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INTRODUCTION. 

The extreme Importance of organic peroxides in many aspects 

of chemistry, bidlogy and technology has, u n t i l recently, been but l i t t l e 

recognised. During the past few years, however, research on and interest 

i n the react ivi t ies displayed by the various classes of organic peroxide 

haB been greatly increased and i t i s now^sll recognised that this class 

of oompounds i B worthy of considerable study. 

An organic peroxide may be defined as any compound containing 

an 0-0 bond linked d i rec t ly at one or both ends to carbon atoms of organic 

groups. The various types of organic peroxide at present known are l i s t ed 

i n Table (1>. 

From the standpoint of the present thesis the term "Organic 

Peroxide Reactivity" is intended to include the following aspects: 

(1) the preparation of organic peroxides, (2) the mode of thermal and 

photochemical decomposition of organic peroxides in the absence of solvents, 

and (3) the thermal and photochemical decomposition of organio peroxides 

(a) in the presence of olefins and olef in ic compounds and (b) i n the 

presence of non-olefinio organic solvents. Previous work on these various 

aspects has been reviewed up to Apr i l and the results summarised i n 

th is review show the complexity and diversi ty of the react ivi t ies 

displayed by the various classes of peroxide and indicate the relevance 

of these reactions to many technologically important processes. 

As w i l l be described, olefins when photochemically or 

thermally reaoted with molecular oxygen give, i n i t i a l l y , unsaturated 

hydroperoxides which are highly reactive and -which readily undergo 
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seoondary reactions resulting i n their decay and a redistr ibution of 

the peroxidic oxygen. I t is believed that these secondary reactions are 

responsible fo r the profound degradation whioh rubber suffers as the 

result of the incorporation of only a few units per cent of oxygen. 

I t i s the primary aim of the present investigation to 

elucidate the nature of these seoondary autoxidation processes, and to 

show to what extent they may be responsible fo r the oxidative degradation 

of rubber* To this end a study has been made of the thermal decomposition 

of three types of organic peroxide (a d i - t e r t . - a l k y l peroxide, a t e r t . -
/->, 

alkyl hydroperoxide and a saturated transannular peroxide) in the presence 

of low molecular weight cyclic and acyclic o lef ins . 

Further, i n order to compare the interaction of d i - t e r t . -

a lkyl peroxides and non-olefinic compounds wi th that of these peroxides 

and olef ins, a br ief investigation has been made of the thermal 

decomposition of d i - t e r t . -bu ty l peroxide i n alkylbenzenes, cyclic and 

acyclic monoketones and cycloparaffins. 

4 
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TABLE (1) 

- CLASSIFICATION OF ORGANIC PEROXIDES.-

NAME STRUCTURE 

1. Alkyl peroxides 

2. Aralkyl hydroperoxides 

3* Alkenyl hydroperoxides 

R.O.OH (R = CH3,-CH(CH5)g,sG(.CH5)3 e tc . ) 

/ S-C^.OH (R1 & 2 = H or a lkyl ) 
\ 

OOH 
9QH 

R.CH.CHdCH-R1, CH-CH=CH 
L _ R - J 

CH 
R.CH.O.OH (R = alkyl or o.vcloalkyl) 

R.O.O.R1 (R = a lky l , R 1= alkyl or 
oyoloalkyl.) 

6. Alkyl-alkenyl peroxides R.O.O.R1 (R = a lky l , R 1= oyoloalkegyl) 

4. <x-Hydroxy-alkyl hydro­
peroxides 

5. Di-a lkyl peroxides 

7. D i - cL hydroxy-di-alkyl-
peroxides 

8;. Di-aoyl- and di-aroyl 
peroxides 

9. Transannular peroxides 

OH CH 
R.CH.O.O.CH.R. (R = a lkyl ) 

R.CO.O.O.CO.R1 (R,R'= a lkyl or aryl ) 

^ C v 

? 0 J? 
c _ c - c 

OOH 
10. Ether hydroperoxides R.O.CH.R1

 ; (R,R1 = a lkyl ) 

11. Polymeric peroxides 

12. Ketone peroxides 

R —R 
-0-0-CH-CH=CH-CH-0-0-

R 9 : C C: R o 
0-0 
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• SECTION ( O 

OLEFINIC REACTIVITY - THE AUTOXIDATICN OP OLEFINS. 

The most important r eac t iv i ty of olef inic systems has usually 

been regarded as residing in the double bond which can undergo additive 

reaotions wi th many types of molecules (e.g. hydrogen, halogens, hydrogen 

halides, mercaptans, e tc . ) . Recently, however, certain reagents have been 

shovel to react substitutively with o le f in ic systems of the type 

HDHg-CHdCH-, the point of 'attack being the o(-methylene group ( i . e . that 

adjacent to the double bond). This -methylenic substitutive react iv i ty 
(266) 

operates in the reaotions of suoh reagents as N-bromo-sucoinimide , 
(79) (58) (112, 244) 

maleic anhydride , lead tetraacetate , selenium dioxide , 
(oi. «». "\ 

sulphur and oxygen (vid.below) with a l l olefins possessing the 

system -CH -̂CHdDH-. Certain of these reactions, e.g. substitutive attack 

by oxygen and sulphur, are now regarded as involving the formation of 

free radicals which result from the symmetrical (hemolytic) breaking of 

covalent bonds (R.1) to give two groups X. and Y. each possessing an 

unshared eleotron. This type of bond f iss ion is to be distinguished from 

the polar or heterolytio type (R.2.) in which the resulting groups X: 

and Y exist as oharged ions. — 

hemolytic 
X : Y > X. + Y. (R.1.) . 

heterolytic _ 
X : Y > X: +Y (R.2.) 

In this seotion are detailed the reactions of oxygen wi th 

unconjugated olef in ic oompounds possessing reactive <*-methylene groups. 
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The results are of importance both from the standpoint of the 

react iv i t ies displayed by various types of olefins and from that of the 

formation and react iv i t ies of an important olass of organic peroxides. 

OLEFIN AUTOXID AT ION. - In the thermally or photochemically 

promoted oxidation, at moderate temperatures (20°-40°), of mono-olefins 

containing the ethylenic system ( i ) the i n i t i a l produots are 

unsaturated hydroperoxides ( I I ) in which the -00H group is located at 
(59, 85, 128. 132, 231) 

the «* -methylenic carbon atom • Thus cyclohexene 

( I I I ) gives the hydroperoxide (17) which retains the original unsatu-

rat ion of the o l e f in and contains one -OH group (as -COR). The 

constitution of the hydroperoxide as (IV) has been f i n a l l y established 

by reduction to cyolohexen-3-ol (V) 

0.0H / = \ / \ / \ 
-CII--CHd3H- -6fi-CH=CK- ( y ( \ n ( yH 

2 \ / * n \ /*oo« \ / ^ O H 
( I ) ( I I ) ( H I ) (IV) (V) 

A similar course is pursued in the oxidation of low 

moleoular weight polyisoprenes (e.g. dihydromyroene ( V I ) , dihydro-

farnesene ( V I I ) , and squalene ( V I I l ) containing the system -GHn-C(CH,)= 
(87) 2 5 

CH-CH^ , and byiiolef inic esters containing either a single double 

bond (methyl oleate) or the ov-methylene interrupted polyolefinic 

systems (IX) and (X) as present i n ethyl linoleate and ethyl linoleoate 
(6, 34, 88, 90, 114, 115). 

respectively 
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(VI) H.[CH 2.C(CH 3): CH.CH 2 .] gH ( V I l ) H . [CHg^GH^): CH.CH^] $L 

H. [CH2.C(CH3): CH.CH 2\] 3.jcH 2.CH: 0 ( 0 ^ ) . C H g . ] ^ 

(vni) 

(EC) -CH2CH:CH.CH2.CH:CH.CH2- (X) -CH:CH.CH2.CH:CH:CH2.CH:CH-

Studies of the photochemical autoxidation of solutions of 
(86) 

rubber vihich contains the repeating isoprene system (Xl) have shown 

that even in this complex molecule high yields of hydroperoxide are 

formed* Decay of the peroxide groups, however, occurs at an early stage 

of the oxidation, giving hydroxylated secondary products. Determinations 
(32) 

of the unsaturation and active hydrogen values of the peroxidised 

rubber give results which support the view that the i n i t i a l peroxidation 

occurs at the oc-methylene groups with the formation of hydroperoxides 

(R.3.) and preclude the poss ib i l i ty that oxygen adds at the double bonds 

of the rubber molecule (R.4.) CH3 _ CH3 
-CH -C=CH-CH2[CH2-C!£!H-CH2j-Q- n = 4000-5000 

(XI) 

C H 3 00H CH3 9»3 y®* 
-CH2-C=CH-CH2- + Og > -CH-C=CH-CH2- or -CH2-C=CH-GH- (S .3») 

-CHg-^H-CHg- + 0 . >-CH -$-C-CH - (R.4.) 
0-0 

(82) 

Mechanism of Olefin Peroxidation.- Parmer . proposed a 

radical chain mechanism for o le f in peroxidation involving the following 

stages:-
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(A) I n i t i a t i o n . -CHg-CHdOH- + 0-0 (or R.0.0. }>-CH-CH=CH- + .00H or 

(ROOH) (R.5) 

(B) Propagation. -CH-CH=CH- + 0 > -CH-CHdCH- (R.6) 
* 0-0* 

-CH-CHdCH- + -CH -CHdCH- >-CH-CH=CH- + -CH-CHdCH- (R.7) 
o-o* 2 6.CH 

(0) Termination, of the reaction chains by combination of the radicals 

formed i n (B). 

The thermal decomposition of the i n i t i a l l y formed hydroperoxide 

results in the production of new free radioals (e.g. R.O.OF, R.O?, H0*)» 

whioh are capable of i n i t i a t i n g new oxidation ohains. 

The poss ib i l i ty that chain i n i t i a t i o n occurs by addition of 
(33 (a)-(b) , 78, 80, 

oxygen at the double bonds has also been considered 
115, 126). 

(78) 

Although Parmer's scheme , given below, involves i n i t i a t i o n 

by addition of oxygen at one end of the ethylenic linkage, i t does not 

result in saturation of the double bond but gives an olef inio hydroperoxide. 

R.CH„.CHdOH*R1 + 0o—7»R.GHn-CH-0H-R1 

* 2 ' 2 * ~ -&:o 

(XII ) (R.8) 

R.CH .CH-CH.R1 + R.CH„.0HdCH.R1 >R.CH„.CH-CH.R1 + R.CH.CH=CH.R1 

2 * 0-0- 2 2 * fcOH 
(R.9) 

R.CH .CH-CH.R1 • R.CHdCH.CH.R1 + H * (R.10) 
2 * 00H 60H 

( X I I I ) 

R.CH. CHdCH,R* + 0 o R̂.CĤ CSHdCH.R' (R.11;) 
* 2 b.o*. 
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R.CH.CHdCH.R1 + R.CH2.CH = CH.R1 ^R.CH.CH=CH.R1 + R.CH.CH=CH.R1 

0-0* OOH 
t 

(xiv) (R.12.) 

The above intermolecular reactions resulting in s tabi l isat ion 

of the i n i t i a l l y formed radical (XII ) and the continuation of the 

peroxidation by radical chains (R.9 - R.12) was considered by Farmer as 

more l i k e l y than an intramolecular non-chain stabil isat ion reaction as 

represented by (R.13.), 

R.CH2.CH-CH.R1 > R.CH.CH-CH.R1 >R.CH=CH.CH.R1 (R.13.) 
0.0* 0-OH COH 

0::-:.; , ( X I 1 1 ) 

The reactions (R.8 - R.10) and reaction (R.13) are seen to 

result in a double bond s h i f t i n the original o l e f in . However, i f the 

reaotion proceeds by (R.8 - R.10) and the reaction chains are reasonably 

long, the number of hydroperoxide molecules possessing the redistributed 

double bond ( X I I l ) w i l l be of s l ight importance. 

As the intramolecular mechanism -would appear to give 

exclusively peroxides of the type ( X I I l ) and the intettmolecular mechanism 

predominantly those of type (XIV), i t might be thought possible to 

distinguish between them, but this is not i n fact feasible. An explanation 
* i 

of this is found in the fac t that any alkenyl radical system R.CH.CHdCH.R', 

formed by the abstraction of hydrogen atoms from anoC-C^ group, ip 

potentially a resonating structure possessing the two canonical states (XV ) 

and (XVI). Both (XV) and (XVI) can be stabilised(by -OOH) to give peroxides 

of type (XIV) and ( X I I I ) respectively. The a b i l i t y of any o l e f i n to give 

both ( X I I I ) and (XIV) as the result of resonance of the intermediate 
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alkenyl radical would thus invalidate any quantitative estimates of the 
extent of double bond s h i f t designed to discriminate between the inter-
and in t ra- molecular mechanisms. 

R.CH.CHdDH.R1^ R.OH:r-.-.-CH-ni:CH.R1^=^ R.CHdCH.CH.R1 

v 

(xvT (xvi) 

Verif icat ion of Double Bond S h i f t . - That double bond s h i f t 

does i n fact occur in the autoxidation of olefins has been oroved by both 
(89) 

ohemical and spectroscopic methods. Thus Farmer and Sutton isolated and 

ident i f ied from the autoxidation of 1;2-dimethvlcyolohexene (XVIl) the two' 

hydroperoxides (XVIII) and (XIX), the la t te r being formed by rearrangement 

of the original double bond. 

CHj 

(XVII) 

OOH 

CM, 
ooH 

(XVIII) 

(R.14.) 

(XIX) 

A number of workers have u t i l i sed U-V spectrographic analysis 

to detect double bond s h i f t i n the autoxidation of ethyl linoleate (XX) 
(•») 

and ethyl linolenate. Thus Bolland and Kooh , and G-unstone and Hi ld i tch 
(114) 

demonstrated that the hydroperoxide resulting from the thermal 
oxidation of ethyl linoleate contained a high proportion of conjugated 

diene units. I t was suggested that oxidative attack at the o( -methylene group 
(a)^gave a free radical (XXl) composed of the three canonical structures 

This group being situated between two double bonds is more labi le than 

either of the two terminaloC.-methylene groups. 
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(XXI ( i ) - XXI ( i i i ) ) , two of which (XXI ( i ) and ( i i i ) ) would give 

conjugated diene hydroperoxides on stabi l isat ion. 
O O H 

f f t . - C H = C H : C H = C H - C H - l V (0 » f t - C H - C H - C H ' C H - C H - H ' H ) 

%CH=CH . c V c H=CH - 1 \ ' J K - C H = C H C H C H = C H . ^ — ^ HCH=CH - C V t - C H = C H - t t ' 00 (K>5) 

CR=CHv(CH 3^ ^'^CHjJyCOOEt) ? ? H 

^ • C H - C H = C W ' C H = C H . fi'O » ^ • C H . C H = C H - C H = C H - # (iii) 

• (XX) . (*Xl) 
Similarly ethyl linolenate on oxidation gives hydroperoxides 

(90, 114) 
containing both diene and triene conjugation . 

Kinetios of Olefin Autoxidation.- Detailed kinetic studies 
(31, 33(a)-(b) ) 

by Bolland and Gee of the i n i t i a l stages of the thermal 

oxidation of ethyl linoleate and other non-conjugated olefinic esters and 

o l e f i n B have confirmed the radical-chain meohanism of Farmer. Under normal 

conditions of autoxidation, nearly a l l the chains are in i t ia ted by thermal 

decomposition of hydroperoxide ( or added peroxide) and terminated by 

interaction of two peroxide free radicals to give stable end products. 

Autoxidation at High Temperatures.- I t i s not certain that 

at higher temperatures ( > 80 ) oxygen attaoks exclusively the^-methylene 
(6, 114) (227) 

groups and i n fact Hi ld i t ch et a l . , and Skellon have recently 

presented evidenoe indicating that i n the oxidation of methyl oleate at 

120° considerable oxidative attack occurs at the double bond. 

The Influence of Olefinic Structure on Rate and Nature 

of Autoxidation.-

(A) Rate of Autoxidation. The rate of autoxidation of any 

o lef in ic system w i l l depend on the l a b i l i t y of i t s c< -methylene hydrogen 
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atoms, those systems possessing highly labi le hydrogen atoms being the most 

rapidly oxidised. I t is possible to c lass i fy unconjugated olefins into 

three main groups: (a) methylene interrupted 1:4- and 1:4*7- olefins (XXII 

( i ) and ( i i ) respectively) (b) bi-spaced 1:5- and 1:5:9- olefins (XXII I ) , of 

which the polyisoprenes are important examples, and (c) mono-olefins (XXIV). 

(b) (a) (b) (b) (a) (a') (b) 
CH«.CHd3H.CH .CHdCH.CH,, GHo.0H=GH.CHo.CHdQH.CH-.CHdQH.C5Ho 

1 2 3 2 4 5 6 z 2 ^ 2 2 

(XXII ( i ) > ( X X I I i ( i i ) ) 

CH-.C(R):£H.OT .CH .C^dCH-CH,, CH .CH=CH 
i. ^ 2 * 2 

(XXIII) (XXIV) 

I t has been shown experimentally that the magnitude of the 

l a b i l i t y i n these systems is in the order 3KII ( i i ) > XX5I ( i ) > X X I I I > • 
(114) 

XXIV. Thus Guns tone and Hi ld i t ch found that the rates of thermal 

oxidation at 20° of methyl linolenate (type XXII ( i i ) ) , methyl linoleate 

(type XXII ( i ) ) , and methyl oleate (type XXIV) were in the ra t io of 

25:12:1. 

Alkyl substitution of the double bond also influences, 

presumably by i t s inductive e f fec t , the l a b i l i t y of oC-methylene hydrogen 

atoms. No detailed work has yet been published on the effect of th is 

a lkyl substitution on the rates of oxidation, but recently Bolland (private 

communication) has studied the re la t ive oxidation rates of three series of 

olefins in Yihich the members of each series d i f f e r i n the extent of methyl 

substitution at the double bond* He found that the increasing degree of 

methyl substitution i n the olefins (XV), (XVI), and (XVTl) resulted i n 

progressively increasing oxidation rates. When R = CgHtj the relat ive rates 
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of the rate determining reaction (R.16) were i n the order (XVIl)>(XVl)>(XV) 

in the ra t io of 16.5 : 4.9 : 1. 

R.CH .̂OHdDHg R.CH2.CHdOH.C?H5 R.OH2.CH=C(CH3)2 

(XV) (XVI) (XVII) 

R.0 g* +RH > R.OgH+R (R.16) 

(B) Position of Oxygen Attaok,- The nature of the o le f in io 

system not only controls the f a c i l i t y of oxidation but also determines the 

actual point of i n i t i a l oxidative attack. I n the systems (XXII ( i ) ) and 

(XXII ( i i ) ) the oxygen reacts almost exclusively at the methylene groups 
, x , 1 x (31, 33 (a ) - (b) , 90, 
(a) and (a } situated midway between two double bonds 
114). 

The introduction of alkyl substituents on the double bond is 

another factor determining the point of attack (as between C and C ) i n 

the system (XXVIU). Published work on this°quest ion is conf l ic t ing . Thus 
* ^ 3 A 

2 2 

Hook and Lang 
(129) 

(XXVIII) 

isolated the hydroperoxide (XXX) from the oxidation of 
(53) p 

p-menthene (XXIX), and Cook . obtained 3-methyl- A -cyclohexenone (XXXI) 

from the oxidation of 1 -methylcyolohexene at 70° in the presence of ferrous 
K fi 

pjthalocyanine,- both results indicating preferential attack at -<3H2 • 

O O H 

(XXIX) 

-CH, 

(XXX) (XXXII) (XXXIII) 
X 

(XXXIV) 

0< 
KA0M (XXXV) 
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Evidenoe fo r preferential attack at -CH ^ has been gained by 

Dupont . . who found that oxidation of 1-methyloyolohexene at 95° g&ve 
(25) 

2-methvl- A^-oyclohexenone (XXXIl), and by ELumann and Zeitschel who 

showed that limonene (XXXIIi) on oxidation gave carvone (XXXIV) and carveol 
(85) 

(XXXV). More recently Farmer and Sundralingham have adduced evidence for 

attack at both - C H ^ and but they found that attack predominated at 

-CH|^ . Their evidence was based on the isolation of both 1-methylcyplo-

hexene-6- and -3-hydroperoxide ( (XXXVl) and (XXXVTl) respectively) from the 
o 

photoxidation of 1 -methylcfyclohexene at 35. 

(XXXVl) (XXXVII) 

The problem is obviously one of considerable d i f f i c u l t y and 

SV7s.its more detailed and accurate qualitative and kinetic investigations 

for i t s ultimate solution. 

SECONDARY AUTCKIDATION PROCESSES.- The hydroperoxides i n i t i a l l y 

formed i n o le f in autoxidation are extremely unstable and undergo extensive 

and complex rearrangement reactions involving the peroxide and unreaoted 

o le f in . The products resulting from this oxygen redistribution may then under­

go further reactions with peroxide, o l e f i n or other molecules. I t i s found 

that i n any thermally or photochemically promoted autoxidation the products 

include, i n addition to hydroperoxides, o lef in ic alcohols (XXXVIII), 

©jaQxides (XXXIX), and polymeric oxygenated comp̂ inds of unoertain composition. 

In the later stages of autoxidation of polyisoprenes (especially of 

rubber), ketones, aldehydes, carboxylic acids and esters become significant 

http://SV7s.it
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(86, 87). IM 

secondary products 

-CHriCH-CH(CH)- -CH-CH-
V 

' ( x x x v i i i ) (XXXIX) 

I f the autoxidation is carried out in the presence of metallic 

catalysts such as ferrous pjthalooyanine or cabalt naphthenate the rate 

of oxidation is greatly increased and the secondary products become the 
(33, 191, 192, 219, 233). , (85) 

major constituents Farmer and Sundralingam 

showed that pure o le f in hydroperoxides were rapidly decomposed by traces 

of ferrous p|bhalocyanine giving complex mixtures of alcohols, aldehydes 

and ketones; 
CHo 

(R.18) 

I t is generally held that these secondary autoxidation 

processes sre the causes of the oxidative brcakdc™ of natural rubber, 

the production of rancidity and "o f f flavours" i n oi ls and fa t s , and the 
(237). 

hardening ("polymerisation") of paint and varnish films A detailed 

discussion of the relevance of the course of autoxidation in these 

technically important processes is beyond the scope of th is thesis. 

However, the relevance of the author's own findings on hydroperoxide/ 

' o l e f i n reactions to the mechanism of oxidative soiBsion and cross-

l ink ing of natoral and synthetic rubbers, w i l l be discussed in a later 

section (yid . p . l o o ) . 

L i t t l e is known about the precise mechanisms involved i n the 

decay of olef in ic peroxides, mainly because of insuff ic ient accurate 

qualitative and quantitative experiments. Many schemes have been 

proposed which explain, (plausibly or otherwise) the formation of the 
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(36, 82), 

f i n a l products but u n t i l def ini te experimental proof of their 

correctness is obtained they must be regarded merely as tentative. 

HYDRQMAIIC AND AftCMflTIC HYDROEERQXIDES.- Hydrojnatio hydro­

carbons and a lkyl benzenes containing lab i le C-H bonds v ic ina l t o the 

aromatic nucleeus give, on thermal or photoxidation, hydroperoxides 

olosely related to o le f in ic hydroperoxides. Tetral in (XL) was shown by 
(120) (133) 

Hartmann and Seiberth and by Hock and Susemihl to give on auto-

xidation the crystall ine hydroperoxide (XLl) . Similarly, ^ -xylene, 

ethyl benzene, and iao-propyl benzene form the hydroperoxides (XLI l ) , 
(130, 131). 

(XLII I ) and (XLIV) respectively 

(XL) (XLl) (XLII) (XLII I ) (XLIV) 

Detailed kinetic studies of t e t r a l i n autoxidation have shown 

that the process is analogous to that of aliphatio o l e f in autoxidation, 

involving free-radical chain reactions as i n Parmer's proposed mechanism 
(109, 110, 135, 165, 169, 213). 

(vid.p. 6 ) 
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SEQTICN (2). 

' - PREPARATION OF ORGANIC PEROXIDES. -

1. ALKYL HYDROPEROXIDES and DI-ALKYL PEROXIDES.-

(A) PRIMARY ALKYL PEROXIDES.- Alkyl hydroperoxides 

(R.OOH) i n whioh R. is a primary alkyl group are prepared by the half 

alkylation of hydrogen peroxide with the appropriate dia lkyl sulphate i n 
(9, 116). 

the presence of a lka l i Complete alkylation of hydrogen peroxide 
wi th two equivalents of d ia lky l sulphate gives dialkyl peroxides R.O.O.R1. 

(9), 
By this method the following peroxides have been prepared: dimethyl 

(210), (8, 9, 234), (11.6, 258) 
methylethyl diethyl and di-n-propyl ' peroxides. 

(B) TERTIARY ALKYL PEROXIDES.- ter t , -Butyl hydroperoxide, 

the f i r s t of th is group to be prepared, was or iginal ly obtained by f rac t ion­

ation of an anhydrous solution of hydrogen peroxide i n tert.-butanol in the 
(173). 

presence of a dehydrating agent Later^Milas and co-workers developed 
fo r preparation of t e r t . - a l k y l hydroperoxides a general method involving 

reaction , i n the cold, of t e r t . - a l k y l hydrogen sulphates wi th 30?° hydrogen 
(174.-176). 

peroxide The alkyl hydrogen sulphate was prepared by reacting either 

a tert .-alcohol or an unsymfetrical dialkyl-ethylene with sulphurio acid: 

R2.CdCK2 + HgSO^—>R2.C(CH3).O.S05K (R.19) 

R.OH + HgSÔ  > R.O.SO^H + HgO (R.20) 

R.O.SO^ *.H 0 2 >R.00H+H 2 30 4 (R.21) 

The reaction product always comprises a mixture of alkyl 



hydroperdxideand d ia lkyl peroxide, separation of which may be effected 

either by fract ional d i s t i l l a t i o n or by extraction of the hydroperoxide 

with a lka l i and regeneration with di lute mineral acid. 

By adjustment of the concentration of sulphuric aoid d i -a lky l 

peroxides can be obtained as the major products. A better method of 

preparation of di-a lkyl peroxides is by the reaction of the corresponding 
(174-176). 

hydroperoxide with t e r t . - a l k y l hydrogen sulphates 

(CH ),C.0.0H + (CH )vC.HSO. —? (CH,) C.O.O.C(CH,) + H ŜO. (R.22) 
j j 3 3 3 2 3 * 4 

Both d i - t e r t . - a l k y l peroxides and t e r t . - a l k y l hydroperoxides 
(241-2437 

have been prepared by Vaughan and Rust by the controlled 

autoxidation at 130-230° of a t r i a l k y l substituted methane R3CH, 

hydrogen bromide being used as a catalyst (R.23). 

HBr 
RjCK + Og > Rj.O.OOK + RjC.O.O.GR^ (R.23) 

2. DI-ACYL AND DI-iffiOYL PERCKIDBS.- Both diaoyl and diaroyl 

peroxides, of which diacetyl peroxide and benzoyl peroxide may be taken 

as respective examples, are prepared by the aotion (below 0°) of the 

corresponding acid chloride, dissolved in a suitable solvent (e.g. ether 

or acetone) with either sodium peroxide or hydrogen peroxide and a lka l i 
(95, 184, 194, 239). 

2R.C0.C1 + Na 20 g > R.G0.0.0.C0.R +2NaCl (R.24) 

Diacetyl peroxide may also be prepared by reacting acetic 
(96, 153). 

anhydride in ether solution wi th sodium peroxide The peroxide 

is unstable and i f required in the pure solid state must be kept at low 

temperatures (ca . -80° ) . 
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3. 0LEPIN1C HYDROPEROXIDES. - The preparation of o le f in ic and 

related hydroperoxides, such as t e t r a l i n hydroperoxide and alkyl-aryl 

hydroperoxides, have been described in the previous seotion. 

4. oyclo-ALKENYL-AIKYL PEROXIDES.- These peroxides, having the 
(129) ' 

general structure (XLV), have been prepared by Hook and Lang by the 

alkylatioa, with d i -a lky l sulphates i n a l k a l i , of cyclo-alkenyl hydro­

peroxides suoh as oyolo-hexene-3-hydroperoxide. 

C H c-o-o'K' 
/ O O H V 

H 

OOlV (H.25) 

5. TRANSANNULAR and POLYMERIC PEROXIDES.- The transannular 

peroxides contain a 1:4- peroxide bridge across a six-membered carbon 

r ing . They are generally derived from certain classes of polycyclio 

aromatic hydrocarbons (e.g. anthracene and naghthacene and thei r 

derivatives), but sterol-1:3-dienes also give well defined peroxides of 
(21). 

this type They are prepared by the photoxidation with molecular oxygen 

of conjugated dieaes which undergo 1i4-addition s Thus rubrena (XLVl) gives 
(61, 179). 

rubrene peroxide (XLVIl) As an example of a steroid peroxide may 

be ci ted 2:4-cholestadiene peroxide (XLUt) which is obtained when 

2:4-oholestadiene (XLVIII) is irradiated, in the presence of oxygen, wi th 
(225, 226). 

a 200 watt Mazda bulb 
( N - V I ) '• ( X L V I I ) (R.^fe) 

(XUvwii) (xux) (R.A7) 
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Monocyclic transannular peroxides are also known* The best 

known example is ascaridole ( L i ) which is unique i n ooourring naturally 

as the major anthelmintic constituent of chenopodium o i l , Schenk and 
(217) 

Ziegler have recently synthesised ascaridole by the irradiat ion of 

di lute solutions of ot-terpinene (L) with oxygen in the presenoe of a 

fluorescent dye such as chlorophyll. By the same method these workers 

obtained the two peroxides ( L I I l ) and (LIV) from oyclo-hexa~1:3-diene 

and ot -phellandrene respectively. 

0»5 CH3 

Dye 

CH3 CH* 

(UH) 

0 
I o 

( U V ) 

| i 
o 

C H 3 

(26) 
Previous attempts by Bodendorff to prepare asoaridole from 

d. -terpinene and oxygen gave polymeric peroxides (LV), in which the 

terminal peroxide radicals may be terminated by r ing formation, 
(80). 

disproportionation, or formation of hydroperoxide groups The 

formation of polymeric peroxides such as (LV) appears to be a general 

reaction of a l l classes of non-aromatic oyolic and acyclic -1:3-dienes 
i 

when the autoxidation is performed in high monomer concentration and 
(26, 80). 

in absence of photosensitisers 

l»-a^ 
( u v ) 

28) 

These peroxides arenotable fo r their great thermal s t a b i l i t y 
a. 

and resistance to oatiLytio reduction, but the peroxide from butadiene 
(2r23). 

is highly explosive 
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Dihydroascaridole ( L I l ) is of interest since i t is the only 

known example of-a completely saturated transannular peroxide. I t is 

prepared by the reduction of the double bond in ascaridole using p la t in ic 
(190); 

oxide as catalyst 

0- , 
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SEOTICN (3) . 

THE THERMAL AND PHOTOCHEMICAL DECOMPOSITION OF 

ORGANIC PEROXIDES. 

In this section is given an account of the reactions involved 

in the thermal and photochemical decompositioa of the major types of 

organic peroxide. The results have both advanced our understanding of 

the react ivi t ies of free radioals and proved of value i n studies of 

processes of technological importance, such as hydrocarbon fue l 

combustion and the deterioration of lubricating o i l s . 

(1) PRIMARY ALKYL HYDROPEROXIDES.- ' Studies of the thermal 
: . (168), 

decomposition of three primary alkyl hydroperoxides, CH 00H 
(116, 118) ^ 

C H .COH and n-C II_.0CH have indicated that the reactions are 
2 5 ~ 3 / 

complex, the products consisting mainly of aldehydes, alcohols and 

hydrocarbons but containing also significant amounts of carbon dioxide, 

carbosa monoxide and oxygen.-
(168) 

Medvedev and Podjapolskaya studied the decomposition of 

methyl.hydroperoxide by the flow method and obtained results indicating 

a unimolecular decomposition into formaldehyde and water occurring along­

side a bimolecular decomposition into methanol and oxygen. 
(116, 118) ; 

Harris and Egerton showed that the main thermal 

decomposition reactioas of ethyl- and n-propyl-hydroperoxide were 

heterogeneous dehydrations.giving aldehydes arid water: 
CHjCHgOOH > CĤ .CHO + H20 (R.29) 
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The existence of the corresponding alcohol (ethanol from Ĉ H .̂OOH and 

n-propanol from ji-Pr.QOH) and oxygen in the lowjtemperature decompositions 

(170-200 ) indicated that bimolecular reactions such as (R.JO) also 

occurred. 

2C^5.00H ?• 2C2H5.OH + 0^ (R.30) 

further reaction is a homogeneous, explosive, gas phase 

decomposition involving, i n the f i r s t place, scission of the 0-0- bond 

(R;31). the radioal CH,CH9.0*- then decomnosing to give formaldehyde 
(238, 251). 5 * 

(R.32) 

CH,.CHft.0-0H > CH.CH .0* + OH (R.31) 
3 2 3 2 

CH3.CH2.0*- > CH3* + H.CHO (R.32) 

(209), 

Rice and Radowskas studying the thermal decomposition of 

alkyl n i t r i t e s , have demonstrated by mirror experiments, that radicals 

of the type R.CH .0* are unstable, readily undergoing scission into 

formaldehyde and an a lkyl radical R *-. The radical R *• can either by 

. dimerisation give the hydrocarbon Rg» °* ^y interaction with a molecule 

XH give RH. 

(2) DI-PRIMARY ALKYL PEROXIDES.- Investigations of the thermal 
HiTT 119) (116) 

decomposition of di-ethyl peroxide and di-n-propyl peroxide 

have indicated quite clearly that below a certain c r i t i c a l pressure the 

main mode of decomposition is a homogeneous, unimoleoular reaction, but 

above this c r i t i c a l pressure explosive decomposition takes place and the 

nature of the products changes. This transit ion to an explosive mode of 

decomposition may be compared with a similar phenonemon" in the decompo-
(4) (42). 

sitions of azomethane and ethyl azide 
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The products of the unimolecular decomposition of diethyl 

peroxide in the temperature range 130-190° are mainly aoetaldehyde and 

ethanol (R.33). 

CgHg.O.O.C^ ?> CH .̂CHO + C^.OH (R.33) 

Above the c r i t i c a l pressure the peroxide decomposes to give 

mainly formaldehyde and ethane. The reaction most probably occurs 

according to the following scheme (R.3A- - R«36) '• 

CH,.CH .O.O.CH .CH > 2 CH .CH . 0 * (R.34) 
3 2 2 3 3 2 

CH .CH .0f« f CH * + H.CHO * (R.35) 
3 2 3 

CH^ + CHyv » CgHg (R.36) 

Similarly the important produots in the unimolecular 
o 

decomposition of di-n-propyl peroxide at 18O are n-propanol and 

propionaldehyde (although significant amounts of formaldehyde and 

hydrocarbon indicate that the explosive mode of reaction also takes 

place to a small but constant extent). The explosive decomposition at 

240° gives mainly formaldehyde and ^-butane (R.37) '• 

CH3.CH2.CH2.0*O.CH2.CH2.CH3 ^ f y " 0 ^ + 2 H , C H 0 (R*37) 

(3) SECONDARY ALKYL PEROXIDES.- L i t t l e work has been done on 

the decomposition of this type of peroxide. I t may, however, be regarded 

as a general rule that they undergo, as the mojor reaction, dehydration 

to give a ketone, and by analogy wi th the reaction of primary hydro­

peroxides this is probably heterogeneous. 

As examples: ( i ) Ethyl benzene on oxidation yields acetophenone 

the reaction occurring probably by the i n i t i a l formation of the 



hydroperoxide (R.38) 

l3 
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(250, 235 , 267). 

C6H5.CH2.CH, 
0 2 

6 5 1 3 
00H 

-C6H5.C.CH3 + H20 (R.38) 

( I I ) Tetrali t i hydroperoxide (XLl) yields tetralone (LVl) , the 
(120) 

react ion-.being catalysed by such metallic salts as ferrous sulphate 
(53): 

and ferrous phthalocyanine 

H o OH 

+ H 0 
2 (R.39) 

This peroxide may also undergo a radical decomposition reaction 

as evidenced by i t s a b i l i t y to i n i t i a t e the chain polymerisation of 
(213) 

styrene, methyl methacrylate, v inyl cyanide and 2-chlorobutadiene 
(116, 167) 

(vid.p. tf.(s ) . This is further supported by the use of 
(213). 

t e t r a l i n hydroperoxide as an in i t i a to r of t e t ra l in autoxidation 
(251) 

Walsh belijyes that secondary a lkyl hydroperoxides may also u 

undergo, at higher temperatures, a homogeneous explosive, gas phase 

decomposition similar to that occurring with primary and t e r t i a ry a lkyl 

peroxides (vid .p . 3P and p . S.4- ) . The reaction involves the formation of 

ROXr and *0H radicals by scission of the -0-0- bond, the RO* radical 

decomposing to give an aldehyde (R.40 and R.41). 

R 

\ 
/ GH.0-QH GH - 0 * + xOH (R.40) 

R̂  
I CH - 0* -> R.CHO + R * (R.41) 
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(4) TERTIARY ALKYL HYDROPEROXIDES.- Suff ic ient work 

has been recorded on the thermal decomposition of t e r t . - a l k y l and 
(111) 

-ary l hydroperoxides to lead George and Walsh to make the following 

generalisation governing the mode of their decomposition: The reaction 

occurs in two stages: ( i ) scission of the -0-0 bond to give an alkoxy 

radical RyC.O* and a hydroxyl radical *0H (R.42) ; 

( i i ) soission of a -C-C- bond adjacent to the -C-0- bond in the radical 
R . C O * to yield a. ketone (R.43) 

3 

a—C-O-CB.-* C - C - 0 * + *CH (R.42) 
c c 

°v CN C 
C — C-0*- > C* + *C-0*-—» yidO (R.43) 

c / c 

Energetically the seoond reaction (R.43) is favoured, being 

nearly thermeneutral since the energy required to break the -C-C- bond 

is counterbalanced by the energy released in forming the oarbonyl group 
(11H, 249). (204) 

Raley, Rust and Vaughan have calculated that in the case 

of di-tert.-butyl,peroxide the step, 

(CH,) C.Ow > (CH,) C = 0 + CH (R.44) 
3 3 3 2 3 

is endothermic* to the extent of ca.5 k .ca l . 

