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Abatxnct-New syntheses were carried out by alternating free radical additions of ethyl, n-propyl, n-butyl, 

set-butyl, cyclohexyl, a-chloromethyl, a-chloroethyl, y-chloropropyl and S(methoxycarbonyl) pentyl 
radicals to pairs of conjugated olefms The sources of the alkyl radicals were the redox systems: acyl 

peroxides/cuprous ion and I-methoxycyclohexylhydroperoxide/ferrous ion The relative reactivities of the 
above mentioned radicals towards butadiene, acrylonitrile, 2,3_dimethylbutadiene, methyl acrylate, methyl 
methacrylate, acrylic acid and maleic anhydride are discussed in quantitative terms according to their 
nucleophilic character. 

THE nucleophilic character of alkyl radicals generated in redox processes appears 
evident in the addition to conjugated olefins’ and in the alkylation of protonated 
heteroaromatic bases.2 As we have previously shown, the 5-(methoxycarbonyl) pentyl 
radical (I) is more reactive with olefins conjugated to electronwithdrawing groups 
(acrylonitrile, acrylates, acrylic acid, maleic anhydride) than with a-methylstyrene.’ 
This particular radical (I) was chosen mainly because of its potential synthetic interest : 
in fact it can be obtained easily and in high yields from cyclohexanone and hydrogen 
peroxide according to the following reaction : 

CH,O OOH 

0 

+ Fe++ 4 CH,OCO-(CH,),-CH~ + FeOH+ + (a) 

I 

Furthermore, in the past some authors have disagreed about the affinity of this 
radical towards conjugated olefins and about its polar character.” 3 

In this paper we will demonstrate that the radical (I) is more reactive with olefins 
conjugated with strongly electronwithdrawing groups than with butadiene. We also 
will give further support to the nucleophilic character of this radical and provide new 
syntheses and new compounds starting from products of industrial interest. We will 
also approach the problem on a more general basis by using a more versatile source 
of alkyl radicals, i.e. the acyl peroxides/cuprous ion redox system : 

RCOOOCOR + Cn+ -. RCOO. + RCOOCu+ 
(b) 

RCOO+R.+COs 

4153 
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The acyl peroxides are readily obtained from the corresponding carboxylic acids, 
so that a large variety of alkyl radicals can be produced using very mild conditions. 
In this context we have examined the reactivity of methyl, ethyl, n-propyl, n-butyl, 
isopropyl, set-butyl, cyclohexyl, chloromethyl, u-chloroethyl and y-chloropropyl 
radicals with butadiene, 2,3_dimethylbutadiene, acrylonitrile, methyl acrylate, methyl 
methacrylate and acrylic acid. 

RESULTS AND DISCUSSION 

The method used is essentially the same with both sources of radicals (l-methoxy- 
cyclohexylhydroperoxide and acyl peroxides), although the experimental conditions 
and the products formed are different. This method is based on the fact that the alkyl 
radicals are produced in the presence of two olefins, one being a conjugated diene and 
the other an olefin conjugated with el~tronwithd~w~g groups. 

In each case the main products are formed according to the following theoretical 
suppositions: because of its nucleophilic character, the alkyl radical (II) mainly adds 
on to the olefins conjugated with electronwithdrawing groups : 

R. + CH2=CHX + R--CH+?HX (X = CN, COOR) (C) 

II rn 

The new radical (III) formed, achieves a prevalent electrophilic character owing to 
the proximity of the el~tronwithdra~ng group X. Subsequent addition occurs 
exclusively on the conjugated diene : 

R-CH&HX + CH,=CH-CH=CH2 
I \ 

-v R-CH2-CHX-CH2-CH-=CH*eH2 (df 

Iv 

This phenomenon is well known as au alternating effect in radical copolymeriza- 
tion. In fact, if the process were not interrupted at this point, the ally1 radical (IV), 
because of its nucleophilic character, would add to the olefin conjugated with the 
electronwithdrawing group and the process would continue leading to an alternating 
copolymer. 

The copolymerization can be completely prevented by the quantitative oxidation 
of the ally1 radical IV: 

R-CH,-CHX-CH,--Ci%=?%?$ + Cu++ + 
(0) 

+ 

R-CH,-CHX-CH2~~2 + Cu+ 

V 

The final products are produced either by the interaction of the allyi cation with 
the solvent or by the intramolecular interaction with the X group. 

