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The products of the decomposition of ally1 peroxides 1-5, initiated by tert-butyl peracetate, in three 
solvents-cyclohexane, dimethyl malonate and benzene-were analysed. The formation of epoxides 
proved the existence of an homolytic induced decomposition of the unsaturated peroxides by a 
chain process involving a free radical addition to the double bond and an intramolecular homolytic 
substitution on the peroxide linkage. The balance of the reaction's products indicated a second way 
of degradation of the peroxides: allylic hydrogen abstraction followed by the breaking of the 
peroxide bond by p-elimination. The relative ratios of the products generated by the eliminated 
alkoxy radicals YO' and of the different epoxides produced in these reactions showed the influence 
of the polar factors in the various steps of the homolytic induced decomposition: i.e. hydrogen 
abstraction to the solvent or to the peroxide and addition to the double bond. 

In the course of the study of the induced homolytic 
decomposition of unsaturated peroxy-derivatives we pointed 
out recently the efficiency of this reaction for various classes of 
compounds.' Depending on the nature of the peroxidic 
function, different leaving oxy radicals YO' (precursor of the 
radical Z' attacking the unsaturation of the peroxy-derivative) 
could be produced. This observation prompted us to study the 
influence of the structure of the oxy radical on the products 
formed in this process from allylic peroxy-derivatives, since 
such compounds are known to give rise to epoxides 3-5 in these 
reactions as shown in Scheme 1. 

Z C H R- 0,Y CHR-0,Y + Z - 

7-14 

I Y = CMe,OMe,R = Me,X = C0,Et 
2 Y = CMe,Ph, R = Me, X = C0,Et 
3 Y = But, R = Me, X = C0,Et 

5 Y = SiMe,, R = Me, X = C0,Et 

7 Z = Me, R = Me, X = C0,Et 
8 Z = Me,R = H , X  = H 
9 z = c-C6Hll, R = Me, X = C0,Et 

4 Y = Bu',R = H,X = H 

[6 = Bu'O,Ac] 

IO Z = C-C6Hl1, R = H, X = H 
11 Z = (MeO,C),CH, R = Me, X = C0,Et 
12 Z = (MeO,C),CH, R = H, X = H 
13 Z = MeO,CCH,CO,CH,, R = Me, X = C0,Et 
14 Z = MeO,CCH,CO,CH,, R = H, X = H 

Scheme 1 
allylic peroxides 

Mechanism of the reaction of induced decomposition of 

The mechanism of the reaction shows three different steps: 
production of radical Z', addition of radical 2' to the double 
bond and intramolecular homolytic substitution (S,i) on the 
0-0 bond. Oxy radicals involved in the reaction are trans- 
formed generally by competitive processes such as hydrogen 
transfers, additions to unsaturations, or p-eliminations, mainly 
influenced by polar and steric factors.6 

Our previous results 1 * 3 3 4  showed that the intramolecular 
homolytic substitution leading to epoxides is so fast a process 
that the radical adduct gives way generally only to this reaction 
and the nature of the solvent is unimportant, provided the latter 
is not a very efficient atom donor to a carbon centred radical, 
e.g. polyhalogenoalkanes. Then, the formation of the epoxides 
will essentially depend on the two other reactions that we 
proposed to study. Thus, the peroxides 1-5 were designed as 
possessing various Y groups for the same acrylic unsaturation 
or the same group Y (Bu') for two different types of double 
bonds (electron-rich or -deficient). The possible reaction of the 
oxy radical YO' with the solvent led to the use of cyclohexane, 
dimethyl malonate and benzene, defined according to the 
presence or absence of reactive hydrogens in these molecules 
and to the nucleophilicity of the radicals produced by the 
hydrogen abstractions. The reaction conditions were the same 
as those employed in the previous study on the induced 
decomposition of acrylic-type peroxides (solvent : 1-5 : tert- 
butyl peracetate 6 = 20 : 1 : 0.1 ; 1 10 "C, 12 h). 

Results and Discussion 
Before the presentation of the results dealing with the formation 
of the epoxides, the behaviour of the eliminated oxy radical YO' 
will be analysed via its products of transformation. Indeed, one 
could see, from the mechanism of the reaction (Scheme l), that 
the attacking radical Z' depends upon the radical YO' 
eliminated. 

Reactions of the Oxy Radicals YO'.-The various products 
arising from the transformation of the YO moiety are essentially 
'low boiling' compounds whose mechanisms of formation are 
described in Schemes 2-5. The two main transformations are 

Scheme 2 

Scheme 3 

H transfer 
Bu'OH 

MeCOMe + Me' 
B u b  ' 4-L Qscission 

tert-Butoxy radical decay pathways 

H transfer PhCMe20H 

PhCOMe + Me' 
PhCMe,O 

2-Phenylpr op-2-yl radical decay pathways 
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H transfer b O $ O M e k  MeCOMe + MeOH 

* O f - O M e { ~ n ~  MeCOMe + MeO’ MeOH 

Scheme 4 

MeCOzMe + Me’ 
fhcission 1 

1 -Methyl- 1 -methoxyethoxy radical decay pathways 

Me,SiO’ [Me,SiOH] - Me,Si,O + H,O 

Scheme 5 Trimethylsiloxy radical decay pathway 

Table 1 Yields” of the products derived from OY moiety in the 
induced decomposition of the peroxy-derivatives 1-5 and thermolysis 
of 6 in cyclohexane 

Yield (%) 

