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Abstract - Free radical additions of hydrogen donor solvents to tert-butyl 
perpent-4-enoate have given I-substituted y-butyrolactones, with yields of 
50 0 or qreater. Such reactions applied to allyl-tert-butyl peroxide have 
produced 2,3_epoxypropanation of these solvents. Similar addition-elimina- 
tion processes occurred with tert-butyl 4-methyl-perpent-4-enoate, tert-bu- 
tyl 2,2-dimethyl-perpent-4-enoate and tert-butyl-methallyl peroxide, but 
they failed with tert-butyl 5-methyl-perhex-4-enoate and tert-butyl-3-me- 
thyl-but-2-enyl peroxide. 

Free radical additions to alkenes have been extensively studied since they are very easy and 

efficient methods of alkylation of hydrogen donor substrates]. They proceed by a chain mechanism 

(Scheme 1). 

lnitlat ion : lnltlator ,“. ZH a Or hy+ 
- Z* + InH 

Propagation : z* + :c=c: _ z-+-+. 

2_&&. 
I I 

+ ZH - z-~-~-H + Z* 

Terminatlon : Radicals - Moleculer products 

scheme 1 

Hcmolytic rearrangements following additions to carbon-carbon double bonds have been used to 

prepare specific compounds. A well-known example of such a reaction sequence occurs in the case 

of B-pinene (Scheme 21. Various compounds with a p-menthenic skeleton have been obtained in our 

laboratory2. 

Schomo P 

During the study of the thermal stability of percarbonates, a significant induced decanposi- 

tlon of the 0,0-tert-butyl 0-lsopropenyl percarbonate by cyclohexyl radicals was discovered3 

(Scheme 3). 
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C, HII ’ + CH,=F -0-CO&Bu - 

CH, 

C6 H,, CH,-y =O + CO1 + t-BuO* 

CH, 
Scheme 3 

With the acetonylatlon of hydrogen donor substrates by such a reaction, investigations were 

begun on the potential synthetic use of the induced decompositions of unsaturated peroxidlc can- 

pounds. 

As described in Tidwell's review', the peroxidic derivatives of acids are used to undergo in- 

duced decompositions by intramolecular displacements. Similar hcmolytic substitutions are involved 

in y-elimination of the tert-butoxyl oroup in B-peroxy radicals6. These results pranpted us to stu- 

dy the decanposition of tert-butyl perpent-4-enoate (1) and allyl-tert-butyl peroxide (2) in hydro- 

gen donor solvents ZH. 

In previous papers' we noticed that the thermolysis of 1 in ZH led to the formation of substi- - 

tuted butyrolactones through a two-step addition-elimination reaction* (Scheme 4). Similarly, we 

have showed that heating tert-butyl-ally1 peroxide 2 in a cyclic alkane or an ether caused the 

2,3-epoxypropanation of these substrates 
9a 

(Scheme 4). Under such thermal conditions, the peroxidic 

compounds is consumed by two competitive induced and spontaneous decompositions. Although the 

homolysis of the D-O bond is necessary to initiate the free radical addition-elimination pathway, 

it is a material wasting process (indeed, it cannot give any functionalized substrate). An easy way 

to eliminate such a competition is to generate Z' under conditions where the unsaturated "peroxides" 

are thermally stable. This led us to explore hanolytic additions of ZH to I_ and 2 using a "low tem- 

perature" initiator ; this paper deals with the results of these studies. 

2. + CHpCH(CH,);CO+Bu - Z-CH 

t 

2 
v 

,o + t-BuO’ 

1_ ZH 
I 

+ CH,=CH CH,OOt-Bu 

2 

- Z-CH,Cy-$H, + t-BuO’ 

ZH 0 
I 

Scheme 4 
In the first section, the optimal reaction conditions are described. In the second, free radi- 

cal additions of ZH to 1 and 2 are compared with their thermolyses in the same solvents. In the - 

last section, the synthetic llmltations of such addition-elimination reactions using substituted 

peroxidic compounds are discussed. 

