C02h2 
CH, 

22 

We were also unable to detect any evidence for C-0 cleav- 
age on treating cumyl peracetate 23 with a fivefold excess of 
magic acid. However, the blood-red solution produced in the 
above reaction showed (by NMR) the carboxonium ion 24 
which we believe to be the first direct observation of this sig- 
nificant intermediate (Scheme IV), which is of course also the 
key to the cumene hydroperoxide rearrangement. 

Previous attempts using cumyl hydroperoxide 25 failed to  
yield observable 24 upon treatment with magic acid.14b The 
dark green solution so obtained contained the decomposition 
products of 24, namely phenol and acetone, indicating that 
24 is easily susceptible to hydrolysis (Scheme V). Indeed both 
phenol and acetone were also observed as minor products from 
the decomposition of 23. 

For the related reactions of tert -alkyl hydroperoxides,2* we 

Scheme IV 

0 0 
-, 23 

24 
‘ T N M R :  1, 248.27; 2, 3 2 . 2 2 ; 3 ,  29.10;4, 154.16; 5,5’, 
118.03; 6,6’, 131.95; 7, 131.14 (Me,Si)] 

Scheme V 

H+ 

25 

24 
PH 



Cleavage-Rearrangement of Alkyl (Arylalkyl) Peroxy Esters 

attributed the singuIar behavior of the tert-butyl system to 
the relative stability of the trimethylcarbenium ion 15. This, 
however, cannot be the main factor since the dimethylphen- 
ylcarbenium ion 26 which would result from C-O cleavage of 
cumyl peracetate is a more stable species than 15.14b 

0 
26 

We therefore now oonsider that the important feature of 
these reactions is the relative migratory aptitude of the mi- 
grating alkyl (aryl) group. 

In all systems studied in which an alkyl (aryl) group mi- 
grates to oxygen the methyl group has been found to have the 
lowest migratory aptitude.2 For the peroxyacetates investi- 
gated in the present study the observed order of relative mi- 
gratory aptitude is phenyl > ethyl > methyl, in good accord 
with the observations of Hedaya and Winstein in solvolytic 
systems.11 Thus, in the reactions of 

the increase in k is on the order of R ~ R z R ~  = EhMe > EtMez 
> Me3 and R1RzR3 = €%Me > Mea. This relative migratory 
aptitud is one of the factors which determine the ratio of 0-0 
and C-O cleavage, as well as the basicity of peroxy acids pro- 
duced by the reaction. 

In conclusion the plrotolytic cleavagerearrangement re- 
actions of peroxy estem in superacidic media are clearly re- 
lated to the analogous reaction of hydroperoxides,2a and, as 
with the hydroperoxides, only the tert-butyl systems were 
found to give both 0-4 and C-O cleavage products. Our 
studies allowed the direct observation of the carboxonium ion 
intermediates key to both processes. 

Experimental  Seetion 
Preparation of Perory Esters. Corny1 peracetate was prepared 

according to the method of Yablokov, Shushunov, and Ko1yaslripaxi 
tert-ButyI, tert-amyl, and bmethylpentyl tperacetate were 
prepared analogously. This method gave good yiekls, ca. 70%. of high 
purity (>959b) peroxy ester. tert-Butyl performate was prepared 
according to the method of €&had and Hecht.ls Double distihtion 
failed to remove the t e e .  butyl hydroperoxide impurity which was 

J. Org. Chem.. Voi. 42, Yo. I. 197': 37 

present to theextent of -15%. tert-Butyl perpicolinate, 95%. was 
prepared by treating the 1,4-diszobicyelo[2.2.")octane ( D a h )  salt 
of tert -butyl hydroperoxide with 2-picolyi chloride hydrochloride. 
tert-Butyl perbqumate, 99%, and ten-butyl permaleate, 9896, 
were obtained from Lueidoi Corp., Buffalo, N.Y. 

Gcaeral procedare for Reactions of Pemxy Esters with .Magic 
Acid. To a ngoroudy stirred cvortex mixer) solution of a 5-mol cess 
of magic acid t 1:l FSOaH-SbFij in S02CIF at dry ice-acetone tem- 
perature (a. -78 "C) an dO?CIF solution of the peroxyester (a. 0.5 
g) was added siowlv in smail portions, The resdtmg soiution wag then 
transferred at the same temperature into the precooled NMR probe 
for study. 

NMR Spectroscopic Study. 'H NMR spectra were obtained in 
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-LOO spectrometer equipped with a broad 
band decoupler and variable temperature probe. Operational pa- 
rameters were as described previously. 
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