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INTRODUCT ION,

The extreme importance of organic peroxides in many aspects
of chemisiry, bidlogy and technology has, until recently, been but little
recognised. During the past few years, however, re_searcﬁ on and interest
in the reastivities displayed b:y the various classes of organic peroxide
has been greatly increased and it is nw"}'ell recognised that this class
of compounds ié worthy of considerahble study.

An organic peroxide may be defined as any compound containing
an 0«0 bond linked directly at one or both ends to carbon atoms of organic
groups, The various types of organic peroxide at present known are listed
in Table (1). '

From the standpoint of the present thesis the term “"Organic
" Peroxide Reactivity" is intended to include the fé)llowlng aspects:

(1) the preparation of organic peroxides, (2) the mode of thermal and
photochemicel decomposition of orgenic peroxides in the absence of solvenss,
and (3} the thermal and photochemical decamposition of organic peroxides
(a) in the pr'esencé of olefins and olefinic campounds and (b) in the
presence of non-plefinic organic solvents. Previous work on these va.riou's
aspects has been reviewed up to April 1948 and the results summarised in
this review show the complexity and diversity of the reactivities

displayed by the variocus classes of peroxide and indicete the relevance

of these reactions to many technologically important processes,

4As will be described, olefins when photochemically or
thermally reacted with molecular oxygen give, initially, unsaturated

hydroperoxides which are highly reactive and which readily undergd
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seoondary reactions resulting in their decay and a redistribution of
the peroxidic oxygen. It is believed that these secondary reactions are
réaponsible fof the profound degradatiop which rubber suffers as the
result of the incorporation of only a few units per cent of o'xygen.

It is the primary aim of the present investigation to
elucidate the nature of these secondary autoxidation processes, and to
show to what extent they may be responsible for the oxidative degradation
of rubber, To this end a study has been made of the thermal decomposition
of three types of organic peroxide (a di-tert.-alkyl peroxide, a Leg_‘lg.-l
alkyl hydroperoxide and a saturated tr‘ansannular peroxide) in the presence
of - low molecular weight cyclic and acyclic olefins,

Further, in order to compare the interaction of di-tert.-
alkyl peroxides and non-olefinic compounds with that of these peroxides
and olefins, a brief investigation has been made of the thermal
decomposition of di-tert.-~butyl peroxide in alkylbenzenes, cyclic and

acyclic monoketones and cycloparaffins.




- CLASSIFICATION OF CORGANIC PERCXIDES, -

NAME

1. Alkyl peroxides

2. Aralkyl hydroperoxides

3, Alkenyl hydroperoxides

4. oL -Hydroxy-alkyl hydro-

peroxides

5 Di-alkyl peroxides
Alkyl-alkenyl peroxides

Di- ol hydroxy-di-alkyl-
peroxides

7.

8;: Di-aoyl~ and di-aroyl

peroxides

9. Transannular peroxides

10. Ether hydroperoxides
11. Polymeric peroxides

12. Ketone peroxides

STRUCTURE

CHy'CH(CHﬁgaee(’-GH)); etc. )

1
R

C20.0H (RYR%= H or alkyl)
R

R.0.0H (R =

VAR

Qo oo
R.CH.CH=CH-R ', CH-CH=CH
L_p—

(H
R.CH.0,0H (R = alkyl or cycloalkyl)

alkyl, R'= allyl or
cycloalkyl.)

alkyl, R'= oycloalkenyl)

R.0.0.R' (R

R.0.0.87 (R

®
R. GH. 0. 0. CH. R.

(R = alkyl)

R.00,0,0.C0.R' (R,R'= alkyl or eryl)

c— o G
A6, 7
C_¢g-C
OCH -1
R.0.CH.R' . (R,R! = alkyl)
T RE-Sa- - R
~0=0~CH~CH=CH~CH-0~0~
Io-q 1
R G P:Rp



A REVIEW GF PREVIOUS WORK ON THE

REACTIVITIES OF ORGANIC PEROXTDES,



~SEGTION (1)

- CLEFINIC REACTIVITY - THE AUTCXIDATICN OF OLEFINS.-

The most hpwtmt reactivity of olefinic systems has usually
been regarded as resicliing in the double bond which can undergo additive
reactions with many types of molecules (e.g. hydrogen, halogens, hydrogen
hal ides, merceptans, 'eto.). Recently, however, certain reagents have been
showmn to react substitutively with olefinic systems of the type
~CH,-CH=CH-, the point of attack being the X -methylene group (i.e. that

2

adjacent to the .double bond). This o -methylenic substitutive reactizsi-;y
(2

operates in the reactions of such reagents as N-bromo-succinimide ’

| (79) | (58) (112, 2u4)
maleic anhydride s lead tetraacetate s Selenium dioxide ’
sulphur and oxygen (vid.below) with all olefins possessing the
system -CH2-0H=CH-. Certain of these reactions, e.g. substitutive .atta.ck
by oxygen and sulphur, are now regard_eé es involving the Tormation of
free radicals which result from the symmetrical (homolytic) breaking of
covalent bonds (R.1) to give two groups X, and Y. each possessing an
unshared eleotron. This type of bond .fission is to be distinguished from
the polar or heterolytic type (R. 2.) in which the resulting graup$ X:

and Y exist as cherged ions, T

homolytic

X:Y — X. + Y. (R.1.)
heterolytic _ +

X:Y —5 X: +Y (Re2,)

In this section are detailed the reactions of oxygen with

unconjugeted olefinic compounds possessing reactive « -methylene groups.
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The results are of importance both firom the standpoint of the

reactivities displayed by various types of olefins and from that of the

formation and reactivities of an important oclass of organic peroxides.

OLEFIN AUTCXTDATION.~ In the thermally or photochemically
promoted oxidation; at moderate temperatures (20°-40°), of mono-olefins
containing the ethylenic system (I} the initial products are
unsaturated hydroperoxides (II} in which the -00H group is located at

(59, 85, 128. 132, 231)
the o -methylenic cerbon atom o Thus cyclohexene
(III) gives the hydropercxide (IV) which retains the original unsatu-
ration of the olefin and contains one -OH group (as -OOH). The
constitution of the hydroperoxide as (IV) has been finally established

by reduction to cyclohexen=-3-o0l (V)

0.0H — pR— —
2 ~TY ey _\‘JH_CH{‘H_ , H (5] , 2]
RS S X S Xoaw S X
(1) (1I) (II1) (v) (V)

1)
=i

A similar course is pursued in the oxidation of low
molecular weight polyisoprenes (é 8. dihydromyroene (VI), dihydro-~
farnesene (VII), and squalene (VIII) containing the system ~CH -C(CH )=
GH-GH2(87) , and bycnolefinic esters containing either a.single double
bond (metl:?yl oleate) or the d\-methylene interrupted polyolefinic
systems (Ix) and (X) as present in ethyl 11noleate and ethyl linolenate

s 3ky B8, 90, 11k4y 115)e
respect:.vely



%
(vI) H.[CHZ.C(CHB): CH.CH,. ] oH (VII) H. [CHZ-.C<°H3)= cu.cn2.] 3

H. [OH,,.C(CH,): CH.CH3.] 5. [CH,.CH: G(0H;).CH,.]
(vii)

(IX) -CH.CH:CH.CH .ca:cn.cnz- (X) -CH:CH.CH

2 2

‘ Studies of the photochemical autoxidation of solutions of
::-ubhefr(8 ) vhich contains the repeating isoprene system (XI) have shown :
that even in this complex molecule high yiélds of hydroperoxide are
formed. Decay of the peroxide groups, however, océurs at an early stage
of the oxidation, giwving hydroxylated secondary products. Determinatiouns
of the unsaturation and active hydrogen values( 32)::? .the peroxidised
rubber give results which support the view that .the initial peroxidetion
ocours at the -methylene groups with the formation of hydroperoxides
(R.3.) and preclude the possibility that oxygen adds at the double bonds
of the rubber molecule (Rel.)

CHs . CHs |
-cnz-c;:cu-CHétcHz-c CE-CH} - h = 4000-5000
(X1)
CH3 ' QUH CH3 Cs O
~CHyGLH-CHy~ + 0, ~CH-CLH-CHy= or ~CH,~C=CH-CH- (R.3.)
-cnz-gﬂin-cng- + 02—>-CH2-§}:I§-CH2- - (Roke)

; | (82)
' . Mechanism of Olefin Peroxidation.- Faymer . proposed a

! ' radicel chain mechanism for olefin peroxidation involving the following

stages: -
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»
(A) Initietion, =-CH,-CH=CH- + 0~0 (or R.0.0.})»~CH-CH=CH- + .OCH or
| (ROCH) (R.5)

(B) Propagation. ~CH-CHeCH- + 0, — ~CH-CH=CH- (R.6)
0-0*

X *
~CH-CH=CH~ + -CH -CH=CH-  ——>-CH-CH=CH- + =-CH-CH=CH- (R.7)
o-o% 2 _ 0. CH

(C) Termination. of the reaction chains by combination of the radicals
formed in (B).

The thermal decomposition of the initially formed hydroperoxide .
resulte in the production of new free radicals (e.g. R.0.0%, R.0%, HOxJ,
which are capable of initiating new oxidation chains,

The possibility that chain initiation occurs by addition of

(33 (a)-(v), 78, 80,
oxygen at the double bonds has also been cons;dered
115, 126).
(78) .
Although Farmer's scheme s given below, involves initiastion

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

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

R.CH .cn:ou.n‘ + O,——>R.CH -2H-CH—R1

2 boO’ﬁ'
(X11) (R.8)
R.CH .cn-pﬂ.n + R.CH,.CH=CH. R1——)R CH,.. CH-EH R + R. CH.CH=CH.R1
0=0n
(R.9)
R.CH '.cH-cH.R1 _ R.CH:CH.(;H.R‘ + Hx | (R.10)
2 * QOcH OCH
. ) (X1I1)
R.CH.CH=CH. R 4 0, ——>R.CH,CH=CH. R (R.11)

ooﬂ‘
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R.CH.CHCE.R' + R.CH,.CH = CH.R' —»R.CH.CH-CH.R' + R.CH.CH-CH.R?
~Ox ' o - -

i

(xIv) ‘ (R.12.)

The above intermolecular reactions resulting in stabilisation

of the initially formed radical (XII) and the continuation of the
peroxidation by redical chains (R.9 ~ R.12) was considered by Farmer as.
more iikely than an intramolecular non-chain stebilisation reaction as

represented by (R.13.).

0% 0-0H OH

* 1 % * 1 1 .
R.CH,.CH~GH.R' ——> R.CH.CH-GH.R —R.CH=CH.CH.R (R.13.)
| UV (xr11)

The reactions (R.8 - R.10} and reaction (R.13) are seen to
result in a double bond shift in the original ol.efi_n. However, if the

| roaction proceeds by (R.8 - R.10} and the reactivn chains are reasonably

long, the number of hydroperoxide molecules possessing ti;e redistributed

double bond (XIII) will be of slight importance.

As the intramoleculer mechanism would appear to give
exclusively peroxides of the type (XIII) and the intermolecular mechanism
prédﬁinantly those of type (XIV), it might be thought possible to
distinguish between them, but this is not in faot feasible. An explanation
of this is found in the fact that any alkenyl radical system R._&‘I.CH:CH.R",
formed by the abstraction of hydrogen atoms from an o{;-CHZ group, ip
potentially a resonating structure possessing the two canonical states A(xv )
and (XVI)}. Both (XV) and (XVI) can be stabilised(by -OOH) to give peroxides
of type (XIV) and (XIII) respectively. The ebility of any olefin to give

both (XIII} 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 shift designed to discriminate between the inter-

and intra- molecular mechanisms,

R.CH. CHLCH, R'—> R.OH-----CH-- --CH.R! — R.CH=CH.CH.R!

: (XV) (xv1)

Verification of Double Bond Shift.- That double bond shift

.does in faot ocour in the autoxidation of olefins has been proved by both -

(89)
chemical and spectroscopic methods. Thus Farmer and Sutton isolated and

identified from the autoxidation of 1:2-dimethylcyclohexene (XVII) the two’

hydroperoxides (XVIII) and (XIX), the latter being formed by rearrangement
of the original double bond.

CHy
R e - cny (XVIII)
U% l U (Rela)
N N
— ““\ cu;
OON

(XvII) . (xm)

A number of workers have ufiilised U-V spectrographic analysis

to detect double bond shift in the autoxidation of ethyl lincleate (XX}

(34)
and ethyl linolenate. Thus Bolland and Koch » and Gunstone and Hilditch

(1) o _
demonstrated that the hydroperoxide resulting from the thermal

oxidation 5f ethyl linoleate contained a high proportion of conjugated

diene units. It was suggested that oxidative attack at the o ~-methylene group
(a)*gave a free radical (XXI) composed of the three canonical structures

% This group being situated between two double bonds is more labile than

either of the two terminale{-methylene groups.