DETEPMINATION OF THE OPTIMAL REACTION CONDITIONS 

Preliminary experiments were performed to optimize several experimental parameters for the 

free radical additions, namely temperature, duration of the reaction and molar ratios of the reac- 

tants. 

1") Tert-butyl perpent-4-enoate 1 - 

Because of the well-known thermal stability of tert-butyl per-n-alcanoates 
10 

, benzoyl peroxide 

- 24 h, BO°C1' - or the diperester derivinq from 2-N-methylaminoethanol (t-Bu03CN(CH3)CH2CH20C03tBu) 

- 32 h, 60°C 
12 

- were used as initiators. 

The optimal molar ratio of alkene/initiator generally lies in the range 5-loO1. Preliminary 

experiments, using cormnercial benzoyl peroxide and tetrahydrofuran or cyclohexane (Table 1) showed 

that the i/initiator ratio was optimized at a value of 10. The different ZH model compounds were 

added to 1 using the best ZH/i ratio, as determined during the thennolysis 
7.8 , for each initiator. - 

The results summarized in table 2 indicate that benzoyl peroxide is qenerally more efficient than 

the diperester. 
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Table 1. Influence of I/benzoyl 
peroxide molar ratio on 
the yields of lactones 

Yield of lactone (A) 
(a) 

~/benzoyl 0 el peroxide 
(bl (cl 

l/O.05 47 48 

l/O.1 73 56 

i/o.2 57 46 

(a) 
Measured by GC on the reac- 

tion mixture relative to the 
startinq 1 (b)nolar ratio cycle- 
hexane/l=?O (c)~olar ratio tetra- 
hydrofu;an/1=20. - 

Table 2. Effect of initiator on the yields of lactones 

Yield of lactone (0) 
(a) 

ZH 0 ‘6 
Conditions 

CH3CH2C02CH3 CH CH CCB2CH3 CH2C12 

(d) (el (f) 
3 2b 

(e) (d) 
Benzoyl 
peroxide 73 56 62 48 70 
80°c-12h(b) 

49 69 66 

58 33 58 

(a) Measured b 
startin 1 
fran7 &- 

(b Molar ratio l/initiator=10 ('=lBesults taken r 
GC on the reaction mixture relative to the 

Molar ratio ZH/L=FO (c)Molar ratio ZH/1=20 (flMolar - 
ratio ZH/1=100. 

An optimal value for ZH/l can be defined fran the results indicated in table 3. - 

Table 3. Effect of ZH/l molar ratio on the yields of lactones - 

Yield of lactone (0) 
(a) 

ZH 0 i3 
ZH/L 

CH3C;2C02C;3 CH3CH2 H2CH3 CH2C12 CB3CB 

(b) 

20 52 56 68 48 58 49 

50 73 58 71 58 70 64 

100 58 65 62 43 51 60 

(a) 
Measured by GC on the reaction mixture relative to the starting 1 with a molar ratio 

I_/benzoyl peroxide of 10 at 80°C for 24 h (blpresence of the two lactones resulting of 
a substitution on the hydrogens a and b (a/&94/6) 

Thus, the selected conditions of the free radical 

ZH/l/benzoyl peroxide ratio of 50/l/0.1 at 80°C for 24 

whatever have been ZH/l -* 

additions to 1 were found to be a 

h. 

2") Ally1 tert-butyl peroxide 2 

The higher stability of the allyl-tert-butyl peroxide 13 suggests that tert-butyl peresters 
10 

and acyl peroxides 
14 

would be good candidates to initiate free radical additions to 2 _* Since the 

expected products are epoxides which are well-know" to be sensitive towards acids, benzoyl peroxi- 

de and perester of benzoic acid are unsuitable initiators because they produce acid when decomposed 

in hydrogen donor solvents 
11,15 . However, 

= lolos-l at 100~c16 

the acetoxy radical with its more rapid decarboxylation 

-kCO2 - sugqests that the peroxy derivatives of acetic acid could be used for 

the initiation, avoiding the formation of acid, eve" with good hydrogen donors. Unfortunately, ace- 

tyl peroxide is recognized as a compound which is unsafe to handle ; this left us to choose 
between benzoyl peroxide and tert-butyl peracetate. Fewer experiments have been performed with 2 - 
than with 1. The data recorded in table 4 led us to select the experimental conditions of a - 