Further detailed examination of the interactions (c), (d) and (e) shows that (c) is not 
completely selective, because two side reactions take place; one reaction (r) is the 
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oxidation of the alkyl radical (II) by the cupric ion, 

k + cu+ + + Products + Cu’ 0-l 

(this oxidation can also be related to the nucleophilic character of the radical R.), and 
the other side reaction (g) is the addition of the radical II to the conjugated diene and 
the subsequent oxidation of the ally1 radical : 

R. + CH,=CH-CH=CH, + R-CH2--Ci!!2 

+ 
,: 

R-CH2-CH-=CH--CH, + Cu+ + -. R-CH2-ttt2 + Cu+ 

(g) 

VI 

On the basis of the reaction (g), it was possible to calculate the relative reaction rates 
of the two olefins towards the radical II. The reaction was carried out in a homo- 
geneous medium with excess oletin in order to minimize the change in concentrations 
during the process The ratios of the products formed from V and those from VI were 
used to determine quantitatively the relative reaction rates of the two reacting 
oleflns. This is possible as the interaction (d) is completely selective, i.e. no other 
competitive process occurs in any example, except that of methyl methacrylate, which 
will be discussed later. 

The interaction (eh which is the only process concerning the ally1 radical, is also 
completely selective. 

This method seems to be particularly useful for calculating the affinity of alkyl 
radicals towards several of the more important vinyl monome completely pre- 
venting the occurrence of homopolymerization and copolymerization. 

The reaction with 1-methoxycyclohexylhydroperoxide is carried out in methanol 
with ferrous sulphate and cupric sulphate. The interaction (f) leads essentially to 
methyl Shexenoate : 

CH,OCO+CH,),-CH~ + Cu+ + -. CH,OCO-(CH,),-CH=CH, + Cu+ + H+ 

Quantitatively this side reaction is insignificant and does not affect the validity of 
the method. 

The reaction (g) results in a mixture of two methoxy-derivatives VII and VIII : 

,CH,OCO -iCH,),--CH(OCH,)-CH=CH2 

t 
CH30CO+CH2),--CH-=CH=CH, + CH,OH / 

VII + H+ 

‘\ 
CH,OCO~CH,),--CH=CH--CH,--OCH. 

VIII 
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Analogously the reaction (e) results in a mixture of the two methoxy derivatives IX 
andX: 

CH,0CO+CHJ6--CHX-CH,-CH(OCH,)-CH=CH2 

IX 

CHjWO-(CH,),+ZHX-CH,-CH=CH-CH,-OCH, 

X 

Whenever the substituent is a carboxyl or a methoxycarbonyl group, an intra- 
molecular reaction occurs forming the lactone XI : 

COOH 

-. CH,0CO-(CH,)6-CH--CH,-CH--CH=CH, + H+ 

co --- 0 

XI 

Comparing these results with those obtained using a-methylstyrene’ instead of 
butadiene, we can deduce indirectly that butadiene is more reactive than a-methyl- 
styrene towards the 5-(methoxycarbonyl)ntyl radical. This conclusion has been 
directly confirmed in a competitive test with butadiene and a-methylstyrene. In this 
case, of course, no alternating radical addition takes place, but only the compound 
XIV is formed together with the compounds VII and VIII, 

CH, 
I 

CHJOCO~CH,),-&C6H, 
I 
OCHS 

XIV 

The results are reported in Table 2; butadiene is shown to be 1.8 times more 
reactive than a-methylstyrene. 

It is now possible to confirm indirectly the results obtained with the two series of 
olefins dividing the data obtained with a-methylstyrene by the factor 1.8. The average 
experimental values for butadiene and the data calculated from the experimental of 
a-methylstyrene are reported in Table 3. The agreement between experimental and 
calculated values is quite satisfactory, since small variations in the quantitative 
analyses of the reaction products can cause large differences in the relative reactivities, 
particularly when the difference in the reactivity of the two olefms is high. 