(XTI (i) - XXI (ii1) ), two of which (XXI (i) and (1ii) ) would give
conjugated diene hydroperoxides on stabilisation.
OOH

R:CH=CH CH=CH i+ R (i) —> R-CH=CH- CH=CH-CH-R' (1)

(@ oou )
RCH=CHeCHg- CHmce R~ 4 R-cu=cr- B ch=cn R () —> RecH=Checrcu=ch- R () (R15)

(R = Chze(CHg) -, W'= (CH)yrcOOER) " oo
ReCH: CH=CH CH= CH R L) —> R-EH. cu=ew ch=cnR (i)
- (xX) ()

Similarly ethyl linolenate on oxidation gives hydroperoxides

(90, 114
containing both diene and triene conjugation .

Kinetics of Olefin Auﬁoxidation.- Detailed kinetic studies
by Bolland and Gee 35 33ad-tb of the initial stages of the thermal
oxidation of ethyl limdleate and other non-conjugated olefinic esters and
olefins have confirmed the radical-chain mechanism of Fa.ﬁper. Under normal
conditions of autoxidation, nearly all the chains are initiated by thermal
decomposition of hydroperoxide ( or added peroxide) and terminated by

interaction of two peroxide free r#dicals to give stable end products.

Autoxidation at High Temperatures.- It is not certain that

at higher temperatures ( > 800)' oxygen attacks exclusively the K -methylene
. (6, 114) (227)

groups and in fact Hilditch et al. » and Skellon have recently

presented evidence indicating that in the oxidation of methyl oleate at

120° considerahle oxidative attack occurs at the double bond.

The Influe of Olefinic Structure on Rate and Nature

of Autoxidation.-

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

olefinic system will depend on the lability of its o -methylene hydrogen
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. atoms, those systems possessing highly labile hydrogen atoms being the most
rapidly oxidised. It is possible to classvify unconjugated olefins into
three main groups: (a) methylene interrupted 1:4- and 1:4:7- olefins (XXII
(1) ana (ii) respectively) (b) bi-spaced 1:5- and 1:5:9~- olefins (XXIII), of
which the polyisoprenes are important examples, and (c) mono-olefins (XXIV).

(b) (a) (b) (b) (a) (2) (b)

GH2.CH=GH.CH2.CH=CH=GH2 CH,,.CH=CH. CH,,, CH<CH. CH,,.. CH=CH.CH,,
1 2 34 5 6 _ :
(11 (1) ) (XxXTIx(ii) )
CHZ.G(R):CH.CHz.GHZ.C(R)JJH-CHa Cﬂa.C}I:CH
(X111} (xxXIV)

It has been shown experimentally that the magnitude of the
lability in these systems is in the order X¥XII (iij > XXIL (i) > XXIII>
XXIV. Thus Gunstone and Hilditch(“k) found that the rates of thermal
oxidation at 20° of mgthyl linolenate (type XXII (ii) ), methyl linoleate
(type XXII (i) ), and methyl oleate (type XXIV) were in éhe ratio of
25:12:1.

Alkyl substitution of the double bond also influences,
bresumably by ite inductive effect, the lability of ol -methylene hydrogen
atoms. No detailed work has yet been published on the effect of this
alkyl substitution on the rates of oxidation, but recént,ly .Bolland (private

" communicetion} 'has‘ studied the relative oxidation rates of three series of
olefins in which the members of each series differ in the extent of _methyl
substitution ,gt the double bond. He found that the in'creasing degree of
methyl substitution in the olefins (XV), (XVI), and (XVII) resulted in

progressively increasing oxidation rates. When R = 05H5 the relative rates

|
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of the rate determining reaction (R.16) were in the order (XVII)> (XVI)>(XV)
in the ratio of 16.5 : 4.9 ¢ 1.

R.CH2.0H=CH2 | R.CH 2.CH=CH.CH3 R.cnz.cmc(cuj)2
(xv}) (XVI) (xvII)

(B) Position of Oxygen Attack.- The nature of the olefinic

system not only controls the facility of oxldation but elso determines the
actual point of initial oxidative attack. In the systems (XXII (i) ) and

(XII (ii) ) the oxygen reacts almoet exclusively at the methylene groups

, (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° ) in
. 0
the system (XXVII). Published work on this question is conflicting. Thus
o GH3

-CH,_-C=CH~CH -
2 2

_ (XXVIII}
(129} ’
Hock and Lang isolated z:he)hydroperoxlde (XXX} from the oxidation of
. 53
p-menthene (XXIX), and Cook . obtained 3-methyl- A 2-cyclohexenone (XXXI)
. fram the oxidation of 1-methylcyclohexene at 70° in the presence of ferrous

p’thalocyanine 5 -both-results :md:.cating preferent:.al attaclc at -GH

(XXX (Xxx) (oxr);  (oxII) (XXXIII) (XKXIV)

R! Ion

(xxxv)
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Evidence for preferential attack at -GH20L has been gained by

(73}
Dupont . . vho found that oxidation of 1-methylcyclohexene at 95° gave

2-methyl-A2-gy_c_l._ghexenone (XXXI1), and by Blumann and Zeitschel( 25)wh-:>
showed that limonene (XXXIII) on oxidation gave cervone (XXXIV) and carveol
(XEXV). More recently Fermer and Sundralingnam( e‘S)have adduced evidence for
attack at both -GHZOK and -CH2/3 but they found that attack predominated at
-CH;‘ « Their evidence was based on the isolation of both 1-methylcyclo-
hexene~6- and -3-hydroperoxide ( (XXXVI) and (WII) respectively) from the

photoxidation of 1-methylcyclohexene at 35°

-~

CHy CH3 CH3

' R.

O o o e @1
(xoxvr) (XXXVII)

The problem is obviously one of considerable difficulty and
for its ultimate solution.

SECONDARY AUTCXIDATION PROCESSES.- The hydroperoxides initially

formed in olefin autoxidation are extremely unstable and undergo extensive

and complex rearrangement reactions involving the perbxide and unreacted
olefin. The products resulting from this oxygen redistribution may then under-
go further reaotions w:.th peroxlde, olefin or other molecules. It is found
that in any therma]ly or photochemically promoted autoxidation the p;'oducts
include, in addition to hydroperaxides, olefinic alcohols (JDQCVIII.) s

egaxides (XXxX1X), and polymeric oxygenated commeds of uncértaiﬁ'émnposition,

In the later stages of autoxidation of polyisoprenes (especially of
rubber), ketones, aldehydes, carboxylic acids and esters become signifiocant


http://SV7s.it
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(86, 87). B
secondary products

~CH=CH-CH( (H )~ ~CH-GH-
MO
T (XOXXVIII) - (XxxX1X)

If the autoxidation is ocarried out in the presence of metallio
h
catalysts such as ferrous pn:halocyanine or cabelt naphthenate the rate
of oxidation is greatly incressed and the secondary products become the
, (53, 191, 192, 219, 233). ' (85)
major constituents Farmer and Sundralingam
showed that pure olefin hydroperoxides were rapidly decomposed by traces

of ferrous g&halocyanine giving complex mixtures of alcoholx, aldehydés

and ketones:
’ CHO

et e Oy 5 a

It is generally held'that these secondary autoxidation

rocesses sre the causes of the oxid

the production of rancidity and "off flavours" in oils and faté, and the
hardening (“polymerisation") of paint and varnish films(237). A detailed
discusaion of the relevance of ‘the course of autoxidation in these
technically i.mportan"hv processes is beyond the scope of this thesis,
However, the relevance of the suthor's own findings on hydroperoxide/
'olefin reactions to the mechanism of oxidative scission and oross-
linking of naﬁral'anq synthetic rubbers, will be discussed in a later
‘section (Li._d_.r;.loo). | o | | |
Little is known about the precise mechanisms i_nvolved in the

decay of olefinic peroxides, mainly because of insufficient accurate

quslitative and quantitative experiments. Many schemes have been

proposed which explain, (plausibly or ofherwi:_se) the formation of the



(36, 82),
final products but until definite experimental proof of their

correctness is obtained fhey must be regarded niarely as tentative,

aro

HYDROMATIC AND ARGMATIC_HYDROPEROXIDES .- 'Hyarapatic hydro-

carbons and alkyl benzenes containing labile C-H bonds vicinal to the
aromatic nuclesus give, on thermal or photoxidation, hydroperoxides

olosely related to olefinic hydroperoxides. Tetralin (Xi) was shown by
(120) (133)
‘Hartmann and Seiberth and by Hock and Susemihl to give on auto-

xidation the crystalline hydroperoxide (XLI). Similarly, P -xylene,

ethyl benzene, and i80-propyl benzene form the hydroperoxides (x1.11),

(130, 131).
(XLIII) and (XLIV) respectively

/\H OO
(/lO cn!</ A CHy 00H < \>-?:|?00H </ >C';5°°H
@ - L1 "
XL

(XL1) (XLII) (XL.III) (xLIv)

Detailed kinetic studies of tetralin autoxidation hawve shown

thet the process is analogous to that of sliphatic olefin autoxidation,

involving free-radical chain reactions as in Farmer's proposed mechanism
(109: 110, 135, 165, 169, 213)-

©

(xid.p. 6
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SESTION (2).

' - PREPARATION OF ORGANIC PERCXIDES.-

1. ALKYL HYDROPEROXIDES and DI-ALKYL PERCXIDES,.-

(A} PRIMARY ALXYL PERGXIDES.- Alkyl hydroperoxides
(R.O0H) in which R. is a primary alkyl group are prepared by the half

alkylation of hydrogen(peroxide with the appropriate dialkyl sulphate in
[] 1 .

the presence of alkali Complete alkylation of hydrogen peroxide
with two equivalents of dialkyl sulphate gives dialkyl peroxides R.?. C)).R1.
: 9},
By this method the following peroxides have been prepared: dimethyl
(210}, (8, 9, 234), (116, 258)
methylethyl diethyl and di-n-propyl peroxides,

(B) TERTIARY ALKYL PEROXIDF®.- tert.-Butyl hydroperoxide,

the first of this group to be prepared, was originally obtained by fraction-

ation of an anhydrous solution :(:f hydrogen peroxide in tert.~butanol in the
\1?.519
presence of a dehydrating agent Later,Milas and co-workers developed

for preparation of tert.-alkyl hydroperoxides e general method involving

reaction(o, in ﬂ613 cold, of tert.-alkyl hydrogen sulphates with 30% hydrogen
174~-176),
peroxide The alkyl hydrogen sulphate was prepared by reasting either

m .
a tert.~-alcohol or an unsyn,{atrical dialkyl-ethylene with sulphurio scids

Rp.C=0H, + stok——‘,Rz.C(CHB).O.SOBH (R.19)
R.GL + HS0, —> R.o.so3n + B0 (R.20)
R.0.S035 . . .

H +H0,—> R.OCH + H,80, (R.21)

The reaction product always comprises a mixture of alkyl
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'hydrOperd)xi.deana dialkyl peroxide, separation of which may be effected
either by fractional distillation or by extraction of the hydroperoxide
with alkali and regeneration with dilute mineral acid,
By adjustment of the concentration of sulphuric acid di-alkyl
peroxides oan be obtained as the major products. A better method of
preparation of di-alkyl peroxides is by -the reaction of the corresponding

(174~176).
hydroperoxide with tert.-alkyl hydrogen sulphates

(CH3)3C.O.0H + (cn})j.c.Hsoh—;(cns)Bc..o,o.c(cn3)3+ H,S0, (R.22)

Both di-tert.-alkyl peroxides and tert.-alkyl hydroperoxides
. (241-243)
have been prepared by Vaughan and Rust by the controlled

autoxidation at 150-250° of a trialkyl substituted methane R3CH,
hydrogen bromide being used as a catalyst (R.23).

HBr
3011 + u2-—-> Rj.u.uun + ny.v.u.uu} (R.23)

X

2, DI-ACYL AND DI-ARCYL PERGXIDES.- Both diacyl and diaroyl

veroxides, of which diacetyl pefaxide and benzoyl peroxide may be taken
as respective examples, are prepared by the action (below 0°) of the
corresponding acid chloride, dissolved in a suitabie solvent (e.g. ether

or acetone) with ‘either sodium peroxide er hydrogen peroxide and alkali
(95, 184, 194, 239). .

2R.C0.C1 + Na,0, ——> R.C0.0.0.CO.R +2NaCl (R.24)

Diacetyl peroxide may also be prepared l()y reaotg.ng acetic
96, 153).
aphydride in ether solution with sodium peroxide The peroxide
is unstable and if requ-ired in the pure solid state must be kept at low

temperatures (ca. -80°) .