ZH/2/tert-butyl peracetate molar ratio of lOQ/l/O.l at llo°C for 12 h. 
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Table 4. Influence of the initiator and of ZH/L molar ratios on the yields of 
2,3-epxypropa”atio” of *cvle model solvents 

Yield of eooxide (a) 

FREE RADICAL ADDITION OF ZH To LAND 2 

tion 

Table 5 shows the general improvement of the yields in functionalixed solvent when the reac- 

was performed using a" initiator. The most significant results were obtaiend with cyclohexane 

Initiator (b) 
(-2, h) 

ZH/Z cai 

CH3CH2C02CH3 
CH2c12 

100/l 70 67 76 

Tert-butyl peracetate 
(llO'C, 12hl 

SO/l 54 45 49 

20/l 49 48 36 

Henzoyl peroxide 
(80°C, 24hl 

100/l 68 63 75 

(a) 
Measured by GC on the reaction mixture relative to the starting 1 (b) Molar ratio 

Z/initiator=10 

(yields were doubled). We must underline that the yields were always equal to 50 \ or greater 

except in the case of the 2,3-epoxypropanation of acctonitrlle. 

Table 5. Canparison of the yields of lactones and epoxides from thcrmolysis of Land 
2 in ZH and addition to them. 

Yield of pentanolidation (%l Yield of 2,3_epoxypropanatio” (t) 

ZH 
(a) 

Free radical Thermolysis(cl 
addition(b) 

0 70 30 67 33 

B 48 35 78 70 

66(d) (e) 55(d1 (el 62(el (fl 44(e) (fl 

52 37 (gl (gl 

CH3CN 60 17 32 25 

CH2C12 68 63 74 35 

(a) Measured on the isolated material relative to the starting peroxidic compound 
1 or 2 (blnolar ratio ZH/l/bentoyl peroxide=SO/l/O.l at 80°C for 24 h : Molar ratio 
%i/Z/cert-butyl peracetatz=lOO l/O.1 
-pounds taken fras' and g (d( 

at llO°C for 12 h (ClOptimal yields of isolated 
Presence of the substituted derivatives on a and b : 

free radical addition a/&=96/4 ; thermolysis a/b=%/4 (c)The pue substituted corn- 
pounds were easily isolated by liquid-solid chranatography on silica 'f)Presence Of 
the substituted de ivatives on a,b and c : free radical addition ~/MC-93/7 ; thermo- 
lysis a/b+e87/13 ?g)The epoxy ketone was not stable in the reaction conditions lea- 
ding to several compounds. 

The difference in the efficiency of functlonalization of tetrahydrofusan and acetonitrile 

through their free radical additions to the pereater and the peroxide cannot be explained by the 

polar character of the tn> radicals. Indeed, either the nucleophilic cyclohexyl and tetrahydro- 

furyl-2 radicals or the electrophilic cyan-ethyl and methoxycarbonyl-1 ethyl-l radicals add 



lntramolaxlar homolytic displacements-7 4051 

differently to the unsaturated canpounds i and 2. As we previously demonstrated 
9b 

allyl-tert-butyl 

peroxide decomposes more readily in acetonitrile than in cyclohexane, presumably through an unknown 

"ionic process". Conversely the perester appears to be stable enough in this solvent to give free 

radical adducts. This result is surprising considering that peresters are generally much more sensi- 

tive to the polarity of the solvent, beina well-known compounds for ionic isomerization 
10 , and that, 

to our knowledge, such reactions have not been described for alkyl peroxides. A confirmation of this 

instability of 2 in acetonitrile was obtained by the study of the decomposition of benzoyl peroxide 

at BO'C in an acetonitrile solution of 2. with yields of epoxide approaching 50 %. The unknown pro- 

cess by which 2 was consumed, - was sufficiently slowed to allow ccnpetition by the radical process. 