Peroxide OY’ ‘Alcohol’ ‘Carbonyl’ HTEC 

1 ‘OCMe,OMe 2‘ 95 2 
2 ‘OCMe,Ph 72 20 78 
3 ‘OBu‘ 86 5 94 
4 ‘OBu‘ 83 4 95 
5 ‘OSiMe, 98 - 100 
6 ‘OBu‘ 80 15 84 

” GC yields relative to 1-5 and/or 6. ’ As methanol and acetone. 
Hydrogen transfer efficiency coefficient, 

HTEC = 100 x ‘Alcohol’/(‘Alcohol’ + ‘Carbonyl’). 
As hexamethyldisiloxane. 

hydrogen transfer to the solvent leading to the formation of an 
‘alcohol’ and p-elimination with the formation of a ‘carbonyl’. 
These primary products could get transformed in the medium in 
various ways. tert-Butanol was found to react partially with 
dimethyl malonate to produce the mixed diester as observed in 
a test reaction. 1-Methyl- 1 -phenylethanol was partially dehy- 
drated to produce a-methylstyrene8 and did not react by 
transesterification upon malonate as did tert-butanol. Tri- 
methylsilanol was readily converted into hexamethyldisiloxane. 
1 -Methoxy- 1 -methylethanol spontaneously generated meth- 
anol and acetone which were titrated to determine the amount 
of the initially formed hemiketal. It has been reported that upon 
introduction of methyl radicals in benzene, some amount of 
toluene was produced by homolytic substitution on the 
aromatic solvents. 

Induced decomposition of peroxides 1-5 in cyclohexane. Table 
1 summarizes the results of the study of the products derived 
from the oxy radicals YO’ generated by the decompositions of 
1-5 in cyclohexane. This solvent is generally considered in free 
radical chemistry as a good hydrogen donor towards oxy 
radicals since these electrophilic entities abstract hydrogen 
atoms efficiently from the high electron density sites. Except in 
the case of the radical CH,O(CH,),CO*, high values of 
hydrogen transfer efficiency coefficient (HTEC) are observed, 
with the highest number for the siloxy radical for which no p- 
scission occurred. The study of the products of thermolysis of 
tert-butyl peracetate 6 was also performed in this solvent with 
the view to reach the ‘real’ value of the abstraction efficiency of 
tert-butoxy radicals towards cyclohexane so as to compare 
them with the experimental HTEC values of 3 and 4 (Table 1). 
The higher HTEC values observed for 3 and 4 in contrast to 
that for 6 could be explained by a hydrogen abstraction at the 
allylic position of the unsaturated peroxide by the tert-butoxy 
radicals, as previously reported by our group. 11,12 The 
difference in the HTEC values determined for 2-phenylprop-2- 
yl and tert-butoxy radicals must be attributed, as pointed out 

earlier,13-” to a higher rate of p-scission in the case of the 
former. It is much more difficult to define if the observed 
reactivity of the 1 -methoxy-1 -methylethoxy radical in this 
respect, in comparison with these two oxy radicals, is caused by 
an enhanced rate of p-scission or by a decreased rate of 
hydrogen abstraction towards cyclohexane or even by a 
combination of both (Scheme 4). 

According to the Hammond hypothesis l 6  concerning an 
exothermic reaction, an early transition state would be involved 
in the elimination reaction. A polar mesomeric formula of the 
transition state, having similar structure to the radical, could 
be designed (Scheme 6) .  The stabilizing electron-withdrawing 

Scheme 6 Polar mesomeric formulae of the transition state of p- 
scission of oxy radicals 

effect of the substituent on the carbon linked to the oxygen 
atom would imply the order of stabilization of the oxy radicals 
as: (CH,),CO’ < Ph(CH,),CO’ < CH,O(CH,),CO’. 

Induced decomposition of peroxides 1-5 in dimethyl malonate. 
Table 2 describes the balance of the products generated from 
the YO moiety of the peroxy-compounds 1-5 decomposed in 
dimethyl malonate. The transformation of the radicals YO’ 
eliminated from peroxides 1 and 5 does not seem to change on 
replacing cyclohexane by dimethyl malonate. Conversely, tert- 
butoxy and 2-phenylprop-2-yloxy radicals abstracted hydrogen 
atoms to dimethyl malonate less efficiently, undergoing pre- 
dominantly p-elimination. The comparison of the strengths of 
the different C-H bond in these solvents indicates that this 
behaviour could not be attributed to thermodynamic reasons: 
E,-,(cyclohexane) = 401 kJ mol-’,17 Ec-H(CH,, dimethyl 
malonate) = 385 kJ mol-’,’* E,-,(CH,, dimethyl malonate) = 
418 kJ rnol-’.I8 

As pointed out earlier in the case of cyclohexane, different 
HTEC values for 3, 4 and 6 indicate the peroxide as another 
source of hydrogen at least for the decomposition of the 
second derivative in dimethyl malonate. In order to define the 
relative importance of these secondary reactions, the induced 
decomposition of both unsaturated peroxides was performed 
using various molar ratios of the reactants (Table 3). One could 
see that in both cases HTEC values are close to 22%’ for the 
lower concentration of peroxide, which could be considered as 
the exact value of the efficiency of hydrogen abstraction from 
dimethyl malonate by tert-butoxy radicals. The higher value 
obtained in the case of tert-butyl peracetate could be explained 
by a hydrogen abstraction from this initiator since its 
decomposition was performed at higher concentration. The 
incomplete balance of the tert-butoxy moiety could be certainly 
attributed to the existence of cage reactions in the thermolysis of 
the perester l9  or to the ‘ionic’ decomposition of the perester 2o 

in this slightly polar solvent. 
Induced decomposition of peroxides 1-5 in benzene. Table 4 