3. OLEFINIC HYDROPFROXIDES.~ The preparation of olefinic and
related hydroperoxides, such as tetralin hydroperoxide and alkyl-aryl

hydroperoxides, have been described in the previous seotion.

4e Oyclo-ALKENYL-ALKYL PEROXIDES,- These peroxides, having the
' : 129
general structure (XLV), have been prepared by Hoock and Lang by the
alkylation, with di-alkyl sulphates in alkali, of cyclo-alkenyl hydro-

peroxides such as gyolo-hexene-3-hydroperoxide.

//CH\!‘_ o —_— S H.
c_H\R/c-o oR < >(:°H*Ras°u —> ¢ >(00R' (R.25)

(XLv)
5. TRANSANNULAR and POLYMERIC PEROXTDES.~ The transannular

ﬁeroxides contain a 1:4~ peroxide bridge across a six-;:nenlbered carbon

ring. They are generally derived from certain classes of polyeyclio

aramatio hydrocarbons (e.g. anthracene and naphthacene and their

derivatives), but sterol-1:3-dienes also give yy’ell defined peroxides of

this type(21 ) They are prepared by the photoxidation with molecular oxygen

of conjugeted dienes which undergo 1:L-eddition. Thus rubrene (XIVI) gives
(61, 1797

rubrene peroxide (XLVII) As an example of a stersid peroxide may

be cited 2:4~cholestadiene peroxide (XLIK) which is obtained when

2:4~cholestadiene (XLVIII) is irradiated, in the presence of oxygen, with

(225, 226).
a 200 watt Mazda bulb

) Hs CQHS ) q,ﬂg CiHs
. 7 7N\ N\
XV | Oarbicnr [{‘;\K\/(j XLV (R, 2%
(‘)_ (\ | M \v\i\‘/-( ) )
CHs Cyis GHs GHs
cgh
Y CoHpy
(xtvan) ' AL LN ‘. (xu1x)  (R.a%)

S
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Monocyclic trahsannular peroxides are also known, The best
known exsmple is ascaridole (LI) which is unique in occurring naturally
as the ma)or anthelmintic constituent of chenopodium oil, Schenk and
Zie_gler( 217)l'w.ve recently synthesised ascaridole by the irradiation of
dilute solutions of X ~terpinene (L) with oxygen in the presence of a
fluorescent dye such as chlorophyll. By the sesme method these workers
obtained the two peroxides (_LIII) and (LIV) from cyclo-hexa~1:3-dicne

and « -phellandrene respectively.

(L) (u1) (1) (L) (Liv)

CHy iy CHy

- M
oathy N 7 i ? , v s
Dy: [+ (v} Q (o]
| Pg-

U4 /c"‘ /N

iy CHy CHy CHy CHy CHg
(26)

Previous attempts by Bodendorff - to prepare ascaridole from
K =terpincne and oxygen gave polymerio peroxides (LV), in which the

terminal peroxide radicals may be terminated by ring fcnzmt%on,
80).
disproportionation, or formation of hydroperoxide groups The

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

reaction of all classes of non-aromatic oyolic and acyolic -1:3-dienes

when the ai:toxidation is perfoz-mzd -in)high monomer concentration and
2 ] 80 l.
in absence of photosensitisers

TN M ‘ﬁ/v\‘rﬁ [ ‘Pﬁ- - e s \ P
b)Y Mg-,/ \>A?I‘/5 +n oa ——ﬁ % oz.— o[@o}to_‘\/ \ ffﬁ(R. 28)
i . w-2)
(wv)

These peroxides arenotable for their great thermal stability
a ' .
and resistanoe to catfflytic reduction, but the peroxide from butadiene

(223).
is highly explosive
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. -19- .

Dihygroascaﬂaole (LII) is of interest since it is the only
known example of-a campletely saturated transannular peroxide., It is
prepared by the reduction of the double bond in ascaridole using platirnic

| (190)¢
oxide as catalyst

[ »]
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SECTIN ‘22.

THE THERMAL AND PHOTOCHEMICAL DECOMPOSITION OF

CRGANIC PERCXIDES.

In this section is given an accodnt of the reactions involved
in the thermal and photochemical decomposition of the major types of
organic peroxide. The results have both advanced our understending of
the resctivities of free radicals and proved of value in studies of
processes of technological importance, such as hydrocarbon fuel

combustion and the deterioration of lubricating oils,

(1) PRIMARY ALKYL HYDROPEROXIDES.- = Studies of t?e6tr)xerma1
_ . . . (168),
decomposition of three rigary a%kyl hydroperoxides, GHBGOH
116, 118
G£H5.GOH and g;CBHT.OGH have indicated that the reactions are

eoﬁplex, the products consisting mainly of aldehydes, alcohols and
hydrocarbons but containing also significant amoﬁnts of carbon dioxide,
carbom monoxide and ;xygen;
(168) i ‘

Medvedev and PodJapolskaya .studied the decomposition of
methyl hydroperoxide by the flow metiod and obtained results indicating
a unimolecular décamposition into formaldehyde and water occurring along-
side a bimolecular decomposition into methanol and oxygen.

Harris_ahd Egerton(116’ 118)showed that the main thermal
decompositfbn reactions of ethyl- and n-propyl-hydroperoxide were

heterogeneous dehydrations giving aldehydes and water:

CHjCH 000 —— CH3.CHO + 1,0 (R.29)
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The existence of the corresponding aloohsl (ethansl from 02H5.06H and
n-propanol from n-Pr.OCH) and oxygen in the lawfbemperature decompositions
(170-2009) indioated that bimolecular reactions such as (R.30) also

occurred.

202115.0011 — aczﬂs.on + o2 (R.30)

“A: further resction is a homoge'ne-ous, explosive, gas phase
decomposition involving, in the first place, scission of the 0-0- bond

(R:31). the radisal CH,CH,.0% then decomposing to give formaldehyde
(238, 251).

(R.32)
. [
CH,.CH_.0-0OH ——> CH_.CH .Ox + CH .
H3 5 C 5+CH, + (R.31)
CHy.CHp 0%  ——> CH3* + H.CHO (R.32)
. ’ (209)s
Rice and Radowskas studying the thermal decomposition of

alkyl nitrites, have demonstrated by mj.r.'r:;r experiments, that radicals
of the type R.(‘:I:IE.C)*1 are unstable, readily undergoing scizsion into
formaldehyde and an alkyl radical R»* ., The radical R can either by
.dimerisation give the hydrocarbon R2, or by interacti.:'m-with a molecule

XH give RH.

(2) DI-PRIMARY ALKYL PEROXIDES.~ Investigations of the thermal

_ : (117, 119) (146)
decomposition of di-ethyl peroxide ° and di-n-propyl peroxide

have indicated quite clearly that below a certain critical pressure the
main mode of decomposition is a homogeneous, unimoleoular reaction, but
above th\ts.critical pressure expliosive decomposition takes place'and the
nature of the products changes. This transition to an explosive mode of
decomposition may be lcompared with a similar pﬁenonmnon‘ in the decompo-

_ (42).
sitidns of azomethane and ethyl azide
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The products of the unimolecular decomposition of diethyl
peroxide in the temperatui-e range 130-190° are mainly acetaldehyde and

ethanol (R.33).

02H5.0.0.02H5 _— CH3.0H0 + CH.OH (R.33)

Above the critical pressure thé peroxide decomposes to give
mainly formaldehyde and ethane. The reaction most probahbly occurs

according to the following scheme (R.34 -~ R.36) :

.CH .0.0.CH .CH 2 CH_.CH .0 . .
OH ..CH, » 3_,__> 57Oy 0% .(R 34.)
CHB.CHZ.OJ/‘ —_ CHS%- + H.CHO (R.35)
CHB* + CHB*- C— C_H (r.36)

Similarly the important products in the unimclecular
decomposition of di-~n-propyl veroxide at 1800 are n~propancl and
propionaldehyde (slthough significant amounts of formeldehyde and
hydrocarbon indicate that the exploasive modé of reaction also takes
place to A small but constant extent). The explosive decomposition at

24,0° gives mainly formaldehyde and h—butane (R.37) s

-GH3.CH2.CH2.0.-0.CH2.CH2.CH5——)02H5-02H5 + JH.CHO (R.37)

: (3) SECONDARY ALKYL PERCXIDES.- Little work has been done on.
the decomposition of this type of peroxide. It mhy, however, be'regar;ded
as a general rule that they undergo, as the mojor reaction, dehydration
to give a ketone, and by anabogy with the reaction of primary hydro-
peroxides this is probably heterogeneous,

As examples: (I) Ethyl benzene on'oxidat:'_.on yields acetophenone

the reaction occurring probably by the initial formation of the




(230, 235, 267).
hydroperoxide (R.38)

2
—_— -

3 65" 3
00H 0

(IT) Tetralin hydroperoxide (XLI) yields tetralone (LVI), the

reaction-being catalysed by such metallic salts as ferrous sulphate(120)
and ferrous phthalocyanine(ss):
H__oon
@ Q/’ (R.39)
‘ ' (xv1) : (Lvi)

This peroxide may also undergo a radical decamposition reaction

as ev:.denced by its ability to initiate the(cha:m polymerisation of
° 213)
?tyzs'ene é n)lethyl methacrylate, viayl cyanide and 2-chlorobutadiene
116, 167
(vid.p. -6 }. This is further supported by the.use of

(213).

tetralin 'nytir::peroxide as an initiator of tetralin autoxidation

Waﬂ.sh( 2t )belif:es that secondary alkyl hydroperoxides may also u
undergo, Iat higher temperatures, a homogeneous explosive, gas phase
decomposition similar to that occurring with primary and tertiary alkyl
peroxides (y_iﬁ.p.-_&é end pe. 24 ). The reaction involves the formation of

RO % and %OH radicals by scission of the -0-O- bond, the RO%x radical

decomposing to give an é;l.dehyde (Re40 and R.41), -

- R R
\ \
, CH.0-0H —— /GH - 0x + nCH © (R.40)
R “R )
R
/CH - 0 ——> R.CHO + Rx (R.41)

R
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(4) TERTIARY AIXYL, HYDROPEROXIDES .-~ Sufficient work

has been recorded on the thermal decomposition of tert,-alkyl and

-aryl hydroperoxides to lead George and Walsh(111)to.make the following
generalisation goveraning the mode of their decomposition: The reaction
occurs in two stages: . (i) scission of the -0-0 bond to give an alkoxy
radical RB.C.O* .and a hydroxyl radicel *CH (R.42) ;

(ii) soission of a -C-C- bond adjacent to the -C-O- bond in the radical

"R .C.0% to yield a. ketone (R.43)

3

c\ C\ Q

C:—C~0~0H.—> C — C=0% + *CH (R.42)

/

c c
C, C, C, :

C—C-0x —> Cx + *C-0x —> 'C=0 (R.43)

: c c

Energetically the seoond resction (R.43 is favoured, being

" nearly thermaneutral since the energy required to break the -C~C- bond
is counterbslanced by the energy released in forming the carbonyl group
(111, 249). (204.)

Raley, Rust and Vaughan have calculated that in the case

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

(GHB)BG.-Ow—a (CHj)zc =0 + CH3 © (Robh)

AY

:.s endothemic to the extent of ca.b k.ca.l

The following examples may be cited in support of the above
enerflisation :
goert (254)
(i) Wieland and Maiee 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 in the thermal oxidation of

o
triphenylmethane at 119 .

0635\ Cgi; \- céns\ (R.45)
CH C.0.0H—> CHo—C.0x + *OH ——> C=0 + Cgyx +xCH
65, 5 il

Cetlg C¢Hg CeH; Cg e CH

. (232) '
(ii) Stephens and Roduta in a study of the oxidation at

119° of a series of secondary alkyl benzenes of the type

csns.cn(n R}, (R =GH-‘3‘4_; Ry= 0235, 5—0357, 5-04119) showed that in every

case acetaphenone was formed., Since hyﬂroperoxldes have been isolated as

(130, 131)

the initial products of alkyl benzene oxidations the oxidation
probably ococurs aocording to reaction (R.46).

R, R' R

| 0o | |

- K
6 5-CH —_ 06H5-C om——>0635-c:=o +RX + *xCH (R.46)
R2 R2

It should be noted that when the alkyl groups R, and R,

attached to the -C~O0H group are 8issimilar, it is the  larger of these
which is preferentially split off by scission of the C-C bond.
Confirmation of this has been obtained in the thermsl decomposition of
di-tert,-alkyl peroxides (yid.p. 49 ). The.greater strength of the C-C
bond bearing the smaller of.' the alkyl groups is, as pointed out by George

(111),
and Walsh parallelled by the fact that the C-C dissociation energy

in CZHB-CZHS-is 1ess than that in 0'2H5-GH (5).
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(11i) The thermal decomposition of tert.-butyl hydroperoxide
has been studied at various temperatures(WS). Up to 75° no appreciable
degompositi.on occurs. Between 95-100-° regular decamposition takes place
giving oxygen and tert.-butsnol in almost quantitative yields (R.47).