The following examples may be cited in support of the above 
a 

generalisation : 
' (254) 

( i ) Wieland and Maier found that triphenylmethyl hydro­

peroxide decomposes to give benzophenone and phenol (R.45). This work has 
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. (232) 

been confirmed by Stephens and Roduta who obtained benzophenone and 

phenol as the only isolable products i n the thermal oxidation of 
o 

triphenylmethane at 119 • 

C6H C6H CgH (R.45) 

C>;HC C.O.CH^-* O-H--C.0* + *CH > CdO + G/H._* + *-QH 

C6H5 C 6 H 5 C 6 H 5 C6H5,OH 

(232) 
( i i ) Stephens and Roduta in a study of the oxidation at 

o 

119 of a series of secondary alkyl benzenes of the type 

Cgt^.CHtR^), (R^H ' j - . ; R2= CgH^, S^fr* 2r°i^) showed that i n every 

case acetophenone was formed. Since hydroperoxides have been isolated as 
(130, 131) 

the i n i t i a l produots of alkyl benzene oxidations the oxidation 

probably occurs according to reaction (R.46). 

R1 R R1 

I 0 2 I | 
C H -CH > C^Ht.-0-OOH >C JK -C=0 + R * + *CH (R.46) 

6 5 1 o 5 | 6 5 2 
R 2 R 2 

I t should be noted that when the alkyl groups R̂  and R^ 

attached to the -C-00H group are dissimilar, i t is the larger of these 

which is preferential ly s p l i t o f f by scission of the C-G bond. 

Confirmation of th is has been obtained in the thermal decomposition of 

d i - t e r t . - a lky l peroxides (yid .p . 3lf ) . The . greater strength of the C-C 

bond bearing the smaller of the alkyl groups i s , as pointed out by George 
(111), 

and Walsh parallelled by the fact that the C-C dissociation energy 
(5). 

in CgH -̂CgH^ is less than that in C^-CH^ 
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( i i i ) The thermal decomposition o f t e r t . - b u t y l hydroperoxide 
(175). 

has been studied at various temperatures Up to 75 no appreciable 

decomposition occurs. Between 95-100° regular decomposition takes place 

g iv ing oxygen and t e r t . -bu tano l i n almost quant i ta t ive y ie lds (R .47). 
o • 

95-100 
(CH^.C.OCK > (CH^.C.OH + [p] (R.47) 

I n the vapour phase decomposition at 250° the react ion 

f o l l o w s , i n the main, a d i f f e r e n t course. A gas, consis t ing l a r g e l y of 

methane was obtained, and l i q u i d produots included acetone .(38.7$), 

methanol (J%)» t e r t , -bu tano l (11$), water (10$) and formaldehyde (not 
' (175) 

estimated). To account f o r these products Milas proposed a f r e e 
(111) 

r a d i c a l decomposition s imi la r to that formulated by George and Walsh 

250 
CH 

(CB ) .C.O-CH 
3 Main react ion CH, 

CH,-O'-0* + *0H 
3/ ^ 

Minor | Reaction 
i 

•v 
(CH_) G.CH + [0] 

B8 
•CH .̂OH-̂ H.CHO (R.AS) 

(CH5)20sd0 + CH * 

The formaldehyde resu l ted , according to Mi l a s , from the 

react ion of methanol w i t h an act ive oxid is ing group such as the HO*-

r a d i c a l of the hydroperoxide. Experiments indicated tha t d i r ec t 
o 

oxidat ion of methanol by molecular oxygen does not occur at 250 i n the 

absence o f a ca ta lys t . The precise mechanism of methane formation was 

not included i n the reac t ion scheme ( v i d . however, p . So ) % 
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( i v ) The work of Chavanne and co-workers has recent ly been 
(111) 

shown by George and V/alsh t o have considerable bearing on the problem 

of t e r t . - a l k y l hydroperoxide decomposition. 

Chavanne has studied the uncatalysed thermal oxidat ion 

at 80-100° of a series o f a l k y l subst i tuted cyclopentanes and oyclo-

hexanes. The experiments included oxidation at 80 of 1:3-dimethyl-
(48) , 0 (47) , 

cyclopentane and at 100 of 1:2-dimethyl-o.yclohexane 
^ (1,6) (z,5). 

1:3-dimethyl-cyclohexane and 1:4-dimethyl-oyclohexane I n a l l 

cases the oxidat ion products were complex, containing gaseous products 

(CO^, CO, H^, low molecular weight p a r a f f i n s ) , water, ace t ic , formic and . 1 : . 

keto-aoids, ketones, ke to l s , t e r t . - a l coho l s and d i a l s . 

One example w i l l s u f f i c e . When 1:3-dimethyl-cyclohexane 

( L V I l ) was oxidised i n sunlight at 100° the products isola ted included 

1:3-dimethyl-cyclo-hexan-1-31 ( L V I I l ) ( the predominant oxidat ion product;-)* 

6-methyl-heptan-2-one ( L I X ) , a keto-acid (e i ther (LX) or (LSI) ) , 

1:5-dimethyl-c.yclo-hexan-1:3-diol ( I X I l ) , formic , acetic and two 

hexansic acids (probably i s o - b u t y l - and methyl p ropy l - acetic ac ids ) , 

together w i t h carbon dioxidej i carbon monoxide, hydrogen, methane and 

possibly propane. The predominant acidic products were the methyl acetyl 

va le r ic acid ( IX) or ( I X l ) , and acetic ac id . 

« 3 < H 3 C H 3 

f " 3 - + 

( i_\u) Cuvni) luixJ 

EH'CM j , u o CNj ,CHC«3 CM 

O V 4 . 7 ) 

CM, < H 3 « 3 

I C.OOH C o o H I _|_ I * I 

OH. C K C M , C H j . C « C H 3 CT, / ^ C H a 

X C H 1 \ f t

 8 

( L A } C U X I } U X U ) 
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Although the existence of a t e r t . - a l k y l hydroperoxide was 
(1110 

not demonstrated by Chavanne, George and Walsh have interpreted the 

react ion as the i n i t i a l formation of a peroxide of t h i s type by oxidation 

at a te r t , -carbon atom, fol lowed by i t s decomposition in to f r ee radicals 
« 

which by fu r the r decomposition or react ion w i t h other molecules give the 

observed products. The main react ion products are accounted f o r by the 

f o l l o w i n g reactions which are a l l energet ica l ly poss ib le t 
CM, C H j C H 3 

C^ooH c r o * - / t = ° 

| I | > J | 
CH» A'**** CH-CM-s CM» CH-CHj 

LUXIlO ( L M V ) 

Reaction of the r ad i ca l ( I X I I I ) wi th a hydrocarbon RH 

(R.51) would give the c y c l i c t e r t . - a l c o h o l ( L V I I l ) : 

c \ r f f i H S C V C K C K 3 

(l.X.m') I IN III) 

The keto a l k y l r a d i c a l ( IXIV) may react i n two ways: 

(a) to give the ketone (LIX) and a hydrocarbon r ad ica l R* which can 

continue the oxidat ion react ion and (b.) by react ion w i t h oxygen g i v i n g 

a keto peroxide (LXV) which by a unimolecular dehydration ( o f .0 H .00H) 
2 5 

would y i e l d a keto-aldehyde (IXVI) and thence by f u r t h e r oxidation the 

keto acid ( i X V I l ) : 

CVhcH3 v 

l b ) « I <*3 S"3 

? l . ok* ^ ^ CH, O O * « » 0 0 « -H»o_ 
r - + ° a i — > i I 
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' (251-253) 

V/alsh has Stressed the importance of these types 

of decompositions i n an understanding of the processes involved i n the 

oxidat ion of hydrocarbon f u e l s . A s imi la r review of t h e i r relevance to 
the mechanism of the oxidat ion o f l u b r i c a t i n g o i l s has been given by 

(267). 
Zuiraeda 

(5) D I - t e r t . -ALKYL PEROXIDES. - These peroxides are 

remarkable f o r t h e i r great s t a b i l i t y , being the most i n e r t of a l l the 

d i - a l k y l peroxides known ( d i - t e r t . - b u t y l peroxide can be d i s t i l l e d at 

atmospheric pressurejb.p. 11,0°) without any appreciable decomposition). 

There appears to be a general gradation i n the s t a b i l i t y of the various 

classes of a l k y l hydroperoxides and d i - a l k y l peroxides i n the order: 
(2^9,250) 

R-O.O.R > H..0.0.H, and R^ > Rf t> Rfawhere R = a l k y l group. V/alsh 
has associated t h i s increase i n the -0-0- bond strength, i n passing from 

t o 
primary t o secondary^tertiary a l k y l peroxides and d i - a l k y l peroxides, 

w i t h the increased negative charge, transference from the a l k y l groups 

to the-0-0- bond. 

'Since the i r f i r s t preparation i n 1946 ( v i d . p . '5 ) much 

work has been done on the thermal decomposition of both symmetrical and 

asymmetrical d i - a l k y l peroxides. Of p a r t i c u l a r note i s the pioneering 
(175), 

work of Milas and h is oo-workers who studied d i - t e r t . - b u t y l -
(176), 

d i - t e r t . - a m y l - d i - t r imethy le . thy l - , t e r t . -bu ty l -pentamethyle thyl - and 
(174) 

ter t . -butyl-1-methyl-oyolo-hexyl-1 peroxides. 
I n every case studied by Mi la s , vapour phase decomposition 
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of the peroxides at ca.250° yielded ketones and pa ra f f in s as the sole 

produots. D i . - t e r t . - b u t y l peroxide gave acetone and ethane, a r e s u l t 
(111). 

which has been confirmed by George and Walsh A f r e e rad ioa l 

decomposition react ion was proposed, involv ing the i n i t i a l formation o f 

t e r t . - a l k o x y rad ica ls which degraded f u r t h e r by scission of a C-C bond 

adjacent to the C-0 bond to give ketones and a l k y l r ad ica l s , the l a t t e r 

dimerising t o p a r a f f i n hydrocarbons: 

250° 
(CH 3 ) 3 .C .0 .0 .C(CH 5 ) 3 > 2 ( 0 ^ . 0 . 0 . - * > 2(CU^)^i=0 + 2CH* — 

(R.5if) 

Yfhen the a l k y l groups on the t e r t i a r y carbon atoms were 

d i s s imi la r i t was generally the larger of these tha t was p r e f e r e n t i a l l y 

eliminate A. Thus d i - t e r t . - a m y l peroxide gave mainly aoetone and n-butane 

w i t h only minor amounts of methylethyl ketone, ethane and propane: 
a(CHa)ac=o + a c A H 5 * — > Ci»H,0 

(R.55) 
' a C H 5 . C O - . C a H 5 + a C H 3 * > C j , H t 

(203) 

More recent ly Raley, Rust and Vaughan have stressed the 

importance of the react ion conditions i n determining the nature of the 

pyrolys is products. I n contrast t o Mi las , who used packed tubes, these 

workers have used large diameter, unpacked vessels and found t h a t under 

these'conditions' i n t e rac t ion between a l k y l radica ls and ketone molecules 

became important. I n the decomposition of d i - t e r t . - b u t y l peroxide at 225°, 

besides acetone and ethane, s i g n i f i c a n t amounts of methylethyl ketone and 

higher homologues and methane were i so la ted . The products were accounted 

f o r by i n i t i a l subs t i tu t ive attack of the methyl r ad ica l on the f i r s t 
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formed ketone: 

CH^ + CH^.CO.CH- » CH^ + KCI^.CO.CH^ (R.56) 

CH^* + *CH2.CO.CH- > CH^.CHg.CO.CH^ (R.57) 

I n k i n e t i c studies of the decomposition of t h i s class of 
(203) 

peroxide Raley, Rust and Vaughan showed that the vapour phase 

decomposition of d i - t e r t . - b u t y l peroxide at 140-160° was a 'homogeneous, 

f i r s t order, non-chain react ion, and that of d i - t e r t . - a m y l peroxide at 
0. 

130-150 , was homogeneous and approximately f i r s t order. I t was fu r the r 
(204) 

shown tha t l i q u i d phase decomposition of d i - t e r t . - b u t y l peroxide i n 

such solvents as i so-propyl benzene, t e r t . - b u t y l benzene and t r i - n -

butylamine was substatvtail ly a f i r s t order reac t ion . The rate determining 

step was regarded as the unimolecular scission of the -0-0- peroxide bonds 
(CH.) C.0.0.0(CH,)_ > 2 ( C H j C . O . * (R.58) 

-5 3 J 3 3 

The existence of t e r t . - a l k o x y radicals was demonstrated by 

the formation of t e r t . -bu tano l when d i - t e r t . - b u t y l peroxide decomposed i n 
(203, 204) 

the above named solvents (R.59) (v id . the author's own work p .Ho ) . 

The presence of a l k y l radioals as intermediates was shown by the i s o l a t i o n , 

from the decomposition of the peroxide i n the presence of n i t r i c oxide, 

of formaldoxime, formed by in te rac t ion of methyl radica ls and n i t r i c oxide 

(S .60): 
( C H ^ C O . * + HR ^(CHj) C.CB + R* (R.59) 

( CH 5* + NO > H2C = NOH (R.60) 

(6) TRANS ANNULAR PEROXIDES.- The transannular peroxides 
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are beBt considered as a separate class since the r e a c t i v i t y encountered 

i n t he i r decomposition shows marked dif ferences from tha t of the peroxides 

already considered, i n which the intermediate formation of free radicals 

plays an important p a r t . The character is t ics of t h i s group, together w i t h 

the var ia t ions i n r e a c t i v i t y w i t h i n the group i t s e l f , are shown by the 

f o l l o w i n g account of the decomposition reactions o f representative 

examples. 

(1) ABoaridole (LI)-When heated alone to 130-150° ascaridole 

decomposes v i o l e n t l y w i t h a sudden r i s e i n temperature to ca.250° and the 
(218) 

evolut ion of combustible gasses consis t ing c h i e f l y of propane . A 

cont ro l led decomoosition has been e f fec ted by heating the peroxide at 
Q (182, 183) (121). 

130-150 i n ine r t solvents such as cymene and xylene 

The ascaridole isamerises in to the dioxide (LXVTIl ) , but the mechanism 

of t h i s apparently simple reac t ion remains uncertain: 

S*J S"3 

(2) S te ro l Peroxides.- The peroxides, of which 

2:4-cholestadiene peroxide (XLDC) and e^gosterol peroxide (LXXIl) are 

t y p i c a l , undergo rearrangements into an oxido-ketone when heated or 
(21). 

photochemically i r r ad i a t ed 

2:4-cholestadiene peroxide, on i r r a d i a t i o n w i t h sunl igh t , 
(20, 41). 

gives the oxido-ketone (LXXl) The same oxido-ketone i s formed 

when 2:4-cholestadiene (1XEC) i s oxidised w i t h molecular oxygen i n sun-
(225, 226). 

l i g h t The dioxide (LXX) has been suggested as an intermediate 

i n the isomerisation. 
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( LXIX) ( L X X l ) C«H, T 

a w ) 

Ergosterol peroxide (LKXIl) when heated at 185-190 
(159, 263). 

isomerises i n t o ' a hydroxy oxido-ketone Two possible 

structures ( L X X I I l ) and(LXXIv) have been proposed f o r the isomer, 

( L X X I I l ) being preferred since the product f a i l e d to give 1:2-dimethyl-
(113). 

butryaldehyde on ozonolysis This aldehyde would be an expeoted 

product of the ozonolysis of the double bond i n the Cg side chain i n 

(LJDOV). 

( U X X l l } 

CHj 
CH- CH-CH - C H ' CH (CHjV, 

CHj Cttj 
CH-CH = CH CH <H (CHj^ 

(3) Transannular peroxides of anthracene and naohthacene 
de r iva t ives . -

A notable feature of these peroxides is 

the considerable va r i a t i on i n the i r ease and degree of dissociat ion into 

the parent hydrocarbon and oxygen. Quanti tat ive studies of the extent of 

thermal d issocia t ion on thermal treatment have been carr ied out, 
(21, 61). 

p a r t i c u l a r l y by Moureu, Dufraisse and co-workers The re su l t s 

demonstrate that the d i s s o o i a b i l i t y o f the peroxides i s grea t ly i n f l u e n ­

ced by the nature o f the substi tuents i n the meso posi t ions of the 

anthracene and naphthacene nuc le i . Findings w i t h representative peroxides 

given i n Tables (2) and (3) indicate tha t only i n the cases o f 9:10-

diaryl-anthracene and 5*6:11:12-tetraarylnaphthacene peroxides does the 

dissocia t ion approach 1G0$, as measured by the y ie lds of oxygen l i be ra t ed . 
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Of pa r t i cu l a r note i s 1:4-dimethoxy-9:10-diphfenyl-anthracene peroxide 
(72) . 

which undergoes quant i ta t ive d issocia t ion i n a few minutes at 80° 

Emplacement of one a r y l group by an a l k y l or hydrogen resu l t s i n 

grea t ly reduced d i s soc i ab i l i j y . and replacement o f two a r y l groups gives 

non-dissociating peroxides, 
(21) 

Bergmann and McLean believe tha t a l l the peroxides under­

go thermal dissociat ion but that i n the case of the peroxides w i t h 

unsubstituted or a l k y l subst i tu ted meso posi t ions the l ibe ra ted oxygen 

i s used i n f u r t h e r oxidat ion of the molecule; e.g. anthracene peroxide 

y ie lds anthraquinone on heating, 

TABLE (2) 

Dissocia t ion o f 9:10-Transannular Peroxides of 

Anthracene Der iva t ives . 

Peroxide of % Og Liberated Reference 

Anthracene 0 (65-67). 

9:10-Dimethyl » 6 (261, 262). 

9-Phenyl " 12 (70, 71). 

9-Phenyl-10-methyl 11 20 (260). 

9:10-Diphenyl " 96 (63, 64). 

1:4-I>imethoxy-9:10-
Diphenyl , r 98 (72). 
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TABLE (3) 

Dissocia t ion of 6:11 Tranaannular Peroxides of 

Naphthacene Der iva t ives . 

Peroxide of fo Og Liberated Reference 

Naphthacene 0 (68 ) . 

6:11-Diphenyl 11 0 (69). 

5:6:11-Triphehyl " 15 (62). 

5:6:1 i:12^Tetraphenyl " 80 (»77,l78). 
(Rubrene) 

The comparatively lower y i e l d of oxygen obtained from the 

rubrene type of peroxide (Table (3) ) has been a t t r ibu ted by Bergmann 
(21) 

and McLean to a p a r t i a l isomerisation o f the peroxide in to a stable 

dioxide (LXXV), a react ion not. occurjing w i t h anthracene peroxides: 
( X L V I ) (xuv«0 Cuxxv) 

(98) 

&ee asserts that the d i f f e r e n t s t a b i l i t i e s of the 

various peroxideB are dependent upon the magnitudes of the increased 

resonance energies o f the hydrocarbons r e l a t i v e t o those o f the peroxides. 

I n the-case o f 9*10-diphenylanthracene and i t s peroxide: 

3 
(R.65) 

Gee has calculated tha t there i s a gain i n resonance energy of 43 k . c a l . 
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i n passing from the peroxide (LXXVT), w i t h i t s fou r independently, 
resonating systems, to the hydrocarbon (LXXVIl) w i t h i t s single resonating 
u n i t . Consequently the heat o f d i ssoc ia t ion o f (R.65) has the very low 
value of 15 k . c a l . That t h i s mode of decomposition i s the most f a c i l e i s 
r e ad i l y understandable on the basis of these f igures . The d i f ference i n 
resonance energy between anthracene and i t s peroxide w i l l be much lower 
due to the absenoe of a r y l substi tuents i n the meso posi t ions and the 
consequent decrease i n the number of resonating s t ructures ; the heat of 
d issocia t ion in to oxygen and hydrocarbon w i l l thus have the much higher 
value of 31 k . o a l . These considerations provide a theore t i ca l basis f a r 
the observed f a c t that anthracene peroxide decomposes by an a l t e rna t ive 
course. 

DI-ACYL PEROXIDES.- The best known and most f requent ly 

studied peroxide of t h i s group i s d iace ty l peroxide. The researches of 

Walker and Wild on the thermal and photochemical decomposition of 

d i - a c e t y l peroxide have shown tha t under favourable experimental 

conditions the react ion resu l t s i n the formation of carbon dioxide and 

ethane acoprding to (R.66): 

CHyCO.O.O.CO.CH ^ 2D0g + CgHg (R.66) 

Reaction(R.66) is most -nearly-obeyed when the peroxide i s 

decomposed, (a) by u l t r a - v i o l e t l i g h t i r r a d i a t i o n of the s o l i d at 16-18° 
(247) 0 ( 3 t f ) . 

and (b) i n the vapour phase at 100 The reac t ion proceeds, 

probably, by i n i t i a l formation o f acetate radicals which decompose f u r t h e r 

in to carbon dioxide and methyl r ad ica l s , the l a t t e r dimerising to ethane: 

(CH 3 ) .C0 .0) 2 > SCH .̂GO.S—> 2C02 + 2CH3 > CgHg (R.67) 
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Under leas favourable condi t ions , f o r example when the peroxide i s 
o(2A-5-246), 

heated in the l i q u i d phase at 30-90 the major products, apart 

from ©orbon dioxide, i s methane, and only r e l a t i v e l y small amounts of 

ethane ar ise . The formation o f methane and the existence of large yie lds 

of gum-like material isolated under these conditions was a t t r i bu t ed t o 

reactions (R.68) and (R.69) involving the peroxide (or rad ica ls derived 

from i t ) and ce r t a in of the decomposition produots (RH): 

—> CH .CO.O.R. + CH, + CO (R.68) 
3 h 2 

CH .C0.0.0.C0.CH, + RH 
3 » 3 

r*> CH .GO. OH. + CHJR. + CO (R.69) 
3 3 2 

DI-AROYL PEROXIDES.- The considerable body of work that 

has been published on the thermal and photochemical decomposition of 

benzoyl peroxide, which i s t y p i o a l of t h i s group, i s both confusing and 

c o n f l i c t i n g . An analogy w i t h the decomposition of d iace ty l peroxide i s 

tha t of benzoyl peroxide to give under favourable condit ions, carbon 

dioxide and diphenyl i n y ie lds approaching those required by react ion 

(R.70): 

C6H5.CO.O.O.CO.C6H5 ^ C ^ . C ^ H + 2C02 (R.70) . 

Reaction conditions favouring t h i s mode of decomposition include: 
(92) , (91, 207), 

(a1) u l t r a - v i o l e t l i g h t i r r a d i a t i o n (b) pyrolys is alone 
(100). 

or i n the presence of ce r t a in catalysts 

That t h i s i s not the only react ion has been shown by many 
(38, 39) 

workers. Brodie found that the peroxide, when decomposed i n sand 
o 

at 85 , gave only one mol. of carbon dioxide per mol. o f peroxide and 

not two as required by (R.70), a r e s u l t t h a t has been confirmed by 
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• (100). 

Gellissen and Hermans Small amounts of benzene were formed, and 
. (74, 75). 

benzoic acid was also a major product under ce r ta in conditions 

These r e su l t s , taken i n conjunction w i t h the resu l t s of peroxide 

decomposition i n solvents ( v i d . p . 5A. ) , suggest tha t reactions (R.71) and 

(R.72) may also be s i g n i f i c a n t under ce r t a in condi t ions. 

R.C0.0.0.C0.R + R H 

R.COOR1 + RH + COg (R.71) 

R.COOH + R R + CO (R.72) 



SECTION (4) 

THE REACTION OF ORGANIC PEROXIDES WITH OLEFINS 

AND OLEFINIC COMPOUNDS. 

This section i s the one most olosely connected w i t h the 

present author 's con t r ibu t ion t o organic peroxide r e a c t i v i t y . L i t t l e 

detai led work has been devoted t o the reac t ion of organic peroxides 

w i t h the various classes of conjugated and unconjugated o l e f i n s despite 

the extreme importance of these react ions. They must undoubtedly be 

involved i n many processes of technological importance, f o r example the 

oxidative chain sc iss ion of natural and synthetic elastomers, peroxide 

vulcanisation of rubbers, the drying o f pa in ts , and the peroxide-

catalysed polymerisation of v i n y l i c o l e f i n s , which i s the basis of the 

modern p l a s t i c s and synthetic rubber indus t r ies . Only i n the l a t t e r case 

has research been conducted on a soale appropriate t o the importance of 

the subject . 

The f o l l o w i n g is an account of the major contr ibut ions which 

have been made i n t h i s f i e l d . 

Reaction of Benzoyl Peroxide w i t h O l e f i n s . - The a b i l i t y of 

benzoyl peroxide to react w i th simple o l e f i n s was demonstrated by Liposann 
(107, 158) 

i n 1884 who reacted 2-pentene w i t h the peroxide at 100 , obta in­

ing d e f i n i t e reac t ion products, the correct i d e n t i f i c a t i o n of which i s 

rendered doubt fu l by recent work. 

( l ) Oyclohexene.- Systematic invest igat ions of benzoyl 

perox ide /o le f in reaotions are s ingu la r ly l ack ing . The only react ion which has 

been studied i n d e t a i l i s that between benzoyl peroxide and cyclohexene 
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(83, 123). 

(83) 

Farmer and Michael reacted the peroxide w i t h a large 

excess of cyclohexene at 140°. The products isolated and i d e n t i f i e d 

included carbon dioxide , benzoic acid , benzene,A -cyclohexenyl 

benzoate ( L X X V I I l ) , cyclohexyl benzoate (IXX3X), A -cyclohexenyl-

A^-cyclohexene (IXXX) and phenyl cyclohexene (LXXKl). Higher b o i l i n g 

products present i n small amounts included the benzoic esters of 

saturated and unsaturated alcohols, and C^g hydrocarbons of un­

cer ta in oomoosition. The major products are asterisked. Hermanns and 

(123) 
van Eyk conducting the react ion at 83 , obtained almost i den t i ca l 

r e su l t s . The l a t t e r invest igators correlated the amount of peroxide 

decomposed w i t h the y ie lds of various products which together accounted 

f o r almost 100/2 of the peroxide. They found per mol. of peroxide: 

COg, 0.31 mols; CgH .̂COOH, 0.31 mols . ; CgH^.COO- as esters, 1.35 

equivalents (Tota l =1.97 C H .COO- groups). 
6 5 

Both groups o f workers suggested the i n i t i a l react ion t o 

be the hemolytic deconmosition of the ueroxide to give phenyl and 
(125) 

benzoate r ad ica l s , a mechanism o r i g i n a l l y advanced by Hey and Y/aters 
C^H .CO.O.O.CO.C^H > 20Ji .C0 . 0* (R.73) 

6 5 0 5 6 5 
CgH^.CO.O* > CgHg* + C0 2 (R.74) 

The phenyl and benzoate. radicals have two react ive centres 

to attack i n the o l e f i n molecule R-GH -CHsCH-R1: (a) the -CH group, 

the l a b i l i t y of whose hydrogen atoms has been abundantly demonstrated 

(vid.p.Sgfcaj..) , and (b) the double bond w i t h i t s high addi t ive r e a c t i v i t y . 

I t was concluded from the character and quant i ta t ive 

proportions of the major products (a ) tha t the peroxide decomposed to 
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give mainly benzpate radicals (R.73) w i t h only smaller amounts of 
phenyl r ad ica l s , (b) that these radicals reacted mainly w i t h the double 
bond of the o l e f i n , although considerable reac t ion also occurred at the 

i 

ot -CH^. groups, .(c) that the reac t ion resul ted i n a considerable degree 

o f C-C l i n k i n g of the o l e f i n molecules at the <X -CH^ pos i t ions , as 

evidenced by the large y ie lds of cyclohexenyl-oyclohexene (R.79-80). 

The f o l l o w i n g f ree r ad ica l mechanism was advanced by both 

ft. ft) 

C b n 5 . co -o* r~> ( XO.CO-C.HS (i-xxvni) IW7) 

the English and Dutch workers: 
cbHff.co.ow / = \ H

 C t H 5 C o o H 

M + 
H ' 

r 

o ( L X X X ) 

IR-78) 
I 

t 

(ft.90) 

O \ H S „ ~ u 

\ / * 

(2) Rubber Hydrooarbon.- The above resul ts are of value 

i n in te rp re t ing the vulcanisat ion tha t occurs when rubber i s heated w i t h 
(77, 97) 

benzoyl peroxide. I t i s now we l l established tha t vulcanisat ion 

resu l t s from oross- l inking of the isoprene (-^Hg.CdCH-Cllg-) uni t s i n 

the rubber molecules. With sulphur as vulcanising,agent the c ross - l ink­

ages consist probably of mono- and polysulphide groups, -C-S-C- and 

(24, 84, 180). 
7er(s)n-c-
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(187 , 188) 

O s t r o m i s l e n s k i was the f i r s t t o d i scover t h a t 

rubber was vu lcan i sed when heated w i t h benzoyl pe rox ide a t 140 . Van 
(214) 

Rossem and co-workers showed t h a t benzoic a c i d appeared d u r i n g the 

r e a c t i o n and found t h a t some o f the benzoate groups became u n i t e d w i t h 

t h e r u b b e r . ' V a n Rossem a t t r i b u t e d the v u l c a n i s a t i o n t o dehydrogenation 

and -C-C- c r o s s - l i n k i n g o f the rubbe r , benzoic a c i d being formed i n t h e 

p rocess : | I I 

a II + C t M S- ^ O C Co C.Hs * \\ || t A C t H s COOH I f t s s ) 
C - C H , b GMVC C , C « 3 

I | I 

( N . B . , the abs t rac ted hydrogen atoms were chosen a r b i t r a r i l y ) 

On t h e basis o f the work w i t h benzoyl pe rox ide and 
( 8 3 ) 

cyclohexene Farmer and Michae l advanced the v iew t h a t pe rox ide 

v u l c a n i s a t i o n o f rubber was e f f e c t e d by a t t a c k o f benzoate and pheny l 

r a d i c a l s a t t h e o^-GH groups o f the isoprene u n i t s : 
2 0 

C.EL.GO.O* *• ? H 3 0 6 H- 9 G00H 
-GH--G =CH-CH - + 0 >-CH-C=CH-CH - + 

2 2 Q f i H ^ 2 0 6 H^ (R.86) 

( L X X X I l ) 

The r a d i c a l ( L X X X I l ) cou ld by a t t a c k a t t he ot -CH^ of 

another isoprene u n i t g i v e a c r o s s - l i n k e d s t r u c t u r e o f the type 

( L X X X I I l ) . Benzoate (and t o a minor ex ten t phenyl ) r a d « i c a l s cou ld a lso g i v e 

c r o s s - l i n k e d s t r u c t u r e s , e . g . ( IXXXIV) by a d d i t i v e r e a c t i o n s analogous 

t o (R.81 and R.82). A l t e r n a t i v e l y , s t r u c t u r e s such as (LXXXV) may r e s u l t 

f r o m s u b s t i t u t i v e a t t a c k o f benzoate r a d i c a l s a t o t -CH^ groups ( c f . R . 7 7 ) 

but t h i s , u n l i k e ( L X X X I l ) and ( L X X X I I l ) , w i l l not c o n t r i b u t e t o c ross-



l i n k i n g o f t h e p o l y i i o p r e n e chains and t h e r e f o r e w i l l not be s i g n i f i c a n t 

i n e f f e c t i n g v u l c a n i s a t i o n . 

-0H-G(CH,)=CH-CK o- -CH-C(CH )=CH-GH -| 3 2 | 3 2 
-CH-C(CH 5>^JH-CH 2- ^3H 2 -G(CH 3 )-CH( 0. C O . C ^ J-CH^ 

( L X X X I I l ) ( IXXXIV) 

CH 3 C H 3 

GH-C =CH-GH -CH-G =CH-CH2 

L 0.C0.C.H b.CO.C^H 
6 5 6 5 

(LXXXV) 

The above hypothes is has r e c e n t l y been extended 
e 

and the whole f i l l e d o f pe rox ide v u l c a n i s a t i o n reviewed by Mark ( e t . a l ) 
(2, 3). 7 

Reac t i on o f D i - t e r t . - B u t y l Peroxide w i t h O l e f i n s . - Rus t , 
(215, 240) 

Seubold and Vaughan have r e c e n t l y s t u d i e d the vapour phase 

r e a c t i o n a t 235° o f d i - t e r t . - b u t y l and d i - t e r t . - a m y l pe rox ides w i t h the 

o l e f i n s , e thy l ene , p ropylene 3 2-butene and i s o - b u t y l e n e . \ 7 i t h propylene 

and d i - t e r t . - b u t y l pe rox ide the products i n c l u d e d , i n a d d i t i o n t o acetone, 

a m i x t u r e o f p a r a f f i n s and o l e f i n s v a r y i n g f rom G, (butanes and butenes) 

t o C^q ( d i m e t h y l - o c t a n e s ) . The products were accounted f o r by the i n i t i a l 

r e a c t i o n o f methyl r a d i c a l s , formed by decomposi t ion o f t h e pe rox ide , 

a t e i t h e r end o f the double bond i n the o l e f i n . Represen ta t ive r e a c t i o n s 

o f t h i s type are i n d i c a t e d below: 

(CH 3 )3C.O.O.C(CH 3 ) 3 > 2 0 H 3 * + 2(CH 3 ) 2 C=0 (R.87> 

file:///7ith


CH * + CH =CH-CH 
3 2 3 OH .CH .CH.CH, and 

3 2 3 
CH, 

I D 

* CH .CH.CH 
2 3 

(R .88) 

CH„.CH„.CH.CH, + 
3 ' 3 

C H 3 * 

CHj.CHsCHg 

"> C H 3 . C H 2 . C H ( C H 3 ) 2 (R.89) 

- > CH_.CH . C H o . 0 H , + -*CH .0H=CH o 3 2 2 3 2 2 
(R.90) 

CH .CH-.CH.CH, + *CH .CH=CH -
3 2 3 2 2 

CH3 

-> CH^CH •OH.CHg.CHdQH (R.91) 

e t c . 

As w i l l be shown i n the present a u t h o r ' s c o n t r i b u t i o n , 

t h i s mode o f r e a c t i o n d i f f e r s fundamenta l ly f r o m t h a t observed i n the 

l i q u i d - p h a s e decomposit ion o f d i - a l k y l - p e r o x i d e s i n o l e f i n s a t the much 

lower temperature o f 1AO . 

Reac t ion o f O l e f i n i o Hydroperoxides w i t h O l e f i n s . - A l though , 

as s t ressed p r e v i o u s l y , the nature o f o l e f i n - h y d r o p e r o x i d e / o l e f i n 

r e a c t i o n s i s o f importance i n e l u c i d a t i n g the r e a c t i o n s o c c u r r i n g i n the 

l a t e r stages o f o l e f i n a u t o x i d a t i o n , no d e t a i l e d work has been r e p o r t e d 

on any such i n v e s t i g a t i o n s . The o n l y example g i v e n i n t h e l i t e r a t u r e i s . 
(85) 

t h a t o f Farmer and Sundralingam who reac ted cyc lohexenyl -3 -hydrOPerox ide 

( I V ) w i t h cyclohexene a t 100° and ob ta ined a s m a l l £ i e l d o f cyc lohexen-3-

o l and t r aces o f epoxyoyclohexane, t oge the r w i t h h i g h b o i l i n g oxygenated 

m a t e r i a l . I n s u f f i c i e n t work has been done t o i n d i c a t e any d e f i n i t e 

mechanism f o r the r e a c t i o n , and (R.92) must be regarded as an o v e r ­

s i m p l i f i c a t i o n o f the processes i n v o l v e d . 

£yu <3 , . <̂  (H.92) (»v) 
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THE PEROXIDE EFFECT. . 

(146, 150, 151). 
I n 1933 Kharasch and Mayo found t h a t i n the 

presence o f peroxides or oxygen, hydrogen bromide added t o a l l y l 

bromide t o g i v e 1:3-dibromopropropane, c o n t r a r y t o the normal a d d i t i o n 

r u l e o f Markownikow. Only when h i g h l y p u r i f i e d a l l y l b r a m i d e was used i n 

the absence o f oxygen was the normal p roduc t , . 1:2-dibromopropane, 

ob t a ined . This r e v e r s a l of• normal a d d i t i o n has been termed the Peroxide 

E f f e o t . 
Peroxides 

present .^ CHgSr-.CHg.CH^ Br (R.93) 

OH =CH.CH Br + HBr 2 2 
Peroxides CH .GHBr.CH . B r (R.94) 

absent . 3 2 

S i m i l a r r e v e r s a l s o f t h e d i r e c t i o n o f a d d i t i o n Of o l e f i n s , 

i n the presence o f p e r o x i d e s , have been r e p o r t e d t o occur w i t h 
(136), (60), (149) 

mercaptans t h i o a c i d s b i s u l p h i t e s and halogenated hydro-
(147, 155). 

oarbons The perox ide e f f e o t doed not apply t o the a d d i t i o n s 

o f HP, BD1 and H I t o o l e f i n s . 

A l though the u n d e r l y i n g p r i n c i p l e s are not f u l l y under­

s tood i t i s b e l i e v e d t h a t t h i s e f f e c t i s due t o the a b i l i t y o f pe rox ide 

t o i n i t i a t e , by f o r m a t i o n o f bromine atoms ( o r R S * , R . C O . S * r a d i c a l s 
(125, 

e t c . ) , a r a d i c a l c h a i n r e a c t i o n as represented by (R.95 - R.97) 
142-144, 163). R 

The r a d i c a l S-CH .CH-* (X = B r * , R S * e t c . ) i s 
* R 

b e l i e v e d t o be more s t a b l e t h a n * C H 0 . 6H.X owing t o t h e s t a b i l i s i n g 
2 (162). 

e f f e c t o f the conjuga ted or hyperconjugated group R 

HBr + P * > HP + Br *• 

B r * + CH 2 = CH.R — > Br.CH -CH.R 

(R.95) 

(R.96) 



Br.CHyCH.R + MBr > Br.CHg.CHg.R + B r * - (R.97) 

( N . B . Fx- represents a pe rox ide r a d i c a l or a r a d i c a l formed 

by h e m o l y t i c decomposi t ion o f a p e r o x i d e ) . 