summarizes the yields of the compounds produced by the 
reaction of the various YO’ species formed in the induced 
decomposition of compounds 1-5 and thermolysis of 6 in 
benzene. Besides the expected reaction products of the various 
oxy radicals, ‘alcohol’ and ‘carbonyl’, toluene was also identified 
but in very low amounts for peroxides 1-5. Since benzene is an 
inefficient hydrogen donor to radicals, the yields of ‘alcohols’ 
indicate that the peroxide underwent important allylic hydro- 
gen abstraction by oxy radicals (Scheme 7), confirming the 
previous results. ‘‘,I2 Indeed, blank experiments proved that 
the produced epoxides are not involved in hydrogen transfer 
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Table 2 Yields" of the products derived from OY moiety in the induced decomposition of the peroxy-derivatives 1-5 and thermolysis of 6 in 
dimethyl malonate 

Yield (%) 

Peroxide OY' 'Alcohol' 'Carbonyl' MeO,CH,CO,R HTEC 

1 'OCMe,OMe 2' 98 - 

2 'OCMe,Ph 2' 80 - 

3 'OBu' 11 67 22 
4 'OBu' 14 60 26 
5 'OSiMe, 90 - - 

6 'OBu' 7 58 18 

2 
20 
33 
40 

100 
30 

" GC yields relative to 1-5 and/or 6. ' As methanol and acetone. ' Remaining alcohol (for calculation of HTEC, a yield of 20% was assumed). As 
hexamethyldisiloxane. Hydrogen transfer efficiency coefficient, HTEC = 100 x 'Alcohol'/('Alcohol' + 'Carbonyl'). 

Table 3 Yields" of the products formed in the reaction of tert-butoxy radicals arising from peroxidic compounds 3 and 4 in dimethyl malonate 

Yield (%) 

Peroxide (MeO,C),CH : 3 or 4' Me,CO Bu'OH MeO,CCH,CO,Bu' HTEC 

3 20 
50 

100 
200 

4 20 
50 

100 
200 

67 
72 
76 
78 

60 
68 
75 
78 

1 1  
6 
3 
I 3 

14 
7 
4 
3 

22 
22 
21 
20 

26 
25 
21 
19 

33 
28 
24 
22 

40 
32 
25 
22 

" GC yields relative to 3 and 4. ' Molar ratio. ' Hydrogen transfer efficiency coefficient, HTEC = 100 x 'Alcohol' ('Alcohol' + 'Carbonyl'). 

Table 4 Yields" of the products arising from OY moiety in the induced decomposition of the peroxy-derivatives 1-5 and thermolysis of 6 in benzene 

Yield (%) 

Peroxide 'OY 'Alcohol' 'Carbonyl' Toluene HTEC 

- 1 'OCMe,OMe 2' 97 2 
2 'OCMe,Ph 8 87 3 8 
3 'OBu' 22 70 3 24 
4 'OBu' 50 36 4 58 

6 'OBu' 36 53 32 40 
__ - 5 'OSiMe, 92' 100 

" GC yields relative to 1-5 and/or 6. ' As acetone and methanol. ' As hexamethyldisiloxane. Hydrogen transfer efficiency coefficient, HTEC = 
'Alcohol'/('Alcohol' + 'Carbonyl'). 

$ P  O+OY - =(;. + YO' 

R R 
Scheme 7 
hydrogen abstraction 

Induced decomposition of peroxides 1-5 due to allylic 

reactions to alkoxy radicals. On the other hand, the low amount 
of toluene showed that cyclohexadienyl radicals could not be 
invoked for an efficient hydrogen transfer as in the case of the 
thermolysis of compounds 6 in such a solvent (Table 4). 

The comparison of the yields of formation of tert-butanol 
and acetone produced in the induced decomposition of 
peroxides 4 and ethyl 2-tert-butyldioxymethylpropenoate, ' ' 
summarized in Table 5, shows that the presence of an ester 
group conjugated with the double bond has no significant effect 
on the allylic hydrogen abstraction. 

Table 5 Yields" of the products formed in the reaction of terf-butoxy 
radicals produced in the induced decomposition of 4 and the ethyl tert- 
butyldioxymethylpropenoate in benzene 

Yield (%) 

Peroxide Me,CO 3u'OH PhMe 

EtO,CC(=CH,)CH,O,Bu' ' 52 38 3 
H2C=CHCH2O2Bur 50 36 4 

~ ~~~ 

" GC yields relative to peroxides. ' Ref. 11  

Free Radical Additions to the Double Bond of the Unsaturated 
Peroxidic Derivatives.-The induced decomposition of the 
peroxy-compound is highly dependent on the first step of the 
chain reaction (the formation of the radical Z' by abstraction of 
hydrogen from the solvent). The free radical addition to the 
double bond of unsaturated peroxides was also examined by 
analyses of the epoxides produced. Indeed, according to the 
nature of the radical Z' and of the double bond of the peroxide, 
addition reaction could be favoured or disfavoured by polar 
effects.21 Similar effects will also play a role in the competitive 
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Table 6 
1-5 in cyclohexane 

Yields" of epoxides produced in the induced decomposition of 

Yield (%) 

Peroxide 'OY 7 or 8 b  9 or 10' Allylic attackd 

1 'OCMe,OMe 77 16 7 
2 'OCMe,Ph 20 70 10 
3 'OBu' 5 84 11 
5 'OSiMe, - 83 17 
4 'OBu' 2 66 32 

a GC yields relative to 1-5. Me' addition. c-C,H,,' addition. 
Estimation of allylic attack. Calculated as: 100% - (%7 or 8) - (%9 

or 10). 