At this point we studied this new type of radical reaction with a more versatile 
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TML~ 1. RELATIVE mcnvrnm cw m oL0msmwARmI 

Molar ratios 

Acrykmitrile : butadiene 
1:3 
1:l 

Acrylic acid : butadiene 
1:3 
3:l 

Methyl acrylate : butadiene 
1:3 
3:l 

Malek anhydride : butadiene 
1:l 

VII 
19.2 
1@4 

VII 
46.7 
loo 

VII 
279 

8.0 

VII 
5.4 

MO1 % Relative reactivities 

VIII IX X 
lo-1 18.4 52.3 7.2 
4.4 22.5 62.7 57 

VIII XI 
20.0 33.3 1.5 
4.5 85.5 29 

VIII IX X XI 
19.5 4.9 7.1 41.5 3.4 
3.6 7.5 lo-4 705 2.6 

VIII XII XIII 
2.5 25.4 66.7 11.4 

TABLE 2. Re~anm mcT1vr~II3S OF LIUTADIENE AND a-L(EIwyIsTyIIENB I’DWARDS I 

Molar ratio 
VII 

MO1 % 

VIII XN 
Relative reactivity 

1:l 400 21.5 355 1.8 

TABLB 3. ticmvrms RELknvB lu a-m AND BUTADIENB 

Experimental Experimental Calculated 

a-Methylstyrenc 1.0 
Butadiene 1.8 BIltadklC 1.0 10 
Acrylic acid 22 Acrylic acid 1.7 l-2 
Methyl acrylate 54 Methyl acrylate 30 3.0 
Acrylonitrile 11-O Acrylonitrile 64 6.1 
Maleic anhydride 19.3 Maleic anhydride 11.4 108 
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source of aikyi radicals. The decomposition of the acyi peroxides with cuprous oxide 
and cupric acetate in acetonitriie and acetic acid, as was recently reported by other 
authors,4 appears to be most suitable. The reaction is similar to the one described 
above. If the solvent is changed, and acetoxy rather tban methoxy derivatives are 
formed. The main reaction products have the following general structures : 

R-CH2-CHX-CHI-CH(OCOOCH,) R-CH2-CHX-CH,-CH=CH-CHy-OCOCH3 
I 
CH=CH2 

xv XVI 

R-CH2-CH-CHt-CH-CH=CH, 
I ! 
co- ---0 

XVII 

R-CH2-CH(OCOCH3)-CH=CH1 R-CH2-CH=CH-CH,-OCOCHJ 

XVIII XM 

R is the aikyi radical formed in reaction (b) and X is an ei~tronwi~drawi~g group 
(CN, COOH, COOMe). 

Acrylonitrile and butadiene reacted at different concentrations with methyl, ethyl, 
n-butyi, isopropyi, set-butyi, cyclohexyi, chloromethyl, a-chloroethyl and y-chioro- 
propyl radicals and gave the results which are summarized in Table 4. 

The results obtained with acryionitrile, 2,3~~ethylbu~~ene and n-butyi and 
cyclohexyi radicals are reported in Table 5. The behaviour is qualitatively the same 
as that observed with butadiene. Compounds XVa, XVIa, XVIIIa and XIXa are 
formed, which differ from the corresponding compounds obtained from butadiene 
only by the presence of two Me groups in the molecule of the diene. These results 
show clearly that 2,3-dimethylbutadiene is less reactive than butadiene. This con- 
clusion was directly confirmed by a competitive test carried out with butadiene, 
2,3dimethylbutadiene and the cyclohexyl radical (Table 6). 

There is good agreement between the experimental value (l-9) and the calculated 
value (1.8) obtained from the data reported in Tables 4 and 5, thus confirming the 
validity of the experimental method. 

The results with methyl acryiate, butadiene and n-butyi and cyciohexyi radicals 
are reported in Table 7. 

The data found using acrylic acid, butadiene and n-butyl radical are reported in 
Table 8. The actual relative reactivities are slightly higher, since an acid product, with 
the probable structure XVI (X = COOH) is formed in small amounts, although it was 
not quantitatively determined. 

Finally the results found with methyl methacryiate, butadiene and n-propyl and 
n-butyi radicals are reported in Table 9. In this case the behaviour is anomalous, 
because in addition to the usual products (XVIb and XVIIb, which difi’er from the 
corresponding compounds obtained from methyl acrylate only by the presence of a 
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TABLET. RILLMWERBAC~V~~, w ALKYL R4Dx!AIs TOwARm AcRrI.ONrrRILB AND BurALmNB 