FREE RADICAL ADDITIONS OF ZH M SUBSPITUTBD PEEOXIDIC CCMPOIJNDS 

As previously shown in reviews dealing with free radical additions to double bonds', the rate 

of addition is dependent on the degree of substitution of the ethylenic carbons. To define the li- 

mitations of the addition-elimination process for unsaturated peroxy compounds we applied the reac- 

tion to the followinq model peresters and peroxides : 

CH2~CcH))-(CH2)2-CO~tBU (CH312CKH-KH2)2-C03tLW 

la lb - - 

CH2=C(CH3)-CH2-OOtBu (CH3)2C=CH-CH2-OOtBu 

2a 2b - - 

As steric effects could also be involved in the hcmolytic displacement step, other models have 

been designed to complete the analysis of such parameters : 

CH2=CH-CH2-C (CH3 1 2-C03 tBu CH2=CH-CKH3)2-C0tBu 

lc 2c - - 

Unfortunately, at the moment, no synthesis of 2c has been efficient. - 

Table 6 shows that free radical additions to & and &are operative. As predicted, the expe- 

riments conducted with E and b did not lead to the desired canpounds.% main part of theperoxidic 

substrate was recovered, unreacted, for the three studied solvents (cyclohexane, dichloranethane, 

methyl propionate). 

Table 6. Yields of lactones and epoxides from addition of ZB to &, lc and 2a - - 

Yield of lactone (s) Yield of epoxide (%l 

ZH 
Peroxidlc la lc 2a 
compounds - - - 

0 44 28 49 

B 42 26 77 

CH3CH2CC2CH3 60 24 52 

35 19 (a) 

CH3CN 41 33 20 

CH2C12 38 26 60 

(a) See table 2 footnote q 

Fran the comparison of the yields of lactones (reactions of ZH with 1, *, 5, lcl and epoxi- - 

des (reactions of ZE with 2, 2, g), preliminary conclusions can be given : 
i) the reaction appears to obey the classical laws of free radical addition. 

ii) the yield of functionalized ZH decreases.with increasinq substitution of the carbon at- 

tacking the O-O bond (compare 1 and &, 1 and 2a). - 
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iii) for the lactone synthesis, the presence of a-carboxy Nbstituents certainly causes a 

steric constraint which disfavours the homolytic displacement (cuepare J_ and &). 

However, to draw more quantitative conclusions,these reactions have to be much more carefully 

studied, leading to an accurate balance of all the formed compounds. - This analysis is beyond the 

scope of our intentions. 

CONCLUS ION 

As the main result of this study , we want to underline the synthetic potential of the induced 

decasposition of unsaturated peroxy canpounds. Indeed, free radical additions of hydrogen donor 

solvents (ZH) to tert-butyl peresters of pent-4-enoic, 4-methyl-pent-4-enoic and 2,2-dimethyl- 

pent-4-enofc acids lead to substituted y-butyrolactones. Epoxldes were obtained in a similar 

manner when this addition-elimination was applied to ally1 or methallyl-tert-butyl peroxides. 

However these reactions were inoperative when the double bond was trisubstituted. 

EXPERIMlWl'AL 

Techniques 

An Intersmat IGC 112 F (flame ionization ; N2) was used for the gas chrcmatcqraphic analyses. 
which were carried out on stainless steel columns (length 1.5 m, diameter 2 mm) of F'FAP (10 0 on 
Chrcmosorb WAW, SO/l00 mesh), OV-17 (IO t on Chranosorb WEP, 80/loo mesh), m-275 110 t on Chro- 
mosorb WRP, SO/lo0 mesh). 

13 
1~ NHR spectra were recorded on a Perkln-Elmer R 128 spectraneter - Ccl4 solvent;ppn TnS=O -; 

C NMR spectra were measured on a Bruker WP60 spectraneter, fitted with a BNC 12 calculator 
- CDc13 solvent i ppa R(S=O - 7 mass spectra were analyzed on Micrasass 16F and 70-70 spectraae- 
ters (electronic ionization 70 ev). 