Table 7 Yields a of epoxides produced in the induced decomposition of 
1 and 3 in cyclohexane 

Yield (%) 

Peroxide c-C6H : I 7' 9d Allylic attack 

1 20 
50 

100 
200 

3 20 
50 

100 
200 

77 
62 
48 
35 

16 7 
35 3 
52 
65 

- 
__ 

84 11 
92 4 
96 1 
98 - 

' GC yields relative to 1 or 3. Molar ratio. 'Me' 
addition. c-C6H, addition. Estimation of allylic attack. Calculated 
as: 100% - (%7) - (%9). 

side reactions of CH,', addition to the double bond or hydrogen 
abstraction to the solvent. 

Induced decomposition of peroxides 1-5 in cyclohexane. The 
results obtained in the induced decompositions of the peroxides 
1-5 in cyclohexane (Table 6) were analysed taking into account 
the various reactions of the different oxy and alkyl radicals 
produced in the medium. Epoxide 9 or 10 was the main product 
when the preferential decay of the oxy radical was by way of 
hydrogen abstraction from cyclohexane, as was general in all 
cases, except by the peroxyketal 1. The formation of epoxide 7 
as the major product of the induced decomposition of 1 
indicates that methyl radicals preferred to add to the double 
bond of the unsaturated peroxyketal rather than decaying by 
way of abstracting a hydrogen from cyclohexane. Comparison 
of the yields of epoxide 9 (Table 6) and of methanol a i d  acetone 
(Table 1) proved that cyclohexyl radicals were essentially 
produced in the reaction of methyl radicals with cyclohexane. 
This hypothesis was confirmed by the determination of the 
influence of the molar ratios of the reactants on the yields of 
both epoxides 7 and 9 (Table 7). Nevertheless, one could see 
that even at low concentration it is impossible to direct the 
reaction towards the sole formation of 9. 

The addition of the nucleophilic cyclohexyl and methyl 
radicals to the electron-deficient double bond of the acrylic 
peroxide 3 appeared much more favoured than the addition to 
the allylic peroxide 4 possessing an electron rich double bond. 
Nevertheless, the formation of epoxide 10 with a fair yield 
confirmed that there is no inhibition of the addition of an alkyl 
radical to the double bond of alkenyl peroxide as pointed out 
earlier. The difference in the yield of corresponding epoxides in 
the two cases could certainly be attributed to a more facile 
allylic attack in the case of peroxide 3 than in the case of 4. The 
determination of the rate of spontaneous decomposition of both 
peroxides using a DSC method l 2  showed that these peroxides 
were not disappearing via the direct homolysis of the 0-0 

bond. Then, assuming that these compounds were consumed 
only by homolytic induced decomposition either uia the process 
involving the addition of methyl and cyclohexyl radicals or via 
allylic hydrogen abstraction followed by p-elimination, an estim- 
ation of the extent of allylic attack could be done (Table 
6) .  The results presented for peroxide 3 in Table 7 are in agree- 
ment with this hypothesis since an increase of the molar ratio 
cyclohexane: 1 or 3 favoured the formation of epoxides and 
below a value of 100: 1 no allylic attack seemed to occur. The 
comparison of the values of the estimated allylic attacks for the 
various compounds (Table 6) showed that for the same kind of 
allylic hydrogen in the acrylic compounds (1,2,3,5) there is an 
apparent relationship between the importance of this reaction 
and the efficiency of hydrogen abstraction of the oxy radical 
produced in the SHi (Tables 1 and 6). This would imply that the 
oxy radicals are more prone to abstract allylic hydrogens than 
the alkyl radicals. However, the analysis of the results obtained 
with the peroxyketal 1 (Tables 6 and 7 )  shows that alkyl radicals 
were also involved in such a reaction. Considering the 'dilution 
effect' (Table 7) one could exclude the possibility for the 
degradation of the peroxide in cyclohexane by allylic attack 
(molar ratio cyclohexane : 1 = 100 and cyclohexane : 3 = 200). 

Induced decomposition of peroxides 1-5 in dimethyl malonate. 
Dimethyl malonate could undergo two types of hydrogen 
abstraction to yield two different radicals of opposite nucleo- 
philicity (Scheme 8). Table 8 summarizes the yields of formation 

CH(C02Me), 
Electrophilic radical A 

H'-CH' 

Nucleophilic radical B 
Scheme 8 Hydrogen abstraction from dimethyl malonate 

of the corresponding epoxides 11 or 12 (addition of radical A') 
and 13 or 14 (addition of radical B') and 7 (addition of CH,'). A 
direct analysis of the results described in Table 8 is rather 
difficult if we consider the different decay paths of the eliminated 
oxy radicals. In order to facilitate it, we are going to study, first 
of all, the induced decompositions of peroxides 1 and 5 .  Indeed, 
in such reactions methyl and trimethylsiloxy radicals, respect- 
ively, are the only radicals involved in the generation of the 
radicals Z' responsible for the induced decomposition of these 
peroxides. The formation of epoxide 13, in the induced 
decomposition of peroxide 5, is in agreement with the expected 
influence of polar effects: in the hydrogen abstraction from 
dimethyl malonate by trimethylsiloxy radicals; and in the 
addition of the nucleophilic radicals B' to the electron-deficient 
double bond of peroxide 5 .  Nevertheless, the observation of 
epoxide 11 indicates the existence of radicals A' in the medium. 
They could have several origins: direct hydrogen abstraction 
from dimethyl malonate by trimethylsiloxy radicals or by tert- 
butoxy and methyl radicals produced in the spontaneous 
decomposition of the initiator 6; or, generation of radical B' by 
hydrogen abstraction from the diester by radical A' used as 
solvent as previously noticed in the case of monoesters.22 