Molar ratios 
Acrylonitrile : butadienc 

XVIII 

MO1 % 
Relative rcactivitics 

XIX xv XVI 

1:l 
1:3 

3:l 
1:3 

1:l 
1:3 

1:l 
1:3 

1:l 
1:3 

3:l 
1:3 

3:1 
1:l 
1:3 

1:l 
1:3 

1:l 
1:3 

ClCHi 
22.1 24.2 246 
33-5 36.7 13.4 

+CHs 
1 l-7 4.9 38.5 
46.1 18.7 18-9 

CH,--CHCI 
14-8 21.2 26-6 
31.2 331, 168 

CtCH2-CHI-kH, 
13-2 8.1 305 
35.5 19-3 18.8 

CH,--CH2 
8.4 5.6 325 

18-8 13.8 27-8 

CH,--CHI-CH2--CH1 
21 1.4 3@6 

15-o lo-3 27-f 

C6Hil 

2.3 l-4 38.6 
4.9 4.6 35.2 

13.6 1@4 334 

CH,--f?H-CHS 
3.5 4.7 32-6 
7.3 12.4 308 

CH,-CH2--I-IH-CH, 
2.4 3-7 34.4 
4.2 Il.2 29-O 

29-l 
17.4 

44-9 l-8 
16-3 I-7 

37-4 l-8 
190 1.7 

48*2 3.7 
264 25 

53.5 62 
39.6 6-2 

65.9 9-l 
47-6 8-8 

57.7 8-9 
55.3 95 
42.6 95 

59.2 114 

49-S 121 

59.5 
556 

1-2 
1.3 

15.1 

165 

Molar ratios 
Acrylonitrile :23-dimcthylbutadiene 

MO1 % 

xvma XIX8 xva XvIa 

Relative reactivities 

n-W% 
1:l 3.5 2-7 74.8 WO 149 
1:3 102 7-8 69-S 12.5 13-6 

C6Hi 1 

1:l 13 3.6 69.0 25-9 17-8 



4160 F. ~QNIW. P. ZAMMOIU, R. BPUNARDI, M. ~IBCXWI and R. GALLI 

Me group in the position a to the methoxycarbonyl), the compound XXI is also 
formed according to the following sequence : 

CH, CH, CHa 
I 

R-CH,-C. 

I 

+ CH,=C-COOCii3 -. R-CJ+2-C---CH2-C~ 

I I k 
COOCH, CH, COOCH, COOCHj 

xx 

CH, CH, 

R-CH, 
-2 

---CH, . 
-Ii 

+ CH2=CH-CH=CH2 -+ 
OOCH, OOCH, 

CHa CH, 

-. R-CH2-C ----_CH2-C----_CH,~~2~~ 

I I 
COOCH, COOCH, 

CH, CH, 

+ R-CH2-C---CH2-C-CHLrCH<H=CH2 
I I I 
COOCH, co---o 

XXI 

All these results substantially confirm the theoretical suppositions on which these 
new syntheses have been based. The nucleophilic character of the alkyl radicals is a 
very important factor in determining the observed sequence of reactivities. In fact the 
resonance energy of a-cyano and a-carboxyalkyl radicals, produced by the addition 
of alkyl radicals to acrylic acid, ester, or nitrile, cannot be as high as that of the ally1 
radicals formed from conjugated dienes. The nucleophilic character of the alkyl 
radicals and the consequent selectivity towards olefins with opposite polar character 
increases according to the sequence: CH2C1 < CF&CHCl <CH, < C1CH2-CH2- 
CH, < C,H3 < n-C,Hb <C,Hi 1 <iso-C,Ht < .ux-C,H+ 

In agreement with the polar character of the groups bonded to the radical carbon, 
the secondary alkyl radicals are more nucleophilic and more selective than the 
primary ones or the Me radical; the introduction of a Cl atom into the alkyl radical 
reduces this nucleophilic character. 

The difference in the reactivity between the n-butyl and ethyl radicals and the 
isopropyl and set-butyl radicals is quite surprising. A very small difference of selectivity 
could be expected ‘in these cases on the grounds of the different electronreleasing 
capacities between the Me and n-Pr groups and between the Me and Et groups. 
However the same sequence of selectivity was observed also in the homolytic alkyla- 
tion of protonated heteroaromatic bases with the same radicals,’ confirming the large 
influence of the nucleophilic character of the alkyl radicals on the addition to un- 
saturated systems. 
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TABU 6. RHLATIVZ FIRA- CH’ CYUQHBXYL RADICAL lVWARlX3 BIJTADIKNE AND 2,3-~w~nnnur~- 

DIBNB 

Molar ratios 
Butadiene: 2,3dimethylbutadiene 

MO1 % 

XVIII XIX XVIIIa XIXa 

Relative reactivities 

3:l 27.8 57.9 12.3 20 21) 
1:l 21G 42.7 31.5 4.8 1.8 

Relative reactivity: experimental (average value), 1.9; calculated from Tables 4 and 5, l-9. 