95-100° .
(cn})}.c.ouﬁ _— (cﬂa)j.c.un + [0) (R.47)

In the vepour phase decomposition at 250° the reaction
follows, in the main, a different course. A gas, consisting largely of
methane was obtained, and liquid products included acetone.(38.7%),

methanol (77), tert.-butenocl (11%), water (10%) and)fomaldehyde (not
| (175

estimated). To account for these products Milas proposed a free

(111):

radical decomposition similar to that formulated by George and Walsh

5 Q ' CHB\
(CH ) .C o-H — CHB;C’-O* + *(I-Iw
33 Main reaction cH3 |
_1 : ©]
Mino Resction . ' L0H—>H.CHO (R.48
nor : J/ fCH5 ( )
(CH ) C.H + [0] (CH3)20;=O + cﬁ;

The formaldehyde resulted, according to Milas, from the
reaction of méfhanol with e.'n-aotive- 5xidising gr-oup such as the HOx
radical of the hydroperoxide. Experiments indicated that direct
oxidation of methanol by molecular oxygen does not occur at 2500 in the
absence of a catalyst. The precise mechanism of methar_xe formation was

not included in the reaction scheme (vid. however, p. 50 ).
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(iv) The work of Chavanne and co-workers has re,centl&_been
shown by George and “'.falsh““)to have considerable bearing on the problem
of" tert.-alkyl hydroperoxide decomposition. .

Chavanne has studied the uncatalysed thermal oxddation
at 80-100° of & series of alkyl substituted cyolopentanes and oyclo-

hexanes. The experiments included oxidation at 80° of 1:3-dimethyl=-

(18), o (47),
cyclopentane and at( 1(6)()) of 1:2—dimethyl-cxclohexam(3 )
N 45).
1: 3~dimethyl-cyclohexane and 1:L4-dimethyl-gyclohexane In all

cases the oxidation products were complex, containing gaseous' products

(002, CO, H_, low moleculsr weight para.ffins), water, acetic, formic and i :.-

2
keto-apids, ketones, ketols, tert.-alcohols and diols.

One example will suffice. When 1:3-dimethyl-gyclohexane
(IVII) was oxidised in sunlight at 100% the products isolated .included
1: 3-dimethyl-cyclo-hexan-1-21 (IVIII) (the predominant oxidation product-e'.l),
6-methyl-heptan-2-one (LDC), a keto-acid (either (IX) or (IXI) J,
1:3-dimethyl-cyclo-hexan-1:3-diol (IXII), formic, acetic and two
hexsnoic acids (probahly isg-butyl~ and methyl propyl- acetic acids),
together with ?arbon dioxide;: ca'rbon monoxide, hydrogen, methane and
p_ossibly propane, The predominant acidic prodicts were the meihyl acetyl

valeric acid (IX) or (IXI), and acetic acid.

3 H3 CH3
< (oN) PXY-]
7
Gty CHa, 0y Sunuignt Ha M . C'Z( _
l - + M3 “+
\oo®
c'“'{ /;ﬁ-CH; Cl!\,l 'M'CNS (“{ CH-CH3
CHy ( 2 Hy
. LVl w
(v ) ) (LX) ('R.l+7)
$H3 M3 ‘.‘fz )
30 (-3} oW
Cﬂzf c\% m{c Sewa
CooH oon + )
| IHC“ ok L ' me
CHa CR-CH3 CH, H-CHxy (<] N
{cuf \r( kc‘(z cra

(x) - (Lx:\ (Lxu)
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Although the existence of a tert,-alkyl hydroperoxide was
not demonstrated by- Chavanne, George and Walsh(“h)have interpreted the
reaction as the initial formation of a peroxide of this type by oxidation
| at aﬁe;t.-carbon atom, followed by its decomposition into free radicals
which ;>y further decomposition or reaction with other molecules give the
observed products. The mai;n reaction products aré accounted for by the

following reactions which are all energetically possibles

oy Chy Crz
c- ooH t-own =0
cu, Sy <y 1 (R.50)
L—* w\ — ] -
cu\ CHg c CH-CHy, cu\; o /cn.cu_:,
> £
CLXM) (LXIV)

Reaction of the radical (1XIII} with a hydrocarbon RH

(R.51) would give the cyclic tert.-alcohol (IVIII} :

CHz CHx
C-ox Czon
"‘f Sem : C'.x/ N " (R.51)
) +RH — l T + R 1
ayy S ReCHR Cn,_ Ch-Chy
Solf S 74
(L) (wvin)

The keto alkyl radical (1XIV) may react in two ways:
(a) to give the ketone (LIX) and a hydrocarbon radical R* which can
continue the oxidation reactioﬁ and (b) by reaction with oxygen giving
a keto peroxide (IXV) which by a unimolecular éehydration (ef.C HS.OOH)
would yield a keto-aléehyde (IXVI) and thence by further oxidation.the

keto acid (IXVII) : :
. - . c|.15 - - CH! -

- =0
(=) =0 0(
c‘m?‘ +RH ———> ‘ T"a +R* (R.52)
CHa ;(-Cﬂg ™ Sy .
e Sof
(b) (."! CH3 C‘H_g
=0 ¢ro : 4} o
| cuyn o s RH 9 qugoon -0
AR + Qa \ CN; OO , a
CH; CH-City c CH:CH 5 Qe KWCH
{0( "\c(, L N

(Lxv)
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=0

ay
=0

wo, e @, F fron (R.53)
u WcH3 ap  SH-cos
(LX) cn{ C'4 LNy
(251-253)
Walsh has stressed the importance of these types

of decompositions in an understanding of the processes involved in the

oxidation of hydrocarbon fuels. A similar review of their relevance to

the mec?agigm of the oxidation of lubricating oils has been given by
267 ).

Zuimeda .

S

(5) DI-tert.-ALKYL. PEROXIDES.-  These peroxides are

remarkable for their great stability, being the most inert of all the
di-alkyl peroxides known (d.i-j;ggt_. -butyl peroxide can be distilled at
atmospheric pressuresb.p. 11.0°)'without any appreciable decomposition},
There appears to be a general gradation in the stability of the various

-t

clacses of alkyl hydroperoxides and di-alkyl peroxides in the order:
(249,250)
R-0.0.R > R,0.0.H, and Ry > R(3> Ry,where R = alkyl group. Walsh

has associated this increase in the -0-0- bond strength, in passing from
' to

primary to secondery I[tertiary alkyl peroxides and di-alkyl peroxides,

with the increased negative charge transference from the alkyl groups

to the-0-O- bond.

'Since their first preparation in 1946 (vid.p. !5 ) much
work has been done on the thermal decomposition of both symmetrical and

asynmetrical di~alkyl peroxides. Of particular note is the pioneering

(175),
work of Milas ?nd6l;is co-workers who studied di-tert.-~butyl-
176}, '
di~tert.-amyl~- di-trimethyléthyl-, )tert .=butyl-pentamethylethyl- and
(174
tert,~butyl=-1-methyl-cyclo-hexyl-1 peroxides.

In every case studied by Milas, vapour phase decamposition
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of the peroxides at ca. 250°.yielded ketones and 'para.t"fim.s as the sole
. products, Di.-tert.-butyl peroxide gave acetone grid ethane, a result
which has been counfirmed by George and Walsh(“1). A free radical
deoﬁnpos ition reaction was proposed, involving the initial formation of
tert.-elkoxy radicals which degraded further by scission of a C-C bond
ad Jacent to the C-0 bond to giye ketones end alkyl radicals, the latter

dimerising to paraffin hydrocarbons:

250°
(CH3)3.C.0.O.G.(CH5)5——-> 2(0113)3.0,0,* — Z(CHB)QG' =0 + Zuy ~0 5,
(R.54)

When the alkyl groups on the tertiary carbon atoms were
dissimilar it was generally the larger of these that was preferentially
eliminated. Thus di~tert.-amyl peroxide éave mainly acetones and n~butane

with only minor amounts of methylethyl ketone, ethane and propane:
—> .',1(cu,,)a =0 + ACHs X —> CHyq

Gt CHy asc® CH3
CQ.HS"‘." 0'0-‘C"C1H5 _ «i CJHS'C.'O* C3I‘-\‘g’
CHy Qg Ciz L, , (R.55)
ACHZ-C0-Cy Hs + A CH3* ——> ¢, He

(203)
More recently Raley, Rust and Vaughan - have stressed the

importance of the resction conditions in determining the nature of the
pyrolysis products. In contrast to Milas, V.ihO used packed tubes, these
workers have uded large diameter, unpacked vesseis and f;ound that under
these conditions interaction betwsen alkyl radicals and ketone molecules
became important. In the decompositicn of di-tert.-butyl peroxide at 2259,
besides acetone and ethane, significant esmounts of methylethyl ketone and

higher homologues and methane were isolated. The products were accounted

for by initial substitutive attack of the methyl radical on the first




formed ketone:

CH,.CO.CH CH %CH_.CO.CH R.56
CH}-V« + H3 5—> , * 2 3 (R.56)
CHx + %CHZ.CO.CHr) cn}.cmz.co.cn5 (R.57)

In kinetic studies of the decomposition of this class of
'peroxide Raley, Rust and Vaughan( 203)shswed that tt_le vapour phase
decomposition of di-tert.-butyl peroxide at 140-1600 was la ‘homogeneous,
first order, non-chain reaction, and that of di-tert.-amyl peroxide at
130-1 509_,' was homogeneous and approximately first qrder. It was further
sh:vwn( 20"')tha.'l: liquid phase decomposition of di~tert.-butyl peroxide in
such solwents as iso-propyl benzene, tert.-butyl benzene and tri-n-

butylamine was substantailly a first order reaction. The rate determining

step was regarded a8 the unimolecular .sciss'-ion of the -0-0~ peroxide bond:
CH CO0.0.G CH ‘———>2 CH ' C.o.* . R. 8
(ct), (0f3);—> 2(cR,) . (R.58)

The existence of tert.-alkoxy radicals was demonstrated by
the formation of Yert.-butanol when di-tert.-butyl peroxide decomposed in
the above named solvents( 203, 204) (R.59) (yid.the authors own work p.le ).
The presence of alkyl radicals as intermediates was shown by the isolation,

from the decomposition of the peroxide in the presence of nitrioc oxide,

of formaldoxime, formed by interaction of methyl radicals and nitric oxide

(2.,60):

(cﬁ3‘)30.o.* + }m—a(cﬂs)jc,.on + R% (R.59)
cnsn + NO——> HC =N (r.60)

(6) TRANSANNULAR PEROXIDES.-  The transannular peroxides
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are best considered as a separate class since the reactivity encountered
in their decomposition shows marked differences from that of the peroxides
already considered, in which the intermediate formation of free radicals
plays an important part. The characteristics of this group, together with
the variations in reaotivity within the group itself, are shown by the
following account of the decomposition reactions of representative
examples.

(1) Ascaridole (LI)-Vhen heated alone to 130-150° ascaridacle
decomposes violently with a sudden rise in temperature to ca.250 and the
evolution of combustible gasses consisting chiefly of propane( 218). A
contralled decomposition has been effected by heating the peroxide at

(182, 183) (121).
130-150 in inert solvents such as cymene and xylene

The ascaridole isomerises into the dioxide (IXVIII), but the mechanism

of this apparently simple reaction remains uncertain:

CH3 , (.N_1,
q/ c\ G \\cu :
" ‘ “ V30-150" \2 o \ o (L) (R-61)
NK i/“‘ <) ,\‘ CH
cn(ut;) a cn[ol;),

(2) Sterol Peroxides.- The peroxides, of which

2:4-cholestadiene peroxide (XLIX) and ergosterol peroxide (IXXII) are

typical, undergo reaz'-rangelzlengs into an oxido-ketone when heated or
21). '
photochemcally :eraﬂlated

2 l;.-cholestaﬂlene peroxlde, on 1rra.d1at:|.on with sunlight,
\&U, 4 ).
gives the oxido-ketone (IXXI) The same oxido-ketone is formed

when (2:ly-cholg§tadiene (IXIX) is oxidised with moleculer oxygen in su.n—
225, 226),
light The dioxide (IXX) has been suggested as an intermediate

in the isomerisation.
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' Ergosterol peroxide (IXXII) when heated at 185-190

. (159, 263).
isomerises into' a hydroxy oxido-ketone - Two possible

structures (IXXIII) and(IXXIV) have been proposed far the isomer,

(1XXIII) being preferred 51?ce ghe product failed to give 1: 2-d1methy1—
113).
butryaldehyde on ozonolysis This aldehyde would be an expected

product of the'aéonolysis of the double bond in the Cg side chain in
(IXxXIv).