P e r o x i d e - i n i t i a t e d V i n y l P o l y m e r i s a t i o n . - V i n y l o l e f i n s 
R 

o f the general s t r u c t u r e CH^db-X (R = H , C B y X a CgHjj, -O.CO.CH^, 

- C I , -CHg.O.CO.CH^, CN and s i m i l a r p o l a r groups) may be polymer ised by 

organic peroxides t o g ive macromolecules o f i n d u s t r i a l importance. 

The organic peroxides commonly used are d i a r o y l - and d i a o y l perox ides 

( e . g . benzoyl p e r o x i d e ) , but r e c e n t l y d i a l k y l peroxides and a l k y l 
(195, 213). 

hydroperoxides have been shown t o be e f f e c t i v e c a t a l y s t s 

The p o l y m e r i s a t i o n may be conducted i n e i t h e r a s i n g l e or double phase 

system; the l a t t e r i s termed emulsion p o l y m e r i s a t i o n . The process may 

be e i t h e r s imple p o l y m e r i s a t i o n i n v o l v i n g a s i n g l e monomer, or 
o 

c o - p o l y m e r i s a t i o n i n v o l v i n g two mothers , one o f which may be a 
conjugated d i ene . The s t r u c t u r a l u n i t s i n the v i n y l polymers occur 

X X 
g e n e r a l l y i n a head t o t a i l sequence, -CH -CH-CH *CH-, a l though i n a t 

2 2 (94), 
l e a s t one i n s t ance , t h a t o f v i n y l aceta te p o l y m e r i s a t i o n a s m a l l 

percentage o f head t o head a d d i t i o n a l so takes p l a c e . 

The concept , t h a t a d d i t i o n p o l y m e r i s a t i o n s o f t h i s t y p e 

proceed by a c h a i n r e a c t i o n i n v o l v i n g successive a d d i t i o n s o f monomer 

u n i t s t o an a c t i v e f r e e r a d i c a l i n t e r m e d i a t e * . i a now w i d e l y accepted 
f -ifiO 1"""* <>I>"* ooa\ 
\7Ji iOU, 1 | V ) c-Ct i cc.s/a 

The f r e e r a d i c a l c h a i n r e a c t i o n comprises 
the c h a r a c t e r i s t i c steps o f a c t i v a t i o n , p r o p a g a t i o n , cha in t r a n s f e r , 

(1, 197). 
and t e r m i n a t i o n 
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(137, 185,186) 

Role o f the P e r o x i d e . - Various i n v e s t i g a t o r s 

have proposed t h a t organic pe rox ides i n i t i a t e and ca ta lyse v i n y l 

p o l y m e r i s a t i o n by t h e i r f o r m a t i o n o f a c t i v e f r e e r a d i c a l s on thermal 

decomposi t ion. The r a d i o a l f ragments P * (R.98 - R.99) adds t o one end 
(94) 

o f t h e double bond o f the v i n y l monomer; i t i s g e n e r a l l y assumed 

X X 

t h a t the r a d i c a l ? . C H N . i s more s t a b l e than *CHg. 6H.P and conse­

q u e n t l y t h a t a t t a c k by P * takes p lace a t the u n s u b s t i t u t e d carbon atom 

o f the double bond (R.100) ( c f . t he "Peroxide E f f e c t " , p . 45 ) 

R.CO.O.O.CO.R. :—»2R.C0.0* (R.98) 

C 0 2 + R* (R.99) 

I n i t i a t i o n : x 

P * + CH_=CH —r-* P-CH -CH * (R.100) 
2 2 

The r a d i c a l chains are propagated by.) the r e g u l a r s tep-wise 

a d d i t i o n o f monomer u n i t s t o the growing p o l y v i n y l r a d i c a l i n such a 

way tha t a new f r e e r a d i c a l i s formed a t each stage (R .101). 

Propagat ion; ^ ^ X X 

P-CH .CH* + CH =CH > P.CH .CH.CH o.0H «• 
2 2 2 2 

nCH2=CH.X X 
* E f a 2 - C H j (R.101) 

n + 2 

The growing chains may be t e rmina ted i n a number o f ways 

the mechanisms o f which are a t present i m p e r f e c t l y understood. These 

may i n c l u d e : ( i ) oha in t r a n s f e r i n v o l v i n g i n t e r a c t i o n between the 

polymer r a d i c a l s and a monomer, so lven t or p r e v i o u s l y formed polymer 
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molecu le , ( i i ) r e a c t i o n o f two polymer r ad icaks w i t h each o ther or o f a 

polymer r a d i c a l w i t h a s imple r a d i c a l r e s u l t i n g e i t h e r i n r a d i c a l l i n k i n g , 

or i n d i s p r o p o r t i o n a t i o n t o two s t a b l e molecules . 

I t i s beyond the scope of the present t h e s i s t o g ive a more 

d e t a i l e d d i scuss ion o f the p ropaga t ion and t e r m i n a t i o n r eac t ions and 
(1. 13, 

o the r impor tan t aspects such as the k i n e t i c s o f p o l y m e r i s a t i o n 
200, 202) (171) 

and c o - p o l y m e r i s a t i o n and the mechanism o f emuls ion-

p o l y m e r i s a t i o n . 

. Pate o f the Peroxide Fragments . - Accord ing t o jbhe proposed 

i n i t i a t i o n r e a c t i o n s (R.98 - R.99) and (R.100) t h e peroxide r a d i c a l s Pit-

should become c h e m i c a l l y u n i t e d w i t h the polymer . T h i s has been e s t a b l i s h e d 
(13, H , 201, 202), 

by a number o f methods i n c l u d i n g chemical a n a l y s i s 
(196), (138) (197) 

r a d i o a c t i v i t y measurements u l t r a - v i o l e t and i n f r a - r e d 

ana lys i s of the polymer . 

I n the chemical ana lys i s method"marked" p e r o x i d e s , u s u a l l y 

halogenated benzoyl peroxides , are used t o i n i t i a t e the p o l y m e r i s a t i o n , 

* and the polymer i s t hen analysed f o r ha logen . For example, B a r t l e t t and 
(13) 

A l t s c h u l po lymer i sed a l l y l acetate w i t h p - c h l o r o - b e n z o y l pe rox ide and 

analysed the p u r i f i e d polymer f o r c h l o r i n e . Of the t o t a l halogen, 72.5$ 

was bound t o the polymer and o f t h i s ca.52^ was present as p - c h l o r o -

benzoate-groups and ca.20$? as p - c h l o r o - p h e n y l groups. These r e s u l t s , 

provide f u r t h e r evidence t h a t bo th a r y l o x y and a r y l r a d i c a l s ac t as 

p o l y m e r i s a t i o n i n i t i a t o r s . I t i s s i g n i f i c a n t t h a t not l e s s than M% o f 

the decomposed peroxide was i s o l a t e d as p -ch lo robenzo ic a c i d , a r e s u l t 

t h a t was a t t r i b u t e d t o t h e a b s t r a c t i o n o f hydrogen atoms f r o m the °^-CH^ 

groups i n the monomer by p-ch loro-benzoate r a d i c a l s (R.104): 
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C H a _ o - C O . C H 3 ^ 

k'^t0 c i ^ > C o o H + C H ^ C H CH o CO C H 3 (R »Oi^ 

Other c lasses o f l a b i l e molecules y j i i c h undergo h o m o l y t i c 

decomposi t ion have also been u t i l i s e d as i n i t i a t o r s , e . g v 

(222), (220) 
t e t r a p h e n y l s u c c i n o n i t r i l e phenylazotriphenylraethane and 

(199). 
p-bromobenzenediazohydroxide Ino rgan ic c a t a l y s t s such as boron 

f l u o r i d e and s t a n n i c c h l o r i d e can a l so i n i t i a t e v i n y l - p o l y m e r i s a t i o n 
(170). 

but these probably ac t by a p o l a r mechanism 

I n d u s t r i a l A p p l i c a t i o n s . - The modern p l a s t i e s and 

s y n t h e t i c rubber i n d u s t r i e s are bo th based on the p o l y m e r i s a t i o n o f 

v i n y l mononers as descr ibed above 

Al though polymers o f a s i n g l e v i n y l monomer ( e . g . v i n y l 

c h l o r i d e and methy l methacry la te ) have found u s e f u l a p p l i c a t i o n s as 

p l a s t i c s , t he genera l i n d u s t r i a l method i s t o co-polymer ise two s u i t dale 

monomers, one o f which may be a con juga ted dieme. The co-polymers o f 

butadiene w i t h s t y r e n e , a c r y l o n i t r i l e and i sobu ty lene r e s p e c t i v e l y are 

t e c h n i c a l l y impor tan t as s y n t h e t i c r u b b e r s . 
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SECTION ( 5 ) . 

DECOMPOSITION OF PEROXIDES IN NON-OLEFINIO ORGANIC 

SOLVENTS. 

1. DECOMPOSITION OF DI-ACYIi PEROXIDES.- Kharasch and h i s 

c o l l a b o r a t o r s have s t ud i ed the the rma l decomposi t ion o f d i a c e t y l . pe rox ide 
(152), (154), 

i n a v a r i e t y o f so lven ts i n c l u d i n g ketones a l k y l benzenes 
(141, 145) (141), (148) 

organic acids and t h e i r anhydrides c h l o r i d e s and 
(148, 153). 

es ters The peroxide decomposed t o g i v e methane and carbom. 

d i o x i d e w i t h sma l l e r amounts o f m e t h y l ace ta te . Ethane was formed i n o n l y 

a few so lven t s ( e . g . methyl phenyl ace ta te ) and then on ly i n smal l amounts. 

Kharasch suggested t h a t the methane r e s u l t e d f r o m the a b s t r a c t i o n o f 

hydrogen atoms f r o m the s o l v e n t (R.106) by the h i g h l y r e a c t i v e me thy l 

r a d i c a l s formed by. the i n i t i a l hemoly t ic decomposi t ion o f t h e perox ide 

CH .C0.0.0.C0.CH * C H * + C0 o + CH .GOO w (R.105) 
3 3 5 2

 5 

Chy= + HR > CH^ + R* , (R.106) 

The me thy l aceta te may have r e s u l t e d i n a number o f ways as 

represented i n (R.107 - R.109). I n a l l cases t h e number o f mo l s . o f 

carbon d i o x i d e formed was approximate ly equal t o the sum o f the number o f 

mols . o f methane and me thy l a c e t a t e , i n agreement w i t h t h e p o s t u l a t e d 

mechanism. 

a s i y c o o * >CH 3 .CO.O.CH 3 + c o 2 (R.107) 

GHj.COO* + (CH^.COOjg > CHj.COO.GH^ + COg + CH^.COO* (R.108) 

C H j * + (CH^.COOjg > CByCO .O .CB^ + CHyCOO * (R.109) 
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The me thy l r a d i c a l i s h i g h l y s e l e c t i v e i n i t s a c t i o n , a t t a c k i n g 
o n l y t h e hydrogen atoms on the carbon atom a lpha t o the c h a r a c t e r i s t i c 
groupings (X = COOH, COOR, = 0, C^H^ e t c . ) o f t h e so lven t s (R,R : 
OH-X, f o r ketones , X = ) C = 0, R,R 1 : CH-X-CH: R , R 1 ) as represented i n 
(R.110): 

N f c - X + C H 5 * — > / - X + C M M - ( R # 1 1 0 ) 

T \ ' ' * 

( R , R 1 = H , A l k y l , A r y l , C h l o r a l k y l e t c ) 

1 * 

The s o l v e n t r a d i c a l R,R : C'-X i s then s t a b i l i s e d by 

d i m e r i s a t i o n (R.111.). I t was shown t h a t i n a l l decomposit ions "dinners" 

r e s u l t i n g f r o m the so lven t accord ing t o (R.111) were w e l l r epresen ted , 

be ing t h e so le or major non-gaseous p r o d u c t s . Whits^acetto ao id gave 

suco in io a c i d (R.112) and i s o p r o p y l benzene gave 2:3-dimethyl-2:3-d4phenyl 

butane (R.113). 

dimer ises 
CH^.COOH + CHj*—> CH^ + * CHg.COOH > [-CH^COOH] g (R. 112) 

^ d imer ises t 
1 C 6 H 5 . C H ( C H 3 ) 2 + C H * - » CH^ + 0 ^ . 0 ( 0 1 1 ^ > [ C ^ . C ^ ) ^ g 

(R.113) 

The r e a c t i o n s are of- g rea t s y n t h e t i c importance, be ing an 

easy rou te t o s u c c i n i c and a l k y l - s u b s t i t u t e d s u c c i n i c a c i d s , 1;4-diketones 

and s u b s t i t u t e d d i b e n z y l s . An impor tan t - ins tance o f the l a s t example i s 

the synthes is o f the meso and racemio forms o f h e x o e s t r o l d ime thy l e the r 

( i X X X V l ) a aSonrce o f t h e oes t rogenio h e o e s t r o l - by decomposi t ion o f 

d i a c e t y l peroxide i n -methoxy-^n-propyl benzene. 
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or - r o 
( IXXXVI) 

Those "dimers" possessing c(-carbon hydrogen atons are s u b j e c t 

t p f u r t h e r a t t a c k by CH^* at the t e r t i a r y C-H groups t o g ive " t r i m e r s " 

and h igher polymers ( R . 1 1 4 ) . S B U B monochloromethyl aceta te g i v e s : 

= _ C n + C B i * — » f - v - ^ « - « - « : ( H . m ) 

X X X * X ^ x 

o i ' . o ^ - d i c h l o r o - s u c c i n i o methyl e s t e r and t r i c h l o r o - t r i c a r b a l l y l i o 

methy l es te r i n the r a t i o o f c a . 2 . 3 : 1 based on monomer e s t e r u n i t s . 

The y i e l d o f " t r i m e r " i s much g r ea t e r than expected o n j s t a t i s t i c a l bas i s 

and the r e s u l t s i n d i c a t e t h a t the r e l a t i v e concen t ra t ions o f monomer and 

"dimer" molecules and r a d i c a l s are not the major f a c t o r s governing the 

f i n a l p r o p o r t i o n s o f the v a r i o u s polymers . The de te rmin ing f a c t o r appears 

t o be t h e r e a c t i o n o f GH *• w i t h t e r t i a r y i n p re fe rence t o secondary G-E 

bonds, a sugges t ion i n keeping w i t h the weaker bond energy o f C-H $ than o f 
( 2 2 8 ) . 

C-H/J . 

2 , THE DECOMPOSITION OF DIAROYL PEROXIDES.- The decomposi­

t i o n s o f d i a r o y l -peroxides i n t h e oresence o f n o n - o l e f i n i c organic 
(27-30, 

so lven t s have r ece ived much a t t e n t i o n i n t h e oast t h i r t y years 
100-108, 123, 124, 206, 208, 255-257). 

As the r e s u l t s are too ex tens ive t o 

be disoussed a t l e n g t h o n l y the case o f benzoyl peroxide w i l l be cons idered 
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When h i g h concen t ra t ions o f benzoyl pe rox ide are decomposed 

t h e r m a l l y i n benzene the major p roduc t s are d i p h e n y l , carbon d i o x i d e and 

benzoic a c i d , w i t h smal le r amounts o f phenyl benzoatey t e r p h e n y l and 
(100). ., 

quar te rphenyl I t was assumed t h a t the s o l v e n t (R H) p a r t i c i p a t e s i n 

the r e a c t i o n and the r e a c t i o n p roduc t s were c o n v e n i e n t l y accounted f o r by 
! (100) 

t h e "R H" scheme o f Gel i s sen and Hermans which i n v o l v e d a main r e a c t i o n 

(R.115) and a s ide r e a c t i o n (R. 116). The s t o i c h i o m e t r y o f the decomposi­

t i o n v a r i e s , however, f r o m so lven t t o s o l v e n t . .With benzene and o the r 
(100, 101), 

aromatic so lven t s (R.115) represents the main r e a c t i o n b u t 
(104). 

w i t h i s o b u t y l a l c o h o l (R.116) becomes the p r i n c i p a l course o f a c t i o n 

1 

CgH^.CO.O.O.CO.CgH^ + R 1 H 

M a i n ^ C ^ . O O O H + O ^ . R + COg (R.115) 

v 1 
S i d e 7 C.H c .C00.R + CJH + CO (R.116) 

o p o 6 2 

The p a r t i c i p a t i o n oft the s o l v e n t (R H) i n t h e r e a c t i o n has 
(29, 100, 101, 124, 255, 257). 

been proved by a number o f workers Thus 

di-p_-chlorobenzoyl peroxide i n benzene g ives 4 -ch lorod iphenyl and no t 
1 ' (100) 

4:4 - d i c h l o r o d & p h e n y l , i n agreement w i t h (R.11,5) and benzoyl pe rox ide 
( 1 2 4 ) . 

decomposes i n ni t robenzene g ives 2- and 4 -n i t ropheny l s bu t no d i p h e n y l 
1 

The R H soheme o f Ge l i s sen and Hermans as g iven above, 

a l though c o n v e n i e n t l y summarising the d i f f e r e n t end products p o s s i b l e i n 

these decomposi t ions , does not suggest t h e p r ec i s e mechanism whereby these 
products are formed. A p l a u s i b l e mechanism was f i r s t proposed by Hey and 

(125) 

Waters and t h i s i s now w i d e l y accepted* Acoording t o these workers 

the i n i t i a l r e a c t i o n invo lves the hemolysis o f t h e pe rox ide R.C0.0 .0 .C0.R. 

t o g ive two types o f f r e e r a d i c a l s R-* and R.CO.O* (R.117 - R . H 8 ) w h i c h 

by f u r t h e r i n t e r a c t i o n , e i t h e r w i t h themselves, w i t h so lven t molecules. 
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or w i t h p r e v i o u s l y formed r e a c t i o n products can g ive the hydrocarbons, 

acids and es te r s a c t u a l l y i d e n t i f i e d . The f o l l o w i n g scheme, i n which 
1 

R H i s a s o l v e n t , summarises the i n i t i a l and secondary r e a c t i o n s which 

. e x p l a i n t h e f o r m a t i o n o f t h e major r e a c t i o n p roduc t s : 

R.CO.O.0.C0.R 

R.GO.O * 

1 . 
R*. + R H 

R.CO.O* + R 1 H-

R 1 * + R.COO * 

R* + R.R 1 

» R * + R.CO.O* + CO 
2 

(R.117) 

» R * + CO 
2 

(R.118) 

I > R.R 1 + H * • (R.11.9) 
1 

I > RH + R * 
(R.120) 

> R.COOH + R 1 * (R.121) 

> R.COOR1 + H *• (R.123) 

» R.COOR1 (R.124) 

( > R.R n .Hi+ H * (R.125) 

> RH + R 1 R'* (R.126) 

This scheme whcu a p p l i e d t o the r e a c t i o n o f benzoyl pe rox ide 

(R = CgH^) w i t h benzene (R 1 , = CgH^; R" = Cg' 1 ^) 1 3 s e e n to e x p l a i n a l l t h e 

r e a c t i o n products which have been i s o l a t e d . ' 

I n recen t years ex tens ive i n v e s t i g a t i o n s on d i a r o y l pe rox ide 

decomposi t ion i n many types o f organic so lven t s have been made f r o m the 

s t andpo in t o f the r e a c t i o n k i n e t i c s r a t h e r than the i s o l a t i o n of ' end 

p r o d u c t s . 

I t has been w e l l e s t ab l i shed t h a t bothethe s t o i c h i o m e t r y 

and the r a t e o f the peroxide decomposi t ion v a r i e s w i d e l y f r o m so lven t t o 
(10, 11, 15, 1b, 43). 

so lven t A l s o , i n the same so lven t the nature o f the 

decomposi t ion v a r i e s i n r e l a t i o n t o the i n i t i a l perox ide decomposi t ion 
(10, 11., 15, 16, 40, 43, 103). 

(10) 
Ba rne t t and Vaughan ' s t u d y i n g the k i n e t i c s o f benzoyl 
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peroxide decomposi t ion i n benzene a t 8 0 ° , found t ha t a t i n f i n i t e d i l u t i o n 

the peroxide decomposes u n i m o l e c u l a r l y to g i v e ma in ly d ipheny l and carbon 

d i o x i d e ( R . 1 2 8 ) , the r a t e de te rmin ing step be ing represented by ( K . 1 2 7 ) . 

This r e a c t i o n i s comparable w i t h t h a t o c c u r r i n g when the pure pe rox ide i s 

decomposed i n the absence o f so lven t s ( v i d . p . 37 ) . 

CgH^CO.O.O.CO.Cg^ > 2 0 ^ . 0 0 . 0 * (R.127) 

CgiyCO.O.O.CO.CgH^ ^ O ^ . O g B + 2C0 2 (R.128) 

A t a l l f i n i t e concen t ra t ions (R.128) i s accompanied by a 

b imolecu la r r e a c t i o n , the l a t t e r predominat ing above a c e r t a i n peroxide 

c o n c e n t r a t i o n . I n i t i a l l y the s t o i c h i o m e t r y o f t h i s second order r e a c t i o n 

i s represented by ( R . 1 2 9 ) but t h i s i s g r a d u a l l y superceded w i t h i n c r e a s i n g 

peroxide c o n c e n t r a t i o n by a r e a c t i o n represented by (R . I30) , which i s the 

1 
main r e a c t i o n o f the "R Hr> scheme o f Ge l i s sen and Hermans. 

CgH^.CO.O.O.CO.C^ + CgHg > CgH^.COOH + CgK^CO.O.Cg^ ( R . 1 2 9 ) ' 

CgH^CO.O.O.CO.Gg^ • + CgHg » CgH^.COOH + 0 0 ^ + C ^ . C g H ^ ( R . 1 3 0 ) 

S i m i l a r evidence f o r simultaneous f i r s t and second order 
t? 

decomposit ions o f benzoyl pe rox ide i n v a r i o u s so lven t s has been adduced 
( 1 0 3 ) , ( 1 5 , 1 6 ) , ( 4 0 ) . 

by McClure e t a l . B a r t l e t t and Nozak i and Brown 

3 . DECOMPOSITION OF D l - t e r t . - A L K Y L PEROXIDES.- As p r e v i o u s l y 
-*"T" (203, 204, 215) 

s t a t e d ( v i d . p . 31 ) Raley , Rus t , Seubold and Vaughan have 

r e c e n t l y s t ud i ed the decomposi t ion o f d i - t e r t . - b u t y l peroxide i n v a r i o u s 

organic so lven t s i n c l u d i n g a l k y l benzenes, p a r a f f i n s and t e r t i a r y amines. 

The pe rox ide decomposes t o g ive l a r g e y i e l d s o f t e r t . - b u t a n o l by 

a b s t r a c t i o n o f hydrogen f r o m the s o l v e n t by the i n i t i a l l y formed t e r t . -
butoxy r a d i c a l . The r e s u l t i n g s o l v e n t r a d i c a l s are s t a b i l i s e d by d i m e r i s a t i o n 
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For example, the pe rox ide when decomposed, i n i s o - p r o p y l benzene at 130° 

g ives t e r t . - b u t a n o l and 2:3-ciimethyl-2:3^<Jiphenyl butane (LXXXVTl). The 

r e a c t i o n p robab ly occurs according to (R.131 - R.132). 

(CH 3),O.O.O.C(CH ) 2(CH ) C O * (R,130 
* * * 3 3 ^ d imer i ses 

( C H j ^ O . O * + C H ( C H 3 ) 2 . C 6 H 5 ^ ( C H 3 ) 3 . 0 H + C C C H ^ . C g E ^ 

C 6 H 5 . C ( C H 3 ) 2 , C ( C H ) 2 - C 6 H 5 (R.132) 

( L O X V I I ) 

S i g n i f i c a n t y i e l d s o f acetone and methane i n these 

decomposit ions ( e s p e c i a l l y w i t h t e r t . - b u t y l benzene as s o l v e n t ) suggest 

t h a t the pe rox ide may i n p a r t decompose accord ing t o (R.133) the CH * 
• ^ 0 3 

r a d i c a l s then r e a c t i n g as i n (R.134) as proposed by Khar asch e t a l . 

( y i d . p . 50) 

( C H J J C . O * > ( C H 3 ) 2 G = 0 + CH^* (R.133) 

OH,* + RH * GH. + R * (R.134) 
o 

C e r t a i n o f these r e s u l t s a n t i c i p a t e and c o n f i r m the f i n d i n g s 

o f t he present au thor ( v i d . p . H O ) . 



PART ( I I ) . 

NEW WORK ON THE REACTIVITIES OP ORGANIC 

PEROXIDES. 



SECTION ( I ) . 

REACTION CF Dl - t e r t . -AIKXL PEROXIDES 
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(A). REACTION OF Di-tert.-BUTYL PEROXIDE WITH cyeloHEXEITE.-
The reaction of d i - t e r t . -bu ty l peroxide with cyclohexene has beea studied 
in detail and the nature and quantitative yields of the various reaction 
products have been carefully examined. The general experimental technique 
used in these and subsequent experiments was to react the peroxide and 
o le f in (or other solvent reactant) i n Carius tubes at 140° for times 
varying from 12-48 hours. The reactions were a l l conduoted in the absence 
of oxygen. In the present instance both the relat ive proportions of peroxide 
to o l e f in and the reaction times were varied and the effects of these 
variations on the yield and nature of the reaction product determined. 

Reaction of d i - t e r t . - bu ty l peroxide and oyclohexene i n the 

molar r a t io of 1:6 for 24 or 48 hours at 140° resulted i n complete 

decomposition of the peroxide, which was converted mainly into t e r t . -

butanol and to a minor extent into acetone. In addition to recovered 

cyclohexene a. mixture of cyclohexene "polymers" was obtained which 

contained no oxygenated constituents. By fract ional d i s t i l l a t i o n of the 

polymer mixture there were obtained three well defined polymer fractions: 

( i ) a cyolohexene "dimer", Q^^> ( 2 ) a "trimer" C ^ H ^ ; and (3) a 

"tetramer" C<24H34 ^* r e m a ^ - n ^ e r °^ t h e polymer mixture was an 

undist i l lable residue consisting of oyclohexene "polymers" higher than 

"tetramer". 

Detailed Examination of the Polymer Sractions.-

( i ) The "Dimer" C^^Q»~ T h i s consisted 
1. c _ 2' 2 

entirely of the dicycl ic- / \ *^-diolef in , & -cyclohexenyl-A -cyclo -

hexene ( i ) . The presence of two double bonds per C unit was confirmed 
(139, 140) 

both by iodine value determination and by catalytic micro-
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hydrogenation. Catalytic reduction of the o lef ia gave pure dicyclohexyl 

( I I ) . 

CH3 
( i ) (n) 

Brominatioa of the o le f in in chloroform gave almost quantit­

ative yields of a mixture of two (presumably stereoiscmeric) cyclohexenyl-

cyclohexene tetrabromides, C^gH^Br^, .which were separated by f ract ional 

crystal l isat ion from chloroform into a major product, m.p. 159-160 , and 

a minor ptoduct, m.p. 188-190°. Both of these tetrabromides have been 
(22, 83) 

obtained by previous workers by brominating oyclohexenyl-cvclo-

hexene. 

Pinal confirmation of the structuce of the "dimer" as ( i ) 

was obtained by i t s synthesis according to the following scheme: 

The physical constants of the cyolohexenyl-eyelohexene 

obtained by synthesis and by reaction of cyclohexene with d i - t e r t . -

butyl peroxide were i n good agreement, and the synthetic product gave 

the same two tetrabromides as were obtained from the cyclohexene "dimer". 

(2 ) . The Trimer C ^ ^ . - The "trimeric" f rac t ion consisted of 

the two iiSflmeaic dicyolohexenyl-cyclohexeneB ( I I I ) and ( I V ) . 
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0 (IS) (m) 

CM5 o < 
Evidence for the isomer ( i l l ) was obtained by catalytic 

reduction of the "trimer" which ga-ve a reductant ( f i ^ f i ^ ^ r o m whi^h 

the high melting form of 1:4-dic.yclohexyl-cyclohexane (m.p. 162-163°) 

(v) was isolated. The substantial amounts of non-crystallisable 

dic.volohexyl-c.Yclohexanes in the reduotant indicated the presenoe of 

other isomeric forms of the C _H 11 t rimer 18 26 

(V) O o 
Selenium dehydrogenation of the "trimer" gave a mixture of 

1:4- and 1:3-diphenylbenzenes (Vl) and (v i l ) respectively, confirming the 

presence of the 1:4- linked o.yclohexene "trimer" ( i l l ) and establishing 

the presence of (IV) as one of the major "trimerio" constituents. Although 

there was no evidence of any 1:2-diphenylbenzene in the dehydrogenated 

product, i t s complete absence was not def in i te ly established. 

Q 
00 

* Although, s t r i c t l y speaking, the isolation of 1:3-diphenylbenzene 

establishes only the presence of a 1:3-dio.yclohexenyl substituted cyolo-

hexene in the "trimer" and does not indicate the actual positions of the 

olef in io unsaturation i n this o l e f i n , the reaction mechanism described 

later shows that (IV) is the most plausible structure. 
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Bromiaation fo the "triraer" gave a complicated mixture of 
dioyclohexenyl-cyolohexene hexabromides which were d i f f i c u l t to separate. 
Three of these were isolated in substantailly pure form, but they were 
doubtless not the only hexabromides present, and their constitutions 
could not be established. 

(3) The"Tetramer" C_.H_. . - The cyclohexene "tetramer" 
CM. Vt-

f ract ion though molecularly homogeneous, consisted of many structural and 

stereoisomers. No detailed examination of the fract ion was undertaken 

beyond establishing i t as a tetracyclic o l e f in C H containing four 

double bonds per molecule. 

Mechanism of the Reaction.- Prom the experimental findings 

described above i t is seen that d i - t e r t . - bu ty l peroxide when decomposed 

in cyclohexene is converted almost quantitatively into tert .-butanol, and 

the o le f in is pa r t i a l ly transformed into a mixture of cyclohexene polymers 

which retain the original unsaturation of o l e f in and in v&ich the new 

C-C bonds are formed at the <*• -methylene positions. 

The mechanism advanced to explain these results involves the 

i n i t i a l homolytic scission of thw 0-0 bond in the peroxide to give two 

tert.-butoxy radicals (R .3.). The la t te r arerthen stabilised by abstrac­

t ion of labi le «C -methylene hydrogen atoms from cyclohexene -t yielding 

t e r t . -butanol and a cyclohexenyl radical (R.i».): 

(CH, )C.O.O.C(CK ) > 2(CH_) G'.O* (R.3) 
3 3 3 3 

(CH^C.O* + " ) ^ ~ ^ »(GH 3) 3CCH + H ^ ^ ) ( R - 0 
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The, existence of traces of acetone in these decompositions 

suggest that the peroxide undergoes, to a minor extent, unimolecular 

decomposition (R.5) in a manner analogous to the vapour phase pyrolysis 

of the peroxide in the absence of solvents (vid.p. ) : 

(CH^C.Q^CH^)- > 2 (0^)^0 .0* ^2 (0^ )^=0 + 2 0 ^ * (R.5) 

The cyolohexenyl radicals formed in (R.4) are stabilised 

either by radical-radical l inking reactions (R.6) or by attacking a 

cyclohexene molecule (at the oL. -methylene group) by the replacement 

reaction (R.?)> both processes leading to the formation of cyclo-

hexenyl-oyclohexene. 

(R.6.) 

o H 

+ H * (R.7.J 

> (CH ),C.CH (R.8) (;GH_)_C.0* + H * 

Chemically the two reactions (R.6) and (R.7 ) are 

indistinguishable and their relat ive importance can be estimated only by 

kinetic methods. The two major factors governing the relative rates 

(and thud the relat ive importance) of these two reactions w i l l be the 

col l i s ion frequency factor, A, and theenergy of activation, 13, as given 

i n the Arrhenius equation (E.1) : 

R a t e = A e _ E / K C (E.1.) 

On the one hand the co l l i s ion frequency factor of (R.7) w i l l 
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be much greater than that of (R.6) because of the high concentration of 

cyclohexene molecules compared with cyclohexenyl radicals, and on this 

basis (R.7) w i l l be the most favoured reaction. On the other hand the 

energy of activation of (R.6) is undoubtedly much low er than that of 

(R.7) and this factor would favour the radical-l inking process. 

Thermochemioally the reaction sequences involved in the 

above mechanism are a l l energetically possible.. Using the latest bond 
•X-

energies reported in the l i terature the two alternatives processes 

(R .3 ) -^(R .4 ) -MR .6) and (R .3)—>(R .4)—»(R-7)—> (R.8) leading to 

the formation of tert.-butanol and cyclohexenyl-cyclohexene are found 

to be exothermic to the extent of oa. 54 k .ca l . 

The absence of any oxygenated constituents in the cyclo­

hexene polymers demonstrates the highly specific react ivi ty of t e r t . -

butoxy radicals, which are obviously l imited in their reactions to 

hydrogen abstraction from the olef inic c* -methylene groups and which 

show no additive react ivi ty towards the double bonds (R.9) or 

substitutive react iv i ty at the a, -methylene groups (R.10) : 

{ y -fr(o^3c os > ^ C(CH 3^ (R.9) 

The following are the bond energies used in the above calculations: 
(203) 

D Q - 0 ( fo r (CH3)3C.O.O.C(CH3)5= 39 k .ca l . 
DC-H ^ f Q r °* "^H2 5 1 , 0 , 1 5 i n ° y c l o h e x e n e ) ~ 80 k .ca l . This is computed from 

D« I T = 99 for a pa ra f f in hydrocarbon and the resonance energy (ca.19 
° " H , * (33(6) ) . 

k.ca l . ) calculated to be gained in the mesomeric system -CH.CH=CH-
CHdSH.CH 

DG-C ( f ar <*--CH groups in cyplohexenyl-cyclohexene) = 81-2x19 = 43 k .ca l . 
(33(6), 193). 2 (203) 

D Q _ H ( f o r (CH 5) 3C.Oi) = 105 k . ca l . 
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+ ( C H ^ 5 C O * > / > o C(CH 5 ) 5 + H*(R.10) 

This laok of additive and substitutive react ivi ty of tert.-butoucy 

radioals is in contrast with that of phenyl and benzoate radicals 
(83) 

(from decomposing benzoyl peroxide) which were shown by Parmer 
(123) 

and Hermans to undergo a l l the three types of reactions analogous 

to (R.4), (R.9) and (R.10) (vid.p. 5? ) . 

Mechanism of the formation of the higher cyolohexene"polymers" 

The same basic reactions advanced to explain the formation of cyclohexenyl 

cyclohexene may also be used to account fo r that of the cyclohexene 

"trimer" isomers and the higher boiling "polymers". The i n i t i a l l y formed 

cyolohexenyl-oyolohexene w i l l compete with the monomer o le f in fo r reaction 

wi th tert.-butoxy radioals to give tert.-butanol and cyclohexenyl-cyolo-

hexenyl radioals, and the la t te r w i l l then, by radical-radical l inking 

or by radical-molecule reactions, form higher molecular weight "polymers". 

The cyolohexenyl-cyclohexene molecule contains (as shown in 

( V I I I ) four reactive oc -methylene groups, (a) , (a ) , (b) and (b ) : 

~ (a) C H A / ~ 4 /?Hj (a) ( V J I I ) 

Attack at the oi -methylene positions (a) and (a ) in (VTIl) 

by tert.-butoxy radicals may explain the formation of 1;4.-dicyclohexen.yl-

cyiblohexeae. The following scheme goves the possible reactions leading to 

the formation of th i s isomer: 
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>-000 (R.12) 

(R.13) 

Reaction of tert.-butoxy radicals at the on.-methylene groups 

(b) and (b*) w i l l give the oyclohexenyl-cyclohexenyl radical ( IX) : 

(T%) 

The stabil isat ion of this radical by a cyclohexene molecule or 

cyclohexenyl radical to bjive the "trimer" (X),(R.15) would be s ter ica l ly 

improbable: / 

(H.15) 

Alternatively the radioal (EC) can mesomerise to i t s otfter 

canonical structure (Xl) i n whioh sterio factors preventing radical 

l inking w i l l not be operative. The radical (XI) may then be stabilised as 

in (R.1?) to give the 1; 3-dicyolohexenyl-c,yclohexene "trimer" (.17) 
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Similar processes as described above may be Envisaged to 
explain the formation of the cyclohexene "tetramer" and higher polymer 
fractions. I t is to be expected that these higher polymer w i l l contain 
increasingly greater numbers of structural isomers as their molecular 
weights r iae, owing to the many d i f fe ren t ly situated <K -methylene groups , 
i n the molecules and the possibi l i ty of extensive double bond rearrange­
ments as i n (R.16 - R.17). 

The Significance of Conjugation in the High "Pol.vmers".- The 

o vol ohexene recovered flrom the reaction product and representative samples 

of the various "polymer" fractions were analysed for conjugation by u l t ra ­

violet spectrography. The recovered oyolohexene, the "dimer11 and the 

"trimer" contained no conjugated groups. A sample of "tetramer11 (A, Table 5)» 

and two samples of "polymeric" residues (B and 0, Table 5) e l l gave 

absorption maxima near 2423°A and at 25oOPA. The following conclusions were 
0 

made from the positions of maximum absorption and the magnitude of the 

extinction coefficients: ( i ) The spectra preclude the poss ib i l i ty of tiro 

conjugated double bonds in one r ing , as i n cyclohexadiene-1:3. which would 
0 (35, 265). 

give a maximum at ca.2550 A ( i i ) The absorption at Amax = 2430 A 
may be due to either of the two conjugated diene systems (XI I ) and ( X I I l ) 
(35, 265). 

This conjugation is of the order of ^5$ i n the "tetramer" A, 

and is between 10-20$ in the polymer residues B and C, ( i i i ) The 

unresolved bond at Xmax = 2.!8oO°A may be due to re la t ively small amounts 

of conjugated trienes such as (XIV) and (XV) which give seleotive . 

absorption at Amax ~ 283)0 A However, since conjugated diene ketones 

also absorb at Xmax 2690-3170°A the precise value b^J^ dependant upon 

the degree of a lkyl substitution at the double bonds the spectro-
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graphio data do not alone preclude the poss ib i l i ty of this type of 

triene conjugation in the polymers. 