In order to eliminate the production of tert-butoxy and 
methyl radicals, initiation was performed using a,a'-azobisiso- 
butyronitrile (AIBN) in similar conditions (1 10 "C). The 
electrophilic radicals 'C(CH,),CN are not involved in the 
abstraction step since only traces of isobutyronitrile were 
identified in the reaction products. The two epoxides 11 and 13 
were also obtained under such initiation conditions. Induced 
decompositions of 5 in dimethyl malonate, realized with 
different molar ratios of dimethyl malonate and 5 ,  gave similar 
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Table 8 Yields" of epoxides produced in the induced decomposition of unsaturated peroxides 1-5 in dimethyl malonate 

Yield (%) 

Peroxide 'OY 7 or 11 or 12' 13 or 14d Allylic attack' 

1 'OCMe,OMe 78 13 2 7 
2 'OCMe,Ph 64 17 7 12 

5 'OSiMe, 16 37 47 
3 'OBu' 57 14 16 13 

4 'OBu' 11 40 5 44 
- 

a GC yields relative to 1-5. Me' addition. ' A' addition. B' addition. Estimation of allylic attack. Calculated as: 100% - (%7 or 8) - (%I1 or 
12) - (%13 or 14). 

Table 9 
I in dimethyl malonate 

Yields" of epoxides produced in the induced decomposition of 

Yield (%) 

(MeO,C),CH, : 1 7' 11 13' Allylic attackf 

20 
50 

100 
200 

78 13 2 7 
65 30 2 3 
56 40 2 2 
50 48 2 - 

GC yields relative to 1. Molar ratio. Me' addition. A' addition. 
Estimation of allylic attack. Calculated as 100% - ' B' addition. 

(%7) - ( % l I )  - (%13). 

Table 10 Yields" of epoxides produced in the induced decomposition 
of 3 in dimethyl malonate 

Yield (%) 

(MeO,C),CH, : 3 7' I1 13 Allylic attack 

20 
50 

100 
200 

57 14 16 13 
47 27 20 6 
37 38 22 3 
31 46 22 1 

GC yields relative to 3. Molar ratio. Me' addition. A' addition. 
' B' addition. Estimation of allylic attack. Calculated as 100% 
-(%7) - (%I11 - (%13). 

Table I 1  
of 4 in dimethyl malonate 

Yields" of epoxides produced in the induced decomposition 

Yield (%) 

(Me0,C),CH,:4b 8' 12 14' Allylic attackf 

20 
50 

100 
200 

11  40 5 44 
8 57 10 25 
5 69 13 13 
3 75 15 7 

" GC yields relative to 4. 
' B' addition. 
('23) - (%12) - (%14). 

Molar ratio. ' Me' addition. A' addition. 
Estimation of allylic attack. Calculated as 100% - 

values for the relative quantities of epoxides 11 and 13. This 
study proves that there is no hydrogen abstraction from the 
solvent by A' to generate B' in the conditions of the study. 
These two last experiments are then confirming the ability of 
trimethylsiloxy radicals to abstract a hydrogen from dimethyl 
malonate in both reactive positions. The major product of the 
induced decomposition of peroxide 1 is epoxide 7, as observed 
when the solvent was cyclohexane. Besides this compound, two 
other epoxides, 11 and 13, formed respectively by addition of 
radicals A' and B' to 1, were identified. The relative ratio of the 

reactants (dimethyl malonate : 1) is an important factor for the 
composition of the epoxide mixture, as shown in Table 9, even if 
it was impossible to direct the reaction exclusively toward the 
formation of epoxide 11. 

The increasing amount of the single epoxide 11 with increase 
in the molar ratio dimethyl malonate : 1 indicates a regiospecific 
attack of methyl radicals on dimethyl malonate agreeing with 
the regioselectivity observed in the free radical alkylation of 
dialkyl malonates by alkenes.21 Epoxide 13, arising from the 
addition of radicals B' to 1, results certainly from a hydrogen 
abstraction from the diester by alkoxy radicals, which can be 
either tert-butoxy produced in the homolysis of the initiator 6 
or by CH,O(CH,),CO' generated in the SHi reaction, or 
methoxy formed by p-elimination from the latter. 

The results observed for the two other 'acrylic' peroxides 2 
and 3 are intermediate between 1 and 5. This is not sur- 
prising if we consider the reactive pathway of tert-butoxy and 
2-phenylprop-2-yloxy radicals (the eliminated oxy radical is 
reacting either by hydrogen abstraction from the dimethyl 
malonate or p-elimination generating methyl radicals). Then, 
these results have to be analysed as the combination of the 
various reactions of methyl and tert-alkoxy radicals (whose 
reactivity in hydrogen abstraction would be similar to that of 
trimethylsiloxy radicals). 

The comparison of the induced decompositions of 3 and 4 
(Table 8) indicates that, although the radical eliminated in the 
S,i is the same, the yields of the homologous epoxides (7 and 8, 
11 and 12, 13 and 14) produced are very different. Assuming a 
similar behaviour for the tert-butoxy radicals in these con- 
ditions (Table 2), one could see that the electron-rich double 
bond of peroxide 4 prefers to be attacked by the electrophilic 
radicals A' than by the nucleophilic radicals B' and methyl, 
conversely to the electron-poor one of peroxide 3. Unsuccessful 
attempts of dilution were performed in order to see if the 
induced decomposition of these peroxides could be synthetic- 
aliy interesting with the selective formation of a single epoxide 
(Tables I0 and 11). It is worthwhile to underline, in the work of 
Roberts and Dang,' the efficiency of the induced decomposition 
of allylic peroxides by radical generated from malonates to yield 
selectively epoxides resulting from the attack of the double 
bond by radicals homologous of A'. Such a selectivity was 
obtained by operating at 30 "C, instead of at 110 O C ,  using 
amine-boranes as polarity reversed catalysts. 