TABU 7. RELA~~B na~cnwnm Op N-BURL AND CYCLOHEXYL RADlCAU ‘TOWARD8 MBTHYL ACRYLMBAND 

BIJTADIJINB 

Molar ratios 
Methyl acrylate : butadiene 

XVIII 

Mol % 
Relative reactivities 

XIX XV-XVI XVII 

n-WI4 
3:l 4,4 3.5 37.4 54.7 3.8 
1:3 266 21.1 23.2 29.1 3.3 

GHI, 
3:l 3.3 36 14.2 78.9 46 

1:l 7.7 9.4 8.4 745 49 

TABUJ 8. RELATIVE RBA~~~TIIS U’ N-BUM RADICAL TOWARDS ACRYLIC ACILl AND BUTADIBNJJ 

Molar ratios 
Acrylic acid : butadiene 

MO1 % 

XVIII XIX XVII 
Relative reactivitiea 

3:l 3.9 3.1 93.0 4.3 

1:l 8.3 8.3 83.4 4.9 
1:3 19.5 198 6@7 4.6 

TABLE~.REATIWRBA~~~~~~S Op N-BUTYL AND N-PROPYL RADICAL3 TOWARDS MBnwLMBTIiACRYLAIEAND 

BUTADIENB 

Molar ratios 
Methyl methacrylate : butadiene 

Mol % 
Relative reactivities 

XVIII XIX XVIb XVIIb XXI 

n-W% 
3:l 4.6 44 105 51-5 29.0 3.2 
1:l 20-5 114 4.9 600 3.2 2.2 

o-C*% 
3:l 6.0 6-o 7.3 62.0 18.7 2.4 
1:3 33.1 27.1 1.7 35.3 2.8 24 
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It is interesting to note that a and ychloroalkyl radicals react in the normal way, 
whereas the presumed gchloroalkyl radicals formed from g-chloropropionyl and 
pchlorobutyryl peroxides do not appreciably react with the conjugated olefins under 
the same experimental conditions. This could indicate that a Cl atom in the p position 
causes a particular instability in the alkyl radicals, probably due to a p scission : 

R-CHCl-CHi -. R-CH=CH2 + Cl. 

The achloroalkyl radicals and the a-cyano and carboxyalkyl radicals behave in 
entirely different ways; the latter two add exclusively to the same conjugated diene, 
whereas the former adds to the butadiene and acrylonitrile at a comparable rate. This 
result indicates that a Cl atom in the a position could cause, in the addition of the 
alkyl radical to the double bond (effects well known in the ionic reactions), an induc- 
tive electronwithdrawing effect which would be partially balanced by a conjugated 
electronreleasing effect with a contribution to the transition state of the following 
polar forms : 

I I . I I.+ + 

F=, 
C RCHCI --yy RCHCI +. RCH=CI 

The results with 23dimethylbutadiene further co&m the nucleophilic character 
of the alkyl radicals. Since, in our opinion, the steric effects do not affect the reactivity 
in the addition of n-butyl and cyclohexyl radicals to butadiene and 2,3dimethyl- 
butadiene, a higher reactivity of 2,3-dimethylbutadiene would he expected because 
of the resonance stabilization of the intermediate ally1 radical. An opposite sequence 
of reactivities occurs, i.e. butadiene is more reactive than 2,3dimethylbutadiene 
towards n-butyl and cyclohexyl radicals. This means that the electronreleasing effect 
of the Me groups in 2,3dimethylbutadiene, increasing the electron availability of the 
diene, not only balances the positive effect that the presence of the Me groups causes 
on the resonance stabilization of the intermediate ally1 radical, but also reduces the 
reactivity of the 2,3_dimethylbutadiene. Also in this case, therefore, the polar character 
of the n-butyl and cyclohexyl radicals prevails over the resonance stabilization in 
determining the reactivity sequence. 