General procedures 

Experiments to define zH/~ or 2Jinitiator molar ratios : a sealed ampule containing 2 ml Of 
the three component solution was heated in an oil bath for the various duration and temperature 
ccmbinatlons (see Tables). Yields of the expected functionalized solvents were obtained by gas 
chraaatoqraphic analyses of the reaction mixtures, usinq an internal standard. 

Preparative scale experiments : 
I) ZH boilinq point < 0 reaction : a steel bomb containinq the solution of r or 1 and 

the initiator (1 : benzoyl peroxide ; 2 : tert-butyl peracetate) in the appropriate ZH solvent 
was heated in a thermostated oven (1 :-80°C, 24 h ; 2 : llO°C, 12 h). 

if) ZB boiling point 7 0 reaction : a round bottas flask, fitted with a condenser, contai- 
ning the ZH solution of the unsaturated peroxidic compound and the Initiator was set in an oil 

bath at the appropriate temperature for the expected time. 
After the reaction, the solvent excess was removed by distillation. The lactones were 

separated by liquid-solid chromatography on silica qel column (35/70 mesh) ; the 2,3-epoxypropa- 
nated solvent was distillated at reduced pressure from the residual product. 

For the thennolyses, tar 2was considered as the initiator ti: llO°C, 12 h ; 2: 14O*C, 10 h) 
and the same purification techniques were used. 

Starting materials 

Most of the reactants are commercially available and were purified before any use. 
17 

I-brano-3-methyl-2-butene was prepared fran isopropene as Ultee . Pent-Genoic acid and 3-methyl- 
pent-U-enoic acid were obtained through the classical malonic synthesis : allylation of methyl 
isobutyrate, usinq P.athke’s method18, followed by saponification, led to Z,Z-dimethyl-pent-4-enoie 
acid. S ctral and physical features of these acids were in good aqreement with literature refe- 
rences1q20,21. 

Tert-butyl peresters were prepared quantitatively by the classical reaction of the acid chlo- 
ride with tert-butyl hydroperoxide in pentane in presence of pyridineiO. Purification Over silica 

gel (35/70 mesh) was necessary to eliminate all acid traces. 
Tert-butyl perpent-4-enoate CH2=CH(CH2) 2C03C(CH31 3 

np= 1.4319 ; 'H NHR : 6.2-4.9, m, 3H(CH2=CH) ; 2-b-2.2, m. 4HKH2-CH21 i 1.3, 9, qH (W3)3c 

Tert-butyl 4-methyl-perpent-P-enoate Cii2=CtCH3f (CR21 2C03CfCH3) 3 

n 2’= 1.4348 ; 
(EH3) )C 

lrl NMR : 4.8, m, 2HWf2=) : 2.5-2.3, m, 4R(CH2-Cff2) i 1.8, s, 3H K.‘f3~ i 1.3, s,9R 

Tert-butyl 2,2_dimeChyl-perpent-4-enwte CH2=CHCH2C(CH312C03C(CH313 

nF= 1.4308 ; ‘H NMR : 
1.2. S, 6HW312C 

6.2-4.8, m, 3HKH2=W : 2.3, d(J= 6 Hz), ZH(CH2) i 1.4, S, 9H(W313C i 

Tert-butyl Zi-methyl-perhex-4-eflodte (CH3) 2C=CH- (CH21 2C03C (CB313 

: 5.3-4.8, m, lli(CH=) ; 2.5-2.2, m, 4~ 1Ui2-C~~) ; 1.8 and 1.5, ZS, 6H 





Table 8 . Physical characteristics and spectral data of the epoxides 

Solvent ZH b.p.(V/Torr) 
1 
H tWR 

Cyclohexane H Ii ES-7(25) 1.4609 3.1-2.1, m, : 2.1-0.4, m, 23 Lit.24 3H(CH2-0-CHJ 13H(C6Hll-CH2) 