CH3 CHy CH3
CQM‘-, CH cH=CH.cH: ch (CH3), CH-CR=CH-CH <N “"3)

(XX 1) - (kxxw) T (LXX1V) ‘
. )

. 185-90 3
oA -
%
Ho no HO

N\ 0

(3) Transannular peroxides of anthracene and naphthacene
derivatives. -

A notable feature of these peroxides is
the considerable variation in their ease and degree of dissociation into
the parent. hydrocarbon and oxygen. Quantitative studies of the extent of
thermal dissociagion on thermal treatment have been carried out,
particularly by Moureu, Dufralsse and co—workers(21’ ). The results
demonstrate that the dissociability of the peroxiées is greatly influen-
ced by the nature of the substituents in the meso positions of the
anthracene and naphthacene nuclei. Findings with representative peroxides
given in Tables (2) and (3) indicate that only in the cases of 9:10-
diar&ifanthracene and 5:6:11:12-tetraaryluaphthacene peroxides does the

dissocietion approach 100#%, as measured by the yields of oxygen liberated.
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Of particular note is 1:L4-dimethoxy-9:10- dlphenyl-anthracene peroxide
which undergoes guantitative dlssoclatlon in a few mlnutes at 80°(72’.
Régplacement of one aryl 'group by an allqyl or hydrogen results in
gfeatly fgduoed dissociability and replacement of two aryl groups gives
non-dissociating peroxides,

(21)
Bergnann and Xiclean believe that all the peroxides under-

go therﬁal dissociation but that in the case of the peroxides with
unsubstituted or nlkyl.sqbstituted meso positions thellibepated oxygen

is used in further oxidation of the molecule; e.g. anthracene peroxide

yields anthraquinone on heating,

TABLE (2

Dissociation of.2:10-Transannular Peroxides of

Anthracene Derivatives,

Peroxide of "% 0 0, Liberated Reference
Apthracene 0 (65-67}.
9:40-Dimethyl n ) {261, 262).
9~Phenyl | " Y’ . (70, 71).
9-Phenyl=-10-methyl " 20 (260).
9:10-Diphenyl " 96 (63, 6L).

1s4-Dimethoxy-9:10-
Diphenyl " 98 (72).
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TABLE

Dissociation of 6:11 Transannular Peroxides of

Naphthacene Derivatives,

Peroxide of % 0, Liberated ~ Reference
Néphthacene 0 (68},
6:11-Diphenyl . o (69).
536311-Triphehyl " 15 (62).
5:6:14:12-Tetraphenyl " 80 | - (77,178).
(Rubrene)

The comparatively lower yield of oxygen obtained fram the

rubrene ty% of peroxide (Table (3} ) has been attributed by Bergmann
21)

and McLean = to a partial 1samerlsat19n of the peroxlde into a stable

dioxide (IXXV}, a reaction not occuqlng with anthracene peroxides:

(Xev1) (Xuvet) ( Lxxv)
cbus C M5 Ci s Cig _ CbuschHs
ST +0s ' : )
( Y\ o +0 i _b_\_-..;t__)/\\.(‘o %j (R.64)
\}\/ /7 heat- 0y N Y \ V\/ A= /
Ces Cuhs Cils Cuis Hs CeMs
(98)

Gee asserts that the different stabilities of the
various peroxides are dependent upon the maénitudes of the increased
resonance  energies of the hydrocarbans relative to those of the peroxides.

In the-case of 9:10-diphenylanthracene and its peroxide:
4

C e n)
(LX%Y1) (LRRVAY,

INOXOD
Dv—-—.——‘@/ ) (R.65)

Gee has caloulated that there is a gain in resonance energy of 43 k.cal.
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in passing from the peroxide (IXXVI), with its four independeantly
résonating systems, to the .hydrocarbon (ILXXVII) with its single resonating
unit; Consequently the heat of dissociation of (R.65) has the very low
value of 15 k.cal. That this mode of decomposition is the most facile is
readiily understandable on the basis of these figures. The difference in
‘resonance energy between‘anthracene gnd its peroxide will be much lower
due to the absence of aryl substitueats in the meso positions and the
consequent decrease in the number of resonating. structures; the heat of
'dissociatio.n into oxygen and hydrocarbon will thus have the much higher
value of 31 k.cal. These considerations provide a theoreticel basis for
the observed fact that anthracene peroxide decomposes by an alternative

course,

DI-ACYL PEROXIDES.- The best known and most frequently

studied peroxide of this group is .diacetyl peroxide, The researches of
Walker and Wild on the thermal and photochemical decomposition of
di-acetyl peroxide have shown that umiez‘- favourable experimental
conditions the reaction results in the f-::ﬁnation of carbon dioxide and
ethane according to (R.66}:

GH5.CO.O.O.CO.GH5——-—> z:oa + CZHS. (R.66)

- - Reaction(R.66) is most-nearly obeyed when the peroxide is .
decomposed, (a) by ultra-violet light irradiation of the solid at 16-18°
(247) ol 2uT).

and (b) in the vapour phase at 100 The reaction proceeds,

probably, by initial formation of acetate radicals which decompose further

into carbon dioxide and methyl radicals, the latter dimerising to ethane:

”* »
(cn;).co.o)z——> aclis.co.Oﬁ 20, + LH, ——-> CHg (R.67)
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Under less favourable-conditions, for example when the peroxide is
heated in the liquid phase at 30-9o°( 245-%6)’the major products, spart
from earbon dioxide, is methane, and only relatively small amounts of
ethane arise. The formation of methane and the existence of large yields
of gum-like material isolated under these conditions was attributed to

reactions (R.68) and (R.69) involving the peroxide (or radicals derived

from it) and certain of the decomposition products (FH):

—> CH_,C0.O0,R. + CH + CO (r.68)
3 . i 2

GH}.CO. 0. O.C‘O.GH3 + RH

CH_,.CO.(H, CH_.R. Co R.6
3 + 3.R + » (R.69)

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

has been published on the thermel and photochemical decomposition of
benzoyl peroxide, which is typical of this group, is both confusing and
conflicting. An analogy with the decomposition of diacetyl peroxide is
that of benzoyl perosxide to give under favourable conditions, carbon
dioxide and diphenyl in yields approaching those required by reaction
(R.70):

. 06H5.co.o.o.co.96H5——> 061{5.0 6H5 + 20 0 (R.70) .

Reaction conditions favouring this mode of decomposition include:
(92), (91, 207),
(a) ultra-violet light irradiation ((b) pyrolysis alone
) 100).,

or in the presence of certain catalysts

That this is not the only reactit;n has been shown by many
workers, Brodie( %, 59)i‘o|md that the peroxide, when decomposed in sand
at 850, gave only one mol. of carbon dioxide per mol. of peroxide and

not two as required by (R.70), a result that has bean.confirmed by

? e
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(100}. :
Gellissen and Hermans Small amounts of benzene were f‘ormz:d, a.nd)
. 7)4-, 75 L]
benzoic acid was also a major product under certain conditiouns
These results, taken in conjunction with the results of peroxide

decomposition in solvents (vid.p.5 ), suggest that reactions (R.71) and
(R.72) may also be significant under certain conditions.

T —> R.(‘:OOR1 +BH + CO, (R.7T1)
R.C0.0.0.CO.R + R'H ——— o :

> R.COOH + R1R + 002 (R.72)

¢



SECTION (4).

THE REACTION OF ORGANIC PEROXKIDES WITH OLEFINS

AND OLEFINIC COMPOUNDS.

This section is the one most olosely connected with the
present author's contribution to organic peroxide reactivity. Little
detailed work has been devoted to the reaction of organic peroxides
with the various classes of conjugated and unconjugated olefins despite
the extreme i.mporté.nce of these rea:ctions. They must undoubtedly be
involved in many processes of technological importance, for example the
oxidative chain scission of natural and synthetic elastomers, peroxide
vulcanisation of rubbers, the drying of paints, and the peroxide-
cataljsed polymerisation of vinylic olefins, which is the basis of the
modern plastics and synthetic rubber industries. Only in the latter cese
has research been conducted on a scale approériate to the importance of
the subject,

. The following i an account of the major contributions whieh

have been made in this field.

Reaction of Benzoyl Peroxide with Olefins.- The ability of

benzoyl peroxideito react with simple olefins was demonstrated by Lipomann
A : (107, 158 ' -
in 1884 who reacted 2-pentene with the peroxide at 100°, obtain-
ing definite reaction products, the correct identification of which is

rendered doubtful by recent work.

(1) Cyclohexene.- Systematic investigations of benzoyl

peroxide/olefin reactions are singularly lacking. The only reaction which has

been studied in detail is that between benzoyl peroxide and gyclohexene
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(83, 123).

(83) .
Farmer and Michael reascted the peroxide with a large

excess of cyclohexens at 11.00. The products isolated and identified
' t
% * 2
included carbon dioxide , benzoic acid , benzene, A -cyclohexenyl
1]

benzoate* (IXXVIII), cyclohexyl benzoate (IXxX1X), Az-_c‘ygl.ghexenyl-
Az-gﬂgghexene* (IXXX) and phenyl cyclohexene (IXXXT). Higher boiling
‘products present in small smounts included the benzoic esters of
saturated and unsaturated C,, alcohols, and C 18 hyﬂroca?bons of un-

12
certain composition. The major products are asterisked. Hermanns and

(123)
van Eyk conducting the reaction at 83° s obtained almost identical

results, The latter investigators correlated the amount of peroxide
decomposed with the yields of various products which together accounted
for almost 100% of the peroxide. They found per mol. of peroxide: -
coz, 0.31 mols; C

65

6H5'(_)00- groups ).

Both groups of workers suggested the initial reaction to

6H5.COOH, 0.3t mols.; C _H..COO~ as esters, 1'.35

equivalents (Total = 1.97 C

be the homolytic decomposition of the peroxide to give phenyl and

(125):
benzoate radicaels, a mechenism originally advenced by Hey and Waters
¢ _H .C0.0,0.C0.C H , 26,H ,C0,0 % R.
¢ gl —” Tgh, ( 73)
L] L] * > * *
°6H5 €0.0 Ccligx + CO, (R.7%)

- The phenyl and benzbate_ radicals have two reactive centres
to ettack in the olefin molecule R-GHZ-GH=GH-R1: (a) the o —CH, group,
the lability of whose hydrogen atoms has been abundantly démonﬁtrated _
(vid.p.Setsy) , and (b) the double bond with its high additive reactivity.

. It was concluded from the character and quantitative

proportions of the major products (a) that the peroxide decomposéd to
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give mainly benzoate radicals (R.73) with only smaller amounts of
phenyl radicals, (b) that these radicels rescted mainly with the double
bopd of the olefin, although considerable reaction also occurred at the
A -CHzlgroups_, (c) that the reactior.x redulted in a considerable degree

of CC linking of the olefin molecules at the K -CH_ positions, as

2
evidenced by the large yields of gyclohexenyl-cyclohexene (R.79-80).
.The f‘oilowing free radical mechanism was advanced by both

the English and Dutch workers: N . e @ 76)

" C Mg ® e M (R.76)

@,H . CLH5' Q0 O% r @‘oco CyHs (kXX V111) (R.7%)

@c‘," (Lxxxﬂ I(.R'-')'S)

D |
@ (=>/ (Lxxx) (R.80!

(R. 94)
< )—o Co- G g
C‘Hs(b O = ¢

D + cn (R. 82)
. CBHS* — (: §

/\ (R. %3)

<(Lxx|x))' Q );‘
@ Doagus{w ° +H % (R. 81

(2) Rubber Hydrocarbon.-  The above results are of value

' CEHS”

in interpreting the vulcanisation that occurf when z)-ubber is heated with
7, 97

benzoyl pa'oxlde. It is now well established that vulcanisation
results from cross-linking of the isoprene (-CH .C=8H-CH -) units in
the rubber molecules, With sulphur as vulcan:.s:.ng.agent the cross-1igk-
ages consist probably of mono- and polysulphlde groups, - -C-8-C- and

(24, 84, 180).
*+8) -



(187, 188)

Ostromislenski was the first to discover that
rubber was vulcanised(whesx heated with benzoyl peroxide at 12.00. Van
214 '
Rossem and co-workers showed that benzoic acid appeared during the

reaction and found that some of the benzoate groups became united with
the rubber.'Ven Rossem attributed the wilcanisation to dehydrogenation

and -C-C- cross~linking of the rubber, benzoic acid being formed in the

A"

process: | ) : | N
a | L
H
a | + (s 00.0Co-CHg —> ﬁ |+ agyhscoon (R85)
C:CHy Cu-yi‘-- T'Cﬂs
CH3y : CHy . Chy

l )
(N.B., the abstracted hydrogen atoms were chosen arbitrarily)

On the basis of tht(a w:))rk with benzoyl peroxide and

83 .
" cyoclohexene Fermer and Michsael advanced the view that peroxide
vulcanisation of rubber was effected by attack of benzoate and phenyl

radicals at the o -CH groupé of the isoprene units:
: 29 .

crl; GGH. .00.0% i CH% _GGHSQCOOH
~CH,~C<CH-CH -  + 5 CH-GCHCH - + ° .
| 2 CH % 2 CeHy (R.86)
- 65 66
(TaoxIT)

The radical (IXXXII) could by atteck at the o -cn_z of
anoiihe_r ‘isoprene unit give a cross-linked structure of the type
(LXOXXIII). Benzoate (and to a minor extent phenyl)raducals could also give
cross-linked structures, e.g. (ILXXIV) b5.r additive reactions analogbus __
to (R.81 and R.82). Alternatively, structures such as (LXXXV) may result
from substitubive attack of benzoate radicals at ¢>L-GH2 groups (cf.R.77) .

but this, unlike (IXXXIT) and (IXXXIII), will not contribute to cross-
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linking of the polysi$oprene chains and therefore will not be significant

in effecting vulcanisation.