The proportion of peroxide 1-5 disappearing by allylic attack 
(Table 8) was estimated as in the case of reaction performed in 
cyclohexane. A similar conclusion on an apparent relationship 
between the allylic attack and the hydrogen abstraction 
efficiency of oxy radical produced in the S,i (Tables 2 and 8) 
could be reached. However, allylic attack appears to be more 
important in the case of reactions performed in dimethyl 
malonate. This observation is in good agreement with an 
apparent lower lability of hydrogens of this solvent towards 
abstraction by oxy radical (Tables 1 and 2). These results are 
confirmed by attempts of dilution indicating that, conversely to 
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Table 12 
of 1-5 in benzene 

Yield" of epoxides produced in the induced decomposition 

Yield (%) 

Peroxide 'OY 7 or 8 Allylic attack 

1 'OCMe,OMe 92 8 
2 'OCMe,Ph 83 17 
3 'OBu' 67 33 
5 'OSiMe, - 100 
4 'OBu' 14 86 

(I GC yields relative to 1-5. Estimation of allylic attack. Calculated as: 
100% - (%7 or 8). 

Table 13 
decomposition of 3 in benzene 

NMR analyses of the residue originated from induced 

0.9-1.4 (CH,) 13-22 (CH2 and CH,) 
1.4-2 (CH and CH,) 29-30 (C a to M) 
2-2.4 (H 2 to C=O and epoxidic H) 55-72 (C, CH2 and CH a to 0) 
4 4 . 3  (CH2-0 of ester) 1261  29 (Arc) 
7-7.5 (ArH) 170 (M ester) 

205 ( G O  ketone) 

the reactions performed in cyclohexane it was impossible to 
eliminate this secondary reaction even with molar ratios of 
dimethyl malonate to 1,3 or 4 as high as 200. 

Induced decomposition of peroxides 1-5 in benzene. Table 12 
summarizes the results observed in the induced decomposition 
of peroxides 1-5 in benzene. A single epoxide corresponding to 
the addition of methyl radical to the unsaturation (7 and 8) was 
identified. The amounts of epoxide 7 agree with the yields of the 
'carbonyl' produced in the p-scission of the oxy radicals (Table 
3), indicating that the main reaction of the methyl radical in 
benzenic solutions of 'acrylic' peroxides is the addition to the 
double bond. Conversely, these radicals, produced from allyl 
tert-butyl peroxide 4, have some other decay paths (certainly 
allylic attack) since only some of them are adding to the 
unsaturation (Tables 3 and 12). These observations totally 
conform with the expected polar effects in methyl radical 
addition to an electron-rich double bond. In the case of 
trimethylsilyl peroxide 5 ,  absence of epoxide 7 was noticed 
confirming that these radicals do not degrade by 0-scission. 'H 
and 13C NMR analyses of the various residues obtained after 
elimination of the volatile compounds were performed as 
previously ' ' in the case of the induced decomposition of ethyl 
2-tert-butyldioxymethylpropenoate, confirming that ethyl poly- 
(2-acetylacrylate) was the main component of the residue 
(e.g. in the case of 3 in Table 13). 

Conclusions 
This study on the induced decomposition of various unsat- 
urated peroxides indicated that the production of epoxides by 
these reactions is highly dependent on three parameters: the 
nature of the leaving oxy radicals and their decay paths (p- 
scission, hydrogen abstraction from the solvent or allylic 
hydrogen abstraction from the peroxy-derivative), the ability of 
the solvent to give hydrogen to oxy and alkyl radicals and the 
nature of the radical attacking the double bond to provoke the 
induced decomposition of the peroxide. 

I t  was shown that the rules of the free radical reactions, 
particularly hydrogen abstraction from a substrate and addi- 
tion to an unsaturation, govern the induced decomposition of 
these unsaturated peroxides and must be combined to antici- 

pate the compounds produced. Thus, depending on the target 
compound, several peroxy-derivatives and/or processes could 
be designed to realize its synthesis. Unsaturated peroxy- 
derivatives were found to undergo significant induced de- 
composition by way of allylic attack (whenever possible) by oxy 
radicals. Such a phenomenon and the low selectivity of these 
radicals in hydrogen abstractions imply the need to define new 
ways of selective production of alkyl radicals to make these 
reactions useful for synthesis, which is the main purpose of our 
present research. 

Experimental 
'H NMR spectra were recorded at 250 MHz and the 13C NMR 
data obtained at 62.9 MHz on a Bruker AC 250 spectrometer 
from CDCl, solution of the compounds. 'H And 13C NMR 
chemical shifts of major diastereoisomer(s) are in bold typeface 
(when known). Elemental analyses were performed at the 
Laboratoire Central de Microanalyse (CNRS), Vernaison, 
France. All column chromatographic separations were carried 
out on Merck silica gel 60 (60-200 mesh). Evaporative 
distillation refers to flask-to-flask distillation under reduced 
pressure using a Buchi Kugelrohr oven. Light petroleum was 
distilled (b.p. 40-60 "C) whereas cyclohexane and benzene were 
reagent grade and just dried prior to use. Dimethyl malonate 
was distilled and stored over molecular sieves 4 A. 