CK) o 
Ixu) «*'") 

0=0 o-cS 
I t is suggested that the formation of diene conjugation in the 

"tetramer" and higher polymers is due to double bond s h i f t resulting 

from mesomerism of an alkenyl radical system (ft. 19) which is i n i t i a l l y 

formed as i n (R.18) : 

R.CH2.GH=CH.R1 + (CH^C.O*— : » R.CH.CHdCH.R + (CH^C.OH (R.18) 

R.CH.CHdCH.R1 > R.CHdCH.CH.R1 (R.19) 

Thus the following scheme shows how diene conjugation (both 

of types (XII) and ( X I I l ) ) may be formed from 1 ;3-dicyclohexenyl-cyclo-

hexene (IV) by reaotion of tert.-butoxy radicals at the C\-CH group (a) 

Attack at this point rather than at any other of the f ive o( -methylene 

positions in J>^V) w i l l be preferred since C-Ha is present in a l:4-diene 
i 

system CH:CH.CH.CH:CH, and sucho^-methylene groups are known to be more 
labi le than those present in the mono-olefin systems -CH -CH=CH- and 
R 2 

-CH.CHdCH- (vid .p . II ) 

9 9 
O 



] 67 

Processes similar to those described above w i l l account for 

conjugated dienes in the higher "polymers". I t is significant that the 

above mechanism of double bond s h i f t through mesomeric effects w i l l not 

result in conjugation in the cgclohexene polymers of a lower order than 

"tetramer" which is in agreement with the observed facts. 

Correlation of the Yields.- The stoichiometrics of the 

reactions leading to the observed products are represented by the 

following equations: 

20 6 H 1 0 + (CH3)3O.0.0.C(ClO3= C 1 2 H 1 8 + 2(011 )̂̂ 0.011 (E.2) 

30 6H 1 Q + 2{CH3)3C.C.O.C(CH3)3 = + 4 (011^.03 (E.3) 

ACgH10 + 3(CH5)3C.0.0.C(CH3)3 = C2in^k * 6(CIi ^C.OH (E.4) 

etc. 

Usingothese equations, the yields of tert.-butanol and the 

cyclohexene "polymers" have been correlated wi th the amount of peroxide 

decomposed. These'data, which are given in Tables (4-!?)» are in very 

good agreement and support the postulated reaction mechanism. 

Prom Table[ (k) i t is seen that a l l the peroxide had reacted 

in the 6:1 run af ter reaction times of 24 and 48 hours, but that 12 

hours heating resulted in incomplete decomposition of the peroxide. 

The relat ive proportions of the "polymer" fractions remained constant in 

experiments conducted with a constant ra t io of o le f in to peroxide fo r 
di f ferent reaction times. Comparison of Tables(4-5) shows that 
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variation of the ra t io of peroxide to o lef in causes great differences in 
the ratios of the "polymers". Thus in the 6:1 run the order of polymer 
abundance is "dimer"8 : "trimer 2.7: "tetramer" 1, whereas in the 2:1 
run this order has changed to "dimer" 1.75 * "trimer" 1.1 : "tetramer" 1. 

The high yields of "trimer" and higher "polymers" would not 

be expectedon a s t a t i s t i ca l basis since when the peroxide is decomposed 

in a large excess of o le f in the monomer o le f in molecules would always 

be more abundant than the dimer molecules and would therefore be 

expected to react preferentially with the peroxide. This should result 

in large amounts of "dimer" with only minor amounts of higher "polymers". 

The lack of s t a t i s t i ca l balance in these reactions evidently results 

from the increasing react iv i ty of the oC-methylene C-H bonds i n the 

olefins as the l a t t e r increase in molecular complexity. Thus in passing 

from cyclohexene to the "dimer" and to the two "trimers" ( H i ) and (IV) 

i t i» seen that, although the number of o\ -methylene groups per Cg uuit 

remains constant, the nature.of these groups alters enormously. In the 

monomer there are two <X-CHo groups, in the "dimer" two o( -CHg and two 

(X-GHR groups and i n i'triraer" (IV) three o -̂CHg and three o( -CHR groups. 

One of the l a t t e r w i l l be highly reactive since i t i s present in the 
R 

1:4-diene system -CH:CH.CH.CH'.CH#iSi~ (y id .p . l l ) . I t i s now well * 

established that the l a b i l i t y of C-H bonds is in the order C-HJJ ^ C-Hy3> 

CyH^ .f and on this basis the relat ive react ivi t ies of the olefins i n 

this reaction w i l l be i n the order "trimer" "dimer" "S "monomer". 

This react iv i ty factor w i l l act in opposition to , and may well counter­

balance, the co l l i s ion frequency factor and thus result in larger 

proportions of the higher "polymers" than expected, s t a t i s t i ca l ly . 

These findings are comparable with those obtained by 
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Khairasch et a l . (v id .p . 53. ) in a study of the reaction of moiiochloro-

methyl acetate with methyl radicals. Ia th is work the authorst-explained the 

lack of s t a t i s t i ca l balance between "dimer" and 'trimer" by react ivi ty 

factors similar to those outlined above. 

(B). REACTION OF P I . tert.-BUTYL PEROXIDE Y/ITH 1-Ii3S!I!HYliCycloHE!XHOi . 

AND c.vcloHEDGSN£L°cycloHEXENE.- The reactions of d i - t e r t . -

butyl peroxide wi th 1 -methylcyolohexene and wi th cyclohexenyl-cyclohexene 

at '[UQ were analogous to the reaction just described. Ther-re suits, which 

provide useful confirmatory evidence of the nature of peroxide/cyoloolefin 

reactions, w i l l not be detailed in f u l l here, but two specific points w i l l 

be made. 

( i ) . The "dimer" C-ijHg^Fs resulting from methylcyclohexene, 

although molecularly homogeneous, appeared to consist of a mixture of 

structural iscmers. Owing to methyl substitution at ono of the cthylcaic 

carbon atoms, the abstraction of hydrogen atoms from the two dissimilar 

OV -methylene groups in the o le f in by tert.-butoxy radicals would result 
1 2 

in two di f ferent methyl-cyclohexenftl radicals (R ) and (R ) . The l a t t e r 

would further give by mesomer.isra a th i rd radical (R^}» Dimerisation of 

these radicals would thus result in the formation of a maximum of six 

dimethylcyclohexenyl-cyclohexenes and the presence of a l l or some of 

these is to be expected and, indeed, is suggested by the wide boiling 

point range of the "dimer". 

CH3 
(CHA3C-O» 

h H 
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TABLE (U). 

REACTION OP Di-tert.-BUTYL PEROXIDE (48.7c.) Y/ITH cyoloHEXENE d64.0g.) 

(Temp. 1itO°. Molar Ratio 1:6) 

12 HOURS ' 24 HOURS 48 HOURS 

PRODUCTS. W T . ( G . ) ^Total ^Peroxide 
Polymer. Aco atd. 

f o r . 

YfT.(G.) ^Total ^Peroxide 
Polymer, accntd. 

f o r . 

WT.(G.) ?SPotal J 
Polymer. 

^Peroxide 
Accatd. 

f o r . 

tert.-BUTANOL 43.0 - 87.25 47.4 - 96.2 46.0 - 93.3 
POLYMER 42.0 (25.6$ cycloHexeae) 45.5 (27.75# cycloHe.aEB.ne) 45.0 (27.45$ oycloHexene) 

MIXTURE 
n DniER n C 1 2 H 1 8 

25.8 61.44 47.75 28.15 61.85 52.1 27.2 * 60.45 50.35 
*TRIMER"0 8.8 20.95 21.8 9.5 20.3 23.55 9.75 21.75 24.2 

"TETRAMER11 

C24H34' 
3.3 7.86 9.2 3.55 7.8 9.9 3.5 7.8 9.8 

HIGHER "POLYMER" 3.8 
(Assumed "HEXAMER") 

9.06 11.8 3.85 8.45 11.95 4,2 9.3 13.05 

(TOT All) 99.3 90.55 (TOTAL) 99.0 97.5 (TOTAL) 99.3 97.4 

http://cycloHe.aEB.ne


TABLE (5) 

REACTION OF Dl-tert.-BUTYL PEROXIDE WITH cycloHEXKNE (140°'; 24 HOURŜ . 

REACTANTS 

cycloHEXENE 

DI-tert.-rBUTYL 
PEROXIDE. 

VJT£(G.) 

109.3 

48. 

, . 3 j Molar Ratio 

4:1 

VJT.(G.) 

54.65' 

48.7 -

Molar Ratio 

2:1 

PRODUCTS. 

t e r t . - B U T A N O L 

POLYMER MDCYURE. 
i 

"DDffiR'»C 1 2 H L 8 

, , T R I M E R , , O 1 Q H 2 6 

"TETRAMER"C 2^34 

H I G H E R "POLYMER" 

lfrT.(G) $Total # Peroxide 
Polymer. Accntd.for. 

WE.(G.) $Total ^Peroxide 
Polymer. Accntd.for. 

46.3 93.9 46.0 - 93.3 

44.4 (irf>.6£ cycloHEXENE) 35.8 (65.5^ cycloHEXENE ) 

20.4 45.95 37.75 7.14 19.95 13.2 

9.5 21.4 23.55 4.56 12.75 11..3 

4.6(a> 10.35 12.85 4.1 11.45 11.45 

8 . 0 ^ 18.0 24.9 ,8 .7 ( °> 52.25 59.85 - 61.1 

(TOTAL) 99.05 _ (TOTAL) 95.8 - 97.05 

(a) "Tetramer" Sample ( A ) . 
(b) "Polymer" Sample (B). Average,lHexalneric,, composition (Pound M (benzene) 470. Calo. fo r C, 

/v (c) "Polymer" Sample (C). Average composition between"Septamer"and "Octamer" (Pound: C, 89.f 
c i i^H K o ^ r, r ( M (benzene}A 6o5, 615. , , 

58 requires IP, 896; H, 10.4; M , 5&2; C^gg requires C, 89.65; H, 10.35$; M , 642.) 



- 7 2 -

( 2 ) . When cyolohexenyl-cyolohexene and d i - t e r t . - b u t y l peroxide 

were reacted together i n the molar r a t i o of 2:1 f o r 48 hours at 1 4 0 ° a l l 

the peroxide decomposed y i e l d i n g t e r t . - bu t ano l ( == 92$ of the peroxide). 

Of pa r t i cu la r s ignif icance were the f a c t s : ( i ) tha t 35-8$ of the o l e f i n 

•was recovered unchanged, ( i i ) that 18.5& waa converted t o bis-cyclohex^nyl 

cyolohexene ( C ^ H ^ f \ ) , and ( i i i ) tha t 40 . 7 f$ was converted in to a 

mixture of u n d i s t i l l a b l e oyclohexene "polymers" having an average compos­

i t i o n of an "octcsmer" (C^gHgg p 8 ) . These r e su l t s confirm the e a r l i e r 

f ind ings that the rad ica l l i n k i n g polymerisation of the o l e f i n i s not 

l i m i t e d to the "dimeric" stage as represented by (R.21 - R . 2 2 ) . Had such 

a simple mechanism been operative i n t h i s instance no cyclohexenyl-cyclo-

hexene would have remained and the o l e f i n produot would have consisted 

e n t i r e l y of bis-eye1ohexenyl-oyclohexene. On the contrary <the "dimer" 

o l e f i n when formed competes successfully w i t h the monomer f o r react ion 

w i t h t e r t . -bu toxy radica ls and thus bui lds up successive r ad ica l l i n k i n g 

reactions a mixture of higher o l e f i n "polymers". 

X-H + (CH,)J3.0* >X* + .(CHj,C.CH (R .21) 

X* + X * > X-X (R .22) 

\_ X = cycl ohexenyl -cyc l ohexe n y l l 

(0) REACTION CF DI-tert.-BOTYIi PEROXIDE Y/ITH 4-JvETBYIHEPTENE-5.- This 

inves t iga t ion was undertaken to determine the r e l a t i v e r e a c t i v i t i e s of 

the two methylene groups -CHg and -CHg bordering an unsymnetrical 

double bond: 

« F H 3 fi> 

-CH2-C = GH-CH2-
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4-methylheptene-3 (SVl) was chosen because of the unarabiguity 
of i t s preparation by the dehydration of 4-methylheptan-4-ol, the only 

ene 
possible isomer being 4-methy3|heptane ( X V I I ; : 

CH, CH2 

CH^.CH^CH^C = CH.CH^CH^ CH^.CH^CH^C.CH^CHg.CH^ 

(XVI) ( x v n ) 

I n f r a - r e d analysis o f the c a r e f u l l y f rac t iona ted o l e f i n 

(spectrum 3) showed a large preponderance of (XVI) w i t h only a small 

amount ( > 10#) of ( X V I l ) . 

Heating the o l e f i n and d i - t e r t . - b u t y l peroxide i n a molar 
o 

r a t i o of 4i 1 at 140 gave a react ion product containing unchanged o l e f i n , 

t e r t . - bu t ano l (97.3/- °f peroxide), traces of acetone, and a polymeric 

o l e f i n mixture which was shown by analysis to consist e n t i r e l y o f hydro­

carbon const i tuents . The l a t t e r observation confirms the previous f i n d i n g 

tha t t e r t . -bu toxy groups do not combine w i t h the o l e f i n molecule. 

D i s t i l l a t i o n of the polymer mixture led t o the separation of a methyl-

heptene "dimer" C^gH^ f^2, which on c a t a l y t i c reduction gave a hexadecane 

The "dimer" is probably formed by a mechanism a l l i e d to that 

out l ined f o r the formation o f cyclohexenyl-cyclohexene frcm oyclohexene 

and d i - t e r t . - b u t y l peroxide. Consideration of the possible_points of 

a t tack, by t e r t . -bu toxy rad ica l s , i n 4-methylheptene-3 show that three 

possible alkenyl radica ls ( X V I I l ) , ( X K ) and (XX) can resu l t from the 

abstraction of -methylene hydrogen atoms from the o l e f i n , the.; rad ioa l 

(XX) being & mesomeric form o f (X3X): 
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CH,.CH„.CH .6 = CH.CH r t.CH — 
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C H 3 . C H 2 . C H . C = CH,GH 2 .CH 3 ( X V I I I ) 
CH3 

CHyCHg.CH^C = CH.CH.CHj ( X K ) 

*3 
CH 5 ,C!H 2 .CH 2 .C .CH = CH.CH 3 (XX ) 

The nature of the "dimer". w i l l depend on the r e l a t i v e 

l a b i l i t i e s of the oL -methylene groups -CH and -CHg a n < 3 i ^ m i S UP°& "tb 8 

r e l a t i v e preponderance of the r ad ica l forms ( X V I I I ) , (XDC) and (XX) . Any 

estimate o f the r e l a t i v e amounts of these radica ls i n the "dinner" w i l l 

therefore indicate the r e l a t i v e a c t i v i t i e s of the two o(-methylene groups. 

I n f r a - r e d analysis of the "dimer" (Spectrum 4) showed the 

presence of a new type of unsaturation (band at 975 cm" 1) a t t r i bu ted to 
1 1 R.CHsCH.R , i n addi t ion to the o l e f i n i c types Rg.CdSI^ and H^CrCH.R , and 

the presence of t h i s new unsaturation is taken as evidence f o r the presence 
•j 

o f the rad ica l form (XX) i n the "dimer". As o l e f i n s o f the type R.CHsCH.R 

usually give a character is t ic band at 965 cm the a t t r i b u t i n g of the 

975 cm"1 band to th i s grouping na tura l ly requires j u s t i f i c a t i o n . This i s 
. (205) 

found i n the fac t s tha t 4-octene absorbs at 973 om"1 and the 
observation by Koch (pr iva te communication) of s imi l a r exalted wave numbers 

1 

i n other o l e f i n i c systems containing, indisputably, R.CH=CH.R groups. 

F i n a l l y , strong experimental proof of the correct assignment of the 975 cm 1 

band was found i n the f a c t that t h i s band completely disappeared when the 

"dimer" was reduced. This exa l ta t ion f o the wave number i s p r o v i s i o n a l l y 

a t t r i bu ted to the t e r t i a r y grouping adjacent to the double bond i n the 

"dimer" r e su l t i ng from (XX) . On the basis of the measured ex t i nc t i on 

c o e f f i c i e n t of the 965 cm - 1 absorption of the CH=CH. grouping i n a re la ted 

http://CH.CH.CHj
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o l e f i o (Koch, prLvate communication) i t is estimated tha t the "dimer" 

contains about 1.5£> of R C.CHdCH-R1. 
• 3 

These resu l t s indicate that a considerable degree of attack 

(by t e r t . -bu toxy rad ica l s ) occurs at -CH,^ and tha t the r e s u l t i n g rad ica l 

(XIX) mesomerises to gisra (XX) r e su l t i ng i n a p a r t i a l double bond s h i f t 

of the o r i g i n a l unsaturation. No evidence has been adduced of attack at 

" < J H 2 ' 

Attempts to determine the nature and proportions of the 

o l e f i n i c groupings i n the "dimer" by :• ozonelysis were unsuccessful, 

ff-tfom many ozonolyses there resulted mixtures of aldehydes and ketones 

which def ied attempts a t t h e i r separation 'and character isat ion. Repeated 

f r a c t i o n a l c r y s t a l l i s a t i o n of the aldehyde dimedones gave no pure 

der ivat ives and chromatographic analysis of the mixed aldehyde and ketone 

dinitrophenylhydrazones resulted i n only p a r t i a l separation of the 

consti tuents and indicated only that the number of aldehydes and ketones 

was great . 

I t i s s i g n i f i c a n t tha t the recovered methylheptene had physical 

propert ies s l i g h t l y at variance w i t h those of the o r i g i n a l o le f in land 

contained, as shown by i n f r a - r e d analysis, traces of -CHeCH- unsaturation. 

This double bond s h i f t i s a t t r i bu ted t o hydrogen t ransfer reactions 

between methylheptene molecules and the methylheptenyl rad ica ls (XX): 

C « 3 C H , C H 3 C H - J 

C 5 H 7 C = C H C « a - C H 3 + C 5 H 7 C — C H = C H - C H 3 > C ^ H 7 - C = C H CH C H 3 + C 3 H 7 C W - C H s C H C H 3 1 ^ . 1 3 ) 

(D) , REACTION OF DI-tert 9 -BUTYL PEROXIDE WITH 1-HEPP35NE. - So f a r the 

reactions of d i - t e r t . - b u t y l peroxide have been conducted w i t h o l e f i n i c 

systraes of the types R.CHg.CHiCH.CHg.R1 and R.CHg.CtCHj): OH.R . I t was 
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considered tpertinent to investigate the r e a c t i v i t y of t e r t . -bu toxy 
radica ls w i t h a v i n y l i c o l e f i n CHgiCH.CHg.R to determine the e f f e c t of 
o l e f i n i c s tructure on the nature of the reac t ion . To t h i s end d i - t e r t . -
bu ty l peroxide was reacted w i t h 1-heptene at 140°, i n the molar r a t i o 
of 1:4. t e r t . -Bu tano l ( =85 .5$ of the peroxide) was isolated from 
the react ion product, and only a small amount (6.35^) heptene was 
recovered. Frac t ionat ion o f the higher b o i l i n g product gave three 
heptene "dimers" ( i i ) A, B and C containing traces of oxygenated const­
i tuen ts , and a la rge amount (ca.76^ of the o l e f i n } of an u n d i s t i l l a b l e 
polymer having an average composition of a. "hexamer". The three "dimer" 
f r ac t i ons and the polymer residue had considerably lower unsaturation 
values than the o r i g i n a l o l e f i n as shown by quant i ta t ive hydrogenation, 
C/H r a t i o s , and i n f r a - r e d analysis. 

I n f r a - r e d spectrographic analysis of the o r i g i n a l and 

recovered heptene, and the three "dimer" f r ac t i ons ( i i ) A, ( i i ) B 

(spectrum 2 ) , and ( i i ) C provided valuable information .concerning the 

mechanism o f the reac t ion . Thus, the occur/ence of double bond shif t-

was indicated by the presence of traces o f R.CH:CH.R unsaturation i n 

the recovered heptene, and of a considerable proport ion of t h i s type 

of unsaturation, i n addi t ion t o the o r i g i n a l GH2:0H.R, i n the "dimers" 

and the higher polymer. Bands consistent w i t h the presence of small 

amounts of ether groups and possibly traces o f carbonyl groups were 

also found i n the "diraers". 

The main conclusions reached from t h i s inves t iga t ion are: 

(1) A large amount o f the peroxide decomposes to give t e r t . - b u t a n o l . 

(2 ) Extensive polymerisation of the o l e f i n r e s u l t s , and t h i s l ack o f 

balance between the r e l a t i v e proportions of recovered heptene, "dimer" 
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and polymer is completely at variance w i t h the proportions of these 
products obtained when o l e f i n s of the type R.CH^.CHiCH.R1 are reacted 
w i t h the peroxide under comparable condit ions. (3) The polymers show a 
s i g n i f i c a n t decrease i n the unsaturation. (4-) Extensive rearrangement 
of the o l e f i n i o unsaturation occurs. 

I t . i s in fe r red from these resu l t s t ha t two d i f f e r e n t types 

o f polymerisation are being e f fec ted by means of t e r t . -bu toxy rad ica l s , 

these being ( i ) a r ad ica l l i n k i n g react ion (R.24-) at oc -methylene 

groups, t y p i c a l o f cycloalkene/peroxide reactions and ( i i ) v i n y l 

addi t ion polymerisation (H.25) i n i t i a t e d e i ther by t e r t ; -bu toxy or 

alkenyl radica ls as formed i n ("ft.2k) ( v i d . p . W*f ): 

(CH 5) 3C.O.O.C(CH 3). 

(CH 3) 3C.O* + R.CH2.CH:CH2 

2R.CH.CH;CH 
9 

=> 2(CH ^C.O* 

-» (CH,) G.OH + R.CH.CH:CH 
3 3 2 

R.CH.CH:CH, 
t *» 

R.CH.Cli:CH 
2 * 1 

R1.0H=CH2 Gli2.CH.R 
R.CH .CH=CH2 + X*-^R.GH 2.CH.CH 2.X > R.CH2.CH.CH2.X 

(XXI) 

£x* = an alkenyl or alkoxy radical .3 

( X X I I ) 

<R.24) 

(R.25) 

The radicals ( X X l ) and ( X X I l ) may be s t ab i l i s ed by d i s -

mutation (R.26), by rad ica l l i n k i n g e i ther w i t h themselves (R.27) 

or w i t h alkenyl or alkoxy radica ls (R.28), or by capturing a hydrogen 

atom from another o l e f i n molecule (R.29) : 

R.CHg^CH.CHg.X > R.CH=CH.CH2.X + H * 

R.CH2.CH.CH2.X + R.CH2.CH.CH2.X > [R.CHg.CH.CHg.x] 2 

(R.26) 

(R.27) 
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R.GH2.CH.CH2.X + X * > R-.CH2.CH(X).CH2.X (R.28) 

R.CH2.CH.CH2.X + R 1H > R.CHg.CHg.CHg.X + R* (R.29) 

e tc . 

Reactions (R.27 - R.29) a l l r e s u l t i n polymer formation 

w i t h decrease i n the unsaturation, and the f a c t that the major product 

i s a high polymer indicates tha t these reactions compete favourably 

w i t h (R.24) and tha t t h e i r chain lengths must be reasonably long . 

The presence of R.CHsCH.R unsaturation i s explicable by 

the dimutation reac t ion (R.26) and by mesomerism of the r ad ica l 

R.CH.CH:CH2 to i t s a l t e rna t ive canonical state R.CH:CH.CH2* (R.30). 

The presence of the l a t t e r type of unsaturation i n the recovered 

heptene f u r t h e r indicates that t ransfer reactions between heptene 

molecules and R.CH:CH.CH2* radica ls (R.31) must occur to some extent: 

R.CH.CH=CH2 , • — R . C H d B H . C H g * (R.30) 

R.GH2.CHd3H2 + R.CHdCE.CH2* > R.CH,CHdCH2 + R.CH=CH.CH5 (R.31) 

The mechanism postulated above explains i n a reasonable way 

the observed experimental f ac t s and demonstrates the profound e f f e c t 

of the nature o f an o l e f i n i c system on the course of pe rox ide /o le f in 

reactions. 

1 

(E) . REACTION OF Dl-tert .-BUTYL PEROXIDE WITH RUBBER HYDROCARBON.- The 

resu l t s of the model experiments involving the reaction of d i - t e r t . -

b u t y l peroxide w i t h simple c y c l i c and acyclic o l e f i n s were s u f f i c i e n t l y 

encouraging to suggest a study of. the react ion o f rubber w i t h t h i s 

peroxide. Should the reactions occurring w i t h the simple o l e f i n s also 

apply t o rubber t h i s would mean that d i - t e r t . - a l k y ! peroxides could 
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be used as e f f i c i e n t reagents f o r c ross - l ink ing the polyisoprene chains 

i n rubber, which process i s known to be one of the major fac tors i n the 

phenoaenon of vulcanisat ion. Rubber i s usually vuloanised by heating 

i t w i t h sulphur a t ca .140° i n the presence of other compounding 

ingredients including accelerators, oxygen i n h i b i t o r s and strengtheners, 

whicheach play a spec i f i c r o l e i n modifying the physical and chemical 

propert ies of the vulcanisate. I t i s now established tha t the rubber 

i s vulcanised by forming mono- and polysulphide cross- l inks between 

d i f f e r e n t rubber molecules (R.32), r e s u l t i n g i n a nett increase i n the 

average molecular weight of the rubber chains. With in cer ta in l i m i t s 

the increased oross-1inking reduees the s o l u b i l i t y of rubber i n solvents 

and increases such physical propert ies as tens i le s trength, e l a s t i c i t y 

and modulus, 1 

1 • 
1 1 

c 

s 
• - J T 1 (R.32) 

Rubber Molecules. Vulcanised Rubber 

I n the present inves t iga t ion two series of experiments were 

conducted i n which (a) raw "smooth smoked sheet" rubber and (b) acetone-

extracted smoked sheet were reaoted (140° f o r 6 hours) w i t h varying 

amounts of d i - t e r t . - b u t y l peroxide i n the complete absence of oxygen. 

Vulcanisation of the rubber samples had obviously been e f fec ted ; they 

beoame completely insoluble i n benzene and other solvents. The 

mechanical propert ies and the equ i l ib r ium swell ing constant i n benzene 

(Qm ) of a l l the samples were measured immediately a f t e r reac t ion . 
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The data are given i n Tables ('6) and ( 7 ) . The measurement o f Qm 
permits an estimate o f the average molecular weight between junct ion 
points (Sic) i n the cross-linked rubber molecules, and the value i s 

propor t ional to the number of new cross- l inks formed. The evaluation 
• • , ( ? 7 , 99): 

of Mc from Qm i s based on equation (E . 5 ) derived by Gee {. ' ; 

( Q. = Density of Rubber; Vo = Molar volume o f 
swel l ing l i q u i d . ; 

= Constant (0.395 f o r benzene)). 

Gee established that the values of l^/hic obtained from 

( E . 5 ) f o r a series of sulphur vulcanisates were i n good agreement 
(99). 

w i th values determined f o r s imi la r samples by an independant method 

The use of (E.5) can therefore be regarded as a r e l i a b l e method of 

t r ac ing the changes i n the degree of c ross - l ink ing produced by 

d i f f e r e n t peroxide concentrations. 

Signif icance o f the Physical Measurements.- The r e su l t s 

given i n Tables ( 6 ) and ( 7 ) demonstrate t ha t d i - t e r t . - b u t y l peroxide 

i s highly e f f e c t i v e i n producing good rubber vulcanisates and the 

nature of the samples indicates tha t uniform vulcanisat ion has been 

e f fec ted . The values of Qm and Mc s tead i ly decrease w i t h the increasing 

peroxide concentration ind ica t ing a dorogressive increase i n the degree 

* Qm i s defined as the volume of solvent (benzene) imbibed at 

equilbrium swel l ing by un i t volume of rubber. 
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of c ross - l ink ing . 

F ig .5 shows the e f f e c t of peroxide concentration on the 

tensilestrengths of the samples. The two curves show the charac te r i s t ic 

feature of w e l l defined maxima, the tens i le strengths increasing w i t h 

increasingamounts of peroxide to a ce r t a in c r i t i c a l peroxide concen-

t r a t i o n beyond which they f a l l very sharply. The e f f e c t of acetone-

ext rac t ion of the rubber before react ion is t o increase the maximum 

attainable t ens i l e strength and also to reduce the peroxide concentration 

required to produce t h i s maximum f i g u r e . Thus "rw? smoked sheet" 

requires ca.2.9/o of peroxide t o give a maximum tens i le s trength o f 
-2 

178 kg.cqm. , whereas acetone extracted "smoked sheet" gives a vulcan-

isate w i t h a maximum tensi le s t rength of 206 kg.cm. . w i th only 1»45$ 

of peroxide. Acetone ex t rac t ion of the rubber removes non-rubber 

constituents (na tura l antioxidants^ r e s in acids, e t c . ) which presumably 

compete w i t h the polyisoprene uni ts f o r reaotion wi th the peroxide and 

thus reduce the u t i l i t y o f the peroxide as a c ross - l ink ing agent. 

As the peroxide concentration increases beyond a ce r ta in 

optimum value the desirable propert ies of the vulcanisates (good t ens i l e 

s trength and e l a s t i c i t y ) de ter iora te , and w i t h peroxide concentrations 
of ca.5-l6$ ( f o r series (a) rubbers) the samples show no rubber- l ike 

proper t ies , being b r i t t l e , having low tensi les and possessing negl ig ib le 

e las t ic propert ies . The resu l t s demonstrate that c ross - l ink ing of rubber 

chains must be r e s t r i c t e d w i t h i n very c r i t i c a l l i m i t s to give usefu l 
-products. 

(97T 
The same phenomenon is observed i n rubber-sulphur vulcanisates 
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TABLE ( 6 ) . 

i 

REACTION ( 3P RAW RUBBER/DIrtert. -BUTYL PEROXIDE. 6 HOURS AT 140°. 

2 Peroxide. 
(W/W) 

Qm. 10 4/Mo. Mo. T.S. 
(Kg.-3m ' ) 

% Elongation 
at break. 100 % 

Modulus (Kg.cm ) 
300/S 500$ 100% 

0 - - - 54 925 3.1 3.6 4.85 18.0 

1.45 4.42 1.33; 7500 141 645 5.4 12.6 28.8 -
2.1 3.92 1.63 6150 145 580 7.4 18.0 60.0 -
2.5 3.72 1.77 5660 162 570 6.2 19.5 82.0 -
2.9 3.44 2.12 4720 178 555 111.0 22.0 93.0 -
3.4 2.63 3.18 3150 123 470 8.2 24.6 -
5.4 2.22 4.34 2300 29.5 250 13.0 - -
7.65 2.12 4.61 2170 16.0 85 - - -

10.1 1.29 9.91 1010 12.3 40 - - -
15.7 1.01 11.85 840 12.0 20 



TABLE ( 7 ) . 

REACTION OP ACETONE-EXTRACTED' RUBBER/DI-tert.-BUTYL PEROXIDE 

6 HOURS AT 140°. 

-2 , % Peroxide Qm. lO^/l lo; Mo. T.S. % Elongation. Modulus (Kg.Cnf*) 
(VvO (Kg.cnf*) a t break. 100$ 300#" 50C$ 700# 

0 — — - 8O.3 900 3.3 5.7 10.6 34.4 

1.0 4.31 1.35 7380 155 705 7.25 13.7 32.3 154 

1.45 4.13 1.45 . 6840 206 660 6.54 15.6 55.5 -
1.7 4.08 1.51 6610 190 625 6.55 17.2 63.5 -
3.1 2.56 3.32 3010 22.1 210 11.8 - - -
3.95 2.1't 4.55 2200 16.1 100 16.1 — - -

51.5 0 .73 5 22.7 440 - - - - - -

I 00 
V/J 

I 
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Chemistry of the Reaction.- Two experiments were 

conducted using large percentages of d i - t e r t . - b u t y l peroxide i n 

order t o determine the chemical nature of the react ion: 

1) A sample of acetone-extracted "smoked sheet" was 
•t /- o 

reacted w i t h 51«5$ o f i t s weight of peroxide f o r 6 hours at 140 . 
The increase i n oxygen content of the vulcanised product was 

(44) 
found to be only 0.34 - 0.355/0 based on d i rec t oxygen determination 

2) Reaction of a rubber sample s i m i l a r to tha t used i n 

l ) , w i t h 48.2j2 w.w. of peroxide f o r 6 hours at 140° gave a l i q u i d 

product consis t ing e n t i r e l y of a mixture of t e r t . - bu t ano l (41.1/S 

of the peroxide) and acetone (36.6^ of the peroxide) . 

I t i s seen tha t l i t t l e oxygenation of the rubber has 

occurred and that the peroxide decomposes t o give mainly t e r t . -

butanol and acetone. On the basis of these resu l t s i t i s 

suggested that the major, i f not sole, reac t ion involved i n 

peroxide-vulcanisation of rubber is the dehydrogenation of the 

isoprenic o(-methylene groups by t e r t . - butoxy rad ica l s , the 

r e s u l t i n g alkenyl rad ica ls being s t ab i l i s ed to give a three 

dimensional cross-l inked structure i n which the cross l i n k s are 

e n t i r e l y formed of C-C bonds.. 
(CH 3) 5C.0.0.C(CH 3) » 2(0*1^0 .0* (R.33) 

(GH ) 0.0* + -CH 0.C(CH_) = CH.CHn MCH_) G.0H + -CH.C(CH,) = CH.GH9 

(R.34) 



* * 
-OH-C(CH5)=CH.CH— +-CH.G(CH3)dCH.CH2 (or — CHg.CCCH^dCH.CH — ) 

CH.C(CH^=CH.CH2— (R .35) 

— CH.C(CH3)=CH.CH2— ( * H ) 

(The ot-CHg's attacked are a r b i t r a r i l y chosen i n t h i s scheme). 

The existance of asetone i n the react ion product 

when high concentrations o f peroxide are used indicates tha t the t e r t . -

butoxy radicals can, inpar t , decompose according to (R.36): 

(CH_) zC.O* > (EH ) CdO + CH * (R.36) 
3 3 3 2 3 

The r e s u l t i n g methyl rad ica l s may then dimerise t o 

give ethane or. they may play an e f f e c t i v e pa r t i n cross- l inking ' the 

polyisoprene uni t s as they do w i t h organic solvent molecules (vid-p-57 ) ; 

RH + CH^* » R * + CH^ (R.37) 

R*- + R* • >R-R (R.38) 

R* + RH » R - R + H * (R.39) 

(R = — GH.C(CH3)= CH.CH-) 

The p o s s i b i l i t y o f (R.36) and the succeeding reactions 

(Ro37 - R.39) occurring w i l l become less as the peroxide concentration 

decreases, and the above reactions are probably i n s i g n i f i c a n t when only 

1-3$ of the peroxide i s used. 

The f a c t that neg l ig ib le oxygenation of the rubber 

occurs (even when large amounts o f peroxide are used) shows tha t 

subs t i tu t ion of such groups as t e r t . - b u t o x y i n the isoprene units plays 
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no important r o l e i n the o v e r a l l reaot ion. This i s incontrast w i t h the 
(214) 

f ind ings of van Rossem fei.al. who showed that i n the vulcanisat ion 

of rubber w i t h benzoyl peroxide a considerable degree of benzoyloxyla-

t i o n of the rubber oocurred ( v i f l . p . ) . Analogbuspdifferences between 

the r e a c t i v i t i e s of t e r t . - b u t o x y and benzoate radica ls have proved to 

ex i s t i n the reactions of these radioals w i t h cyclohexene ( v i d . p . and 

p . 37 ) . 

The u t i l i t y of t e r t . - bu toxy radioals i n forming, 

i n the main, C-C bonds and not being wastefully. employed i n producing 

ethers (which process i n no way aids vulcanisat ion) i s na tu ra l ly 

advantageous. A second possible wasteful process i s the intramolecular 

l i n k i n g of a lkenyl r ad ica l s , produced w i t h i n the same rubber chain, t o 

give a c y c l i c rubber (R.40). However the f a c t tha t as l i t t l e as 1-2$ 

— CH.G(CH3)=CH.CH2 j CH.CtCH^^CH.CHg 

Intramolecular l i n k i n g (R.40) 

—GH.G(GH.)=CH.CH CH,C(CH,)=CH,GH 
I ' y 2 j y 2 

of d i - t e r t . - b u t y l peroxide i s e f f e c t i v e i n producing h igh ly cross-l inked 

products would indicate tha t t h i s i s not a serious competetive r a c t i o n . 

Technical Appl ica t ions . - The production of a 

vulcanised rubber consist ing e n t i r e l y of hydrocarbon consti tuents i s 

obviously of importance i n the rubber industry, since sulphurated 
n 

vuloajisates o f t en have serious disadvantages. Thus peroxide vulcanisates 

may be used as gaskets f o r pressure hydrogenation, i n place o f sulphur 

vulcanisates which of ten poison the hydrogenation ca ta lys t . Recently, 
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(19) 

Bellamy and Watt have found that rubber tubing which has been 
vulcanised w i t h sulphur or sulphur compounds s t rongly deactivates 
p e n i c i l l i n so lu t i on . This deactivation has been traced to the presence 
of cer ta in sulphurated compounds i n the tubingrj and i t i s s i g n i f i c a n t 
that synthetic p o l y v i n y l chlor ide and polyethylene tubing are completely 
inact ive towards p e n i c i l l i n solut ions . A pure hydrooarbon rubber produced 
by peroxide-vulcanisation would also be expected to be inac t ive . ' 

( P ) . THE THERMAL DECOMPOSITION OP DIHYDROASGARIDOLB AND ITS REACTION 

WITH oycloHEXENE.-

Preparation of Dihydroascaridole.- The observation 
(190) 

of Paget that ascaridole ( X X I I l ) may be reduced to dihydroascaridole 

(XXIV) by using p l a t i n i o acid as catalyst has now been confirmed by 

q u a n t i t a t i v e micro-hydrogenation o f the pure peroxide. 

(R .VO 

(xxuO I W M ) txxv) 

The rate o f hydrogenation (Pig .4) indicates tha t 

one mol. of hydrogen per mol. o f ascaridole was r a p i d l y absorbed and a 

second mol. of hydrogen was slowly absorbed over a much longer pe r iod , 

r e s u l t i n g i n complete reduction o f the peroxide t o c i s -1 : 4 - t e rp in (XXV)". 

I n F ig .4 . the curve OA corresponds t o the reduction o f the ethylenio 

l i n k and the curve AB to the reduction o f the 0-0 bond. 