-CH-C(CH3)=CH-CH o -cn-c(cn3)=cn-cr12-
-cr:-c(cu})‘-:cg-cui ~CH 2—C(CH5)-CH(O.CO.C 6H5)-CH2-
(LXOCLIII) (LxxxIv)
CHs GHj3

' | )
CH~C =CH~CH_-CH-~C =CH~CH

L_ 1
O.CO.Csﬁso .00.06H5

(1x00V)

The above hypothesis has -receutly been extended

: e
, zmd tl;e whole fiLlad of peroxide vulcanisation reviewed by Mark (et.al)
2’ 3 [ )

<o

Reaction of Di-tert.-Butyl Peroxide with Olefins.- Rust,
- (215, 240)
Seubold and Vaughan ' have recently studied the vapour phase

reaction at 235° of di-tert.-butyl and di-tert.-emyl peroxides with the
olefins, ethylene, pz;opylene, 2-butene and iso-butylene. With propylenes
and di-tert.-butyl peroxide the products included, in eddition to acetone,
a mixture of‘paraf‘fins- and .oiefins var;ying fram Cl‘_ (butanes and buteb.es)
vto C.o (dimethyl-octanes). The products were acoounted for by the initial
reaction of methyl radicals, formed by decomposition of the peroxide,

at either end of the double bond in the olefin. Representatdve reactions

of this type are indicated below:

(CH3)30.0.0.0(CH3); —— Hzx + 2(CH;}£=0 (R.87)
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-l‘l'_-
. *
CH) + CH_=CH-CH — > CH_.CH .CH.CH, and
* e 3 3 2 3

3
%
* CH .CH.C R.88
p-CH-CH, (R.88)
CHs * —> CH,.CH,.CH(CH_) (R.89)
*
CH +0H 5+ CH.CH + > e 32
[ H L ] [ ] F .C c []
OHy.CHOH, | —> OH,.CH .CH,.CHy + *CH,.CHCH,
(R.90)
x T
.CH,,.CH.C CH_.CH=C H,.CH_4CH.CH,.CH=CH " (R.
OH 1.CHp.OH.CH;  + *CH,.CH<CH —> CHy.CH,oGH.CH, 2 (R.91)
ete.

As will be shown in the present author's contribution,
this mode of reaction differs fundementally fram- that observed in the
liquid-phase deoo‘;nposition of di-alkyl-peroxides in olefins at the much
lower temperature of 1h0°.

Reaction of Olefinic Hydroperoxides with Olefins.-  Although,

as stressed previously, the nature of olefin-hydroperoxide/ olefin
reactions is of importance in elucidating the reactions sccurring in the
later stages of olefin autoxidation, no detailed work has been reported

on any such investiga"b_ions. The only example given in the literature is.
that of Farmer and Sundralingm(sg)who reacted Mhexewl-}-hydroperoxide
(IV) with gyclohexene at 100° and obtained a small yield of g&]ﬁhécen-j-
_ol and traces of epé:qyg&ghexane ’ toge_ther with high boiling oxygenated -
materiel. Insufficient work haﬁ been done to indicate any definite

mechanism for the reaction, and (R.92) must be regarded as an over-

simplification of the processes involved.

R O OO >

(rv)
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_ THE PEROXIDE EFFECT,

(1.6, 150, 151).
In 1933 Kharasch and Mayo _ found that in the

presence of peroxides or oxygen, hydrogen bromide added to allyl
bromide to give 1:3-dibromopropropane, contrary to the normal addition
rule of Markownikow. Only when highly pmrified allylbromide was used in
the absence of oxygen was the normal product,. 1:2-dibromopropane,

obtained. This reversal of normal addition has been termed the Peroxide

Effect..
Peroxides
] a . oCH . .
present. ~ CHBr.CH,.CH .Br (R 9;)
CH2=GH.CH2Br + HBr
o Peroxides  CH_.CHBr.CH .Br (R.94)
abzent, 3 2

Simi.laf reversals of the direction of addition e_ﬂ olefins,

in the presence of peroxides, have been reported to occur with
, (136), (605, (149)
mercap tans thioacids bisulphites and halogenated hydro-
(147, 155). |
carbons The peroxide effect doed not apply to the additions

of HP, HC1 and HI to olefins.
Although the underlying priaciples are not fully under-
stood it is believed that this effect is due to the ability of peroxide

to initiate, by formetion of bromine atoms (or RS* , R.CO.S«* raziicals

. 125,
etc.), a radical chain reaction as represented by (R.95 - R.97)
142-144, 163). R
The radical x-Cﬂz,bH-k (X =Br*, R8» etc.) is

R
believed to be more stable than* CHz.bH.x owing to z;he ;tabi.lising
. 162},

effect of the conjugated or hyperconjugated group R

HBr + P% ———> HP + BrX (R.95)

*
Br¥ + CH,= CH.R—> Br.CH2 -CH.R (R.96)
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b
Br.CHz.CH.R + MBr —> Br.CH,.CH R + Brx- (R.97)

(N.B. Px represents a peroxide radical or a radical formed

by homolytic decomposition of a peroxide).

Peroxide-initiated Vinyl Polymerisation.- = Vinyl olefins
R
of the general structure CH2=b-x (R =H, CH

53 X = Oglig, =0.CO.CH,,

-C1, -CH2.0.CO.CH » ON and similar polar groups) may be polymerised by

3

organic peroxides to give macromolecules of industrial importance.
The organic peroxides commonly used are diaroyl- and diacyl peroxides

(e.g. benzoyl peroxide), but recently dialkyl peroxides and alkyl

(195, 213).
hydroperoxides have been shown to be effective catalysts

The polymerisation may be conducted in either a single or double phase
system; the latter is termed emulsion polymerisation. The process may
be either simple polymerisation involving a single monomer, or
co-polymerisation involving two mor;ners, one of which may be a
conjugated diene., The structural units in t)l'cxe v:i.ny}llE polymers occur

" generally in a head o tail sequence, -cnz-ﬁﬁ-cnngﬁ-, a%th:))ugh in at
_- 94),
least one instance, that of vinyl acetate polymerisation a small

percentage of head to head addition also takes place. X
The concept, that addition polymerisations of this type

proceed by a chain reaction in%iving successive additions of monomer

units to an active free radical intennédiatam, ia now widely accepted.
(93, 160, 170, 221, 229)
\ 3 1ivVy chiy acjje .

The free radical chain reaction camprises

the charaoteris‘(bic stess of activation, propagation, chain transfer,
1, 197).

and termination e
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. (137, 185,186)
Role of the Peroxide,- Various investigators

have proposed that organic peroxides initiate and catalyse vinyl
polymerisation by their formation of active free radicals on thermal
decomposition. The radical fragments Px (R.98 - R.99) adds to one end
‘of the double bond of the vinyl monomer; it is generaﬂ.ly assumea(%‘)
that the radical R.CH bH’k is more stable than *CH bH.P and conse-
quently that attack by P takes place at the unsubstituted carbon atom

of the double bond (R.100) (cf. the "Pevpxide Effect", p. &5 )

R.C0.0.0.C0.R. ——> 2R,CO. o}* (R.98)
Pw
co, + Rx : (R.99)
Initiation:
A x
P» + CH, £H —> P-CH -EH* (R.100)

The radical chains are propagated by. the regular step-wise
ad._dition of monomer units to the growing polyvinyl radical im such a

way that & new free radical is formed at each stage (R.101).

Zropagations:
Propagation X

X X X
P-c&z.'cnu . CH2=<':H — P.cnz.c':n.cnz.én »
nCH,=CH.X X :
——— Bfom, -CH} \ : (R.101)
s

The growing chains may be terminated in a number of ways
the mechanisms of which are at present imperfectly understood. These

may inolude: (i) chein transfer involving interaction between the

polymer radicals apd a monomer, solvent or previously formed polymer
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molecule, (ii) reaction of two polymer radicaks with each other or oz[" a

" polymer radical with a simple radical resulting either in radical linking,
or in disproportionation to two stable molecules,

It is beyond the scope of the present thesis to give'a more
detailed discussion of the propagetion and termination reactions and
other important aspects such as the kinetics of polmnerisation(1’ 13
200, 202 (17)

and co-polymerisation and the mechanism of emulsion-

polymerisation.

. Fate of the Peroxide Fragments.- According to the proposed

initiation reactions (R.98 - R.99) and (R.100) the peroxide radicals Px
should become chemically united with the polymer. This has been established

(13, 1, 201, 202},
by a number of methods including chemical analysis

(196), (138) | (197)
radiocactivity measurements ultra-violet and infra-red
analysis of the polymer.

In the chemical analysis method"marked" peroxides, usually
halogenated benzoyl peroxides, are ussd toc initiate the polymerisation,
and the polymer is then analysed for halogen. For example, Bartlett and
Altschu? j)polymerised allyl acetate with p-chloro-benzoyl peroxide -and
analysed the purified polymer for chlorine. Of the total halogen, 72.5% -
was bound to the polymer and of this ca.52% was present as p-chloro-

" benzoate- groups and ca,20% es n-chloro-phenyl groups. These results.
provide further evidence that both aryloxy and aryl radicals act as
volymerisation initiators. It is significant that not less than 17% o

the decamposed peroxide was isolated as p-chlorobenzoic acid, a result

that was attributed to the abstraction of hydrogen atoms from the OK-CH2

groups in the monomer by p-chloro-benzoate radicals (R.104):



, © . (K 0-Co-CH
5a% 2 3
—> ctQ-co-o—Ecua-EH}“ (R.102)
?“a' 0-CO-CHx

[ . Ao
\_ u@-co- o]a-r\\cuz:c“-(lﬂ,;o(o-cw?, 3%, CL@ECHA' nt (RAcD
M C'Q-CooH + CH4=CH-EH~0-CQ-CN3 (R.von)

Other classes of labile molecules which undergo homolytic

decomposition have also been utilised as initiators, e.g,
(222}, (220)
henylezotriphenylmethane and
(199).

p-bromobenzenediazohydroxide Inorgasnic catalysts such as boron

tetraphenylsuccinonitrile

fluoride and stannic chloride can also init:(late)vinyl-polymerisatian
170).
but these probably act by a polar mechanism '

Industrial Applications.- The modern plastigs and
synthetic rubber industries are both based on the polymerisation of
vinyl monouers as described above.

Although polymers of a single vinyl monomer (e.g. vinyl
chloride and methyl methacrylate) have found useful applications as
plastics, the general industrial method is to co-poliymerise twod suitable
monomers, one of which may be a' conjugated dieme. The co-polymers of
butadiene with styrene, acrylonitrile and.isobutylene respectively are

technically important as synthetic rubbers,
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SECTION (5).