A similar argument explains the lower reactivity of methyl methacrylate towards 
n-butyl and n-propyl radicals compared to that of methyl acrylate. Furthermore this 
is the only case among those investigated, in which the alternating addition to the 
monomer couples is not completely selective. The radical XX does not attack buta- 
diene exclusively, as occurs with all the other analogous radicals investigated, but to 
some extent also adds on to the methyl methacrylate forming the compound XXI. 

The lack of selectivity of the radical XX can also be correlated with its polar 
character. The Me group reduces the electrophilic character of the radical (XX) in 
comparison with the corresponding radical obtained from methyl acrylate and, 
moreover, the electron availability is higher in methyl methacrylate than in methyl 
acrylate. Both these polar factors contribute to the increase in the reactivity of the 
radical (XX) towards methyl methacrylate when compared to the reactivity of the 
radical III (X = COOMe) towards methyl acrylate. In addition, the radical III 
(X = COOMe), because of its higher electrophilic character, is more reactive than the 
radical XX towards butadiene. In the addition of the radical XX steric factors should 
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GLC) and by preparative GLC. (Found: C, 660; H, 8.7. CI,HIIOI requirea: C, 66.1; H, 8.7 %; MS m/c 
(%): 223 (18), 22 (ll), 112 (lOO), 74 (42), 59 (29). The molecular ion ia missing and the fragmenta 223 
(M-OCH,), 222 (M-MeOH), 74 (the McLaffcrty rearrangement ion on the Me esta CO group) and 59 
(MeOCO+) are typical of Me eaters. An abundant and significant ion is 112 due to the loss of CHI=CH- 
(CH,),-COOMe aa a result of a McLa&ty rearrangement on the lactone CO group. 

IR: 1780 cm-’ (CO lactone), 1750 cm-’ (CO cuter), 990 and 930 cm-’ (CH=CH,). Saponification of XI 
with NaOH in MeOH producea the corresponding auboxilic acid, nip. 96-97. (Found: C, 64.9; H, 8.3. 
CIsHzoOl requires : C, 640; H, 8.4 %); MS : fragomtation ia very aim&u to that of XL The highest rrrrme 
fragment is 2.2 (M-HIO). The abundant and significant ion 112 has the same structure au the correqonding 
fragment of XI. 

React&m with methyl acrylute. The compounds IX, X (X = COOMe) and XI were isolated by preparative 
GLC XI was identified by comparison with product obtained with acrylic acid. IX and X have the name 
ckmentary composition (IX Found: C, 641; H, 9.1. X Found: C, 63.8; H, 93. Ci6Hza01 requires: C!, 
640; Ii, 93 %); MS of IX and X arc very similar: molecular ion (300) and sign&ant fragments are 268 
(M-MeOH), 85 (CH-CH=CH--CHIOMe) more abundant in X and 71 (CH1-CH=CHOMc) more 
abundant in IX. IR: IX 990 and 930 cm-’ (CH=CHI). X 975 cm-’ (CH=CH trans). 

Reaction with maleic anhydride. The compounds XII and XIII, isolated by preparative GLC, were 
identi&d by elementary analysis, MS, IR, and NMR. (XII Found: C, 602; Ii, 8.4. XIII Found: C, 601; 
H, 8.5. C,aH,,O, requires: C, 603; H, &4x); MS of XII and XIII: The molecular ion is missmg. but 
significant fragments are 326 (M-MeOH), 294 (326 -MeOH), 71 (CHI-CH=rCHOMe), 59 (M&CO). 
IR: XII 990 and 930 cm-’ (CH=CH1). 

XIII 975 cm- ’ (CH=CH tram). NMR : XII Me0 (3H, s at 3.2 a), MeOCO (9H. 8 at 36 a), vinyi protons 
(3H at 5.2-5.7 6). XIII Me0 (3H. s at 3.2 6). h;reOCO (9H, s at 3-6 6), vinyl protoGs (2H centred at 5.5 a). 