I n macro-hydrogenations i t was found tha t , i f 

reduction was stopped when one mol. of hydrogen per mol. of ascaridole 

had been taken up, dihydroascaridole was the major product although some 

O H 

O H 
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ascaridole had escaped reaction and some dihydroascaridole had been 

further seduced to cis-i:i*.-terpin. 

Thermal Decomposition of Dihydroascaridole.-

Dihydroascaridole, unlike ascaridole and other transannular peroxides, 

i s remarkable for i t s thermal s tab i l i ty . I t has been found that i t can 

be heated in bulk to temperatures approaching 250° without occurrence 

of explosive decomposition. When heated at 2/»0° for several hours the 

peroxide undergoes a regular non-explosive decomposition with evolution 

of gaseous produots and the formati on of a 1:4 diketone, 2-methylheptan-

dione-3s6 (X3CVI) which i s obtained in a yield of 43.8j& based on the 

peroxide decomposed. There also results a large amount of polymeric 

material the constituents of which were not identif iable. 

in dihydroasoaridole is linked at tert iary carbon atoms the peroxide can 

be regarded as a di-tert . -al lcyl peroxide and should resemble d i - t e r t . -

butyl peroxide in i t s mode of thermal decomposition and general chemical 

reactivity^ This resemblance in the thermal decompositions of the two 

peroxides is apparent since they both result in the formation of ketones 

with evolution of gaseous products. By analogy with the maohanism 

formulated by George and Walsh and by Milas (vid.p. Sl^ ) to explain 

the formation of acetone and ethane from di-tert . -butyl peroxide i t i s 

CHj' 
1 

1>MV c & 

CH 

(R.42) 

CH3 CH3 

Mechanism of the Reaction.- Since the 0-0 bond 
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proposed that dihydroascaridole decomposes thermally by the i n i t i a l 

scission of the peroxide bond to give the di-alkoxy di-radical (XXVIl) 

(R.43): 

C H 5 C - O - O C e K ^ H j ) , > CHyC O * j*OOW(CHj) 3 

The consecutive or simultaneous breaking of two 

C-C bonds in the Cg ring of the di-radical (XXVII) then gives 2-methyl 

heptandione-3:6 and a hydrocarbon di-radioal ^CHg-CH^* (R.A4). 

CH, CĤ  CHx Oix tH» CH* 
C H V C O * * O C « ( C H , V y C H 3 . C O * * 0 ' U H ( C H J \ > .CH 3 .C O C H C C H , ) , 

I 1 H O O 

The radical vCHg-CI^* may be stabilised to give 

ethylene or undergo a number of other s tabi l i s ing reactions by interaction 

with other radical species or hyurogeu ooutairiiug molecules, but, since 

no detailed examination of the gaseous products was made, further 

speculation on the subsequent reactions of this radical i s ' f r u i t l e s s . 

The above scheme necessitates the scission of C-C 

bonds in the ring ad.lacent to the C-0 bonds and would require these 

bonds to be weaker than the CH -C and (CH,) CH-C bonds in dihydroascaridole 
5 5 2 ( 1 7 4 ) ^ 

Confirmation of th i s , as shown by Milas and Perry is found in the 

fact that the peroxide (XXVIIl) on thermal decomposition yields the 

radical (XX3X) which then decomposes further by scission of a ring C-C 

bond in preference to the C-CH_ bond. 

1 m. W-S) 
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X" v > i * ( * ^ 
CVt» *H» Oh. C H , * 

Reaction of Dihvdroascaridole.with cycloHSxene.- . When 

dihydroascaridole -was heated with a large excess of cyclohexene at 140° 

for 18 hours i t waa found that the peroxide and olef in were recovered 

completely unchanged. The resu l t i s suprising and in marked contrast 

withsthe reaction of d i - tert . -butyl peroxide with cyclohexene and other 

olefins. This difference may be explained by the great s tab i l i ty of 

dihydroascaridolLe even at temperatures as high as Mfi° and i t may n e l l 

be that insufficient energy i s supplied at this temperature to cause tha 

i n i t i a l scission of the 0-0 bond which, on the basis of the work with 

di- tert . -butyl peroxide, " . is a necessary preliminary to further inter­

action of the resulting alkoxy radicals with the olefin. Alternatively 

the unreactivity may be attributable ttPDstericofactors. I f the i n i t i a l 

scission of the 0-0 bond is assumed to occur the resulting alkoxy radicals 

w i l l remain r ig id ly held in close proximity to one another by the cyc l i c 

Cg structure, and recombination reactions to give the peroxide may be 

preferred to interaction with olef in molecules which may be prevented 

s ter ica l ly from undergoing the .collissions with the R-C.O* radicals 

necessary for reaction. 



SECTION (2) 

REACTION OP tert.-ALKXL HYDROPEROXIDES 

WITH OLEFINS. ' 
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(1) . REACTION OF tert.-BUTYL HYDROPEROXIDE Y/ITH o.ycl6HEXENE.-

The present study of the thermal decomposition of t e r t . -
o 

butyl hydroperoxide in cyclohexene at 1i|0 i s the only detailed examina­

tion -which has been reported of the react iv i t ies of organio hydroperoxides, 

with olefins. As w i l l be described la ter , the results obtained in this 

investigation are of importance in elucidating the complex secondary 

changes occurring in o lef in autoxidation, and the particular relevance of 

the nature of these reactions to the oxidative chain scission of rubber-

w i l l also be considered. 

Reaction of tert . -butyl hydroperoxide with oyclohexene in a 
o 

molar ratio of 1:6 for 24 hours at 140 resulted in the complete decompo­

s i t ion of the hydroperoxide and formation of a complex mixture of produots 

including water, tert.-butanol, acetone, olef inic alcohols^ and ketones, 

and cycl ic poly olefins. The products which have been isolated and charac­

terised are given in (Table 8 ) . 

Nature of the Reaction Products.- Examination of Table (8) 

shows that tert . -butyl hydroperoxide i s converted mainly into tert.-butanol 

but small amounts of acetone are also formed. .The hydroperoxide i s seen to 

display four important react iv i t ies towards the olefinio systems -CH^-CHaCH-

( i ) hydroxylation of the -methylene groups to give an olefinic alcohol, 

( i i ) oxidation of the olefinic alcohol to give an<X-$ -unsaturated Ketone, 

( i i i ) cross-linking of olefin molecules at the c( -methylene position to 

give olef inic "polymers", and ( iv ) saturation of the olefinic double bond 

by hydroxyl groups to give 1:2 diols . 
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TABLE (-8) 

REACTION OF tert.-BUTYL HYDROPEROXIDE V/ITH cycloHEXENE, 

(1W° , 24 hours) 

Reactants. 

cycloHexene 

(CH 5) 3.C.OOH 

Wt.(g.) 

328 

60 

Mols. 

4.0 

0.67 

Products. 

(CH^.C.OH 46.7 
(94.8^C4H900H) 

Water 

Acetone 

cycloHexen-3-al 

cyclpKexen-3-one 

cycloHexenyl-cyclohexene 

trans, -cycloliexan-1:2-d io l 

cycloHexenyl-cycl ohexenol ,0^ gO. 

cyclpHexenyl -cyclohexenone ,C 1 gO 

Dicyclohexenyl-cyolohexene c

1 g H

2 g ££• 2-.7 

Residue 

0.62 

0.19 

0.62 C.Ho00H 4 9 

= 0.19 

0.00086 s 0.0^86 " 

3.4 

0.05 

ca.l7.A- 0.178 = 0.178 " 

ca. 3-1 0.323 =>0.097 

> 28.25 >0.174 = 0.35 C 6 H 1 0 

1.25 0.011 = 0.022 C H O 
4 9 

>5.2 >0.029 h > 0.029 " 

>0.92 >0.0052 = > 0.016 " 
0.011 = ->O.O33-C: 6 H 1 0 

Oxygenated=ca.0.53 .OH groups. 
Product. 

http://ca.l7.A-
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Proposed Mechanism of the Reaction,- The nature of the 

reaction products disclosed above suggests that the i n i t i a l reaction 

involved in the decomposition of tert . -butyl hydroperoxide with an olefin 

i s the homolytic scission of the 0-0 peroxide bond to give tert.-butoxy 

and hydroxyl radicals (R.47): 

(CH^C.O-GH » ( C H ^ C . O * + HO * (R.47) 

The resultant radicals-then display their own unique 

react iv i t ies with reactive centres in the olefin system -CH^-CHdCH-. and 

thus achieve stabi l isat ion. The types of reactions occurring with (CH ) C.O* 
3 3 

and HO* w i l l be considered in turn. 

(1) The tert.-butoxy r a d i c a l . - As was shown in the reaction 

of di-tert . -butyl peroxide with oyclohexene, the tert,-butoxy radical 

reacts spec i f ica l ly by abstracting hydrogen atoms from the olefinic^-methy­

lene groups to yield tert.-butanol and an olef inic radical (R.48)-£ The ( 

0 

la t ter radical then dimerises or reacts with an olefin molecule giving a 

stable olef in dimer (R.49 - %50)i o H o (CH3I-C-OM 
H 

C 
c o" * xr> 

CP>.4?J 

(is. 5 -0) 

The presence of almost quantitative yields of tert.-butanol 

(based on the reaction (CH^C.OOH ^ (CH^^p.OH) strongly supports 

(R.48) as the major reaction pursued by'tert.-butoxy radicals . The minute 
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amounts of acetone formed in the reaction indicate that (R.51) occurs 

to an insignificant extent. 

( C H ^ C . O * > (GH3)2C=0 + CH^* (R.5 l ) 

(2) The hydroxyl r a d i c a l . - The many types, of oxygenated 

products isolated in this reaction indicate that the role of the hydroxyl 

radical is manifold. The predominance of cyclohexen-5-ol suggests that the 

major reaction of the hydroxyl radical involves either i t s l inking with a 

cyclohexenyl radicaj^(produced according to R.48) or a displacement reaction 

at the -methylene group of the olef in (R.52 and R.53 respectively). 

o H 
O H 

o H 
O H 

(ft. 53) 

The cyclohexen-3-one is obviously formed by further-oxidation 

of the cyclohexenol by an oxidising agent which may be the hydroperoxide 

i t s e l f or more l ike ly the hydroxyl or tert.-butoxy radicals . The presence 

of water in the reaction product strongly supports the view that the 

active oxidising agent is the hydroxyl radical (B.5^): 

O + 2H,0 O H 

* That ketones do result from therreaction of alcohols with tert . -butyl 

hydroperoxide was proved experimentally by heating the latter both with 

cyclohexen-3-ol and cyclohexanol at 130°for 24- hours, when the corresponding 



However,the yield of water i s much greater than would be 

expected on the basis of (R.54) and the amount of ketones present, 

suggesting that the hydroxyl radical may also be capable of reacting 

analogously to the tert.-butoxy radical to give an olefin radical and 

water according to (R.55)« 

n H + H O * -v H , 0 (R.55) 

The presence of small amounts of trans.-cyclohexand io l 

indicates that.the hydroxyl radicals possess, to a minor extent, an 

additive reactivity with olefinic double bonds. I t is not possible to 

decide whether the diol results by successive or simultaneous additions 

of HO ft- to the double bond. The two possible reactions are : 

OH OH OH 
1 * ' 1 H < 5 * ' I 1 R-CHsCH-R + HO* > R-CH-CH-R > R-CH-CH-R (R.56) 

OH 
I 1 

^ R-CH-CH-R (R.57) 
i-.-r 
HO 

Since i t has been found that in the secondary reactions of 

* O H 

R-CH=CH-R 
f 

HO* 

C (NT, from Page 94. ketones were obtained in substantial yields. 
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olefin autoxidation (vid.p.15 ) significant quantities of epoxides resul t , 

a careful search was made for cyclohexanep oxide in the reaction product. 

No evidence could be found for i ts presence and careful analysis of the 

distribution of oxygen (between -OH and -CdO) in the major oxygenated 

product proved that the epoxide, i f present at a l l , must be formed in 

undetectable quantities. On the basisj of these results there is no 

experimental foundation for such reactions as (R.58 - R»59) which have 
(81) 

been suggested as possible routes to the formation ofl epoxides by 

secondary decomposition reactions of olef inic peroxides. 

00H OH 0̂  
-CH-CHdCH- + -CHdCH > -CH-CHdCH- + -CH-CH- (R.58) 

OOH OH 0 
-CH-CHdSH ^ -CH-CH-CH- (R.59) 

Formation of Higher Boiling Products.- I f i s to be expected 

that, since i t i s formed as one of the major i n i t i a l reaction products, 

oyclohexenyl=cyclohsxene w i l l compete with oyolohexene for reaction with 

tert.-butoxy and hydroxyl radicals and thus act as the progenator of 

higher molecular weight products. From the complicated mixture of the 

higher boiling product a fraction was isolated consisting predominantly 

of cyclohexenyl-cyclohexenol with some ot-yS- unsaturated cyclohexenyl-

oyolohexenone. These products were obtained in too small amounts, to permit 

r i g i S experimental determination of their constitutions, but, applying the 

previous considerations of the nature of hydroxyl radioal attack on an 

olef in and the resonance poss ib i l i t i es of a cycloalkenyl radioal , i t i s 

suggested that the alcohol would be a mixture of the three isomers (XXX)^ 

(XXXI) and (XXXIl) , and the ketone a mixture of the two isomers (XXXIIl) 
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and (XXXIV). The mechanism of formation of these products w i l l be similar 
to that applicable to their lower analogues oyclohexen-3-ol and cyolohexen-
3-one (R.52 - R.54). 

9 OH a ^5 
H 

(.KM) ixxxO (xxxu) cxxxrn) ixxx»v) 

The formation of dicyclohexenyl-cyclohexene indicates that 

oyolohexenyl-cyclohexene i s also attacked by tert.-butoxy radicals 

(according to R.48 - R.50) giving cyclohexenyl-cyclohexenyl radicals , 

which by stabi l isat ion with cyclohexene radicals or molecules form the 

"trimer". 

The presence of a substantial yie ld of undistil lable material 

indicates that the reactions outlined above can operate with the higher 

molecular weight products to give polymers consisting of olef ins , olef inic 

alcohols and ketones, and diois . 

Summary fo the Reaction.- The following conclusions may 

be drawn from the character and quantitative proportions of the chief 

reaction products: (1) The free radicals (CH ) C O * and HO * formed by 
3 3 o 

decomposition of tert . -butyl hydroperoxide react mainly within the 

cL -methylene groups of the olef in, resulting in the conversion of the 

hydroperoxide to tert.-butanol. (2) Additive attack at the double bond by 

tert.-butoxy radicals i s non-existent and by hydroxyl radicals i s 

insignificant. (3) Reaction of ±grA.-butyl hydroperoxide with an olefin 

does not yield an epoxide. (4) Hydroperoxide/olefin reactions do not lead 
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to degradation of the olefin molecule, but lead partly to i t s "polymerisa­
tion" and partly to i t s transformation into olef inic alcohols and ketones. 
(5) The majority of thenew bonds, whether C-0, C-OH or C=£>, are formed at 
the ot -methylen&c carbon atoms of the olef in. 

(2) REACTION OF tert.-BUTYL HYDROPEROXIDE WITH 1-METHYL 

cycloHliXENE.- A brief examination of this reaction was undertaken with the 

specif ic aim of establishing the effect of alkyl substitution at the 

double bond on the relative react iv i t ies of the two o(-methylene groups 

in the system (XXXV) (cf . pp. 13 , f a . ) . 

RrCH2-CdCH-CH2-R 

(XXXV) 

The course of the reaction was in general similar to that 

of the reaction just described, the hydroperoxide being converted almost 

quantitatively into tert.-butanol. From the reaction product there was 

isolated a major oxygenated fraction containing both methylcyclohexenols 

anA -unsaturated methylcyclohexenones. Ultr'a-violet spectrographs 

analysis indicated 12$ of unsaturated ketones in the fraction. On treat­

ment with 2:4-dinitrophenylhydrazine the fraction gave a mixture of two 

products which were separated by chromatographic analysis (alumina) into 

the 2:4-dinitrophenylhydrazohes of 2-methyl A -cyclohexenone (XXXVl) and 

3ymethyl-/\ -cyclohexenone (XXXVIl). The relat ive yields of the hydrazones 

« 5 C H 3 
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indicated that the ketones (XXXVT) and (XXXYIl) were present in the ratio 

of ca. 2.2:1. The alcohol portion evidently consisted of a mixture of 
i, 

isomeric methylo.vclohexenols since i t was impossible to prepare derivatives 

( ot -naphthyl urethanes) of constant or sharp melting pojnt. flxidation of 

the alcohol-ketone mixture with chromic acid in acetic acid yieded a ketone 

fraction which gave the dinitrophenylhydrazones of (;<XXVl) and (XXXVIl) in 

the proportions of 2.4:1. 

These results c learly indicate that active radicals ( i n this 

case hydroxyl radicals) can attack both "GH^ and -CHjf in (XXXV) and 

they suggest that the two radical species (XXXVTIl) and (XXXEC) are present 

in stabil ised form, in the proportions of about 2.2-2.4:1. a crt3 « 

ot (XXXVUP); 
CH 3 

0 

Cr-CPO OH 

* H 

I t must be stressed that the present results should not be 

interpreted as indicating that -CHg i s the most reactive methylene group, 

i . e . that (XXXVIIl) and (XXXIX ) are formed in the ratio of 2.2-2.4:1* 

Mesomerism of the radical (XXIX) to (XL) is always possible and s tab i l i sa -

tion of the la t ter by *0H to give 1-methyl- & -cvolohexen-1 -o l (XLl) 

would invalidate any estimate of. the relative react iv i t ies of -dig* and 

-CH^ based on the proportions of products resulting from the two i n i t i a l l y 

formed radicals (XXXVIIl) and (XXDC). 

The present investigation, although not wholly successful, 
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provides additional evidence that the difference in the react iv i t ies of 

-CHg and -CH^ is small, and suggests that earl ier work (yid.p. ) 

indicating complete reaction at either -GH2 or -CH^ to the exclusion 

of the other should be accepted only with the greatest caution. 

RELEVANCE OF THE PRESENT WORK TO THE OXIDATIVE 

HH5AKD07JN OF RUBBER. 

A brief review of the data previously obtained in connec­

tion with the oxidative breakdown of rubber is considered relevant to a 

fu l l er understanding of the-problem and to the hypothesis which i s now 

advanced to explain the processes involtsed in the secondary reactions of 

peroxidised rubber. 

The results of oxidative attack on the rubber molecule are 

of immense technologocal importance in the aging by thermal oxidation of 

unvulcanised and vulcanised rubbers. For industrial u t i l i t y rubber must 

possess good aging qualit ies, i . e . must be l i t t l e effected by such factors 

as heat, l ight , oxygen and ozone. Two opposite •:: effects may ensue 

as the result of thermal oxidation of rubber, these being chain-scission 
(172, 236), 

and cross-linking of the rubber molecules. Tobolsky and co-workers 

from studies carried out mainly on synthetic rubbers,have shown that" 

chain-scission and cross-linking reactions occur simultaneously so that 

the relative rates of these competing reactions are the controlling factois 

governing the physical properties of the oxidised products. 

Although thermal oxidation of natural rubber usually results 
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iti an overall chain-scission effect , with poly butadiene and polybutadiene-

styrene rubbers the reverse takes place, the oxidised D r o d u c t s showing an 
(51. 172). 

increased degree of cross-linking This difference has been 

attributed to differences between the chemical react ivit ies of the poly-

isoprene and polybutadiene systems, -CHg.^CH^iCH.CH^- and -CHg-CHsCH.CHg-

and to variations in polymer structure such as cis-trans.isomerism, 

relative amounts of 1s2 and 1:4- polymerisation and the degree of branching 

in the oolymer chains. 
(86) 

Fanner and Sundralingam have demonstrated that oxygen 

is re lat ive ly uneconomical in causing chain-scission, when natural rubber 

solutions are photo-oxidised. For example, they found that although 2.9$ 

of oxygen was suff icient to reduce the molecular weight of rubber from 

324,000 to 55,000, 120 atoms of oxygen were absorbed for each Bouble bond 

broken. The results at onee show that no simple scheme for the ut i l i sat ion 

of oxygen in scission reactions)? such as (R.60) proposed by Staudinger, 

i s permissible. 
CH* GH, 
I -* I 

-0 = CH- + 0 g 0 = 0 + CHOf (R.60) 

A further point of importance in connection with this 

problem is the nature of the distribution of oxygen in oxidised rubbers 
A 

between various types of groupings such as -OH, C=0, -C00H, -C00R, - C - C -
. (127) (181) 

-C.0i.0- etc. Hilton and Naylor have estimated this distribution of 

oxygen in highjy. oxidised rubbers (Rubbones B and Cy. 1;1i and 13*3$ oxygen 

respectively). Their results are given in Table (9) . I t i s seen that 50-

60$ of the total oxygen is accounted for in these analyses and the residual 

4O-5O7S was presumed to be present largely as ether groups, although 

http://-C.0i.0-
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TABLE (9) . 

DISTRIBUTION OF OXYGEN 3H RUBBERS. 

0 as % of total oxygen. 

Oxygen Funotional Group. Rubbone B. 

Peroxide -00H < 1i 

Hydroxyl -CH 31 

Carboxyl -GOOH 4 

Ester -GOOR 18 

Carbonyl -CdO 4 

A 
Epoxide C-C plus oarbonyl 4 

Rubbone C. 

O 

30 

2 

5 

7 

(81) 

recently i t has been suggested that stable peroxide groups (C-O-O-G) 

may also be present. 

The preoise mechanism of the degradative and aggregative 
(80,81) 

processes in the oxidation of rubber s t i l l remains obscure. Farmer 
y 

believes that both chain-scission and cross-linking occur by various secondary 
o 

reactions of the i n i t i a l l y formed unsaturated hydroperoxide (vid.p. 13 ) . 

According to Farmer, interaction of the peroxide with the. double bond 

yields epoxides and alcohols. (R.61 - R.62) , the epoxides being the pre­

cursors of chain-soission reactions leading to ketones and aldehydes and, 

in iater stages of oxidation, carboxylic acids and esters. Cross-linking 
reactions were attributed to the formation of stable peroxides (R.O.O.R^) 

1 
anfl ethers (R.O.R ) (R.63 - R.64) . 
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00H OH Ov 

-GH.GH=CH- > -CH-CH-CH- (R .6l) 

ecu OH 0 
» | / N 

-CH.CH=CH- + -CH=CH > -CH-CH=CH- + -CH-GH- (R.62) 

R.OOH +R1.OOH * R.O.R1 + R.O.O.R1 (R.63) 

* H * 
R.O.O.* + : * R.O.O.CH-CK >-R.O.O.CH-CH - (R.6Zj.) 

New Concept ion of Polyisoprene Hydroperoxide Decomposition.-

Leafling to Oxidative Degradation, of Rubbe&.- The present author's work 

on the react ion of t e r t . - b u t y l hydroperoxide w i t h cyclohexene would appear 

relevant to the e luc ida t ion of the. processes occurring i n rubber oxidat ion . 

The general nature of the react ion of t e r t . - b u t y l hydroperoxide 

w i t h cyclohexene would lead t o the expectation tha t i n t e r - or i n t r a ­

molecular reactions of polyisoprene hydroperoxides w i t h other isoprene 

uni ts would occur t o give o l e f i n i o secondary alcohol (R.6 5)» The l a t t e r 

might then be otiidised f u r t h e r by radicals ( e .g . HO*) from the decomposing 

peroxide to give ©i-^?-unsaturated ketones (R.66) 

: .CH 3 CH 3 OH CH 3 OH CH3 

R.CH.C^H.CH 2iR 1+ R.CHg.CdCH.CHg.R1 »R.CH.C=CH.CH2.R1 + R.CH.C=CH.CH2.R1 

(R.65) 
O H C H 5 ROOH ff?H3 , . 

R.C.C.dDH.R1 » R.C.CdCH.R1 (R.66J 
[ H O * ] 

These reactions e n t a i l r e d i s t r i b u t i o n of hydroperoxide groups 

without chain-scission of the rubber molecule and on the basis of the 

"model" experiments appear to be.the predominant modes o f decomposition of 

the peroxide. The predominant occurrence of such reactions would confirm 
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the observed presence of large proportions of hydroxy! groups and the 

i n e f f i c a c y of oxygen i n causing chain-scission* 

A small propor t ion of the hydroxy! radica ls flrom the decom­

posing peroxide may be successful i n hydroxylat ing the double bonds t o give 

glycols (R .69), which are probably precursors of aldehydic and ketonic 

chain-scission products. 

CH 3 1 OH QH [0\ 
R.CH=A-R ft 2H0*—»R.CHrC-R 1 >R.CH0 + CH-.CO.R1 (R.69) 

. CH3 3 

Cross- l inking reactions may r e su l t from the act ion of the 

alkenyloxy radicals ( f rom the decomposing peroxide) at the aC -methylene 

groups i n other isoprene uni ts according t o (R.70 - R.71). The oxidat ion 

of the isoprene r a d i c a l ( X L I l ) to give new peroxide radicals (R.72) w i l l 

compete w i t h the c ross - l ink ing react ion (R.71) and the r e l a t i v e e f f i c a c y 

of these tvro ssactioas v / i l l depend on the react ion condit ions. 

0* CH, CH 3 CH CH, n CH, 
R.CH.C=CH.R + -CH2-G=CH.CH- >R*CHy3:=CH.R + -CH.CdSH.CHg- (R.70) 

CH3 
QJJ -OH.CsCH.CH2— 

* I 3 
2 - CH.C=CH.CH - . -CH.C=CH.CH2- (R.71) 

CH, 0.0 * * | j I 
-CH.C=CH.CH - + © * *CH.C(CH_)=CH.CH - (R.72) 

2 2 . . . ~ 2 

The above reactions involve the in te rac t ion of hydroperoxides 

w i t h other isoprene u n i t s . An a l t e rna t ive mode of ohain-scission involves 

the thermal unimolecular decomposition of the peroxide to give ah alkeny­

loxy and a hydroxyl r a d i c a l ( c f . the decomposition of t e r t . - b u t y l hydro­

peroxide, p . 36 ) : 

http://-OH.CsCH.CH2%e2%80%94
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R-CH-.CH-C = CH.CH2-R' > R-CH--SH--C = CH.CH^-R1 + HO *- (R.73) 
^ (b) 

( X L I I I ) 

The rad ica l ( X L I I l ) may decompose by scission of the C-<J 

bonds (a) and (b) adjacent to the C-0 bond, t o give the aldehydes (XLIV) 

and (XLV): 
> 

0 * 0 H , ( a ) R.CHg* + CHO.C(CH3)=CH.CH2.R1 (R.7*f) 

R.CH i - W - U I C H . C H 9 . R l X < X L V I > < ™ 0 
2 2 v cHj 

O ^ 1 1 1 ) (b) R,CH2.CH0 + C = CH.CH .R 1 (R.75) 

(XLV) (Xl-VIl) 

The rad ica ls (XLVl) and (XLVIl ) could then i n i t i a t e new 

oxidat ion chains or react w i t h nearby hydroxy! radica ls to give alcohols 

(R.76) or ketones (R.77) 

R.CH2* + HO* »R.CH 2.0H (R.76) 

CH, CH_ CH_ 
1 1 1 3 ~ 1 1 £. 1 , ^ 0 = CH.OHg.R + HO* > C = uri.CH^.R ^C-urig-CHg.R (R.77; 
* HO 0 

The above schemes, although mainly speculative, are a l l 
0 

based on established reactions occurring w i t h r e l a t ed but simpler molecules 

and a f f o r d a reasonable explanation of many of the phenonema observed i n 

the attack o f rubber by oxygen. Further e luc ida t ion of the mechanism of 

the oxidative breakdown of rubber could be obtained only by studies of 

the decomposition of o l e f i n i c hydroperoxides alone and i n the presence 

of isoprenic olefins^-



SECTION ( 3 ) . 

DECOMPOSITION OP Dl- ter t . -ALKYL PEROXIDES IN 

NON-OLSFINIC SOLVENTS. 
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A series of invest igat ions has been made of the l i q u i d 
o 

phase decomposition of d i - t e r t . - b u t y l peroxide at 140 i n various classes-

of organic solvents, including saturated cyc l i c hydrocarbons, a l k y l 
cyclic and 

benzenes and^acyclic ketones, t o determine whether the reactions involved 

p a r a l l e l l e d those associated w i t h peroxide decomposition i n o l e f i n i c media. 

This analogy was, i n f a c t , found. 

( l ) Saturated Hydrocarbons.- D i - t e r t . - b u t y l peroxide was 
o 

reacted w i t h a large excess of cyclohexane f o r 24 hours at 140 . Complete 

decomposition of the peroxide occurred, g iv ing t e r t . - b u t a n o l as the major 

product (ca.92.5/0 w i t h only traces of acetone. In addi t ion to unchanged 

cyclohexane there was found a mixture of hydrocarbon polymers from which 

pure dicyclohexyl (22.6$ of polymer) and a low y i e l d of dicyolohexyl-

cyclohexane ( ^ g H ^ ^ w e * e i so la ted . The l a t t e r hydrocarbon oontained traces 
o f Qvwr»enQ+.*»rf imniwHi e R ! nurinor +.n +.hft nhfimirta}. inftT»tnfias of the nvclo-

W o I? — / ••— -~o —— i — -

hexane structure i t was not possible t o obtain evidence o f i t s s t ruc tu ra l 

composition.. The major p o r t i o n (ca.52$) o f the reaction product vras an 

orange polymeric residue which was l a rge ly hydrocarbon. I t had a mean 

molecular weight o f 63O i nd ica t ing an average of between seven and eight 

cyclohexane units per mol. U l t r a - v i o l e t spectrograpliic analysis of the 

polymer showed the presence of unsaturation including conjugated cyc lo-

hexadiene groupings. The i n s o l u b i l i t y of the polymer i n the usual hydro-

genating solvents prevented a quant i ta t ive determination of the 

unsaturation and made i t impossible to establ ish whether the unsaturation 

was e n t i r e l y or only p a r t i a l l y present i n conjugated diene groups. 

The resul ts c l e a r l y indicate tha t d i - t e r t . - b u t y l : peroxide 

i s an' e f f ec t i ve agent f o r the polymerisation of saturated hydrocarbons 
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by the in t roduct ion of C-C cBoss-links. The large y ie lds of t e r t . - bu t ano l 

and s i g n i f i c a n t amounts of dicyclohexyl suggest that the i n i t i a l reactions 

involved are as given i n the shherae below: 

(CH,)JD.0.0.C(0H_)_ > 2(CH_)_C.O * (.R.78) 

(QH 3) Q.O* + H ) (3-^(CH 3 ) 3 C.0H + H ^ T ~ y > ( R -79) 

The cyclohexyl radica ls may then achieve s t a b i l i s a t i o n to 

give dicyclohexvl by reactions (fi .80 - R.81). These two possible reactions 

are chemically indist inguishable although k i n e t i c a l l y (R.8o)r may be 

preferred since i t doubtless has the lower ac t i va t i on energy ( c f . p . lai ). 

O "O-—> 00+H* (R.81) 

To t h i s po in t the react ion o f d i - t e r t . - b u t y l peroxide w i t h 

saturated hydrocarbons c losely p a r a l l e l s i t s react ion w i t h o l e f i n s . Some 

explanation, however, i s necessary f o r the supr is ingly large proport ion 

of polymeric mater ia l fomed i n spi te o f the low peroxide concentration, 

and f o r the presence of diene conjugation i n th is polymer. This lack of 

s t a t i s t i c a l balance i n the proportions of the various polymers i s a t t r i bu t ed 

to the greater l a b i l i t y of the two C-H){ bonds i n dic.yclohex.yl than the 

C-H 3̂ bonds i n cyolohexane, a f a c t which conforms w i t h the estimate by 

B . (228) 
Smith and Taylor 0 f the weaker bond energy of a C-H^ D °nd as compared 

http://dic.yclohex.yl
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w i t h that of a C-Hy9 bond. 

On th i s basis t e r t . -bu toxy radicals reac t , p r e f e r e n t i a l l y , 

according to (R.82) to give dicyolohexyl rad ica ls ( X L V i n ) and t e r t . -

butanol: 

(R.82) ° <( ) ^ ( y + ^ 3 ° ° * — — > ^ + ( C H ^ C O H 

"~ (XLVIlO 

S t a b i l i s a t i o n of the r a d i c a l ( X L V I I l ) may proceed by e i ther 

or both of two possible reactions: ( i . ) l i n k i n g w i t h a cyclohexyl r ad i ca l 

t o give 1:1-dicyclohexyl-cyclohexane (R .83); ( i i ) dismutation t o give 

1-cyclohexyl-cyclohexene (R.84). 

+ HK 

(R.83) 

(R.84) 

S t e r i c a l l y (R.83) would not appear to be favoured and 

repe t i t ions of t h i s react ion to bu i ld up a high polymer such as (XLEC) are 

regarded as h ighly probable. 

(R.85) 

On the other hand (R.84) is not only a feas ible react ion but 

also provides a very p laus ib le explanation of the formation of large amounts 

of high polymers and of the in t roduct ion of ethylenic bonds into these 

•polymers. Of the three molecules, cyclohexane, dicyolohexyl and oyolohexyl-
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cyclohexene, the l a t t e r w i l l c e r t a i n l y possess the most labile^C-H bonds, 

since i t contains three act ive methylene groups ( ( a ) , (b) and (c ) (L ) } 

adjacent to the double bond. These methylene groups w i l l be fu r the r a c t i v ­

ated by the cyc loa lky l subs t i tu t ion at the double bond ( c f . p . U ) and 

(c ) w i l l possess a h ighly l a b i l e C-H bond since i t is t e r t i a r y . 

/ 
CHn 
V 

• C H 

CH, 

"CHj 
CH, 

• CH, (L) 

Any one, or a l l , of the c(-methylene groups ( a ) , ( b ) , and (c ) 

can be the s i t e of attack by t e r t . -bu toxy radica ls according to (R.79)» 

There are many possible subsequent react ions, but the fo l lowing scheme 

indicates how attach a t two o f the react ive points (a) and (o ) i n (L) 

may r e su l t i n conjugated diene formation. Repet i t ion o f these react ions , 

which w i l l be more favoured owing to the greater r e a c t i v i t y of the C-H 

bonds adjacent to the double bonds i n the newly formed molecules than of 

the C-H bonds i n cyclohexane and dicyclohexyl , w i l l thus bu i ld up a h igh 

polymer possessing unsaturated groupings which are wholly or p a r t l y con­

jugated. 

( i ) Attack at -CH„ ( a ) . -

> 

> ( « . 8 7 ) 
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> 
3)lSH»TfVTIOW 

etc 

( i i ) Attack at -CH ( c ) . -

+ (<-H 3 ) 3 CO* 

etc 

Obviously the whole react ion mechanism is not as simple as 

tha t out l ined above, but the important points have been established, 

( i ) t ha t C-H bonds i n cyc loparaf f ins can be broken by t e r t . -bu toxy 

radicals and ( i i ) that dicyclohexyl radica ls can dismutate by hydrogen 

removal t o give c y c l i c o l e f in s which then became the most reactive species. 

The r e s u l t i n g reactions are complex, involving reactions of alkoxy radicals 

w i t h cyc lopa ra f f ins , cyc loolef ins and cyclic-1:3-diens t o give hydro­

carbon radicals whioh are s t ab i l i s ed by various means. The necessity f o r 

f u r t h e r detai led invest igat ions of t h i s type of react ion i s evident and 

such studies w i l l doubtless prove of value i n in t e rp re t ing both peroxide 

and hydrocarbon r e a c t i v i t i e s . 

(2) A l k y l Benzenes.- The dehydrogenating a c t i v i t y of t e r t . -

butoxy radica ls applies not only t o o l e f i n s and saturated hydrocarbons but 

also t o the three a l k y l benzenes, toluene, ethylbenzene and isopropyl-

berizene. Decomposition of d i - t e r t . - b u t y l peroxide, i n a l l three solvents 
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at 140° resul ts i n the formation of dibenzyl or subst i tuted di'benzyls 

and t e r t . - b u t a n o l . The i n i t i a l react ion c losely pa ra l l e l s that of the 

peroxide wi th o l e f i n s and that of d i ace ty l peroxide w i t h organic molecules 

( v i d . work of Kharasch et_.al.p. 50 ) . The hydrogen atoms v i c i n a l to the 

aromatic nucleus are the most l a b i l e and i t iB these which are abstracted 

by t e r t . -bu toxy r ad ica l s . Thus, toluene gives dibenzyl ( L i ) , ethylbenzene 

gives a mixture of meso-and racemic-2;3-diphenylbutanes ( L I l ) , and 

isppropylbenzene gives 2:3 -diphenyl-2:3-dimethylbutane ( L I I l ) . 

( L I ) ( L I l ) 

Cum) 

The mechanism of the react ion i s s imi la r to that proposed f o r 

the perox ide /o le f in react ions. By way of example, the f o l l o w i n g scheme 

shows how ( L I I l ) resul t s from the react ion of d i - t e r t . - b u t y l peroxide and 

isopropylbenzene: 

0 

(CH ) C . 0 . O . C ( C H , ) > 2(CH_)_C.O * (R .92) 
3 3 -> J J J 

( C H ^ C . O * + C H C C H ^ ) ^ ^ " ^ » ( C H ^ C . C H + *G{GAj^~~^ 

(H .93) 

> 'J CH 3 CHj 

The existence of dimethyl-diphenylbutane as the sole aromatic 

product from the isopropylbenzene/peroxide react ion i s proof of the 

greater l a b i l i t y of the C - H ^ bond than of the C-HQ( bonds of the methyl 
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groups i n the isopropyl group, a r e su l t i n accord both w i t h the work of 

Kharasch et a l . ( v i d . p . 5 l ) who demonstrated the p r e f e r e n t i a l at tack at 

the C-H* hond i n isopropylbenzene by CH * radicals (from decomposing 
3 (228) 

d i -ace ty l peroxide), and the estimate by Smith and Taylor that the 

strengths of C-H bonds are i n the order C-H^ > C-H/S > C-Hjj . . 

The "dimers" ( L i ) ans ( L I l ) from toluene and ethylbe'nzene: 

respect ively r e t a i n C-H bonds v i c i n a l to the phenyl groups and may, there­

f o r e , react fu r the r w i t h t e r t . - bu toxy radicals according to (R.95 - R.96) 

to y i e l d "trimers" and higher "polymers". Higher polymers were, indeed, 

found w i t h these two hydrocarbons and i n the case of toluene a f r a c t i o n 

was isolated which approximated i n composition to the " tr imer" 1:2:3-

triphenylpropane ( L I V ) . 