DECOMPOSITION OF PEROXIDES IN NOW-OLEFINIC ORGANIC
SOLVENTS.,

1. DECOMPOSITION OF DI-ACYL PEROXIDES.- Kharasch and his

¢ollaborators have studied the thermal decomposition of diacetyl peroxide

- (152), (154),
in a variety of solvents including ketones alkyl benzenes

(144, 145) (141), (148)
organic acids ~ and ‘their anhydrides ~ chlorides and
(148, 153).
esters The peroxide decompdsed to give methane and carbom
dioxide with smaller amounts of methyl acetate, Ethane was formed in only
a few solvents (e.g. methyl phenyl acetate) and then only in small amounts.
Kharasch suggested that the methane resulted from the abstraction of
hydrogen atoms from the solvent (R.106) by the highly reactive methyl
radicals formed by.-the initial h-:inolytic decampos ition of the peroxide
(R.105}.
2
cn;t +HR —> CH, + Rx : (R.106)

cnj.co.o.o.co.cr:j—e cn‘}* + CO +GH3.GOO* (R.105)

The methyl acetate may have resulted in a number of ways as
represented in (R.107 - R.109). In all cases the number of mols. of
carbon dioxide formed was approximately equal to the sum of the number of

mols, of methane and methyl acetate, in agreement with the postulated

mechanism. i
z:nj.coo* ——>0H5.00.0.0H3 "+ CO, (R.107)
GH .C00% + (GH}.COO)Z—? CH:,’.COO.GHJ + €0, + CH3.C00* (R.108)
CHyx + (cnj.coo)  a CHB.co.o.cgj + cns.coox (R.109)
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The methyl radical is highly selective in its action, attacking
only the hydrogen atoms on the carboh atom alpha to the characteristic
groupings (X = COOH, COR, )C = O, Cgly ote.) of the solvents (r,R' :
CH-X, for ketones, X = )C = 0, R,R! : CH-X-CH: R,R!) as represented in

(R.110):
REN . R\é'-—x' + CH
ST X hongx —_ ) ‘* (R.110)
] R

(r,R' < 1, A1kyl, Aryl, Chlorslkyl sto.)

N .
The solvent radical R,R' : C-X is then stsbilised by

dimerisation (R.111.). It was shown that in all decampositions "dimers"

Y .Y R
2 YNox ——3 x3c—d-x
- =L ) R.111
v R’ SR : ( )

resulting from the solvent according to (R.111) were well represented,
* o '
being the sole or major non-gaseous producta. This acetic acid gave

suceinic acid (R.112) and isopropyl benzene gave 2:3-dimethyl-2:3-ddéphenyl

butene (R.113).

' dimerises
CH,COCH + CH%—> CH, +%CHp.CO0H -—————f—>[-cr12.coon]2 (R.112.)
. * dimerises 1
,.06H5.cH(01{3)2 + CHy—> CH, +C 61{5.c(cﬁ3)2___> [_06H5.G(CH3);] 0

(R.113)

The reactions are of great -synthefic importance, b.e-ing an
easy route to s_.uécinic and alkyl-substituted sucoinic acids, 1:4~diketones
and substituted dibenzyls. An important instance of the last example is
the synthesis of the meso '_and racemic forms of hexoestrol dimethyl ether
(IXXXVI) a ssotrce of the oestrogenio heoestrol - by decomposition of

diacetyl peroxide in ¥-methoxy-£-pr0pyl benzene.



ClJHs CgHs
cu3o< >— ¢ — C - OcHy

(ToxvI)

Those "dimers" possessing « ~carbon hydrogen atoms are subject

tp further attack by CHB* at the tertiary C-H groups to give "trimers"

and higher polymers (R.114). Thus monochloromethyl acetate gives:

?;H H'R R H R K\* “\ R P‘

\Y) N —-X

x?-'c/x+c“f‘_“*xf_c\ _ﬁ“__a‘;f—i < : (R.114)

o:ott-gichloro-succinie methyl ester and trichloro-trioarbailylic
methyl ester in the ratio of ca.2.3:1 based on monomer ester units.
The yield of "trimer" is much greater than expected onIstatisticalu basis
and the results indicate that the relative concentrations of monomer and
"dimer" molecules -a.nd radicaels are not the major factors governing the
final proportions of the various polymers. The determining factor sppears
to be the reaction of l’.‘!I5 with tertiary in preference to secondary C-H
bonds, a sugggstion in keeping with the weaker bond energy of C-Hy than of

(228).
c-Hp .

2, THE DECOMPOSITION OF DIAROYL PEROXTDES.- The decomposi-

tions of diaroyl -peroxides in the presence of non-olefinic arg?nic
27'309
solvents have received much attention in the past thirty years
100~-108, 123, 124, 206, 208, 255-257).
‘ As the results are too extensiwe to

be discussed at length only the case of benzoyl peroxide will be considered

here, .1.v .- o ognw, O osatiil R P s e
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VWhen high concentrations of benzoyl peroxide are decomposed
thermally in benzene the major products are diphenyl, carbon dioxide and

benzoic a.cid,(witl)n smaller amounts of phenyl benzoatey terphenyl and
100) '
* 1
quarterphenyl It was assumed that the solvent (R H) participates in

the reaction and the reaction products wc(ere c):onveniently accounted for by
100
the "R1H" scheme of Gelissen and Hermans which involved a main reaction

(R.115) and a side reaction (R.116). The stoichiometry of the decomposi-

tion varies, however, from solvent to solvent. With benzene and other
. (100, 101),
aranatic solvents (R.115) represents the main reaction but

. (104).
with isobutyl alcohol (R.116) becomes the principal course of action

1
1 Y
1 Main_ C 655.00011 + 06h5.R‘ + G0, (R.115)
Side ’ CH COOR1+GH + CO (R.116)
6 5. L] 6 6 2 .

The participation of the solvent (R1H) in the reaction has
, (29, 100, 101, 124, 255, 257).

been proved by a number of workers Thus
di-p-chlorobenzoyl peroxide in benzene gives l..-chiorodiphenyl and not
4 L|.1 -dichlorodiéphenyl, in agreement with (R_.11.5)(100) and benzoyl peroxide
decamposes in nitrobenzene gives 2- and h-nitrqphenyls but no diphenlvlhzu.

The R1H scheme of Gelissen a.nd Hermans as given above,
although conveniently summarising the different end products possible in
these decompositions, does not suggest the precise mechanism whereby these
products are formed. A plausible mechanism was first proposed by Hey and
I‘{a'bers(125)and this is now widely accepted, According to these workers
the initial reaction involves the homolysis of the peroxide R.CO.0.0.CO.R.
to give two types of free .radicals R* and R._CO.(%* (Ra117 - R.118) which

by further interaction, either with themselves, with solvent molecules
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or with previously formed reaoti:on products can give the hydrocarbons,
acids and esters actually identified. The following scheme, in which
R1H‘ is a solvent, summarises the initial and secondary recactions which

.exolain the formation of the major reaction products:

R.C0.0.0.C0.R — > R* 4+ R.CO.0% + 002 ’ (R.117)
| R.CO.0% —— Rx 400, | (R.118)
. —> R.R' 4 H* - o (R.119)
Rx. + RH — 1 :
—> RH +R~ (Re120)
| , —> R.CO0H +R's ' (R.121)
R.CO.0% + R H—-l ;
. —» R.cooR'! +H* (R.123)
R'* + R.CO0 » —> R.COOR’ (R.124)
1 _ﬁ R.R“.Rhﬁ‘ H* (Ro125)
' R* + R.R — 4" '
. L5 RH +RRw ' (R.126)
This scheme whén applied 10 the reaction of benzoyl peroxide
(R = 06H5)‘with benzene (Rt= C6H5; R = C6Hh) is seen to explain all the
reaction products which have béen isolated.
In recent years extensive investigations on diaroyl peroxide
decomposition in many types of organic solvents have been made from the

standpoint of the reaction kinetics rather than the isolation of end

products,

It has been well established that bothcthe stoichiometry
and thé,rate of the pe‘rox'ide' decomposition varies widely fram solvent to
(10, 11, 15, 16, 43). -
solvent Also, in the seme solvent the nature of the

decomposition varies in relation to the initial peroxide decomposition
(10, 11, 15, 16, 40, 43, 103).

(10) |
Barnett and Vaughan ? studying the kinetics of benzoyl
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peroxide decomposition in benzene at 80°, found that at infinite dilution
the peroxide decomposes unimolecularly to give mainly diphenyl and carbon
dioxide (R.128), the rate determining step being represented by (R.127).
This reaction is comparable with that occurring when the pure peroxide is

decomposed in the absence of solvents (vid. p. 37 ).

CgH,.C0.0.0.00.C (Hy ——— 206H5.CO.0 * (R.127)
06H5.co 0.0.CO. 06115 ——>G6H5.06H5 + X0, (R.128)

At &1l finite concentrations (R.128) is accompanied by a
bimolecular reaction, the latter predominating above z-a certain peroxide
concentration. Initially the stoichiometry of this second order reaction
is represented by (R.129) but this is -gr-adually superceded with increasing
peroxide concentration by a reaction represented by (R.1 30), which is the

)
main reaction of the "R1H"' scheme of Gelissen and Hermans.

06H5.(,O 0.G,CO0.C H. =+ C6H6———? CH_.COCH + C6H5.CO.O C6H5 (R.129) °

65 65

06115..00.0.0.00.06}15 -+ Cglig— 06H5.COOH + 002 + 06115.C6H5 (R.130)

Similar evidence for simultaneous first and second order
decompositions of benzoyl peroxide in various solventis has been adduced

(103), . (15, 16}, (0).
by McClure et al. " Bartlett and Nozaki and Brown

QECMPODITIG\I oF DI-tez*t.-ALKYL PEROXIDES,~ As previously
- 203, 204, 215}
stated (v1d.p. 31 } Raley, Rust ‘Seubsld and Vaughan have
recently studied the decamposition of di-tert.-butyl péroxide in various
organic solvents including alkyl benzenes, paraffins and tertiary amines.
The peroxide decomposes to give large yields of tert.-butanol by
abstraction of hydrogen from the solvent by the initially formed tert.-

butoxy radical. The resulting solvent radicals are stabilised by dimerisation
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For example, the peroxide when decimposed. in iso-propyl benzene at 130°
gives tert.-butanol and 2:3-dimethyl-2:3~diphenyl butane (IXXXVII). The
reaction probably occurs according to (R.131 - R.132).
(CHB)Bc.o.o.c(CHB)B—s 2(CH3)30.0* fmins (R,131)
* imerilises
(cns)jc.of + CH(CH3)2.C6H5—)(OH3)3.0H + C(CH3)2.06H5 i ——
. . 06H5.C(GH3) 2,C(CH3)2.06H5 (R.132)
'  (IXXXVII)

Significaﬁt yields of acetone and methane in these

‘decompositions (especially with tert.~-butyl benzene as solvent) suggest

that- the peroxide may in part decompose according to (R.133) 'bohe CH3*
radicals then reacting as in (R.134) as proposed by Kharasch et al.

(vid.p. 50)

(CHB)BG.O* _ (cn3)2c; = 0 + CH,» (R.133).
CHp + BH———> cﬁh' + R» : (R.134)
. o] '

- GCertain of these résults anticipate and confirm the findings

of the present author (vid.p.!l0 }.

¢




PART (II).

NEW WORK ON THE REACTIVITIES OF CRGANIC

PERQXIDES.




SECTION (I).

REACTION OF DI-tert.-ALKYL PEROXIDES
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(A). REACTION OF DI-tert.-BUTYL PEROXIDE WITH cycloHEXENE, -
The reaction of di-tert.-butyl peroxide with cyclohexene has been studied
in detail and the nature and quantitative yields of the wvarious reaction
products have been carefully examined. The general experimental teqpnique
used in these and subsequent experiments was to react the peroxide and
olefin (or other solvent reactant) in Carius tubes at 140° for times
varying from 12-48 hours.. The reactions were all conducted in the absence
of oxygen. In the present instance both the relative proportions of pe:o;tide
to olefin and the reactlion times were varied and the effects of these
variations on the yield and nature of the r;acfion product determined,
Reaction of di-tert.-butyl peroxide and gyclohexene in the
moler ratio of 1:6 for 24 or 48 hours at 140° resulted in complete
decomposition of the peroxide, which was converted mainly into t_é_x_:t.-
butanol and to & minor extent into acetone. In addition to recovered
cyclohexene g mixture of cyclohexene "polymers" was obtained which

contained no oxygenated constituents. By fractional distillation of the

poiyme}.- mixture there were obtained three well defined polymer fractions:
(i) a gyclohexene "dimer", 012H18; (2} a "trimer" CygH,gs and (3) a
"tetramer" G%Hy‘_ ﬁ: The remainder of the polymer mixture was an
undistillable residue consisting of cyclohexene "polymers" higher than

"tetramer®,

Detailed Examination of the Polymer Rractions,-
' | "3 " - : s
(I) The "Dimer C,H, g This consisted

entirely of the dicyclic- A1 5.4 iolefin, (A ~-cyclohexenyl- Az-cﬁlo-

hexene (I). The presence of two double bonds per C 42 unit was confirmed

(139, 140)
both by iodine value determination and by catalytic micro-
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hydrogenation. Catalytic reduction of the olefin gave pure dicyclohexyl

(11).