Lit. 55-56(2) 1.4575 

Tetrahydrofuran H H 92-3(25) 1.4510 4.0-3.3, m, I 6H 3HKH2-CH2-O-CH-CH2) 3.1-2.3, m, ~HKH~-O-CHI : 2.2-1.0, IO, 

lkthylpropionate H H 96-lOl(25) 1.4330 3.6, ; 3.1-2.3, S, ~HKH~-O) m, ~AKH~-C-CH, CH-CO21 ; 2.0-1.4, m, 2A(CH2-CH-0) : 
1.2, d (J= 7 Hz), 3H(CH3-CH) P 

Dichlorcmethane H H 70(25) 1.4680 6.1-5.7, m, 1H(CHC12) : 3.3-2.1, m, 5HKJ:2-O-CHXH2) 2 

Acetonitrlle H H 106-llO(25) 1.4356 
Lit.24 

(C6D6) 2.7-1.7, m, 5H(CJf2-0-W , CH2CN) : 1.5-1.1, m, 2HW2-0-CH-CH2) 

47-49(0.25-0.4) 

g 

2 

Cyclohexane CH3 H 95(25) 1.4568 2.4, S, 2H(CH2-O) 3H(R1) 2.1-0.5, ; 1.1, S, : q , 13H(C6H11-CH2) 

Tetrahdrofuran CH3 H 93(25) 1.4478 4.2-3.3, m, 3H(CH2-CH2-0-CH-CH2) ; 2.8-1.5, m, 8H(W2-CH2 , CH2-O-C-Uf2) ; 

1.3, S, 3H(Rl) 

Methylpropionate CH3 H lOO(25) 1.4296 3.6, S, 3HKH3-0) m, 5HKH3-CH-C02 : 2.8-1.4, , i C2f2-O-C-CX2) 1,2, S, 3H(R1) ; 

1.1, d(J= 7 Hz), (CH3-CH) 

Dichloromethane CH H 3 75(25) 1.4657 5.9-5.6, m, lH(CK12) ; 2.9-2.0, m, 4HKYf2-0-C-CH2) i 1.4, 6, 3H(R1) 

Acetonitrile CH H 3 llO(25) 1.4303 (C6D6) 1.6, s, 2H(CH2-O) ; 1.4-0.5, m, 4H(Ctf2-CY2-CN) ; 0.4, 9, 3H(R1) 

. _ ._ --. . . . -._ -- 
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The synthesis of 
viously described'2. 

Intramolecular homolytic displacements-7 

was prepared as.22. 
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the diperester derived fran 2-N-methylaminoethanol was performed as pre- 

Allylic tert-butyl peroxides were obtained fran allylic halides and tert-butyl hydroperoxide, 
using a phase transfer procedureg. Distillation under vacuum of the rwgh product gave the pure 
peroxide. 
Allyl-tert-butyl peroxfde CH2=CHCH2COC(CH3)3 

$O= 1.4051 
S, 9H(Uf313C 

; Bb45 = 42OC i 'H NMR : 6.3-4.9, m, 3H(CH2=CCH) 
wt.131 

: 4.3, d (J= 8 Hz), 2H(CH201 i 1.2, 

2-methdllyl-tert-butyl peroxide 
-,n 

CH2=C(CH3KH20CCKH3)3 

ny= 1.4099 ; Eb25 = 46Oc ; 'H NMR : 4.9, m, 2H(CH2=1 ; 4.3, m, 2H(C7f201 i 1.7, s, 3H(CH31 i 1.2. 
s, 9H(CH313C 

3-methyl-but-2-enyl-tert-butyl peroxide 

$=11;4283 ; Eb = 7ooc : 1 
(CH3) 2C=CHCH2COC (CH3 1 3 

H NMR : 5.3, t (J= 8 Hz), 1H(CH=1 ; 4.3, d (J= 8 Hz), 2H(CH201 ;1.8 
. , 26&x3 2c ; f5 1.2, s, 9H(CH3j3C 

Reaction products 

The physical and spectral features of the different functionalized solvents are surmnarized 
in tables 7 and 8. 
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