Ethyl 3-tert-Butyldioxy-2-methylenebutunoute 3.-To a 
stirred solution of ethyl 2-bromomethylbut-2-enoate 2 3  (20.7 g, 
0.1 mol), tert-butyl hydroperoxide, purity 90% (1 1 g, 0.1 1 mol) 
and poly(ethy1ene oxide) (1 g) in distilled tetrahydrofuran (1 00 
cm3) was added in small portions commercially available KOH, 
85% pure (7.25 g, 0.1 1 mol) over 1 h. Stirring was continued for 
2 h, the reaction mixture being allowed to warm to room 
temperature. The solvent was then evaporated under reduced 
pressure and water (10 cm3) was added to the residue. The 
mixture was extracted three times with distilled light petroleum 
(30 cm3), washed with a saturated aqueous NaCl and the 
combined organic layers were dried (MgSO,). After elimination 
of the volatiles under reduced pressure, the residue was purified 
by column chromatography on silica gel (8.28 g, 45%); R, = 

0.45, light petroleum-Et,O = 95 : 5; S, 6.23 (m, 1 H), 5.86 (m, 1 
H),4.80(q,J6.5, 1H,CH,CH),4.15(q,J7.1,2H,C02CH2), 
1.25-1.19 (m, 6 H, CH,CH and CH,CH,) and 1.14 [s, 9 H, 
C(CH,),];& 166.0, 141.2, 124.9, 80.0,77.3. 60.5,26.3, 18.3 and 
14.1 (Found: C, 61.0; H, 28.9. C l lH2004  requires C, 61.1; H, 
29.6%). 

Ally1 tert-Butyl Peroxide 4.-This was prepared from allyl 
bromide and the tert-butyl hydroperoxide under phase transfer 
conditions. 24 

Ethyl 3-(2-Phenylprop-2-yldioxy)-2-methylenebutanoute 2.- 
This compound was prepared according to the procedure used 
for 7 (6.89 g, 28%); R, = 0.39, light petroleum-Et,O = 95 : 5; 6, 
7.52-7.25(m,5H,Ph),6.35(m,lH),5.97(m,lH),5.0(q,J6.5, 
1 H,CH3CH),4.24(q, J 7 . l , 2 H ,  C02CH2), 1.65 (s, 3 H, CH,), 
1.61 (s, 3 H, CH,), 1.33 (d, J6.5,3 H, CH,CH) and 1.27 (t, J7.1, 
3H,CH2CH3);Sc 166.1,145.5, 141.3, 128.0, 125.5, 127.0, 125.0, 
82.9, 77.5, 60.6, 26.9, 26.4, 18.9 and 14.2 (Found: C, 68.9; H, 
7.8. C1,H,204 requires C, 69.05; H, 7.95%). 

Ethyl 3-(2-Methoxyprop-2-yldioxy)-2-mc.thylenebutanoute 1. 
-To a cooled (- 10 "C) solution of ethyl 3-hydroperoxy-2- 
methylenebutanoate 25 (4.8 g, 30 mmol) and toluene-p-sulfonic 
acid monohydrate (50 mg, 0.2 mmol) in Et,O (50 cm3), a 
solution of 2-methoxypropene (2.16 g, 30 mmol) in Et,O (10 
cm3) was added dropwise under stirring. The stirred reaction 
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mixture was then allowed to warm slowly at room temperature, 
and then washed with aqueous Na,CO, (10 cm3) and water 
(2 x 10 cm3). The combined organic layers were dried 
(MgSO,), the solvent was removed under reduced pressure and 
the product purified by flash chromatography on a column of 
silica gel (5.63 g, 81%); R, = 0.37, light petroleum-Et,O = 
88: 12;dH6.27(s,l H),5.90(s, 1 H),4.93(q,J6.6,1 H,CH,CH), 
4.16(q, J7.1,2H,C02CH2), 3.22(s, 3H,OCH,)and 1.361.21 
(m, 12 H); 6, 165.9, 141.2, 124.9, 104.6, 77.6, 60.6, 49.1, 22.8, 
22.6, 18.7and 14.1 (Found: C, 56.8; H, 8.75. C11H200, requires 
C, 56.88; H, 8.68%). 

Ethyl 2-Methylene-3-trimethylsilyldioxybutanoate 5.-This 
peroxysilane was prepared by a general method described by 
Buncel and Davies.26 To a stirred solution of pyridine (1.58 g, 
0.02 mol) in light petroleum (20 cm'), trimethylsilyl chloride 
(2.17 g, 0.02 mol) was added dropwise. The stirred reaction 
mixture was then cooled to - 10 "C and a solution of ethyl 
3-hydroperoxy-2-methylenebutanoate 2 5  (2.56 g, 0.02 mol) in 
light petroleum ( 5  cm3) was added dropwise. The medium was 
then allowed to warm slowly to room temperature and filtered. 
The organic layer was quickly washed with water (20 cm3) and 
dried (MgSO,). The solvent was evaporated under reduced 
pressure, the peroxysilane was flask-to-flask distilled (3.5 g, 
90%). To,,, 55 "C/O. 1 Torr; * dH6.37 (m, 1 H), 5.94 (m, I H), 4.91 
(9, J6.6, 1 H, CH,CH), 4.22 (9, J7 .1 ,2  H, CO,CH,), 1.3 (d, J 
6.6,3H,CH3CH), 1.28(t,J7.1,3H)and0.17(s,9H,SiMe3);6, 
165.9,140.7,125.3,79.1,60.7,18.7,14.1and1.4.(Found:C,51.6; 
H, 8.75. CloH,o05Si requires C, 51.69; H, 8.68%). 