Reaction of acyl peroxides with olejns 
General procedure. The acyl peroxide (@04 moles) was added at 0” with stirring and Nz tlu&ing to a 

mixture of cuprous oxide (5-7 g), cupric acetate (8 g) and the two oletins (@32 mol; the ratios used are 
reported in Tables 4-9). The mixture was stirred for an additional 50 min at 09 then poured into water 
the aqueous soln was extra&d with ether. The ethereal extract was washed with NaHCO,aq and dried 
over Na2SOI. After removal of the solvent and excess oletin, the residue was analysed directly by GLC. 
Yields of the products of the alternating addition (XV, XVI, XVII), baaed on the acyl peroxide, were in the 
range of 4&800/ This was dependent on the ratia, of the two reacting olefinq the reactivity of the alkyl 
radical and the reactivity of the oletin conjugated to the electronwithdrawing groups (the highest yield, 
80 “/ was obtained with acrylonitrik and set-butyl radical). AU the compounds were isolated by preparative 
GLC and the pure samples were identified and also used to check the response of the GLC in thebuantita- 
tive determinations The analyses were carried out as described for cyclohexanone peroxidc but using the 
following programmed temp : 

Alkyl radical Olefins Range of temp Rate of tcmp increase 

CH, 
GH5 

iso-C9H, 
n-C,H, 
see-GH, 
Ce.H,, 
CH,Cl 
CH,CHCI 
CUCH,), 
n-GH, 
GH,, 
nGH, 
n-GH, 
n-GH, 
C6Hll 

C6Hll 

acrylonitrilc, butadienc 
acrylonitrile, butadiene 
acrylonitrile, butadiene 
acrylonitxile, butadiene 
acrylonitrile, butadiene 
acrylonitrile, butadiene 
acrylonitrile, butadiene 
acrylonitrile, butadiene 
acrylonitrile, butadiene 
methyl acrylate, butadiene 
methyl acrylate, butadiene 
methyl methacrylate, butadiene 
methyl methacrylate, butadiene 
acrylonitrile, 2,3dimethylbutadiene 
acrylonitrile, 2,3dimethylbutadiene 
Butadiene, 2.3dimethylbutadiene 

90-2w 
65-150” 

w-130” 
laklu)” 
1WlW 
130-210” 
10-195” 
100-210” 
llcLl95” 
90-170” 

130-210” 
100-180” 
1aLlW 
90-180” 

140-2W= 
105-200” 

lW/min 
8”/min 
T/min 
Pjmin 
7”fmin 
B/min 
B/min 
6”jmin 
6”/min 
P/min 
6“/min 
‘Plmin 
7’/min 
Plmin 
B/min 
6”/min 
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Prohezs. XVII, XIX, XIIIa and XIXa, in which R = CH,, CsH,, n-CsH,, set-CsH,, n-C,H* sac-C,H, 
&Hi,, CHsCl, CHsCHCl, ClCHs-CHs-CI& Theas compounds were prepared by experiments in 
which the only ok6.n used was butadiene or 53dimethylbutadkne XVIII and XIX, when R is n-C,HP, 
were identified as 3-ecetoxyoctene-1 and 1-acetoxyoctene2 trans by comparison (IR, NMR, MS) with the 
known compounds6 All the other compounds, which dilfer only by the natum of their R group, were 
readily identified by MS and IR Mass spectra revealed in every sample the molecular ion M and significant 
fragments hi-MeCO and M-MeCOOH IR analysis distinguishes between the isomers XVIII and XIX; 
in the compounds with the structure XVIII bands are present at 930 and 990 cm-’ (CH=CH,); in com- 
pounds having the structure XIX there is a band at 975 cm-i (CH=CH trcnsj The IR of XVIIIa dilfers 
from that of XIXa by a band at 895 cm-i (C=CHs). 

Reaction with acrylonitile and butadiene (Table 4j XV and XVI, in which X = CN and R = CHs, 
GH,, s=GH,, n-C& =cGb, C6Hll, CH,Cl, CHsCHCl, UCHs-CHs-CH2. A complete 
analysie was carried out only for R = n-C,H,. (XV Found: C, 69.9; H, 9.3; N, 6.3. XVI Found : C, 69.8; 
H, 94; N, 63. C,,H,,NO, requires: C, 700; H, 9.4; N, 63%); MS XV: The molecular ion is missing. but 
significant fragments are 180 (M-MeCOj 164 (M-MeCOOHj 99 (CH,-CH=CHOCOMe) and 124 
(M-99j MS XVI: Main fragments 180 (M-MeCOj 164 (M-MeCOOH) and 113 (CH,-CH=CH- 
CH,-OCOMe). NMR XV: MeCOO (s at 20 a), 3 vinyl protons in the range 55.8 6. NMR XVI: MeCOO 
(s at 1.97 6) and 2 vinyl protons centred at 5.70 6. IR XV: 2250 cm-’ (0, 1740 cn-’ (CO), 990 and 930 
cm-’ (CH=CH,). IR XV: 2250 cm-’ (CNjl740 cm-’ (CO), 975 cm-’ (CH=CH rruns). 