H H H 

CH^ .C .CCH, . + (CH ) CO*—»C,H .C.O.C^H + (CH,),COH (R.95) 
• o p i i b p 3 3 ° 5 • i ° 5 5 3 

R R R: R 

H ^ H ^ H 

5 i i 
R R R. R R R etc . 

CJi -CH„-CH-CHn-C.Ji f r (LIV) 
6 5 2 j ^ ° 5 

6 5 

The major aromatic product ( 4 9 ° f t o t a l polymer) from the 

toluene/peroxide react ion was an u n d i s t i l l a b l e polymer which although 

containing' traces of oxygenated mater ia l was mainly hydrocarbon. This high 

y i e l d o f polymer, although unexpected on s t a t i s t i c a l grounds since the 

peroxide was decomposed i n a three mol. excess o f toluene, may be explained 
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by the p r e f e r e n t i a l at tack of t e r t . -bu toxy radica ls at the C-H# bond 
in (LIV) rather than at the C-H^ or C-H^i bonds i n toluene and dibenzyl 
respect ively. Continuation of (R.95 - R.96) on th i s basis would lead to 
a high molecular weight polymer. 

The f a c t that • . s ign i f i can t y ie lds of acetone were formed i n 

these decompositions indicates tha t t e r t . -bu toxy radicals are not 

s tabl ised e n t i r e l y as t e r t . - bu t ano l but they do iopart decompose according 

to(R«97) . The methyl rad ica ls may then compete w i t h t e r t . - bu toxy radicals 

as hydrogen abstractors (R.98) or may dimerise t o give ethane. 

(CH ) C O * >(CH ) CriO + C H * (R.97) 
J * 3 ^ 3 

CH 3* +RH- »CH^ + R* (R.98) 

As w i l l be shown l a t e r t e r t . -bu toxy radica ls react w i t h 

ketones according t o (R.99) to give ketonyl radicals which are then 

s t ab i l i s ed by rad ica l l i n k i n g react ions. The formation of acetonyl rad ica ls 

by t h i s means from the pre-formed acetone and the l i n k i n g of these w i t h 

a l k y l benzene radica ls (R.100, where R = a l k y l benzene r ad i ca l ) would 

e f f e c t i v e l y explain the traces of oxygenated mater ia l i n the toluene 

polymers. 

CHyCO.CH^ + ( C H ^ C . O * >*CH2.CO.CH5 + (CH^C.OH (R.99) 

- R* + *CH2.CO.CH3 — > R.CH2.CO.CH5 (R.100i 

* I n the decomposition of d i - t e r t . - b u t y l peroxide i n toluene the molar 

y ie lds of t e r t . -bu tano l and acetone were i n the r a t i o of ca.9.25'»1'» 

ind ica t ing that (R.93) rather than (R.97) i s the preferred mode ofl 

decomposition. 



- 1 1 4 -

(3) Cycl io and Acycl ic Mono-ketones.- D i - t e r t . - b u t y l peroxide 
has been found to be a h igh ly e f f e c t i v e reagent fo r synthesising 1:4-
diketones from cyc l i c and acycl ic monoketones containing ©{.-methylene 
groups. Thus the peroxide on heating w i t h a large excess of methyl e thy l 
ketone at 140° gave a mixture o f ketone polymers from which 3s4-dimethyl 
hexandione-2:5 (LV) was isola ted i n pure form. The cons t i t u t i on of (LV) 
as a 1:4-diketone was proved by the formation of the pyridazine der iva t ive 
(LVl ) on react ion wi th phenylhydrazihe. 

•c-o 4 V . o o 

( i -v ) t L V i ) 

S i m i l a r l y , cyclohexanone when heated wi th d i - t e r t . - b u t y l 
o 

peroxide at 140 gave, inaddi t ion to a large amount of higher ketone-

polymer,.. a mixture of stereo isomeric 2:2} -diketodicyclohexyls ( L V I I l ) 

from which the high melting form (m.p. 73~74 ) was separated. This same 
(198), 

ketone has been synthesised by unambiguous means by Plant and 
(152) 

recent ly has been obtained by Kharasch et a l . by the decomposition of 

d iace ty l peroxide i n cyclohexanone ( v i d . p . 5l ) • 

The formation o f 1:4-diketones by d i rec t l i n k i n g of oL methy* 

lehe carbon atoms demonstrates the analogy of the react ion of d f r - t e r t . -

bu ty l peroxide w i t h mono-ketones, and i t s react ion wi th o l e f i n s , cyc lo-

p a r a f f i n s and a l k y l benzenes. A s imi lar react ion mechanism i s probably 

operative: 
(CH 3) 5G.O.O.C(CH 3) 3 > 2 ( 0 ^ ) 3 0 . 0 * . . (R.101) 
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(CH^C.O* + CH^CO.CH^ » (CH^C.OH + CH.CO.CH^ (R.102) 
C H ; ' C H , 

3 " 3 

2CH.C0.CHj » CH5.CO^CH(CH3|.CO.CH5 (R.103> 

The presence of 3:4-dimethylhexandione-2:5 as the only diketone 

indicates the greater l a b i l i t y of the oL "CHg S1"011? * n a n e i ther the oC -CH^ 

or (i -CH groups i n methyl e thy l ketone. 
3 

Further react ion of the i n i t i a l l y fonried Mketone w i t h t e r t . -

butoxy radicals accoding to (R.102- R.103) gave a s l i g h t l y impure t r iketone 

(LIX) together w i t h a large amount of higher ketone polymers. 

CH,.C0.CH.CH 
3 I 3 

CHyCH.C-.Cfl^ (LIX) 

CH,.C0.CH.CH, 
3 3 

The react ion of the d i - t e r t . - b u t y l peroxide-with a l k y l benzenes 

and monoketones i s seen to provide new and read i ly aojsssible synthetic 

routes t o the preparation of subst i tuted dibenzyls and 1:4-diketones 

respect ively . The l a t t e r react ion i s of especial value since 1 ;i|--diketones 

act as intermediates i n the.synthesis of many heterocyclic systems. The 

greater a c c e s s i b i l i t y o f 1:4-diketones by th i s method than by other exis t ing 
(198) 

methods is w e l l demonstrated when the route used by Plant t o prepare 
. 1. 1 • • • • 

2:2 -diketodioyclohexyl i s considered : 
.0 o 

The ease of. preparation i n pure form and the r e l a t i ve freedom 

from hazard i n react ion of the d i - t e r t . - a l k y l peroxides gurther suggest 

http://2CH.C0.CHj
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that these peroxides w i l l be of greater synthetic value than" the d i -ace ty l 
peroxide used by Kharasch ( v i d . p . 5 0 ) 



0 

CONCLUSIONS. o 
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C OCCLUSIONS. 

The f o r e g o i n g i n v e s t i g a t i o n s have shown t h a t the nature o f 

the t h e r m a l l y promoted r e a c t i o n o f d i - t e r t . - b u t y l peroxide w i t h c y o l i o and 

a c y c l i c o l e f i n s depends upon the s t r u c t u r a l p a t t e r n fi>f the o l e f i n . W i t h 

those o l e f i n s c o n t a i n i n g the systems -CH -CHdOH- and -CH -C(CH }=OH- the 

ma jo r r e a c t i v i t y o f the peroxide i nvo lves the d i r e c t l i n k i n g o f t h e 

o l e f i n i c o t - m e t h y l e n e carbon atoms t o fo rm "dimers" and h igher "polymers" 

i n which the o r i g i n a l u n s a t u r a t i o n o f t h e o l e f i n i s r e t a i n e d . The pe rox ide 

i s , i n a l l cases, conver ted almost q u a n t i t a t i v e l y i n t o t e r t . - b u t a n o l , 

decomposi t ion t o acetone and me thy l r a d i c a l s o c c u r r i n g t o an i n s i g n i f i c a n t 

degree. This p rocess , ' when a p p l i e d to rubber hydrocarbon, r e s u l t s i n i t s 

v u l o an i s a t i o n , the v u l c a n i s a t e c o n t a i n i n g almost e n t i r e l y hydrocarbon 

c o n s t i t u e n t s and possessing p r o p e r t i e s s i m i l a r t o those found f o r r u b b e r / 

su lphur v u l o a n i s a t e s . 

The observed r e s u l t s have a l l been exp la ined by a f r e e - r a d i c a l 

mechanism i n v o l v i n g t h e " i n i t i a l s c i s s i o n o f the 0-0 bond o f t h e pe rox ide 

t o g ive t e r t . - b u t o x y r a d i c a l s . The l a t t e r are h i g h l y s p e c i f i c i n t h e i r 

r e a c t i v i t y , a b s t r a c t i n g l a b i l e ( ot -methylene) hydrogen atoms f r o m the 

o l e f i n and thus a q u i r i n g s t a b i l i s a t i o n as t e r t . - b u t a n o l . 

Reac t ion o f d i - t e r t . - b u t y l pe rox ide w i t h a v i n j r l i c o l e f i n -

GHgsCH.OHg-R'. i n v o l v e s two c o m p e t i t r r o " r e a c t i o n s , (1) r a d i c a l - l i n k i n g 

processes t y p i c a l o f t h e o l e f i n s considered above, and (2} r a d i c a l 

a d d i t i o n p o l y m e r i s a t i o n t y p i c a l o f the. r eac t i ons i n v o l v e d i n the f o r m a t i o n 

o f s y n t h e t i c r ubbe r s , and p l a s t i e s . The combined e f f e c t o f these two 

processes r e s u l t s i n a h i g h e r degree o f p o l y m e r i s a t i o n that , t h a t observed 

i n the r e a c t i o n s w i t h n o n - v i n y l i c o l e f i n s and the r e s u l t i n g polymers " 
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possess cons ide rab ly reduced u n s a t u r a t i o n . 

The c o m p l e x i t y o f r e a c t i o n produc ts r e s u l t i n g f rom the 

the rmal decomposi t ion o f t e r t . - b u t y l hydroperoxide i n cyclohegene demon­

s t r a t e s the d ive r se r e a c t i v i t i e s d i sp layed by organic hydroperoxides when 

reac ted w i t h o l e f i n s . The peroxide i s conver ted i n t o the corresponding 

a l c o h o l and the o l e f i n i s conver ted i n t o a m i x t u r e o f hydrdcarbon and 

oxygenated p r o d u o t s , the f o r m a t i o n o f wh ich i s exp la ined by the i n i t i a l 

decomposi t ion o f the hydroperoxide t o g ive t e r t . - b u t o x y and h y d r o x y l 

radicalsBgThe t e r t . - b u t o x y r a d i c a l s g ive r i s e t o o l e f i n polymers descr ibed 

above and the h y d r o x y l r a d i c a l s r e a c t mainly, a t the -methylene p o s i t i o n s 

o f the o l e f i n t o g i v e o l e f i n i o a l coho l s and ketones . Only a minor amount 

o f a t t ack by h y d r o x y l r a d i c a l s a t the double bonds i s observed. 

The re levance o f these r e a c t i o n s t o the processes i n v o l v e d i n 

the o x i d a t i v e degradat ion o f rubber has been considered and a pos s ib l e 

r e a c t i o n scheme has been d e t a i l e d t o account f o r the r e d i s t r i b u t i o n o f 

the oxygen o f the i n i t i a l l y formed p o l y i s o p r e n e hydroperox ide . 

The thermal decomposi t ion o f d i h y d r o a s c a r i d o l e , wh ich can be 

considered as a c y c l i c d i - t e r t . - a l k y ! pe rox ide , has been shown t o f o l l o w 

a course i d e n t i c a l w i t h t h a t f o r a c y c l i c d i - t e r t , - a l k y l pe rox ides . 

Dihydroascaridojfce i s remarkably s t a b l e and does not r e a c t w i t h cyolohexene 

a t 1 4 0 ° . 

I n v e s t i g a t i o n s have been made of the thermal decomposit ion o f 

d i - t e r t . - b u t y l pe rox ide i n n o n - o l e f i n i c compounds, i n c l u d i n g c y c l o p a r a f f i n s 

a l k y l benzenes, and c y c l i c and a c y c l i c monoketones. The r e a c t i o n s inv&Lved 

o l o s e l y p a r a l l e l those observed w i t h the peroxide and o l e f i n s and the 

r e s u l t s are i n accord w i t h a f r e e r a d i c a l mechanism i n v o l v i n g the f o r m a t i o n 

o f new C-C bonds between the s o l v e n t molecu les . The r e a c t i o n s are v e r y 

s i m i l a r t o those o f d i a c e t y l peroxide wBLth organic so lven t s s t u d i e d by 
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Kharasch e t a l . 

The r e s u l t s o f the presen t i n v e s t i g a t i o n hare advanced our 

knowledge o f f r e e - r a d i c a l r e a c t i v i t i e s , e s p e c i a l l y those d i s p l a y e d by 

organio peroxides and va r ious types o f o l e f i n i c and r e l a t e d systems. A l l 

•the many r e a c t i o n s encountered can be c o n s i s t e n t l y expla ined by mechani^mB 

i n v o l v i n g t h e f o r m a t i o n and subsequent s t a b i l i s a t i o n o f f r e e - r a d i c a l s . 

The oc -methy ien io r e a c t i v i t y d i sp l ayed by the o l e f i n i c systems -CHg.CHdDH-

and -CHg-CCRj'dDH- towards a lkoxy and h y d r o x y l r a d i c a l s have been shown t o 

be s i m i l a r ° t o t h a t e x h i b i t e d towards oxygen and s u l p h u r . . 



PART ( 5 ) . 

E X P E R I M E N T A L . 
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E X P E R I M E N T A L . 

( A l l m e l t i n g p o i n t s are uncorrec ted ) 

D i - t e r t . - b u t y l pe rox ide . T h i s pe rox ide was prepared by b o t h methods 
(175) . 

g i v e n by M i l a s and Surge nor 

( a ) D i - t e r t . - b u t y l pe rox ide f r o m t e r t . - b u t y l hydroperoxide and 

t e r t . - b u t y l hydrogen su lphate had b . p . 109.0-110/761.5 mm., 
16 

n 1.3905. Y i e l d 73$. (Pound: C,65.45; H , 12.65. Ca lo . f o r C Q H . Q 0 o : 
~ D 8 18 2 

C ,65 .7j H , i 2 . i $ . ) 

( b ) D i - t e r t . - b u t y l pe rox ide f r o m t e r t . - b u t a n o l and hydrogen p e r o x i d e . 

When pe r fo rmed on a t h r e e m o l . sca le (based on t e r t r b a t a n o l ) u s ing a 
Q 

r e a c t i o n t ime o f 4 hours and temperature o f 0 t o -5 the y i e l d o f crude 
produci; was 125g.»n ~ p i » 3 9 6 l . F r a c t i o n a t i o n o f t h i s gave the pure 

pe rox ide b s p „ 109,0-110.0/760 mm. , n ^ ° 1.3882 (Found: C ,65 .7; 11,12.3^), 

toge ther w i t h l 6 .5g . of h ighe r b o i l i n g m a t e r i a l whicB conta ined t r i -
20 

i sofeutylenes ,b .p .177-186 /765nm. .n D 1.4320, and a s m a l l amount o f 

h igher p o l y i s o b u t y l e n e s . 
(175) 

( M i l a s and Surgenor g ive f o r the pe rox ide , b . p . 109.0-109.2 /760mm. 
9 0 (175) _ 25 

a * 1 .3872. M i l a s and P e r r y g i v e b . p . 1 2 - 1 3 / 2 0 a m . , n - T 1 . 3 8 3 8 . 
(241) QO " 

Vaughan and Rust g i v e b.p.108-110 , n D 1 .3893.)• 

The percentage o f p e r o x i d i c oxygen i n the peroxide-was determined 

by the f o l l o w i n g method. About 0 . 1 g . was heatad w i t h f r e s h l y d i s t i l l e d 

h y d r i o d i c a c i d ( 3 . 0 c . c . ) i n sealed tubes a t 8 0 - 9 0 ° f o r 3 hour s . The 

l i b e r a t e d i o d i n e was es t imated by t i t r a t i o n w i t h s tandard sodium 

t h i o s u l p h a t e s o l u t i o n . A s u i t a b l e c o r r e c t i o n f o r the h y d r i o d i c ao id 
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deoomposed by oxygen i n the tubes was made by h e a t i n g 3 . 0 c . c . o f the 

a o i d under comparable c o n d i t i o n s . ( P o u n d : P .O .C . ,21 . 7 , 21 .95 .Calc . f o r 

G 8 H 1 8 ° 2 ! p » ° * c ' » 2 1 » 9 ^ ) « 

REACTION o f D l - t e r t . - B U T Y L PEROXIDE w i t h OLEFINS. 

( A ) REACTION w i t h CYCLIC OLEFINES. 

( 1 ) cvcloHEXENE.- The o l e f i n was p u r i f i e d by repeated 

washing w i t h sodium h y d r o s u l p h i t e s o l u t i o n , t h e n w a t e r . I t was d r i e d 

f o r 2U- hours over ca l c ium c h l o r i d e , t h e n over sodium w i r e and f i n a l l y 

was d i s t i l l e d over sodium w i r e i n an atmosphere o f p u r i f i e d n i t r o g e n 

u s ing a 1 4 i n . Penske column, packed w i t h g lass h e l i c e s , w i t h a r e f l u x heafl;> 

The f r a c t i o n b . p . 8 2 . 5 0 ° / 7 4 4 . 5 m m . , n ^ 1 . ^ 3 was used. 

The r e a o t i o n was conducted under va r ious c o n d i t i o n s o f molar r . - ' i 

r a t i o o f o l e f i n t o pe rox ide and r e a c t i o n t i m e j the f o l l o w i n g being a 

r e p r e s e n t a t i v e example. 

sycloHexene ( l b i 4 g . , Q.0 m o l s . ^ w i t h d i - t e r t r b u t y l peroxide 

( i t B . 7 g . , 0.33 m o l s . ) was heated f o r 4B hours a t 12*0° i n Car ius tubes 

sealed i n an atmosphere o f pure n i t r o g e n . The produot ( 2 l 2 . 0 g . ) was a 

c o l o u r l e s s mobi le l i q u i d wh ich on f r a c t i o n a t i o n th rough a l O i n . Vigreux 

column under n i t r o g e n gave a f o r e r u n b.p.71»--83 0/76Jjmm. ( i 6 o . 5 g . ) . 

A f t e r removal o f the l a s t t r aces o f v o l a t i l e m a t e r i a l by warming the 

r e s idue a t 50" f o r a s h o r t w h i l e on the wa te r pump there remained a 

c o l o u r l e s s o i l y product ( 4 5 . 0 g . ) . The l a t t e r was d i s t i l l e d a t o i l pump 

pressure g i v i n g the f r a c t i o n s , ( i ) b . p . 6 8 - 7 1 % m m . ( 2 7 . 2 g . ) , n ^ ° 1 . 5 0 9 5 

( i i ) b . p . ^ O - i ^ / i m m . ( 9 . 7 5 g . ) , ( i i i ) b . p . l 8 o - l 9 2 7 1 n m . ( 3 . 5 g . ) a n d an ' 
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u n d i s t i l l a b l e r e s idue (oa« 4 » 2 g . ) , wh ioh se t t o a g lass on c o o l i n g * 

Examinat ion o f the f r a c t i o n s , - The f o r e r u n cons i s t ed o f a m i x t u r e o f 

t e r t . - b u t a n o l , unchanged cyclohexene and a t r a c e o f acetone. By aqueous 

e x t r a c t i o n w i t h 6 x 50g. o f water 46.Og. o f aqueous s o l u b l e m a t e r i a l 

was ob ta ined . Th i s was found t o be almost e n t i r e l y t e r t . - b u t a n o l . I n one 

experiment the aqueous e x t r a c t was d i s t i l l e d g i v i n g an azeotrope o f 

t e r t . - b u t a n o l / w a t e r . b .p.80°/763mm. Th i s was d r i e d over potassium 

hyd rox ide , the o rgan ic l a y e r separated and d i s t i l l e d over sodium g i v i n g 

t e r t . - b u t a n o l , b . p . 8 0 - 8 2 ° / 7 6 5 m m . , i d e n t i f i e d as i t s phenyl urethane 

d e r i v a t i v e m.p. and mixed m.p . w i t h an au then t io sample 1 3 5 - 1 3 6 ° . (Found: 

0 ,68 .5 ; H , 8 . 3 ; H 7 .0 . C a l c . f o r C ^ H ^ O ^ . 0 , 6 8 . 4 ; H , 7 .83; N ,7 .25#)e 

I n a f u r t h e r exper iment the aqueous e x t r a c t was t r e a t e d w i t h 

an excess o f sa tu ra ted 2 : 4 - d i n i t r o p h e n y l h y d r a z i n e s o l u t i o n ( i n 2N H C l ) . 

Acetone 2 :4 -d in i t ropheny lhydrazone was ob ta ined , (0 .24g» ace tone) , wh ich 
c 

on c r y s t a l l i s a t i o n f r o m l i g h t p e t r o l e u m ; (b.p.100-120 ) , had m.p . 1 2 2 - 1 2 3 ° 

and mixed m.p . w i t h an a u t h e n t i c sample 123*124°* (Pound: 0,%5,7; H , 4.55. 

C a l c . f o r C.H 6 M : 0 ,45 .4; H ,4 .2# ' ) . 
7 10 4 4 

The y i e l d o f t e r t r b u t a n o l represents 93»3$' o f t he p e r o x i d e , 

t h e y i e l d o f acetone being i n s i g n i f i c a n t , ( ^ 0.1$ o f p e r o x i d e ) . 

The recovered oyclohexene ( H 4 » 5 g » ) waa d r i e d over ca lc ium 

c h l o r i d e and d i s t i l l e d over sodium i n n i t r o g e n , b . p . , 83 .0° /763m . i a . 

A sample o f the o l e f i n on u l t r a - v i o l e t spec t rographic ana lys i s showed 

the almost complete absence o f conjugated diene (Found 0.05-0.1/2 o f 

1:3 cyc lohexad iene) , and the complete absence o f benzene. 

The f r a c t i o n ( i ) , a c o l o u r l e s s o i l y l i q u i d , cons i s t ed 

2* 2 
m a i n l y o f the d i m e r i c o l e f i n & - o y c l o h e x e n y l - A -cj jclphexene . 
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(Found: C;88.0; H , 1 1 . 2 ) . On c a r e f u l f r a c t i o n a t i o n (6&n. V i g r e u x ) over 
sodium i n n i t r o g e n , the pure hydrocarbon was ob ta ined , b . p . 6 2 - 6 3 ° / 0 . 5 m m . , 
b.p .68-69°/*.Omm.» n j 8 1 . 5 0 9 2 . (Pound: C,88.65; H ,11.23J I od ine Va lue , 
302.5,302.2; M(mio ro -Ras t ) , 167.5. Oalo . f o r C ^ Q * . C , 8 8 . 8 ; 11,11.2$; 
I o d i n e V a l u e , 313.6; M , l 6 2 ) . 

Q u a n t i t a t i v e c a t a l y t i c hydrogena t ion o f the G t ^.H^^ o l e f i n . -

A va lue o f 1.97 double bonds per molecule waB ob ta ined . ( C a l c . f o r 

^12&|8 : | 2 ) . The o l e f i n (31.MS mg. ) i n abso lu te e t h a n o l ( 5 . 0 c . c . ) over 

Adams c a t a l y s t ( lOmng.) absorbed 9 « 0 6 c . o . o f hydrogen a t 15° and 758mm. 

2 8 .570 .C a t N . T . P . ( C a l c . f o r C ^ H ^ , ^ : 8 .70c . c . a t N . T . P . ) . The r a t e 

of hydrogena t ion i s g i v e n i n P i g . ( 1 ) . 

Hydrogenat ion o f the G-)^18 o l e f i n * - The o l e f i n ( l . 5 g . ) d i s s o l v e d 

i n abso lu te e thano l ( 2 0 c . c . ) v/as hydrogenated over p r e v i o u s l y reduced 

p l a t i n i c oxide (75mg.)» a t room temperature and pressure . The hydrogen 

uptake on c o m p l e t i o n ( c a . 6 hours ) was 425c .c . a t l6' J and 753™1* s 

398c .c . a t N . T . P . ( C a l c . f o r j * 2 : 415c .c . a t N . T . P . ) . A f t e r the removal o f r;-

c a t a l y s t and so lven t - d i s t i l l a t i o n o f the p roduc t over sodium y i e l d e d 

pure d i o y c l o h e x y l . b . p 8 7 2 - 7 3 0 / s a » 1 i m m » » J l ^ 0 1 » 2 * 8 0 3 * ( l * 3 g » » 8 6 . ^ S ) . (Pound: 

0,86.65; H , ^ ; ^ C a l c . f o r G^^t 0 ,86.65; H ,13 .35#) . 

Bromina t ion o f the G^nR^Q o l e f i n . - The o l e f i n ( 2 . 0 g . ) d i s s o l v e d 

i n c h l o r o f o r m ( 2 0 c . c . ) was cooled i n an i c e / s a l t b a t h . To t h i s was added , 

w i t h s t i r r i n g d u r i n g one hour , a s o l u t i o n o f bromine (3 .75g . ) i n 

c h l o r o f o r m (20c*c . ) u n t i l there remained a s l i g h t permanent excess o f 

bromine. On removal o f the s o l v e n t and excess bromine the bromide was 

obta ined as a c o l o u r l e s s c r y s t a l l i n e s o l i d , ( 5 . 7 5 g . » 96 .6$) . I t was found 
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t o c o n s i s t o f a m i x t u r e o f two, p r e s i j ^ b l y s t e r e o i s o m e r i o , c y q l ohexenyl-

cyclohexene t e t r a b r o m i d e s , wh ich were separated by r e p e a t e d i r a c t i o n a l 

c r y s t a l l i s a t i o n f r o m c h l o r o f o r m : ( A ) , the more s o l u b l e f o r m , predominated and 

separated i n c o l o u r l e s s p r i s m a t i c p l a t e s m .p .159-162° , (Found : C ,29 .9; H , 3 .8 ; 

Br ,66 .65 . Ca lc . f o r G^^r^. C ,29.9; H ,3 .76; B r ,66 .35^) ; ( B ) , the l e s s 

s o l u b l e f o r m , was obta ined i n sma l l amount. I t c r y s t a l l i s e d i n l a r g e 

c o l o u r l e s s r e c t a n g u l a r prisms m.p .188-190° , (Found : C,29 .85; H,3.75} B r , 

66.753). 

Both t e t rabromides have been r e o o r t e d s epa ra t e ly i n the l i t e r -
(83) ' (22) 

fcture. (Farmer and K i o h a e l g ive f o r (A) m.p. i59 • Berlande , g ives 

f o r . (B) m.p . 1 8 9 - 1 9 0 ° ) . 
( 2 2 ) . 

N i t r i c a c i d o x i d a t i o n o f the C^jH-iQ o l e f i n . - ( c f . Berlande ) . 

Ttfhen the o l e f i n ( l . O g . ) was ox id i s ed w i t h n i t r i c a c i d ( 6 c . c . , d . 1 . 4 2 ) a t 100° 

the on ly p roduc t i s o l a t e d was o x a l i c a c i d d i h y d r a t e ( 0 . 3 2 g . ) . I t 

c r y s t a l l i s e d f r o m benzene/acetone i n c o l o u r l e s s p r i s m a t i c needles m.p . 100-

I 0 l . 5 ° , m . p . (anhydrous a c i d ) 1 8 7 - 1 8 8 ° , undepressed i n mixed m.p . w i t h 

a u t h e n t i c sample,(Found: E.Y/ .63.0. Ca lc . f o r C2H204.2H 20:E.V/.63.o),, 

Synthes is o f A 2 - c y c l o h e x e n y l - ^ - c y c l o h e x e n e . -
a. 

( 1 ) . Prepfra t ion o f 3-bromo-cyolohexene-1 . - ( c f . Z i e g l e r 
(266) . * 

e t a l . N-bromosucoinimide (36.6g. ) and c y c l ohexe ne e ( l 0 3 c . c . ) v/ere 

g e n t l y r e f l u x e d f o r 30 minutes i n pure dry c a r b o n ^ t e t r a c h l o r i d e (15OC.0.) 

i n the presence o f a l i t t l e benzoyl peroxide as c a t a l y s t . The succ in imide 

wh ich separated out f rom the c o l d r e a c t i o n m i x t u r e was f i l t e r e d o f f ( 20 .2g . , 

C a l c . 20 .35g»)» A f t e r removal o f the so lven t th rough a column, bromo-

oyclohexene d i s t i l l e d over a t b.p .58-60 /12mm., J J ^ U *~' l .5309, ( 25 .0g . , 

75.5;*). (Found: C, 44.75; H , 5.6. Ca lo . f o r C 6 H g B r : C ,44.75; H , 5 .65#) . 
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( 2 ) . Reac t ion o f 3-bromo-o.yclohexene-1 w i t h magnesium.-

The brome-cyolohexene ( 2 0 . 0 g . ) d i s s o l v e d i n e ther ( 7 5 ° • P » ) was added 

d u r i n g 40 minutes t o magnesium ( 2 . 0 g . ) j u s t covered w i t h e t h e r . The 

r e a c t i o n began on gen t l e h e a t i n g . A f t e r comple t ion the product was s t i r r e d 

f o r a f u r t h e r hour , decomposed w i t h i c e - c o l d ammonium c h l o r i d e s o l u t i o n , 

the e the r l a y e r separated and d r i e d over ca l c ium c h l o r i d e . The e the r was 

removed on the water ba th and the p roduc t d i s t i l l e d over sodium i n 

19 

n i t r o g e n g i v i n g cyc lohexenyl -cyc lohexene , b . p . 62 -63° /0 . 5 mm., n^ 1.5093* 

( 9 . 4 g . , 94$). (Found: C,88.5; H,11 .35 . Ca l c . f o r 0^^Q: C ,88 .8 ; H , 1 1 . 2 # . ) 

Bromi t ia t ion o f t h e s y n t h e t i c C ^ ^ i S 3 ^ e ^ n * ~ Adopt ing the 
method p r e v i o u s l y descr ibed ( p . 123) 2 . 0 g . o f the o l e f i n gave 5«95g. (100$) 

o f the t e t r ab romide mix tu r e which on f r a c t i o n a l j - c r y s t a l l i s . ^ t i o n f r o m 

c h l o r o f o r m gave the two cyclohexenyl-cyclohexene t e t r ab ramides : ( A ) m.p. 

1 6 0 ° . (Found: 0 ,29.85; H ,3 .85; B r , 6 6 . 3 # ) , and (B) m.p. l 8 9 n 9 0 ° . (Found: 

0 , 2 9 . 9 ; H , 3 . 8 ; B r , 6 6 . 4 . Oa lo . f o r C ^ H ^ B r ^ : 0 , 2 9 . 9 ; H , 3 . ? 5 ; Br ,66.35j&). 

The lower m e l t i n g f o r m ( A ) was$ as b e f o r e , the major p r o d u c t . 

The f r a c t i o n ( i i ) was a c o l o u r l e s s viscous l i q u i d which on 
0 0 / 

r e f r a c t i o n a t i o n over sodium i n nitryfeen d i s t i l l e d m a i n l y a t b . p . 1 3 3 - 1 3 4 / 

20 

1 mm., i j ^ 1.5330. I t analysed t o the o l e f i n i c hydrocarbon d i - c y c l o h e x e n y l 

cyclohexene, C ^ H g g , f l . (Found: C , 8 8 . 9 j H,10 .85; I o d i n e va lue , 282, 

284, 287; M (micro-Rast )239. C EnC r e q u i r e s 0 , 8 9 . 2 ; H ,10 .8 ; l j I o d i n e 
18 2b 

V a l u e , 31.5; M ,242. ft " 
Q u a n t i t a t i v e c a t a l y t i c hydrogenat ion o f the C,. 8H^, o l e f i n . -

A va lue o f 2 .94 dotahle bonds per molecule was o b t a i n e d . (Gale, f o r 0 H 
18 2 6 

p j ) . The o l e f i n (28.94m .g.)» d i s t i l l e d immediate ly p r i o r t o hydrogen­

a t i o n (b .p .128 -130 ° / l mm.), d i s s o l v e d i n g l a c i a l a c e t i c a c i d ( § . 0 c . c . ) was 

reduced over Adam's c a t a l y s t (10 m g . ) . 8.38 c . c . o f hydrogen were 
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o 

absorbed at 15 and 75V™1' — 7 . 8 8 c . o . a t N . T . P . ( c a l c . f o r C j g ^ g 

8 .04c . c . a t N . T . P . ) . The r a t e o f hydrogenat ion i s g iven i n F i g ( 2 ) . i 
Hydrogenat i o n o f the C ^ 2 C o J - e f * - n , ~ A s o l u t i o n o f the o l e f i n 

( 5 . 0 g . ) i n a m i x t u r e o f g l a c i a l a c e t i c a c i d and e t h y l aceta te ( l 5 c . c . ) was 

hydrogenated over p r e v i o u s l y reduced Adam's c a t a l y s t ( 0 . l 5 g . ) a t room 

temperature and pressure . The hydrogen uptake was 14350.c. a t N . T . P . 

( C a l c . : 1 3 9 0 C . C . a t N . T . P . ) . D u r i n g the r e d u c t i o n a c o l o u r l e s s c r y s t a l l i n e 

s o l i d separa ted ou t . The s o l u t i o n was warmed t o d i s so lve the s o l i d , the 

c a t a l y s t removed and the so lven t d i s t i l l e d o f f under reduced pressure , 

l e a v i n g the sa tu ra t ed hydrocarbon ( 4 . 9 5 g . ) • D i s t i l l a t i o n o f t h i s gave a 

f r a c t i o n ( i ) b . p . 147-150°/2 mm., ( 3 . 5 g O whioh p a r t i a l l y c r y s t a l l i s e d on 

c o o l i n g , and ( i i ) a c o l o u r l e s s c r y s t a l l i n e res idue ( l . 4 5 g . ) . The l a t t e r ^ 

Tfhen combined w i t h the s o l i d i n f r a c t i o n ( i ) ( 0 . 2 g . ) , gave the h i g h 

m e l t i n g fo rm of 1;4~dicyclohexyl-oyclohexane obta ined as c o l o u r l e s s 

f e a t h e r y o l a t e s f r o m e t h y l ace t a t e , m.p. 162-163". (Found: C,86 .9j H ,13 .0; 

Calc . f o r C H : 0 , 87 . 0 ; H,l3.0/'&;. (Von Braun, I r m i s c h and N e l l e s g ive 
0

 1 8 3 2 (55) 
m.p.162 : Gorsen and I p a t i e f f g ive m.p .159*5-161) . 

The c o l o u r l e s s l i q u i d i n f r a c t i o n ( i ) had b . p . 122-128 S /1 mm., 

' 18 
n^ 1 .5072. I t cou ld not be induced t o c r y s t a l l i s e and c o n s i s t e d , presumably 

of a m i x t u r e o f 1:4- and 1 :3 -dio .yclohexyl-cycl3hexane s t e r e o i s o m e r s . 
(55) 

(Found: 0 ,87.05; H,12.6o7&). (Corson and I p a t i e f f r e p o r t f o r the l o w 
„ (56) |:3 

m e l t i n g 1:4- isomer, m.p.54-56 and l a t e r f o r the two^ i s o ^ e r S j . : . 

ni-T.-fi2. nnrl mr>. V 

Selenium dehydrogenation o f t h e g I Q H 2 6 °?-ef^ri- ~ '^iie o l e f i n 

( 2 . 0 g . ) and powdered selenium ( 6 . 0 g . ) were heated i n an atmosphere o f 

n i t r ogen f o r 40 hours a t a meta l bath temperature o f 320° . Hydrogen 

se l en ide was evolved almost immedia te ly . The p r o d u c t , which s o l i d i f i e d 
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on c o o l i n g , was ex t r ac t ed w i t h b o i l i n g benzene and on removal o f the 

s o l v e n t gave a s o l i d , ( 1 , 8 g . ) . S u b l i m a t i o n o f t h i s over mol ten sodium 

a t 0.05 mm. ( b a t h temperature' , 200-250 ) gave a c o l o u r l e s s c r y s t a l l i n e 

/ \ ^ o s o l i d ( 1 . 5 3 g . ) m e l t i n g over a cons iderab le range ca.50 - ca.175 • 

C r y s t a l l i s a t i o n f r o m benzene gave 1:4-diph.enylbenzene ( ' , 0 . 4 g . ) as 

l u s t r o u s p l a t e s m . p . 2 1 1 - 2 1 2 ° ( l i t e r a t u r e records m . p . 2 1 3 ° ) . (Pound: 

0 ,93-35 ; H.6 . 15 . Ca lc . f o r C H : 0 , 9 3 . 9 ; H » 6 - » $ The benzene oimother 
18 

l i q u o r on evapora t ion t o dryness gave a s o l i d ( o . 9 9 g « ) which on repeated 

f r a c t i o n a l c r y s t a l l i s a t i o n f rom absolute methanol gave the f o l l o w i n g 

f r a c t i o n s : ( i ) a m i x t u r e o f 1 : 4 - and 1 :3-diphenylbenzene ( 0 . 6 g . ) ; 

( i i ) l :3 _ diphenylbenzene as c o l o u r l e s s needles m.p.82 ( s o f t e n i n g ) -84"' , 
( 0 * l 5 g - ) . (Pound: 0 ,94.0; H , 6 . 1 . Ca l c . f o r C.gH : C ,93 .9; H , 6 . 1 $ ) and 

( i i i ) a l e s s pu re 1:3 - diphenylbenzene m.p.82-83 , ( 0 . 1 3 g . ) . (The h ighes t 

recorded ra.p. f o r 1:3-diphenylbenzene i s 87 ) . 

Bromina t ion o f t h e C,r>H o l e f i n . - A s o l u t i o n o f t h e o l e f i n 
'^-26 

( 2 . 0 g . ) i n c h l o r o f o r m ( 2 0 c . c . ) was cooled t o 0 ° . To t h i s was added, d u r i n g 

1 hour w i t h cons tant s t i r r i n g , a s o l u t i o n o f bromine ( l . 5 ° . c . ) i n 

c h l o r o f o r m ( 2 0 c . c . ) u n t i l a permanent excess o f bromine was p re sen t . 