Compounds 7-14.-Generalprocedure. A mixture of peroxide 
(20 mmol), tert-butyl peracetate 6 (0.26 g, 2 mmol) and solvent 
(200 mmol) were placed in an ampoule sealed under reduced 
pressure ( Torr). After 12 h at 110 "C, the volatiles were 
removed under reduced pressure and the glycidic ester was 
distilled with a flask-to-flask apparatus. 

Ethyl 2,3-epoxj~-2-ethylbutanoate 7. To,,, 90 "C/25 Torr 
(lit.,,' 88-90 "C/20 Torr); 6, 4.2 (m, 2 H, CO,CH,), 3.21 (9, 
J 5.5, 1 H, CH,CH), 1.77 (ABX,, JAB 14.7, JAx 7.4, 2 H, 
CH,CH,), 1.29 (d, J 5.5, 3 H, CH,CH), 1.22 (t, J 7.1, 3 H, 
CO,CH,CH,) and 1.01 (JAx 7.4, 3 H, CH,CH,); 6, 171.0, 
169.5,64.1,61.7,61.3,61.2,58.4,58.3,26.2,20.8,14.3,14.1,13.7, 
13.5, 9.4 and 8.7. 

1,2-Epoxybutane 8. A commercial product (Aldrich). 
Ethvl2-cyclohexylmethyl-2,3-epoxybutanoate 9. To,,, 90 "Ci 

0.01 Torr; 6, 4.2 (m, 2 H, CO,CH,), 3.08, 2.92 (9, J 5.5,  1 H, 
CH,CH) and 2.08-0.87 (m, 19 H); 6c 171.6, 170.1, 61.2, 61.1, 
62.5,60.2,58.3,57.4,35.0,34.9,40.7,34.1,33.4,33.3,33.2,26.2, 
26.1, 26.0, 14.2, 14.0 and 13.8 (Found: C, 68.9; H, 9.78. 
C13H2203 requires C, 68.99; H, 9.80%). 

3-Cyclohexyl-l,2-epoxypropane 10. To,,, 85-87 "C/25 Torr 
(lit.,2s 55-56 "C/2 Torr);6, 3.1-2.1 (m, 3 H) and 2.1-0.4 (m, 13 
H);6, 50.3,46.4, 40.7, 36.2, 33.8, 33.4, 26.7 and 26.5. 

Dimethyl 2,3-epo.uy-2-ethoxycarbonylbutylmalonate 11. To,,, 
110 "C/0.02 Torr; 6,4.1 (9, J7.0, 2 H, C02CH2), 3.63 (S d, 6 H, 
CO,CH,), 3.3 (m, 1 H, CH), 3.20, 3.05 (9, J5.0, 1 H, CHCH,), 
2.8-1.8 (m, 2 H, CHCH,), 1.3 (d, J5 .0 ,  3 H, CHCH,) and 1.2 (t, 
J 7.0, 3 H, CO,CH,CH,); 6, 170.1, 169.2, 168.9, 167.2, 166.7, 
166.2,61.8,61.7,60.5,58.5,59.4,58.7,52.6,52.5,52.3,47.9,47.5, 
31.7, 26.1, 14.1, 13.9, 13.5 and 13.3 (Found: C, 52.5; H, 6.7. 
C1 ,H 

Dimethyl 2,3-epoxypropylmalonate 12. To,,, 65 "C/O. 1 Torr 
(lit.,,* 70 "C/0.25 Torr); 6, 3.57 (s, 6 H, CO,CH,), 3.40 (br t, 1 
H, CH), 2.85-2.3 (m, 3 H, Hcycle) and 2.141.74 (m, 2 H, 
CHCH,CH); 6,169.1,I69.0,52.5,52.4,49.5,48.4,46.8 and 3 1.6. 

requires C ,  52.55; H, 6.62%). 

* 1 Torr z 133 Pa. 

Methyl 3,4-epoxy-3-ethoxycarbonylpentyl malonate 13. To,,, 
120 OC/O.Ol Torr; 6,4.2 (m, 2 H, C02CH2), 4.09 (9, J 7.1,2 H, 

3.18,3.00(q, J5.5,I  H,CHCH,), 2.44-1.74(m,2H, CH,), 1.30, 
1.25 (d, J 5.5, 3 H, CHCH,), 1.17 and 1.07 (t, J 7.1, 3 H, 
CO,CH,CH,);S, 170.3, 169.0, 166.7, 166.4, 166.2, 165.8, 63.5, 
63.2,63.3,63.0,60.4,58.2,58.4,58.0, 52.4,41 .I, 32.0,26.6, 14.2, 
14.0,13.6 and 13.4 (Found: C, 52.5; H, 8.7. Cl2HlSO7 requires 
C, 52.55; H, 6.62%). 

3,4-Epoxybutyl methyl malonate 14. To,,, 75 "C10.3 Torr; 6, 
4.10 (t, J6.2, 2 H, CO,CH,), 3.54 (s, 3 H, OCH,), 3.22 (s, 2 H, 
CH,), 2.82-2.80 (m, 1 H, CHcycle), 2.58-2.30 (m, 2 H, CHZcycle) 
and 1.83-1.56(m,2H, C0,CH2CH,);6, 166.8,166.2,62.2,52.2, 
49.1, 46.5, 41.0 and 31.5 (Found: C, 51.1; H, 6.4. CSH,,O, 
requires C, 51.06; H, 6.43%). 

CO,CHJ, 3.62 ( s ,  3 H, OCH,), 3.26 ( s ,  2 H, O,CCH,CO,), 
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