All the other compounds corresponding to the structure XV and XVI were readily identified by IR and 
MS. The spectra are very similar to those found for XV (R = n-C,H,) and XVI (R = C,HI), which are 
described above. 

Reaction with acrylonitrile and 2,3_dimethylbutadiene (Table 5). XVa and XVIa, in which X = CN and 
R = C,H, C,H,,. For R = n-C,H,: (XVa Found: C, 71.6; II, 102; N, 5-5. XVIa Found: C, 71.7; H, 
9.8; N, 5.6. C,,H,sNOs requires: C, 71.8; H, 1W; N, 5.6%). The two isomers can bc easily distinguished 
by NMR, since XVIa has no vinyl protons. The IR spectra of XVa has the typical band at 895 cm-’ 
(C=CHsj MS of both isomers shows the molecular ion 251 and the fragments 208 (M-MeCO) and 191 
(M-MeCOOHj The corresponding compounds in which R = C6H,, were identified by IR and MS, and 
the spectra are quite similar to those described for R = n-C,H,. 

Reaction with acrylic acid and but&exe (Table 8). XVII, in which R = n-C,H,. (Found: C, 72.4; H, 99. 
CIIHIsOI requires: C, 72.5; II, 9.9%) IR: 1780 cm-’ (CO lactonej 930 and 990 cm-’ (CH=CH,). 
MS: molecular ion 182; and the abundant and significant fragment is 112, due to the loss of pentene-1 as 
a result of a McLalferty rearrangement of the lactone CO group. 

Reaction with methyl acrylate and butadiene (Table 7). XV, XVI and XVII, in which X = COOMe and 
R = nCIH, and C6HiI. A complete analysis was carried out for the molecule where R = t&H,. (XV 
Found : C, 65.5; H, 9.4. XVI Found: C, 657; H, 9-4. Ci~Hs,O~ requires: C, 65.7; H, 9.4). MS of XV and 
XVI reveal significant fragments 213 (M-MeCOj 1% (M-MeCOOHj 153 (M-MeCOj 113 (CH,- 
CH=CH-C,-OCOMej 99 (CH,-CH=CHOCOMej IR: XV 1740 cm-’ (COj 990 and 930 cm-’ 
(CH=CH,j XVI 1740 cm-’ (CO), 975 cm-’ (CH==CH Iran.+ XVII was identified by comparison with 
the product obtained from acrylic acid. The products obtained from the cyclohexyl radical were identified 
by IR and MS. 

Reaction with methyl me&cry/ate and butadiene (Table 9) XVIb, XVIIb and XXI, in which X = COOMe 
and R = n-&H, and n-CIH,. For R = n-&H,: XVIb (Found: C, 65.4; H, 9.5. Ci*Hs*O* requires: C, 
657; H, 9.4%). IR: 1740 cm-’ (CO ester), 975 cm-’ (CH=CH truns). MS: sign&ant fragments 213 
(M-MeCO), 1% (M-MeCOOHj 153 (196MeCOj 113 (CH,-CH=CH-CH,OMej XVIIb (Found : 
C, 72.7; H, 9.8. C,,H,sO, requires: C, 72.5; H, 9.9%j IR: 1770 cm-’ (CO lactonej 990 and 930 cm-’ 
(CH=CHs). MS: Molecular ion (182) and an abundant and signiticant ion 126, due to the loss of butene-1 
as a result of a McLalferty rearrangement on the lactone CO group are observed. XXI (Found: C, 68G; 
92. C H 0 requires: C, 68.1; H, 92 %j IR: 1730 cm-’ (CO ester), 1770 cm-’ (CO lactonej 990 and 16 26 4 

930 cm-’ (CH=CH,). MS: Molecular ion 282; the signitiamt and abundant fragment is 126 which has 
the same structure as the corresponding fragment of XVIlb. NMR: McOCO (3H, s at 3.65 a), 3 vinyl 
protons at 5-6 6.1 ally1 proton centred at 4.8 6 and 19 protons at U-8-25 6. Tbe corresponding compounds 
with R = n-&H, were readily identified by comparison of the IR, NMR and MS. 
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