Removal o f the so lven t under reduced pressure gave a c o l o u r l e s s s o l i d 

b romina t ion product ( 5 » 4 g . ) Th i s proved t o be a m ix tu r e of d i f f i c u l t y 

seperable i someric hexabromides o f d i - cyc lohexeny l - cyc lohexene . 

C r y s t a l l i s a t i o n f rom c h l o r o f o r m gave the f o l l o w i n g , (A) a ve ry i n s o l u b l e 

c o l o u r l e s s c r y s t a l l i n e powder ( 0 . 1 g . ) , m.p .285 -287° ( s u b l i m a t i o n ) . 

(Pound: C ,29.95i H , 3 . 7 ; B r , 66.55. C ^ g g B r g r e q u i r e s 0 ,29.94; H ,3 .6 / j 
S o 

Br , 66 . ^ iS ) ; (B) a m i c r o - c r y s t a l l i n e powder, m.p.249-250 (oa.5Qmg.); 

(C) the major p roduc t , m i c r o - c r y s t a l s , z x s m.p.217-219-) (Pound: C,29.95* 

H , 3 . 7 ; B r , 6 7 . O . ) . Other isomersgi though p robab ly p re sen t , were not 
0 • 

i s o l a t e d . 
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The f r a c t i o n ' ( i i i ) was a c o l o u r l e s s ext remely viscous l i q u i d whict 
ation , Q 20 

on r e f r a c t i o n / o v e r sodium i n n i t r o g e n had h.p.180-193 /1 mm., 1.5478. 

I t analysed t o a cyclohexene ." t e t r amer" , b i s -cyc lohexenyloyc lohexene . 

(Found: 0 ,89 .05; H ,10 . 7 ; I o d i n e Va lue , 282, 284; M (mic ro -Ras t ) , 313 . 

0 2 i H ^ r e q u i r e s 0 , 89 . 35; H,10.65^; I o d i n e Va lue , 315.5; M , 3 2 2 . ) . Though 

m o l e c u l a r l y Homogeneous i t doubt less con ta ined many s t r u c t u r a l isomers. 

Q u a n t i t a t i v e c a t a l y t i c hydrogenat ion o f the C g ^ H ^ o l e f i n . -

A value o f 3.98 double bonds pec molecule was ob ta ined . ( G a l e . f o r C , H B i 
24 

T4). The o l e f i n (29.62mg.), d i s t i l l e d immediately p r i o r t o h y d r o -

g e n a t i o n , i n g l a c i a l a ce t i o a c i d ( 5 . 0 c . c . ) over Adam's c a t a l y s t ( I 0 m g . ) , 

absorbed 8 .66c . c . o f hydrogen a t 13 and 753mm. S 8 . 20o .c . a t N . T . P . 

( C a l c . f o r C g ^ H ^ f 4 : 8 . 2 4 ( 5 ) c c . a t N . T . P . ) . The r a t e o f hydrogenat ion 

i s g iven i n F i g . ( 3 ) . 

U l t r a - v i o l e t spec t rographic a n a l y s i s o f the cyclohexene 

polymer p r o d u c t s . - Represen ta t ive samples o f the va r ious polymer 

f r a c t i o n s were submit ted t o u l t r a - v i o l e t sp 'ectrographic a n a l y s i s . 

(1) «- Cyclohexenylcyclohexene and d icyc1ohexenyl=cyclohexeme.-

showed no s e l e c t i v e abso rp t ion c o n s i s t e n t w i t h the presence o f con juga ted 

diene u n i t s . 

(2 ) . B i s - c y c l o h e x e n y l cyclohexene f r o m t h e 6s1 r u n (Table 4 ) , 

i n cyclohexane/1 G%' e thano l as s o l v e n t , showed s e l e c t i v e abso rp t i on near 

X max2450A, .E„ 45 and also, a t ~ X m D v 2 8 3 0 A , E ' ~ 50. : 

"' 1cm« " I B A 1 Cm. 

(3 ) Bis-cyclohexenylcyclohexene f r o m t h e 4:1 r u n (Table 5)» i n 

1:1 cyc lohexane/e thanol as s o l v e n t , showed s e l e c t i v e a b s o r p t i o n a t 

X 2430A, E , ; l 50 and a t X max2860A, E ? 65. A max * 1cm. n 1cm 
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( 4 ) The polymer ic m i x t u r e obta ined as the u n d i s t i l l a b l e res idue 

f r o m the 4: 1 r u n , ( ( A ) , Table (5)> i n 1:1 cyclohexane/e thanol as s o l v e n t , 

\ \ shovred s e l e c t i v e a b s o r p t i o n a t A 2430A, E„ 140 and a t A 2860A, .of / A m K X 1cm. max * 

E. 45. The p o l y m e r i a m i x t u r e i n the 2:1 r u n , (' ( B ) , Table ( 5 ) gave 
v 1% . 1/0 

s i m i l a r bands a t A m a x 2430Ai5 E 1 o m 180 and a t A m a x 2 8 6 0 A , E 1 o m 90. 

A 1 J 
( 2 ) U lIETHYL-cycloHEXEWE. -

P r e p a r a t i o n o f the o l e f i n . - 1 -Methyl -oyclohexanol-1 was prepared 

by the Gr ignard r e a c t i o n o f oyclohexanone ( b . p . 5 6 - 5 6 . 5 ° / 2 0 mm., n^ 2 1 1 . 4508 ) 

o 17 

w i t h me thy l magnesium i o d i d e . ( Y i e l d : 72 .4$; b .p .62 .5 -64 / 1 6 mm., n^ 1.4618). 

Dehydra t ion o f t h e a l c o h o l w i t h 1$ o f i o d i n e , a t 1 4 0 ° , gave methylcyclohexene 

b .p .109 .0-110 .0 /760 mm., n^ 1.4503. 

Reac t ion w i t h D i - t e r t . - B u t y l P e r o x i d e . - The o l e f i n (50g . , 

approx imate ly 0.5 mol^} amd d i - t e r t . - b u t y l pe rox ide ( l 8 . 2 5 g . » 0.125 m o l . ) 
O' 

were heated i n a Car ius tube sealed under n i t r o g e n , a t 140 f o r 24 hours . 

The product (66 .Og.) was a c o l o u r l e s s mobi le l i q u i d which on f r a c t i o n ­

a t i o n gave the f r a c t i o n s , ( i ) b . p . 8 2 - 1 1 0 ° ( 4 4 . 2 g . ) ; ( i i ) b . p . 8 6 0 / 1 mm., 

( 0 . 3 5 g . ) ; ( i i i ) b . p . 8 6 - 9 4 ° / 1mm., ( I 0 . 1 5 g . ) ; ( i v ) b . p . 9 4 - 1 4 6 ° / l mm., 

( 0 . 4 5 g . ) ; ( v ) b . p . 146-149°/1 mm., ( 3 . 8 5 g . ) ; ( v i ) b .p .203 -204 .5° / l mm., 

( 2 . 4 g . ) j ( v i i ) a res idue i n the s t i l l ( a po lymer ic c o l o u r l e s s g lass not 

f u r t h e r i n v e s t i g a t e d ) c a . 4 . 0 g . 

Examination—of the f r a c t i o n s . - F r a c t i o n ( i ) was shown, on 

aqueous e x t r a c t i o n , t o c o n t a i n l 8 .0g . o f water so lub l e compounds being 

m a i n l y t e r t . - b u t a n o l , i s o l a t e d as p r e v i o u s l y desc r ibed , b . p . 82-82.5°/S 

760 mm* Only t races o f acetone were p resen t , being i d e n t i f i e d and 

es t imated as i t s 2 : 4 - d i n i t r o p h e n y l h y d r a z o n e , m.p.124-125° ( y i e l d 0 .11g . 
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=0.027g. ace tone) . The non-aqueous l a y e r was unchanged methylcyclohexene 

which a f t e r d r y i n g ( c a l c i u m c h l o r i d e ) and d i s t i l l i n g over sodium 

amounted t o 25.Og. and had b . p . l 0 9 - 1 1 0 ° / 7 6 0 r a m . , H 1 ^ * 5 1.4510. 

F r a c t i o n ( i i i ) , a c o l o u r l e s s o i l y l i q u i d , was i d e n t i f i e d as 

d ime thy l -cyc lohexeny l -cyc lohexene . I t was m o l e c u l a r l y homogeneous 

but p robab ly oons i s t ed o f a m i x t u r e o f s t r u c t u r a l isomers. R e d i s t i l l a t i o n 

over sodium i n n i t r o g e n gave a m a i n f r a c t i o n b . p . 7 4 - 7 8 ° / 0 . 5 m m . , n ^ l . 5 U 6 « 

(Found two d i f f e r e n t samples): 0 ,88.35; 88.55; H , 11 .80; 11.65; 

M ( m i c r o - R a s t ) , 2 l 4 ; M(benzene),233; Unsa tu r a t i on value (by c a t a l y t i c 

hydrogena t ion) F2 .OO. ^1^22 r e q u i r e s 0 ,88 .35; H ,11.65; M ,190; p2 . ) . 

Hydrogenat ion of the C I ^ H O P o l e f i n . - The o l e f i n ( l . 3 7 g . ) 

i n absolute a l c o h o l ( 1 5 0 c . c . ) was hydrogenated over p a l l a d i u m - c h a r c o a l 

(200 m g . ) . The hydrogen uptake was 305.0c.c ( N . T . P . ) ; Calc? 3 2 2 . 9 c c . 

( N . T . P . ) A f t e r removal o f the c a t a l y s t and so lven t the r e d u c t a n t , 

d ime thy lcyc lohexy l -cyc lohexane , was d i s t i l l e d over sodium g i v i n g two 

f r a c t i o n s : ( i ) b . p . 6 4 - 6 8 . 0 ° / 0 . 5 n u i . , n 2 ^ 1 .4827, ( ® . 5 ° g . ) (Found: 

0 , 86.7; H , 1 3 . 4 5 . ) ; and ( i i ) b . p . 68.0 /0.5mm., n 2 ^ 1.4831, 

( © . 4 7 g . ) (Found: C, 86.6; H , 13 .5 . Oa lc . f o r C ^ H ^ : C, 86.5; H , 1 3 « 5 # ) . 

B o t h produc ts ( i ) and ( i i ) were o o l o u r l e s s mobi le liquidB s t a b l e 

towards potassium permanganate s o l u t i o n and bromine. 

Bromina t ion o f t h e ^11^-22 ° ^ e f i n * ~ d o m i n a t i o n o f the 

o l e f i n a t 0 ° i n c h l o r o f o r m showed t h a t the t h e o r e t i c a l amount o f 

bromine f o r a d d i t i o n t o two double bonds was consumed. The p r o d u c t , 

however, on removal, of the s o l v e n t r a p i d l y l o s t hydrogen bromide and 

darkeiied. No s o l i d t e t rabramides cou ld be i s o l a t e d . 
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F r a c t i o n ( v ) was a viscous co lour less l i q u i d . On 

r e d i s t i l l a t i o n (4" Vigreux column) over sodium i n nitrogen i t had 

b.p. 144-148° /3jnm. , n 2 ^ 1.5339* Elementary a n a l y s i s , molecular 

weight and unsaturation determinations showed i t to be a t r i m e t h y l -

di-cyclohexenyl-cyclohexene. (probably a mixture of s t r u c t u r a l isomers) 

(Pound: C , 88.75, 88.8; H , 11.25; 11.35; M(benzene). 268 , 280 , 300; 

Unsaturation value ( c a t a l y t i c hydrogenation: f 2 . 8 7 . C^H^grequires 

C , 88.65; H , 11.35; M, 284; fa.)'. 

• F r a c t i o n ( v i ) was an extremely viscous co lour less "semi-glass'.' 

D i s t i l l a t i o n through a 4 inoh Vigreux column over sodium gave a smal l 

forerun b.p. <̂  l 8 6 ° / 0 .lmm. and a m a i n f r a c t i o n b .p . i86-192° /°« lmm» 

The l a t t e r f r a c t i o n analysed to a methylcyclohexene "tetramer". 

(Found: C , 89.0; H, 11.35. C

2 8

H

4 2 requires C , 88.8; H , 1 1 . $ ) . 

( 3 ) A 2 * -oyoloSEHSNYlr- A 2 -oyoloHWXiiJTE.r 

The o l e f i n (b .p . 68"70°/lnini.» l 6 . 2 g . ) and d i - t e r t . - b u t y l 

peroxide ( 7 » 3 ) were heated at 140° for 48 hours i n an evacuated 

sealed tube. The product (23 .0g . ) on f rac t ionat ion gave the fol lowing 

f r a c t i o n s : ( i ) t e r t . - b u t a n o l , b .p . 8 0 - 8 2 . 5 ° / 7 5 1 n r o . , ( 6 . 8 g . , 92# of 

the peroxide); ( i i ) unohanged o l e f i n , b .p . 64 . -67° / °^ , 1mm., n ^ l . 5 0 9 0 , 

( 5 . 8 g . , 35.8j£ of the o r i g i n a l o l e f i n ) . Found: C , 88.45; H , 11 .4 . 

C a l c . for 0 1 2 H 1 8 : C , 88.8; E , 11.2,1); ( i i i ) b .p . 1 8 0 - 1 9 0 ° / l m m . , 

20 

n p l .5468 , ( 3 . 0 g . ) ; ( i v ) residue i n the s t i l l ( 6 . 6 g . ) which se t on 

cool ing to a bright orange r e s i n . 
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F r a c t i o n ( i i i ) was i d e n t i f i e d as a cyolohexene "tetramer", 

bis,-oyclohexenylcyolohexene. (Pound: C , 89.355 H, 10 .8; Iodine 

Value, 289, 292; Unsaturation value ( c a t a l y t i c hydrogention) 

r3.84. C 24 H 34 requires C , 89.36; H , 10.6^5; Iodine Value, 

315.5; f 4 ) . 

The res idue , f r a c t i o n ( v ) , cons is ted mainly of a cyclohexene 

polymer mixture, of an average "octameric" complexity. (Pound: 

Iodine value, 307.3; 3°7.5» M(micro-Rast) , 666. C^Hgg f^B requires 

Iodine va lue , 316, M, 643). 

(B) REACTION with ACYLIC OLEFINS. 

( l ) 1-HEPTENE.- The o l e f i n was prepared by the react ion 
(259) 

of a l l y l brcmide wi th n-butyl magnesium bromide, ( c f , Wilkinson ) . 

The crude o l e f i n had b.p. 90-95°/743mn. I t was c a r e f u l l y refraotionatedi 

over sodium wire , in an atmosphere of p u r i f i e d nitrogen through a 

three foot Widmer column, a middle f r a c t i o n b.p. 9 2 . 0 - 9 3 . 2 ° / 7 4 6 n m . , 

n 2 ^ 1.3999, being co l l ec ted (Pound: G , 85.6; H , 14.8. C-alc. f or 

G7H14: C , 85.6; H , 14.4^). 

A mixture of the o l e f i n (85.Og.) and d i - t e r t . b u t y l 

peroxide ( 3 L 7 g . ) was heated at 140 f o r 24 hours i n nitrogen-

f i l l e d C a r i u s tubes. The product ( l l 6 . ' 0 g . ) , a l i g h t yel low o i l , 
- on f rac t ionat ion gave; ( i ) b .p. 7 5 - 8 6 ° ( 3 2 . 5 g . ) ; - ( i i ) b .p .84 -100° / lnnu , 

1 

n2g 1.4410, (9 .1g.)( Found: G , 84.6; H , 14.35& ( i i i ) residue (64 .5g . ) 

Examination of the f r a c t i o n s . ?• Aqueous extract ion of the 

forerun ( i ) gave t er t . -butano l ( 2 7 . l g . , 85.5$ of the peroxide) 

and recovered o l e f i n (5 .4g . ) which, a f t e r drying over calcium 
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chlor ide and d i s t i l l i n g over 3odium, had b.p. 94*0-96.5 /766mm., 
n 2 ^ 1.4000. 

A port ion of the f r a c t i o n ( i i ) (5 .0g . ) was c a r e f u l l y 

re frac t ionated over sodium through a 6 i n . Vigreux column. I t 

gave the f r a c t i o n s , ( i i ) ( A ) , b .p . 58-70°/0.1mm., 1.H20 ( l . l g . ) 

(Found: G, 85.2; H , 14.35} M(benzene), 196. C a l c . f o r C 1 J f H 2 8 : 

C , 85.6; H , 14.35& M, 196. C a l c . f o r C H ^ s C , 86.5; H , 13.5$; 

M, 194.); ( i i ) (B) b .p . 70-76°/O.Qjnm., n 2 £ 1.4440, (1 .85g . ) (Pound: 

C , 85.8; H , 14.45J M(benzene), 207,208,209); ( i i ) ( C ) , b .p . 76-78° /0 .1mm. 

^ • • 1 . 4 4 3 0 , ( l . 6 5 g . ) (Pound: C , 85.1; H , 14.6; M(benzene'), 211). 

Quanti tat ive c a t a l y t i c hydrogenations of ( i i ) A - ( i i ) ( C ) i n g l a c i a l 

a c e t i c ac id over Adam's c a t a l y s t gave the fol lowing unsaturation 

values* ( i i ) ( A ) , 98 .6c . c .H^g 97.85 c c . H ^ g . ( N . T . P . ) ; ( i i ) ( B ) , 

83 .8c .o . /g . ; ( i i ) ( c ) 93 .7o . c . / g . ( C a l c . f o r a , , H n 0 , ft : 114.3 o . c . / K . ; 

C a l c . f o r 0 3 ^ 2 6 , p2s 2 5 L . 0 c . c . / g . 

The res idue ( i i i ) was a mixture of polymerio hydrocarbons 

of unsaturation value considerably lower than in the parent o l e f i n . 
f 

No attempt was made at any separation or fur ther inves t igat ion of the 

components. (Pound: C , 85.7; H , 14.0; n 2 ° 1.4737; M(benzene) 590, 

C a l c . f o r C, H 0 . , f 1: C , 85.6; H, 14.4& M, 588. C a t a l y t i c 

hydrogenation gave a hydrogen uptake of 3 4 . 7 c c . / g . ( N . T . P . ) C a l c . 

for C ^ H g ^ , pL : 38 .1c .c . /g . , compare heptene, 2 2 8 . 4 c . c . / g . ) . 
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I n f r a - r e d speotroflraphio ana ly s i s of 1-heptene aad 1-heptene 
products. 

The various samples were examined as the pure l i q u i d s i n 

rook s a l t s absorption c e l l s of path length Oi-Lnm. on a H i l g e r double -

beam research instrument run on single-beam photographic recording. 

The Synthetic 1-heptene had very strong bands at 9©9 and 

990cm Se l ec t ive absorption of other c h a r a c t e r i s t i c frequencies 

was absent. (Spectrum i ) . 

The recovered 1-heptene contained, i n addition- t o the 

909 and 990cm""'" bands, an extremely weak band at 965cm""1". 

The dimer-fract ions ( i i ) ( A ) , ( B ) , (C) had spec tra very 

s i m i l a r to one another. I n addit ion to strong absorption at 910 and 

990om~̂ " they displayed a strong band at 965cm""*" and other bands at 1082 and 

-1 0 "1 1198cm • There was a l so a weak band at 887cm * (Spectrum 2, 

F r a c t i o n ( i i ) ( B ) . 

The polymer m i x t u r e . - I n th i s case by f a r the strongest 

absorption occurred at 963cm \ 

( 2 ) k-METHXL- A 3-HEPTBNB.-

Breparation of the o l e f i n . - JHMethylheptan-4-ol was 

prepared by the Grignard reac t ion of methyl-n-propylketone w i t h 

n-propyl magnesium bromide. The carb ino l was obtained as a 

co lour less o i l y l i q u i d , b .p . 7 0 - 7 8 ° / 2 0 - 2 3 m m . , n^° I..4258. Y i e l d : 66 .3$ . ' 
D 

Dehydration of the carb ino l was e f fec ted by r e f l u x i n g 

i t wi th c a . 0.5$ of iodine at 12,JO-150 0 f o r 3«5 hours i n a slow 

stream of nitrogen. The azeotrope, b . p . 8 8 - 1 2 0 ° of o l e f i n and 

water was d i s t i l l e d o f f through a short column, the o l e f i n separated 

and dried over calcium c h l o r i d e . I t was c a r e f u l l y f rac t ionated , 
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over sodium i a a nitrogen atmosphere, through a 14 inch g lass he l i ce s 

packed Fenske column using a r e f l u x head and r e f l u x r a t i o of 5:1* A 

main f r a c t i o n , b.p. I l 6 . 0 - 1 1 7 . 0 ° / 7 3 & n m . » n 2 0 1.2(175 (50# y i e ld# was 
D 

c o l l e c t e d and used. An i n f r a - r e d spectrographic ana ly s i s of the 

o l e f i n (Spectrum 3) indicated that the main type of unsaturation was 

t r i a l k y l (R'CHsC^ R ^ ) , but there was a l so a smal l amount of a s . - d i a l k y l 

(RjP s CH2) present , ind ica t ive of the 4-methyleneheptane isomer. Other 

types of unsaturat tion were d e f i n i t e l y absent. 

Reaction with d i - t e r t . - b u t y l perox ide . - A mixture of the 

o l e f i n ( I 1 2 g . , ° ^ 4 m o l s . ) and the peroxide ( 3 6 . 5 g . , c( 1 mol . ) was 
o 

heated at 140 for 24 hours i n -Carius tubes sealed in an atmosphere 
of nitrogen. The co lour less l i q u i d product (148.0g-j) on f rac t ionat ion 

gave a forerun ( i ) b . p . 8 0 - 1 2 0 ° / 7 4 2 m m . , ( 8 9 . 3 g . ) . The remaining 

product (57»Og. ) when heated on a water bath to S5°/21nan., gave a 

f r a c t i o n ( i i ) b .p. <28 0 /2Lmm., n ^ l . 4 1 8 7 , ( 8 . 9 g . ) and a re s idua l 
D 

l i q u i d ( i i i ) n 2 0 1.462(1, ( 4 7 « 9 g . , 2*2.7$ of o l e f i n ) , which contained 
D 

e n t i r e l y o l e f i n i c hydrocarbon constituents (Founds G, 86.35, 86.1; 

H , 13 .65 , 1 3 . 6 5 ) . A port ion (46.8g. ) of ( i i i ) on f rac t ionat ion under 

nitrogen gave the fol lowing f r a c t i o n s : ( i v ) b.p. < 71° /0 .p5mm. , 

a 2 0 1.4510 (2 .0g. ) j ( v ) b .p .67^0 .01mm.-72° /0 .05mm. , n 2 0 I.4.586 
o D 

(25 .3g . ) and a residue ( v i ) n 2 0 1.4775 (19.Og.) which was not further 
D 

invest igated (Found: C , 86.15; H,- 13.2#e) 

Examination of the f r a c t i o n s . - The forerun ( i ) was extracted 

wi th water (300g. , then 200g.) and gave water soluble const i tuents ( 3 6 . 0 g . ) . 

Treatment of the aqueous extract with aqueous 2:2 l.-dinitrophenylhydra,zine 
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(2N,HCl) gave acetone-2:4-dinitrophenylhydraz6ne (0.32g. = 0.08g. acetone). 

The only other water soluble mater ia l was t er t . -butano l ( ca .36 .Og . , 

corresponding to 97*3$ of the peroxide) . 

The o l e f i n present i n f rac t ions ( i ) and ( i i ) was combined 

and on d i s t i l l a t i o n over sodium under nitrogen gave a f r a c t i o n , b .p . 117.0 

l20.0°/755mm., n 2 0 1.4184. ( c f . constants f o r o r i g i n a l o l e f i n ) . 
D 

The f r a c t i o n ( v ) , a co lour less o i l y l i q u i d , analysed to the 

methylheptene "dimer", hexadeoadiene (Found: G , 86.1j H , 13 .6 , 

M(benzene) 246. ^ ^ y ) requires C , 86.4; H , 13.6$; H , 222). 

Reduction of the C - ^ H ^ Q o l e f i n . - The r e d i s t i l l e d o l e f i n 

( 3 . 1 g . ) was dissolved i n absolute ethanol ( 5 0 c c . ) was hydrogenated over 

pal ladium/charcoal c a t a l y s t ( l . O g i ) at room temperature and pressure . 

The hydrogen uptake (535c.c, at N . T . P . ) corresponded to 85.6$ of 

t h e o r e t i c a l f or C-j^H^g T 2. Af ter removal of the c a t a l y s t and 

solvent dnd d i s t i l l a t i o n of the reductant, hexadecane was obtained 

as a co lour less l i q u i d , b .p . 64-67 /0.1mm., n 1.^1439 ( 2 . 3 g . ) 

Found: C , 84.9; H, 14.95. O a l c . f o r C l 6 H 3 ^ : C , . 84.85; H , 15.15$) . 

The product was stable towards aqueous potassium permanganate over 

a Jong period. 

I n f r a - r e d spectpgraphio ana lys i s of 4-methyl-3-heptene products. 

The samples "were examined as the pure l i q u i d s in"rock 

s a l t absorption c e l l s of path length 0.1mm. on a Hi lger double-beam 

research instrument run on single-beam photographic recording. 

( 1 ) The recovered 4r*neth,yl-5-heotene had a higher r a t i o 

of CH » C-R tft iEi- . iGH s l . C R o l^an- inxt te lor lg inal - Jo leEia , and 
2 2 c 

http://ca.36.Og
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also gave a band at 963cm ^ consistent with a trace of R. GH s CH - R 
which was absent in the o r i g i n a l hydrocarbon. 

( 2 ) The methylheptene " dimer " (Spectrum 4 ) . I n the dimer 

the r a t i o of d i g = 0 - to R. CH = w a s a k ° u t *ke s a m e a s *-n 

the o r i g i n a l o l e f i n . A strong new band appeared at 975 om. ^ and 

there was broadening of the 1640 cm.~^ double-bond absorption band. 

Thi s has been at tr ibuted to the presence of a new form of unsaturation, 

R y C„ CH - CH - R not present i n the o r i g i n a l o l e f i n . 

(3 ) Hexadeoanej methyl heotene dimer reductant. The 

unsaturation absorption i n the I65O cm. ~^ region and the strong 

bands at 847 cm. ^ and 975 cm."^, assigned to Rg. G = CH - R and 

R. CH =. CH - R r e s p e c t i v e l y , were a l l absent. 

made i n which ( a ) raw "smooth smoked sheet" rubber and (b) acetone-

extracted smoked sheet were reacted wi th varying amounts of peroxide 

i n the absence of oxygen f o r 6 hours at 1 4 0 ° . The general experimental 

technique was as fol lows: S t r i p s of the rubber ( c a . 4 x 0.5 x 0.1 inches) 

of known weight were l e f t i n contact wi th the appropriate amounts of 

peroxide : i n tubes sealed i n an atmosphere of p u r i f i e d nitrogen. Af ter 

24-48 hours contact i t was assumed that even d i s t r i b u t i o n of the 

peroxide i n the rubber had been at ta ined. The samples were quick ly 

weighed and, while cooled i n l i q u i d a i r to prevent l o s s of peroxide, 

were sealed in Car ius tubes in a nitrogen atmosphere of c a . 0.05 mm. and 

heated at 1 4 0 ° f o r 6 hours. I n the case of the acetone-extracted samples 

the rubber was extracted f o r 24 hours i n a nitrogen atmosphere, both 
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be foreand a f t e r r e a c t i o n , and were then dried for 3-5 days at 10~^mm. 

Mechanical propert ies and the equi l ibrium swel l ing constant 

(Qm) i n benzene of a l l the samples were measured immediately a f t e r 

r e a c t i o n . The l a t t e r measurement enabled an estimate of the average 

molecular weight between junct ion points (Mo) i n the cros s - l inked rubber 

molecules to be made ( v i d . p . 80 } . 

Determination of Qm. P ieces (oa» 0 .5-1 .0 g . ) of the various 

rubbers , of known dens i ty , were l e f t in contact with an excess of 

benzene i n a thermostat at 2 5 . 0 ° , A f t e r 5.-7 days, equi l ibr ium 

swe l l ing had been at ta ined. The :samples were quickly surface dr ied 

and weighed. The weight and thus the volume of benzene imbibed by 

uni t volume of rubber (Qm) was r e a d i l y ca l cu la ted . A l l the above data 

are given i n Tables (6 ) and (7)» 

Chemistry of the react ion; 

Experiment ( l ) . - A sample of acetone-extracted "smooth 

-5 

smoked sheet" rubber was dr ied for 4 days at 10 mm. and then 

immediately analysed (Pound: C , , 8 6 . 3 ; H , 11.45; C / H , 7.54:1; 

0 , O.98, O.965; ash , 0.25$). T h i s sample was reacted with 51.5^ 

of d i - t e r t . - b u t y l peroxide for 6 hours at 1 4 0 ° . A l i q u i d which separated 

from the product a f t e r reac t ion was shown to be mainly t e r t . - b u t a n o l , tr>:-:.-

together with some acetone but no peroxide. The rubber product ( a 

hard b r i t t l e s o l i d having no rubber- l ike p r o p e r t i e s ) , was acetone-

extracted and dried f o r 7-9 days at lO'^nrn. (Pound: C , 87 .3 , 86.6; 

H , 1 1 . 3 , 11.55; C / H , 7 .725-7.50:1; 0, 1 .32, 1.32; ash, 0 .95^). 
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Exoeriment ( 2 ) . - A sample of rubber (17.0 g . ) as in 

experiment ( l ) was allowed to imbibe d i - t e r t . - b u t y l peroxide 

( 8 . 2 g . , 48.2fS w.w. of rubber) i n an atmosphere of p u r i f i e d nitrogen 

over a period of two weeks. The rubber/peroxide mixture was then 

heated in the absence of oxygen at 140 for 6 hours. The l i q u i d 

product (5 .8 g . ) which separated out a f t e r react ion was pumped o f f 

at 1 mm. pressure and co l l ec ted i n a l i q u i d a i r t rap . I t was a 

co lour l e s s l i q u i d bo i l ing e n t i r e l y over the range 56-8O 0 and was 

shown to c o n s i s t of a mixture of acetone and t e r t . - b u t a n o l . The 

acetone (36.6;? of o r i g i n a l peroxide) was estimated and i d e n t i f i e d 

0 o 

as i t s 2:4-dinitrophenylhydrazone, m.p. 124-125 , mixed m.p. 125 • 

the Bert . -butanol (41.1$ of o r i g i n a l peroxide) was ident i fed as i t s 

phenyl urethane, m.p. and mixed m.p. I36 . No unchanged peroxide was found. 

REACTION OF DIHYDROASCARIDOLE WITH OLEFINS. 

Ascaridole was f r e s h l y d i s t i l l e d before use, the 

f r a c t i o n b.p. 6 6 - 6 7 ° / l m m . , n 1 ^ 1.4752, being used. (Found: 
D 

C , 71.7J H , 9 .6 . C a l c . f o r G^i^O^ G, 71.41; H , 9 .6$) . 

Quantitative hydrogenation of A s c a r i d o l e . - The peroxide 

(30.38 mg.) was hydrogenated i n absolute ethanol (10.0 c . c . ) over 

p l a t i n i c oxide c a t a l y s t (10 mg.) A t o t a l of 8.01 c . c . ( N . T . P . ) , of 

hydrogen was absorbed representing 98.8;J of the t h e o r e t i c a l of 

complete reduction to c i s - l : 4 - t e r p i n . The rate- of hydrogenation 

( F i g . 4) shows that 1 molecule of hydrogen per molecule of peroxide 

i s absorbed rap id ly (qa.. 5 minutes) and a second molecule i s absorbed 
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more slowly taking a t o t a l of 18 hours for complete, reduction. 

Preparat ion of Dihydroascar ido le . - ( c f . P a g e t ^ " ^ ) . 

Asoaridole (60g.) i n absolute alcohol ( l O O c . c . ) was reduced 

over p l a t i n i c oxide c a t a l y s t ( 0 . 5 g . ) at roam temperature and 

pressure . Hydrogenation was stopped when approximately 1 molecule 

of hydrogen per molecule of peroxide had been absorbed. Pound: 8 .7E. 

at 18 and 752 mm. C a l c . f o r 1 mol. H 2 : 8 . 6 2 t . The c a t a l y s t and solvent 

were removed and on d i s t i l l a t i o n of the product (58.0 g . ) , dihydro-

ascaridole was obtained as a l i g h t green o i l y l i q u i d * b.p. 58-60° / lmm. 

( 4 l . 2 g . ) . I t was p u r i f i e d by c r y s t a l l i s a t i o n from an equal volume of 

l i g h t petroleum (b.p.40-60 cooled in an i c e - s a l t mixture; the 

process was extremely wasteful owing to the ready s o l u b i l i t y of the 

peroxide i n the solvent and i t s low melting point . Dihydroasoaridole 

o 15 

separated i n large co lour less prisms, m.p.19-20 , n 1.4690, (17.Og.) 

( P a g e t / 1 9 ° ^ g i v e s m.p. 1 9 . 5 ° ) (Pound: C , 7 © . 3 ; H , IO.65; Iodine 

Value , 0. C a l c . f o r c

1 0

H i 8 ° 2 : °» 7 0 , 6 » H » 1°»7°» Iodine Value , 0 . ) . 

The residue in the s t i l l ( 17 .8g . ) was a brown viscous gum 

cons i s t ing of unchanged ascar ido le and c i s - l : 4 - t e r p i n . On t r i t u r a t i o n 

with a l i t t l e benzene and c r y s t a l l i s a t i o n from the same solvent , 
o 

c i s - l : 4 - t e r p i n was obtained i n co lour less p la t e s , 'm .p . 117 . 

( A ) . oycloHEKENE.-

A mixture of dihydroascaridole (8 .2g . ) and cyclohexene 

( 4 5 « 0 g . ; was heated i n a nitrogen f i l l e d sealed tube at 140 f o r 

18 hours. There was no pressure increase on opening the tube. 
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The product (53 .2g . ) on f r a c t i o n a t i o n gave cyclohexene"; b.p. 8 3 - 8 4 ° , 
and on removal of the l a s t t races of- o l e f i n on the water pump, 
dihydroasoaridole ( 8 . 2 g . , lOOja) was recovered completely unchanged. 
A l l p h y s i c a l constants were in agreement v/ith those of the o r i g i n a l 
peroxide. B . p . 58-60 O / lmm., n 1 ^ 1.4690, m . p . l 8 - 1 9 ° (Found: C , 70.85; 
H , 10 .6 . C a l c . for C 1 0 H 1 8 0 2 : C , 70.6; H / 1 0 . 7 0 ) . 

C a t a l y t i c hydrogentation of the product in ethanol and 

over palladium-charcoal gave c i s - l : 4 - t e r p i n in 96$ y i e l d . Colourless 

p l a t e s from benzene, m.p. 1 1 7 ° , ( l i t e r a t u r e gives m . p . H 7 ° ) . 

(Found: C , 70.2; H, 11.9. C a l c . for C 1 C ) H 2 0 0 2 : C , 69.7; H, 11.7,3). 

PYROLYTIC DECOMPOSITION OF DIHYDROASCARIDOLE. 

Dihydroascaridole (10.Og.) was heated under an e f f i c i e n t 

r e f l u x at an o i l bath.temperature of 240° for 6 hours. The l i q u i d 

re f luxed gently and no explosive decomposition occurred. The 

product weighed 8.50g, , showing a l o s s i n weight (presumably by 

gaseous evolution) of 1.50g. On f r a c t i o n a l d i s t i l l a t i o n i t gave 
o , 

the f r a c t i o n s ; ( i ) b.p. 79-82 /9mm., ( 3 - l g . ) ; ( i i ) unchanged 

peroxide, b .p. 1 0 4 - 1 0 6 ° / l 0 m m . , ( l . 4 g . ) ; ( i i i ) a dark brown viscous 

polymeric residue (eg. 4 .0g. ) which was not further invest igated. 

F r a c t i o n ( i ) was i d e n t i f i e d as the J,:4-diketone, 
. 20. 

2-methylheptandione-3:6. (Found: C , 67.7; H , 9.85; n ^1.4322. 
C a l c . for C H 0 : C , 67.55; H, 9 .9$) . (Semraler^ 2 2 4 ; gives b .p . . 82 -86° / l 0m 
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.<7) - - - - ° lijj 1.433.' Von Auwers and H in ter seber* ' give b .p . 90-91 / l 6 mm., 

20 
r £ u 1 . 4 3 3 0 . 

D 

Refluxing the ketone wi th hydroxylamine hydrochloride and sodium 

acetate i n aqueous ethanol for 5 hours, gave the dioxime which 
o 

separated from acetone in co lour less rectangular prisms, m.p. 137 

(Wallach and Meister^ 2 2 * 8 ' ' ; Ciamician and S i l b e r ^ ) both record 

m.p. 1 3 7 ° ) . (Pound: C , 55.95; H , 9-5; N , 16.25. C a l c . f o r 

C 8 H 1 6 ° 2 W 2 J C * 55.8; H , 9.35; N, 16.355). The semicarbaside der ivat ive 

(1-ureido-2-methyl-5- iso-propyl pyrole) separated from absolute ethanol ( i n 

which i t was d i f f i c u l t l y soluble ) i n co lour less m i c r o - c r y s t a l s , m.p.199-2 0 0 ° . (Henry and P a g e t V J L " / and C.iamician and S i l b e a r ^ 5 ^ record m.p. 2 0 1 ° ) . (122) fi-iom'ininn onrl Si1tafiT»(50) 

REACTION of ter t . -BUTYL HYDROPEROXIDE with OLEFINS. 

t e r t . - B u t y l hydroperoxide was prepared according to the 
(175) 

method of Mi las and Surgenor . The f i n a l product, a f t e r drying 

over magnesium perohlorate , had b.p. 3 7 . 5 - 3 8 . 0 ° / 2 0 m m . , n*^ l.J.|004, 
25 ' (17 5) 

a D 1 . 3 9 8 0 . (Mi las and Surgenor^ } give t i 2 ° 1 . 4 0 1 3 , Mi las and 

P e r r y ^ 1 7 ^ give b .p . 33-347l7mm., n ^ l . 3 9 8 3 ) . 

( l ) REACTION with cyoloBBXENE.- A mixture of cyclohexene 

(328g. , 4 mol . ) and t e r t . r b u t y l hydroperoxide (60g . , 0.66 mol.) 

was heated at 1 4 0 ° ( - 1 ° ) for 24 hours i n n i t r o g e n - f i l l e d C a r i u s 

tubes. The product (386.2g.) separated into two l a y e r s , the 

upper l a y e r which predominated being l i g h t yel low i n colour, and 

the lower l a y e r being oolourless and cons i s t ing mainly of water. 
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Frac t iona t ion of the product in nitrogen gave a forerun ( i ) b .p . 
66.0 - 82.5°/750ram., (257 .2g . ) . The residue ( l 2 6 . 4 g . ) on evacuation 

on the water pump at room temperature gave cyclohexene ( i i ) 

20 
S. I .446O, (47*0g.} which was co l l e c t ed in a l i q u i d a i r trap . The 

D 

residue ( i i i ) was a l i g h t yellow oxygenated mater ia l amounting to 

78.4g. (Found: G , 81.25; H , 1 1 . 0 5 ; 0(by d i f f e r e n c e ) , 7 .7; OH, 6 .75 , 

6 .85, 6.95; 0 (as OH) 6.35-6.54$) . A port ion (74 .6g . ) of ( i i i ) on 

f rac t ionat ion i n nitrogen through a 7" Vigreux column gave the following" 

main f r a c t i o n s : ( i v ) b.p. ( smal l amount ) 53 ** (mainly) 62.0 - 62.5 / 
20 o 

10mm., n 1.4740, ( 2 2 . 1 g . 2 3 . 2 g . ) ; ( v ) b .p .62 .5 / lOmm.7-63° /0 .6mm. , 

n 2 ° 1.4798, ( 4 . 8 g . , .5^p5g.); ( v i ) b .p. 6 3 - 6 8 ° / 0 . 6 - 0 . 7 m m . , n^l .SOOO, 

( 2 8 . l g . , 29.5g.) ( v i i ) a re s idua l . v i s cous yellow l i q u i d , ( 1 5 . 9 . , 

16 .7g . ) . (The weights underlined correspond to 78.4g. of ( i i i ) ) A 

portion of f r a c t i o n ( v i i ) ( I 4 . 8 g . ) was t rans ferred to a smal ler s t i l l 

o 20 k 

and on d i s t i l l a t i o n gave: ( v i i i ) b.p. 72-106 /1mm., n I.5O8O, 

( 0 . 6 g . , 0 . 68g . ) ; ( i x ) b .p . 1 0 6 - 1 3 2 ° / k n m . , 1.5210, ( 5 . 8 g . , 6 .55fl . ) ; 

( x ) b.p. 132-142° / lmm.» 1.5319, ( 2 . 4 g . , 2 .7g . ) ; ( x i ) a r e s i d u a l 

viscous orange l i q u i d , u h d i s t i l l a b l e at a bath temperature of 

o 20 
200 / lmm., n 1.5455, ( 4 . 5 g . » 5 . 1 g . ) . (The weights underlined 

D 

correspond to l 6 . 7 g . of ( v i i ) . 

Examination of the f r a c t i o n s . - The f r a c t i o n ( i ) consisted 

of a mixture of cyclohexene, t e r t . - b u t a n o l , water and a trace of 

acetone. I n one experiment the t o t a l water soluble mater ia l was estimated 

by ex trac t ion wi th water (3 x 400g.) y i e l d i n g water soluble compounds 

( 5 0 . l g . ) I n a second experiment an approximate estimation of the 
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water present was made by shaking the bulk f r a c t i o n with anhydrous 

potassium carbonate ( 3 ° . 0 g . ) The l a t t e r when separated increased 

i n weight to 33«4g. indicat ing the presence of 3«4g. of water. I n 

a t h i r d experiment the t o t a l aqueous extract was treated with exoess 

dinitrophenylhydrazine so lut ion giving acetone-2:4-dinitrophenyl-

hydrazone, . (0.21g. =. 0 .05g. acetone) . I n a fourth experiment the 

t o t a l aqueous extract was d i s t i l l e d g iv ing a t e r t . - butanol/water 

azeotrope, b.p. 79-81°/748mm. which a f t e r drying (potassium hydroxide) 

and d i s t i l l a t i o n over sodium gave t e r t . - b u t a n o l , b.p. 8 0 - 8 2 . 5 ° > 

(Pound: C , 64.6; H , 13.75. C a l c . f o r C ^ Q O : C , 6 4 . 8 0 ; H , 13.60/5). 

I t was fur ther i d e n t i f i e d by i t s phenyl urethane, m.p. and mixed m.p. 

o ° 

with an authentic specimen I36 (Found: C , 68.6; H , 8 .1; N , 7?4» 

C a l c . f or C U H 1 5 0 ^ I : C , 68.4; H , 7.8; N , 7.25$). 

The above r e s u l t s indicate the presence of t e r t . - b u t a n o l 

( c a . 46.7g. =• 94.8$ of the hydroperoxide), water (3>4g.) and acetone 

( 0 . 0 5 g . ) . 
The oyclohexene present i n f r a c t i o n s ( i ) and ( i i ) was 

combined, and a f t e r drying (calcium ch lor ide ) and d i s t i l l a t i o n over 
o 20 

sodium i n nitrogen had b.p. 82.5°/75j(nm., n I .4461 . ( c f . constants 

for o r i g i n a l o l e f i n ) . 

The f r a c t i o n ( i v ) was a co lour les s o i l y l i q u i d , having 

a penetrating smel l . I t was shown to cons i s t of c y c l o h e x e n - 3 - o l » 

wi th a smaller amount of the corresponding ketone, cyclohexen-3-one. 

There was also present a l i t t l e o l e f i n i c mater ia l (probably c y c l o -

hexenyl-oyclohexene), which repeated re f rac t iona t ion could not 

remove. (Found: C , 74.6; H , 10.65; O H , 13 .0 . C a l c . f or GE O : C , 73.4; 
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H , 10 .3 i OH 17.3552. C a l c . f o r C 6 H 8 0 : C , 75.0j H , 8 . 4 0 ^ ) . 

The cyc lo-hexen-3-o l - was character i sed by i t s cC-naphthyl 

urethane der ivat ive which c r y s t a l l i s e d from absolute ethanol i n 
0 

long colourless needles, m.p. and mixed m.p. 156 ( l i t e r a t u r e gives 

1 5 6 ° ) (Pound: C , 76.05; H, 6.35; N, 5 .15, 5.20. C a l c . for 

C 1 7 H 1 7 ° 2 N : °» 76.40; H , 6.4; W, 5 .25$) . Treatment of a l i t t l e 

of the f rac t ion wi th 3:5-dinitrobenzoyl-chloride i n benzene gave 

c.vclohexen-3-ol-3:5-dinitrobenzoate, which c r y s t a l l i s e d as co lour less 

needles from l i g h t petroleum ( b . p . 6 0 - 8 0 ° ) m.p. 1 1 3 - 1 1 4 ° (Found: 

C , 53.0; H , 3.95; N, 9 .6 , 9.9. c

1 3 t i

1 2 ° 6 N 2 r e Z u i T e s °» 53.5; 

H , 4 .1; N , 9 .6$) . 

The cyclohexen-3-one was character i sed by i t s 2 : 4 - d i n i t r o -

phenylhydrazone, obtained as deep red-orange needles from l i g h t 

petroleum (b .p . 1 0 0 - 1 2 0 ° ) m.p. l62-3°(Found: C , 52.2; H', 4.45; N , 20.5. 

C a l c . f o r G

1 f l l z

0 l P k ' ' G» 5 2 , 2 j H» t*'1** N » 2 0 * 3 ^ ) » F ° r purposes of 

comparison cyolohexen-3-one was prepared by the oxidative hydrolys is 
( 5 7 ) 

of 3-bromo-cyolohexene ( v i d . Courtot and P i e r r o n * 5 ' ' ) • i t was 
0 19 

obtained as a co lour less l i q u i d b;p. 53.5 - 54.5./iOmm., n I . 4 8 9 0 , 

containing a small amount of brominated mater ia l as impurity 

(Found: C , 74.2; H , 8.45. C a l c . f or CgHgO : c, 75.0; H , 8.i$). . 

I t gave a 2:4-dinitrophenylhydrazone, which c r y s t a l l i s e d from 
/• o 

alcohol as deep red-orange needles, m.p. I63 and mixed m.p. 
w i t h specimen above I 6 2 - I 6 3 0 (Found: C , 52.0; H , 4 .25; N, 20.3$). 

(17) ' 0 661) 
B a r t l e t t and Woods give m.p. I63 ; Marvel and Walton give 

m.p. l 6 5 - l 6 6 ° ( f r a m ethanol ) , m.p. I 6 7 . 5 - 168° (from ethyl a c e t a t e ) . 
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A quanti tat ive estimation by the method of I d d l e s , Low, Rosen 
(134) 

and Hart of the ketonic content of f r a c t i o n ( i v ) indicated 

the presence of 13.35,= of oyolohexe n-5-one. 

An u l t r a - v i o l e t spectrographs a n a l y s i s of f r a c t i o n ( i v ) 

showed an absorption maximum at 2250$, compatible wi th the presence 

of an o(-^3 -unsaturated ketone (as in •cyclohexen-3-one). Pound: 

£ 2250 = 1350; assuming £ = 10,000 for pure c.yolohexen-3-otie 

( c f . Cooke and Woodward^ 2^'* B i r c h ^ , t h i s would indicate 

oa. 10-13$ of t h i s ketone. ' 

C a t a l y t i c reduction of a portion of ( i v ) wi th pal ladium/ 

charcoal i n absolute ethanol gave a re duct ant which on treatment wi th 

2s4-dinitrophenylhydrazine gave c.yclohexanone-2s 4-dinitrophen.vlhydrazone, 
Q 

as orange-yellow p l a t e s from ethanol, m.p. and mixed m.p, 156-158 

(Pound: 0 , 52.15; H , 5 .2 . C a l c . for ° 1 2

H

1 2 f

0 ^ : C , 51.8; H , 5.0570. 

The above analyses indicate that in f r a c t i o n ( i v ) the 

percentage of oxygen as -OH - 12.23 and as*C = 0 = 2.23 giving a 

t o t a l oxygen oontent (as -OH + C =, 0 ) = 14.46/2. This compares 

w e l l w i th the oxygen content of 14.75/^ obtained (by d i f f erence ) 

by elementary ana lys i s and indicates that other types of oxygenated 

groups must be absent. 

The f r a c t i o n (viQ was a co lour less o i l y l i q u i d which 

on cooling deposited a co lour less c r y s t a l l i n e s o l i d ; in some 

cases s o l i d c r y s t a l l i s e d out during the l a t e r stages of d i s t i l l a t i o n 

of the f r a c t i o n . The l a t t e r ( l . 2 5 g . ) was f i l t e r e d of f and washed 

with a l i t t l e l i g h t petroleum (b .p . 4 0 - 6 0 ° ) i n which i t was 

completely insoluble . On c r y s t a l l i s a t i o n from ether, t r ^ - o j r c l o h e x a n - 1 : 
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diol was obtained i n colourless plates, m.p. 102-104 ( l i tera ture 
records m.p. 104°) Found: C, 62.25; H, 10.4. Calc. for 

C 6 H 1 2 ° 2 S C ' 6 2 ' 0 5 ' * H » 

The l i qu id product consisted of cyolohexenyl-cyolohexene, 

contaminated with a l i t t l e oxygenated material (Found: C, 87.85; 

H, 11.3$). Various methods were attempted to remove the l a t t e r 

including the following: 

(a) Repeated d i s t i l l a t i o n of the o le f in over sodium did 

not prove effect ive. 

(b) The o l e f in , dissolved in l i g h t petroleum (b.p. 60-80°), 

was passed through a column of activated alumina. The solution 

which passed through was freed from solvent; d i s t i l l a t i o n of 

the residue over sodium gave the almost pure* o l e f in , b.p. 6s=71 /lmm., 
16 

J i D 1.5099 (Found C, 88.65, 88.25; H, 11.6, 11.3; M (micro-Rast) 

159, 160. Calc. f o r C H : 0, 88.8; H, 11.2,1; M, 162). The 
X2 lo 

l i g h t buff band adsorbed on the column was eluted with absolute 

ethanol. . Removal of the solvent and crystal l isat ion of the 

product from ether gave trans-qyclohexan-l: 2s-ir-cliolJ m.p. 104° 

(Found: C, 62.4; H, 10.15* Oalc. f o r ° £ i

1 ^ )

2 : C, 62.05; M, 10 . i$} . 

(c) The o l e f i n was shaken repeatedly with small quantities 

of water. The organic layer was taken up in a l i t t l e ether, dried 

over calcium chloride and the ether removed. The residue on 

d i s t i l l a t i o n over sodium in an atmosphere of nitrogen had b.p. 61-62°/ 

0.5 mm., n 2 0 I.5082 (Found: C, 88.J; H, 1 1 . $ ) . 



-148-

Quantitative catalytic hydrogenation of the o le f in 
gave a value of 1.92 double bonds per molecule (Calc. for G ^ ^ g 5 f^)« 

Bromination of the o l e f i n . - A solution of the o le f in 

( l .Og.) in chloroform (25 c.c.) was braminated at 0° wi th bromine (2.0g.) 

i n chloroform (20 c , c , ) . After completion, the solvent and sl ight excess 

of bromine were removed, leaving a colourless crystall ine solid (2.85 g«) 

Fractional crystal l isat ion of this from chloroform gave two stereoisomeric 

tetrabromides, (a) the major portion, colourless prismatic plates m.p. 

159-160° (Found: 0, 30.15; H, 3.75. Calc. fo r O^i^r^t 0, 29.9] 

H, 3.75$), and (b) in small amount, large colourless prisms, m.p. 

189-191° (Pound: C, 29.6j H, 3»85#). These two tetrabromides 

were identical with those obtained from synthetic ' -cyclohexenyl-

^ -cyolohexene (v id . p .US) . 
i 

The f rac t ion ( i x j . a colourless viscous l i q u i d , was 

highly oxygenated (Pound: C, 81.6j H, 10.3$). A portion (2.7g.) 

on. re fractionation through a 4 inch Vigreux column gave the following 
20 

fractions: (a) b.p. <87.5 /0.05mm., n .1.5U0, (0.4g.) ; (b) b.p. 87.5 -

90°0/0.04mm., n 2 0 1.5160, ( l .Og . ) ; (c) b.p. 90.0 - 105°/0»04 mm., 

— 1*5253, ( l .Og.) The fract ion (b) contained, on the basis of 

analytical data, ca. 81$ of cyolohexenyl-c.volohexenol c 12^18^ a n d 

qa-. 11$ of cyolohexenyl-oyclohexenone (Found: C, 79.9; H, 10.25; 
QH' 7 , 6 j \ax 2 2 S ' max* 1 4 0 0 * °12 H18° r e c ^ i j c e 8 °> ^ ' ^ i 

H, 10.2; OH, 9.55^). A similar sample, b.p. 110-l26°/i™n. > 

S?"7 1.5160 gave C, 80.75; H, 10.05; T l . 7 . Fraction (o) was a 

mixture of the alcohol and ketone with a l i t t l e higher boi l ing o lef in 
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(Found: C, 81.6; H, 10.35$). Owing to the small amounts of the alcohol/ 

ketone mixture isolated no structural investigation was possible. 

The f ract ion (x), a colourless o i l y l i q u i d , was shown to be maiaty 

dicyclohexenyl-cyc 1 ohexetie with a l i t t l e oxygenated material as impurity. 

On r e d i s t i l l a t i o n over sodium a main f rac t ion was obtained, b.p. 

108=llG°/0.5mm., n 2 0 1.5328 (Pound: C, 88.0; H, 10,85. Calc. for 
D 

C l 8 H 2 6 l C ' 8 9 , 2 ' ' H ' 1 0 ' ^ ) « 

The residue ( x i ) consisted of a mixture of high boil ing 

alcohols and olefins (Found; C, 85*lj H, 10.5). No attempt was made 

to separate the constituents of th is mixture. 

Reaction of t e r t . -Buty l Hydroperoxide with cyoloHexanol 

cyoloHexanol (b.p. 64°/l7 mm., 10g.otl mol.) and t e r t . T . 1 

butyl hydroperoxide (9»0g. <\ 1 mol.} were heated under ref lux at 

130° fo r 24 hours. The product on fractionation gave (1) t e r t . -

butanol, b.p. 80-83°/747 mm., (5»5g.» lh*"5% of peroxide), ( i i ) a 

f rac t ion b.p. 140-156°/747 mm. (9.8 g.) and ( i i i ) a residue (2.0. g . } , 

containing a small amount of adipic acid which after crystal l isat ion 

from ether had m.p. 147-148.5 ( l i tera ture give m.p. 151°). Fraction 

( i i ) contained 19$ of cyclohexanone whî ch^was estimated and ident i f ied 

as i t s 2:4-dinitrophenylhydrazonej m.p. 157-158°, mixed nup. with 

authentic specimen 157-158° (Pound: C, 52.0; H, 5.35. Calc. for 

C 12 H 14°4 N 4 1 G * 5 1 , 8 ; ' H * 5 ' 0 5 ^ ' 

Reaction of te r t . -Butyl Hydroperoxide with cycloHexen-3-ol.-

The cyclohexenol was treated with saturated sodium 

bisulphite solution to remove any ketonic material. I t had 
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b.p. l62-l65°/752 mn., <X -naphthyl urethane m.p. 156°(Found: C, 76.4; 
H, 6.7; N, 5.3. Calo. fo r C ^ O ^ N ; c , 76.4; H, 6.4; N, 5.25#). 

The alcohol (4.0g.) and hydroperoxide (9.0g.) were 

o o 

heated under re f lux at 130 for 24 hours. The product on f rac t ion­

ation gave ( i ) t e r t . - butanol (3»3g.» 44.6$ peroxide), ( i i ) unchanged 

peroxide (3-6g.), ( i i i ) a f rac t ion b.p. 150-163°(3-55g.) and ( i v ) a 
1 

dark brown o i l y residue which contained unidentified acidic material. 

Fraction ( i i i ) contained ca.18.2$ of c.yolohexen-3-one estimated and 

ident i f ied as i t s 2:4-dinitrophenylhydrazone, m.p. and mixed m.p. 

158-160° (Pound: G, 52.3; H, 4.5. Calc. for ° 1 ^ L 2 ° i N ^ : C, 52.2; 

H, 4.4^). 

(2) REACTION WITH l^fflTHYLcycloHEXSNE. - A mixture of 

l-jaethyloyolohexfeite (144g. > 1*5 uiol.) and t e r t . -bu ty l hydroperoxide 

(45g. 1 0.5 mol) was reacted at 140° for 24 hours in ni t rogen-f i l led 

Carius tubes. The product ( l&7.2g.) , a l i gh t yellow l i q u i d , gave 

on fractionation the following fractions: ( i ) b.p. 78-ll2°/735mm.., 

(104.7g.) containing a snail aqueous layer; ( i i ) a f ract ion collected 

i n a l i q u i d air trap at 13 mm., (7.0g.); ( i i i ) b.p.<53°/l3mm.» 

H 2°1.4520, (20.5g.), ( i v ) b.p. 53-77° (mainly 67-77°)/l3mm.,(l4.2g.); 

(v) a yellow viscous residue which was not. investigated further. 

Extraction of f ract ion ( i ) wi th water (250g.i-lOOg.) 

gave an aqueous extract (37.1g.) consisting mainly of tert.-butanol 

together with smaller amounts of water and traces of acetone. 

The non-aqueous portion of fract ion ( i ) and fractions ( i i ) and ( i i i ) 

consisted of unchanged o l e f i n . They were combined, dried (CaCl ) 
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and on d i s t i l l a t i o n over sodium under nitrogen gave a main fract ion 

b.p. 107-108°, n ^ l . ^ O l , (73.6g.) 
D 

Fraction ( i v ) . - This was a colourless o i l y l i qu id containing 

a mixture of methylcyolohexenols and meth.ylcyclohexenones (Found: 

C, 76.1; H, 10.55. Gale, fo r C y f t ^ C , 74.95i' H, 10.7/<). Ultra­

v io le t spectrograph^ analysis gave a selective absorption band at 

2310S., 6 1 ^ » 1200, consistent wi th the presence of "V0.2S& of 

conjugated methylc^lohexenenes. 
Treatment of a portion (0.5g.) of this f rac t ion with 

2:4-dinitrophenylhydrazine i n absolute ethanol gave a mixture of deep 

red dinitrophenylhydrazones (0.25g.). The l a t t e r (0.025g.) dissolved 

in l i g h t petroleum (b.p. 40-60°) (150c.c.) was chromatographed aa a 

column of alumina (30g., 600 x 9 wtii ) and the chromatograra was 

developed with the same solvent (350 c . c ) . Two dis t inct bands were 
2 

formed, the upper band (35 mm.) consisted of 3-methyl- A, -cyclohexenone 
o 

dinitrophenylhydrazone, m.p. 168-170 (k, k mg.) and the lower band 

(55mm.) contained 2-methyl-A -iiyclohexenone dinitrophenylhydrazone, 

m.p. 198-200°, mixed m.p. 199-201° (9.7mg.). 

Oxidation of Fraction ( i v ) . - To a portion (6.0g.) of ( i v ) 

in glacial acetic acid (10 c.c .) there was added with cooling a 

solution of chromic acid (CrOj, 4.0g.) i n 75/° aqueous acetic acid (lOc.c. 

The oxidation was completed by warming the mixture on the water bath 

for half an hour. The ketone portion was extracted wi th ether 

(200 c .c . ) and the etherial layer neutralised (sat. Na^SOj a q . ) and then 

dried (CaC^). After removal of the solvent the product was 

d i s t i l l e d giving a f ract ion ( i ) b.p. 62-70°/l3 mm., n 2 ^ 1.4672, (2.2g.) 
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and a higher boiling residue ( i i ) ( l . 2 g . ) . 

The ketone content of f rac t ion ( i ) was estimated- by 

precipitation of i t s dinitrophenylhydrazone as ca. 64>S.Chromatagraphic 

separation of the mixed dinitrophenylhydrazone (30mg.) as described 
2 

above gave the dinitrophenylhydrazones of 2-methyl- A -c.yolohexenone 
2 

(12.1 mg.) and 3-methyl- /\ -cyclohexenone (5»0mg.). 

» * 

REACTION of Dl-tert.-BUTYL PEROXIDE with 

SATURATED HYDROCARBONS'. 

( I ) cycloHEXANE.- The peroxide (24.3g.> <* 1 mol.) and 

speetroscopically pure cyclohexane (84g. 6 mols. n ^ 1.4262) 
~ D 

were heated together in Carius tubes at 140° for 24 hours. The 

reaction product (107.9g.), a l i g h t yellow l i q u i d , on d i s t i l l a t i o n 

gave a forerun, b.p. 70-91°/766mm.; (9.2.5g.) shown by aqueous 

extraction and treatment of the aqueous extract with 2:4-dinitro-

phenylhydrazine soln (2N.HD1) to contain t e r t . - butanol (22.8g., 

92.45/2 off peroxide), acetone (0.085 g«)» and unchanged cyclohexane, 

which after drying (calcium chloride) was recovered v i r t ua l l y 
20 ' = 

unchanged (qa. 69g., n 1.4261). 
D -

. The residual product (13.6g., lS.2% of hydrocarbon) -t 

a viscous yellow l i q u i d , on fractionation through a 6 i n . ^igreux 

column under reduced pressure gave, ( i ) b.p. l̂OoVllmm., n^ l .4711 , 

(0.34g.)j ( i i ) b.p. 100.0 - 102.3°Almm., n 2 0 1.4784, (3.08g.); 
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( i i i ) b.p.<124°/0.1mm., n 2 ^ 1.4825, (0.57g.)j ( i v ) b.p. 124 - 134°/ 

0.1mm., n2^1.5035» (0«57g.); (v) ah orange polymeric residue (7.1g.) , 
D 

v/hich on cooling set to a b r i t t l e solid glass. 

The fract ion ( i i ) consisted mainly of dicyclohexyl. On 

refractionation over sodium i t gave a small forerun, b .p .^99.5° /10 m r a »» 
„20 o, 20 
S.^ 1.4792, and a main fract ion, b.p. 99.5 - 100.0 /lOmm., n 1.4801 

(Pound: C, 86.8; H, 13.4. Calc. for C ^ ^ 8 o, 86.65; H, 13.35$). 

The f rac t ion ( i v ) was mainly dicyolohexyl-oyclohexane C^gH^g, 

containing a small amount of oxygenated material (Found: C, 86.3; 

H, 12.6; M(benzene), 242. "Calc. f o r : C, 87.0; H, 13.0$; 

M, 248). Fraction (v) was mainly a mixture of polymeric hydro­

carbons but also contained a small amount of oxygenated material 

(Pound:C, 87.0; H, 11.5$; M(benzene), 630). An ul t ra-viole t spectro-

graphic examination of this polymer indicated the defini te presence of 

unsaturation and in particular, showed the presence of selective 

absorption near 2550A, i/which may be due to not more than 5$ °f 

conjugated cyclohexadiene groupings. I t was not possible to 

determine the extent of unsaturation or to establish whether the 

unsaturation was entirely or only p a r t i a l l y present i n conjugated diene 

groups. 
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REACTION OF DI - t e r t . -BUTYL PSRQXilSE with 

ALKYL BENZENES 

( I ) TOLUENE.- A mixture of the peroxide (18.25g.,<*•! mol.) "* 

and toluene (46.0g.,<X 4 mols., b.p. 100.0 - 100.2 /76lmm., 
18.2 

— D 1.4974 was heated at 140° for 24 hours in a Carius tube sealed 

in an atmosphere of nitrogen. On opening the tube a considerable amount 

of gas was evolved. The l i q u i d product, a l igh t yellow l i q u i d , amounted 

to almost 64g. D i s t i l l a t i o n of th is gave the following fractions, 

( i ) b.p. 79 - 110°, (31.5s.); ( i i ) b.p. 110°, (1515g.). J l 2 0 1.4927, 
D 

being mainly recovered toluene; ( i i i ) b.p. 84 - 85 /O.lmm., (0.4g.); . 

( i v ) b.p. 85 - 86°/0.1mm., (4.2g.) which'sol idif ied to a mass of 

colourless crystals; (v) b.p. 86 - 138V0.1mm., (0.4g.) ; ( v i ) b.p. 
138 - 144°/0.1mm., n 1 9 , 2 1.5872, (2.3 g . ) ; ( v i i ) an undistil lable residue 

D 

(7.15g.}» which set to a clear l i gh t yellow glass. 

Examination of the f ract ions . - The fract ion ( i ) . 

Heating a small portion of this f rac t ion with phenyl-isocyanate 

for 1 hour gave tert.-butanol phenylurethane, colourless needles 
0 3 

from petroleum ether (b.p. 100 - 120 ) , m.p. 135.5 - 136 (Found: 

- 0, 68.3; H., 7.6-5; N-, 7.4. Calc. f o r C^H^O^.... c, 68.4;- H, -7.8; 

N, 7.25$). Aqueous extraction of a portion (29»4gO of the f ract ion 

gave water soluble constituents (I3.4g.) consisting ofe t e r t . -

butanol (92.2$) and acetone (7.6/2), estimated and ident i f ied as i t s 

2:4-dinitrophenylhydrazone, orange plates from absolute ethanol, 

m.p. 124 - 125° (Found: C, 45.45; H, 4.35. Calc. f o r C ^ O ^ : 
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C, ltd*1*-; H» 4.25>1) • The water-insoluble material was a mixture of 

toluene and unresisted peroxide. 

The fract ion ( i v ) was pure dibenzyl. On crystal l isat ion 

from absolute ethanol i t formed prismatic plates, m.p. 51.0 - 51.5° 

(Found: 0, 92.25; H, 7.75. Calc. fo r C-^H-^ : C, 92.25; H, 7.75^5. 

The fract ion ( v i ) probably consisted mainly of a s l igh t ly 

impure 1:2:3-triphenylpropane (Found: C, 92.05; H, 7.6. C2LH20 

requires C, 92.6; H, 7.4$). 

The residue ( v i i ) was mainly hydrocarbon, but contained a l i t t l e 

oxygenated material (Found: C, 90.75; H» 7.65$). 

(2/ ETHYL BENZENE.- The peroxide (36.5g. «Cl mol.) and 
o on 

ethylbenzene (l06g.0C 4 mols. b.p. 135 /755inm., Jl^l.4959) were 
Q 

heated on an o i l bath under an e f f i c i en t ref lux at 140 for 24 

hours, a slow stream of pur i f ied nitrogen being passed through the 

apparatus. The product, a colourless l i qu id (142.0g.) on f rac t ion­

ation gave a forerun b.p. 83-136°/760mm. (I25»0g.) which was shown 

by aqueous extraction to contain t e r t . - butanol (ca. I2 .7g .} . 

Removal of the last traces of ethylbenzene by heating on the 

water bath under sl ight vacuum l e f t a higher boil ing residue 

( l6 .3g . ) ushich on standing p a r t i a l l y crystall ised out. The solid 

(7.5g*) was separated, washed with a l i t t l e methanol and ident i f ied 

as meso-2:3-diphenylbutane, colourless gleaming crystals from 

absolute ethanol, m.p. 125 - 126°(Found: C, 91.5; H, 8.75. Calc. 
(52) 

for C l 6 H 1 8 : C, 91.35; H, 8.65/S). Conant and Blat t give m.p. 
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124 - 125°; O t t ^ 1 8 9 ^ gives m.p. 126 - 127°. 

The o i l y l i qu id (8.8g.) , af ter removal of the methanol, 

gave on d i s t i l l a t i o n a f ract ion, b.p. 85 - 86°/lmm.(6.3g.), from which 

more solid (0,9g)» m.p. 126°, separated. The resulting oolourless 

o i l y l i qu id (5.4g.) was racemio-2:3-diphenylbutane. On r e d i s t i l l a t i o n 

over sodium i t had b.p. 136°/9mm., n 2 0 1.5537 (Found: G, 91.25; 

H, 8.8. Calc. f o r C H : c , 91.35; H, 8.65$). Kharasch e t . a l / 1 ^ 
16 18 

give b.p. 106°/2mm., r^°1.55n. 
D 

Isomerisation of the racemio to the meso -diphenylbutane 
was effected by heating the former ' in an evacuated sealed tube at 

o 

250 for 17 hours i n the presence of a catalytie quantity of 

iodine ( ^ Img. per g. of l i q u i d ) . Yie ld , 42$, m.p,126°. 

The residue i n the s t i l l ("2.5g.), a colourless viscous 

l i q u i d , consisted of higher polymeric hydrocarbons which were not 

further investigated. 

(3) iso-HtOITLBENZEHE.- Experiment ( A ) : A mixture'of 

the peroxide (12.2g. OCl mol.) and iso-propylbenzene (20.0g.jj(2 mols.; 

b.p. 148.0 - 148.5°/725mm v^l.^Slo) was heated under an e f f i c i e n t 

re f lux on an o i l bath held at 140° fo r 46 hours, a slow stream of 

pur i f i ed nitrogen being passed through the apparatus. The product 

on fractionation gave ( i ) mainly tert.-butanol (5.1g.) ident i f ied 
0 

by i t s b.p. , 82 - 83 , i t s complete water so lub i l i ty and i t s phenyl 

urethane derivative, m.p. 136°, ( i i ) unchanged peroxide (6.2g.), 

b.p.l lO - 114°; ( i i i ) unchanged iso-propylbenzene (l l .25g.)> b.p. 
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o 

150 - 152 • On removal of the last traces of hydrocarbon by 

warming under water pump vacuum there remained a colourless 

crystall ine solid (8.45g.)> ident i f ied as 2:3-dimethyl-2:3-diphenylbutane. 

I t crystall ised from absolute ethanol i n long colourless needles, 

m.p. 118 -• 119°(Found: C, 90.6; H, 9.4. Calc. fo r c

l 8

H

2 2

 : c » 90.7; 
(156) 0 VStf H, 9.3/-;» KLagesx ' ' gives ra.p. 119 - 120 ; Kharaschet a l give 

m.p. 115°. 

Experiment (B); A mixture-of the peroxide (12.2 g. e< 1 mol.) 

and iso-propylbenaene (40.Og. 4 mols.) was heated in nitrogen-

f i l l e d Carius tubes at 140° f o r 24 hours. The product (51.-5g.) on 

d i s t i l l a t i o n gave a f ract ion b.p, 82 - 150°(33.6g.) shown by aqueous 

extraction to consist of water soluble constituents (10.3g.) and 

water insoluble compounds (23.3g.> mixture of unchanged peroxide 

- and hydrocarbon). The water extract consisted of acetone, 

(0.52g.) estimated and ident i f ied as i t s 2:4-dinitrophenylhydrazone 

(2.15g.), and tert.-butanol (9.78g., 79.5$ of peroxide). After 

the removal of the last traces of vola t i le products by heating to 

50° at 12 mm., there remained in the s t i l l , dimethyldiphenylbutane 
o 

(I7.1g.)(85.5$ yie ld based on peroxide), m.p. 118-119.5 . 

REACTION OF Dl - t e r t . BUTYL PEROXIDE WITH KETONES. 

( l ) . METHYL ETHYL KETONE.- A mixture of methyl ethyl 

ketone (b.p. 79 - 80°/760mm., 72g.) and d i - t e r t . -bu ty l peroxide 

(36.5g.) was heated in sealed tubes at litO° fo r 24 hours. The 

product, an orange l i q u i d , on d i s t i l l a t i o n gave the fractions; 
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( i ) b.p. 73-80°/760 mm., (78.65g.), being a mixture of t e r t . -

butanol and unreacted ketone; ( i i ) small intermediate f rac t ion 

b,p. ^ 7 4 ° / 8 mm., (0.94 g . ) ; ( i i i ) b.p. 74 -76°/8 mm., n 2 °1.4342, 
0 D 

(11.55 g«); ( i v ) viscous orange l i q u i d , b.p. 76 - 84 /1mm., 
20 

£ D 1.4651, (2.45 g») and (v) a dark orange polymeric residue (8.8g.) 

which set to a glass on cooling. The l a t t e r was not further 

investigated. 

The f ract ion ( i i i ) was a sweet smelling colourless 

l i q u i d ident i f ied as 3s4-dimethylhexandione-2:5 (Found: C, 67.6; 

H, 9.9; M (acetone), I38 ± 12. Calc. f o r Cgli^Og: Q, 67.6; 

H, 9*9$; M, 142). Heating the diketone (0.5g.) with hydroxylamine 

hydrochloride (0.75 g.) and anhydrous sodium acetate ( l .Og.) in 

aqueous alcohol on the water bath f o r 3 hours gave the dioxime 

(o.2g.), vihich crystallised as i t s monohydrate from aqueous 

ethanol (charcoal) in colourless needles, m.p. 200-201°(Found: 

C, 50.7; H, 9.7; H, 14.5- Calc. for CgH^OnNg.HgO^, 50.5; H, 9.55: 

N, 14.75$. Found:(sample heated at 100-120° under high vacuum) 

C, 55.95; H, 9.45; 16.1. Calc. fo r C ^ g O ^ : C, 55-8; H, 9.3; 

N, 16.3$). Ciamician and Silber^^^give m.p. 202°. Treatment of 

the diketone with phenylhydrazine in aqueous acetic acid gave the 

pyridazine. derivative ( LVl )-, which crystall ised from aqueous 
0 

ethanol i n colourless needles, m.p. 126 - 127 (Found: C, 78.5; 
H, 8.5; N, 12.9. Calc. f o r C 1 4 Hij .^I 2 : c, 78.5; H, 8.4; N, 13.1$). 

Ciamician and S i l b e r ^ ) give m.p. 130°; Kharasch, MeBay and U r r y ^ 2 ) 
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o 
give m.p. 127-128 . 

The f rac t ion ( i v ) was shown by analysis and molecular 

weight determination to be a "trimeric" ketone, presumably ( L I X ) , 

(Pound: C, 68.6; H, 9.5; M(acetone), 215* 24. G

l 2

H

2 0 ° 3 requires 

C, 67.95; H, 9.45$; M, 212. Although the l i q u i d gave a positive 

reaction to aqueous 2:4-dinitrophenylhydrazine sulphate no pure 

derivative could be obtained, nor could a pure oxime be prepared 

under the usual conditions. 

(2) GYCLOHEXANONE.- The ketone (98 g . , b.p. 56-56.5°/20mm., 
20 

J! D 1.4508) and d i - t e r t . -bu ty l peroxide (24.4g.) were heated under 

re f lux at 140-150° for 48 hours. On d i s t i l l a t i o n , the product, 

a bright red l i q u i d , gave ( i ) ter t . -butanol . b.p. 80-83°/763 mm., 

( I7 .6g . ) ; unreacted peroxide, b.p, 110V763 mm., (2.5g.); 

( i i i ) unchanged cyclohexanone, b.p. 48-50°/l3mm», (82.4g.) and 

a higher boil ing material (13- lg-) . The la t te r on fractionation 

at 1 mm. pressure gave a f ract ion ( i v ) b.p. 117 -120°/ca. imm., 

(5.0g.) and an undistil lable residue (ca.8.0g.) which, on cooling, 

set to a b r i t t l e resin. 

The f rac t ion ( i v ) on refractionation gave a mixture of 

stereoisomeric_ 2:2'-diketodioyclohexyls as_a_colourless o i l , b.p. 
o 20 

110 - 117 /bum. (mainly 116 - 1 1 7 ° / ^ - * ) £ 1.4999. (Pound:. 0, 74.2; 
D 

H, 9.4. Calc. fo r G

1 ^ l Q ° 2 : C, 74.2; H, 9.3570. On cooling 
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in solid carbon dioxide and continued scratching the o i l p a r t i a l l y 

crystal l ised. The sol id , when separated and crystallised from 

l i gh t petroleum (b.p. 40 - 60°), gave the higher melting form 

of 2:2'-diketodicyclohexyl as long colourless prismatic needles, n .p . 73-1+ 

(Pound: C, 74.2; H, 9.35$). Plan^atPd Kharasch et a l l 1 5 2 ^ give 

m.p. 70 - 71° • 

• The resin obtained as a residue in the reaction was 

readily soluble in acetone, benzene and chloroform, moderately 

soluble i n alcohol and insoluble i n petrols. I t s analysis and 

molecular weight indicated i t to have, approximately, the average 

composition of a cyclohexanone '"tetramer" (Pound: C, 76.7, 76.1; 

H, 8.9, 8.65; M(benzene), 360, 370. O H O, requires 0, 74.6; 
24 34 4 

H, 8.9$; M, 386). 
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