H
(1) (mm)

Bromination of the olef'in in chlorosform gave almost quantit-
ative yields of a mixture of two {presumably stereoisomeric) cyclohexenyl-
cyclohexene tetrabromides, C12H1 BBrl._’ .which were separated by fractional
crystallisation from chloroform into & major product, m.p. 159-160°, and
a .minor ptoduct, m.p. 188-190°, Both of these tetrabr-oﬁides have been
obtained by previous workers( e 83)lby brominating cyclohexenyl-cyclo-
hexene, |

Final confirmation of the structuee of the "dimer" as (1)

was obtained by its synthesis according to the following scheme:
CH,—~ Co _ CHy— CQ
O s O e
(Hy~ €O . r Hy— o7
M ey ! H y
Br v8+3' +“83'a (R-Zc)

The physical constants of the cyclohexenyl-cyolohexene
obtained ’by syhthesis and by reaction of cyclohexene with di-tert.-
butyl ﬁeroxide were in good agreement, and the s'ynthetic product gave

the same two tetrabromides as were obtained from the .cElohexene "dimer".

(2). The Trimer c18H26" The "trimeric" fraction consisted of

the two isiomenic dicyolohexenyl-gyclohexenes (III) and (IV).
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Evidence for the isomer (III) was obtained by catalgtic
reduction of the "trimer" which gave a reductant (C, 8“32) from which
the high melting form of 1:4~dicyclohexyl-gyclohexane (m.p.162-163")
(V) wes isolated. The substantisl smounts of non~crystallisable

. dicyclohexyl~cyclohexanes in the reductant indicated the presence of -

other isomeric forms of the 01 8H26 “tﬁmer".

Woow ,.,D (v)

Selenium dehydrogenation of the "tr‘imer" gave a mixture of

1:4~ and 1:3-diphenylbenzenes (VI) and (VII) respectively, confirming the

presence of the 1:l4- linked gyclohexene "trimer" (III) and esteblishing

: ¥*
the presence of (1v) as one of the major "trimerioc" constituents. Although
there "was no evidence of any 1:2-diphenylbenzene in the dehydrogenated

product, its camplete absence was not definitely established.,

(W)

# Although, strictly speaking, the isolation of 1:3-diphenylbenzene

establishes only the presence of a 1:3-dicyclohexenyl substituted cyclo-~
- hexene in the "trimer" and does not indicate the actual positions of the
olefinic unsaturation in this olefin, the reaction mechanism described

later shows that (IV) is the most plausible structure,
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quninatﬁn fo the "trimer" gave a complicated mixture of
digyclohexenyl-cyclohexene hexabromides which were difficult 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"
2l 3 Srese

fraction though molecularly homogeneous, consisted of many structural and

stereoisomers. No detailed examination of the fraction was undertaken
beyond establishing it as a tetracyclic olefin CZI;H% containing four

double bunds per molecule.

Mechanism of the Reaction.- From the experimental findings

described above ‘it is seen that di-tert.-butyl peroxide when decomposed
in cyclohexene is converted almost quantitatively into tert.~butanol, and
the olefin is partially transformed into a mixture of cyclohexene polymers

which retain the original unsaturation of olefin and in which the new

C-C bonds are formed at the oL ;méthylene _positions,

' The meche_mism advanced to explain these results involves the
initial homolytic scission of the 0-0 bond in the peroxide to give two
tert.-butoxy radicals (R.3.). The latter arecthen stabilised k-)y abstrec-
tion of labile o -methylene hydrogen atoms from cyclohexene; yielding -

tert.-butanol and a cyclohexenyl radical (Rey):

(CH )c.o. o.c(cqj, _— 2(cH ) G, 0% (R. 3)

(CH ) C.0% + )<—:—>—>(CH3) C.CH + }@ R.4)
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The, existenlce of traces of acetone in these decampositions
suggest that the peroxide undergoes, to a minor extent, unimolecular
decomposition (R.5) in a manner analogous to the vé.pour phase _pyrolysis

of the peroxide in the absence of solvents (vid.p. 37 ):

CH,)_C.0,C(CH 2(CH_) C.0%—32(CH_ ) 6=0 + H * (R,
(cr,) 1(3)3—9(3)3 —>(3)2 + H, (R.5)

The gyo_l_g_héxenyl radicals formed in (R.4) are stabilised
either by redical-radical linking reactions (Rl.6) or by attacking a
cyclohexene molecule (at the o{ -methylene group) by the replacement
reaction (R.7), both processes leading to the formation of gyclo-

hexenyl~cycl ohexene.

@: N 1@'_>®:® (R.6.)
< >:+ :K~>ﬁ®'—-ﬂ<=—=>+H* (R.7.)

(cH.) C.Ox + H* ——> (CH_).C.H (rR.8)
33 3°5

Chemically the two resctions (R.6) and (R.7 ) are
indistinguishable and their rélative importance can be estimated only by
kinetic methods. The two major factors governing the relative rates
(and thué the relative importance) of these two reactions will be the
cbli'isionbfrequency factor, A, and theener_g;_f ef activa_{:ion, B, ants'”give_n.

in the Arrhenius equation (E.1) 3
Rate = A e -E/Re ‘ . (E.1.)

On the one hand the collision frequancy factor of (R.7) will
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be much greater than that of (R.6) because of the high concentration of
cyclohexene moiecules compared with gyclohexenyl radicals, and on this
basis (R.7) will be the most favoured reaction. On the other hand the
energy of activetion of. (R.6) is undoubtedly much low er than that of
(R.7) and this factor would favour the redical-linking process,

Thermochemically the reaction sequences involved in the
above mechanism are all energetically possibké.. Using the latest bond
energies reported in the lit_erature* the two alternatives processes
(R.3)—>(R.4)—>(R.6) and (R.3)—> (R.4)—> (R.7)—> (R.8) leading to
the formation of tert.-butanol and cyclohexenyl-cyclohexene are found
t5 be exothermic to the extent :)f'gg. 54 k.cal,

The -absence of any oxygenated constituents in the cyclo-
hexene polymers demonstrates the highly specific reactivity of tert.-
butoxy radicals, which are obviouély limited in their reactioné to
h&drogen abstraction from the olerinic « -methyiene groups and which
show no additive reactivity towards the double bonds (R.9) or

substitutive reactivity at the « -methylene g}oups (R.10} :

'

< > +(CH3);C 0% — <3c»-c((»3):s : (R.9)

% The following are the bond energies us?d it)x the above caloulations:
203

Dy-0 (for (CH3)30;0.0.0(0H3)5= 39 k.cal.

Ds-g (fo;- o -CH,, group in gyclohexene) = 80 k.cal. This is computed from

(18)
Dy_y = 99 for a paraffin hydrocarbon  and the resonance energy (<(=a.‘(|2} )
T »* 33 [
k.cal.) calculated to be gained in the mesomeric system -CH.CH-LH- —
CH:CH.EH

Dg¢ (for & CH

(33(6) ). 2 groups in gyclohexenyl-cyclohexene) = 81-2x19 = 43 k.cal.
33  J 193 o

(203)
Dg.y (for (CHB)BC.(H) = 105 k.cal,
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@ +(Hz)yc O —— @NO.((C“B)S+ Ha(R.10)

This lack of additive and substitutive resctivity of tert.-butoxy

radicals is in contrasb with that of phenyl and benzoate radicels

(83)
(from decmn%osir)xg benzoyl peroxide)} which were shown by Farmer
123

and Hermans to undergo all the three types of reactions analogous

to (R.4), (R.9) and (R.10) (vid.p. 39 ).

Mechanism of the formation of the higher cyclohexene"polymers'.-

The same basic reactions advanced t5 explain the formation of cyclohexenyl-
cyclohexene may also be used to acc ount for that of the cE' lohexene
"trimer" isomers and the higher boiling "polymers". The initisally formed

cyelohexenyl~cvol ohexene will comete with the monomer olefin for reaction

with tert.-butoxy radicels to give tert.-butanol and cyclohexenyl-cyclo-
hexenyl radicals, and the latter will then, by radical-radical linking

or by radicel-molecule reaétions s form higher maolecular weight "polymexrs",

The cyolohexenyl-cyclohexene molecule contains (as shown in

1
(VIII} four reesctive o -methylene groups, (a}, (1), (b) and (b ):

" /CH:-CH\"‘-_ “/CH__= LN ' o
(@) CHa /C-— ~ /CHa (o) (-VIII)
Ny CHy (i) ) CHy— CHy .
Attack at the x -methylene positions (a) and (a1) in (VIII)
by tert.-butoxy radicals may explain the formation of 1:4~dicyclohexenyl-
cydlohexene, The following scheme gbves the possible reactions leading to

the formation of this isomer: .




6l

<‘>___® +en)con —> ﬂ(ﬁﬂzbzt oH (R 1)
OO OO an
-~ OO Oa

Reaction of tert.-butoxy radicals at the e -methylene groups

(b) and (b'} will give the cyclohexenyl-cyclohexenyl radicel (IX):

L] : ) ' H
@“D HeHCox ——> ®—< Y +EHCoH (R, 41,)

(1R)
The stabilisation of this radical by a cyclohexene molecule or -

oyclohexenyl padical to Bive the "trimer" (X),(R.15) would be sterically

improbable:

O O
(X)

Alternatively the rad:.oal (IX) can mesamerise to its other

caponical structure (XI) in which steric faotors prewenting radical
linking will not be operative. The radioal (XI)} may then be stabilised as
~in (R.47) to give the 1:3-dicycl hexenyl-cy_clohexene "rimer" (IV}

FO=O=T20

()

Hx
(T« O V- C R
IR D
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Simiiar processes as described above may be énvisaged to
explain the formation of the gyclohexene "tetramer" and higher polymer
fractions. It is to be expected that these higher polymer will contain
inoreasingly greater numbers of structural isomers as their moleculer
weights rime, owing to the many differently si'tuated d -methylene groups
in the molecules and the possibility of extensive double bond rearrange-

ments as in (R.16 - R.17).

The Significance of Conjugation in the High "Polymers".~ The

cyclohexsne recovered Srom the reaction product and representatiws samples

of the various "polymer" fractions were analysed for conjugation by ultra-
violet spectrography. The recovered gyclohexene, the "dimer" and the

"trimer" contained no conjugated groups. A sample Sf "tetramer" (A, Table 5),
p anmp

- and two samples of "polymeric" resic;ues (B and €, Table 5) all gave

ion maxima near 2423 A a:nd ;.1': 280°A, The following conclusions were
made from the positions of maximum absorption and.the magnitude of the
extinotion coefficients: (i) The spectra preclude the possibility of two
-con,jugated double bonds in one rmgs as in cyelohexadiene-1:3, wh:.ch would
give a maximum at ca. 2550°A(35’ 25 (ii) The absorption at Amax = 2430°A
may be6due to either of the two conjugated diene systems (XII) end (XIII)
(%, 2 5).This conjugation is of the order of (57'5 in the "tetremer" A,

and is between 10-20% in the polymer residues B and C. (iii) The

unresolved bond at Amax = 2§$6°A may be due to relatively small amounts
of conjugated trienes such as (XIV) and (XV) which give seleotive .

absorption at )\max’VZ!EDOOA However, since conjugated diene ketones

also absorb at xmax 2690-3170°A the precise vaiue b?_:;vg% dependant upon
H4
the degree of alkyl substitution at the double bonds the spectro-
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gz-aphio data do not alone preclude the possibility of this type of

triene conjugation in the polymers.

OO0 @“@

(xu) {xm)
(w1v) Lxv)

It is suggested that the formation of diene conjugation in the
"tetramer" and higher polymers is due to double bond shift resxilting
from mesomerism of an alkenyl radical system (R. 1-9) which is initially

formed as in (R.18) s

*

LI L : %ol
R.CH.CHzCH.R ——> R.CH=CH.CH.R (R.19)

Thus the following scheme shows how diene conjugetion (both
of types (XII) and (XIII) ) may be formed from 1:3-dicyclohexenyl-gcyclo-
hexene (IV) by reaction of tert.-butoxy radicals at the o -CH group (a)
Attack at this point rather than at any other of the five o -methylene
positions in lQIV') will be preferred since C-l, is present in a 1:L4-diene
system CH:CH.&H.CH:CH, and suchd -methylene groups are known to be more
_ lablle than those present in the mono—:)J.efm systems -CHZ-CH=CH- and
-bH CH=CH~ (vid.p.i| )

(CHz){<-O%
7 (R.30)
0]

(@)




I s
oH @"‘ (R.20)
X — (i)
S \)

Processes similar to those descr;i.bed above will account for

0

.conjugated dienes ip the higher "polymers", I$ is significant that the
above mechanism of double bond shif¢ th.r:;ugh mesomeric effects will not
result in conjugation in the cyclohexene polymers of a lower order than
"tetramer" which is in agreement with the observed facts.

éorrelatién of the Yields.~- The stoichiometries of the
reactions leading to the observed products are represented by the

following equationss

BH, o + (GH3)30.ELGLC(GH3)3= C g +'2(CH3)3C.OH (E.2)
Ko + 2(053)30.0.0.0(035)3_= ?18326 + a(cni)jc.cﬂ (E.2)
WH, o+ 5(0H3)39.o.o.c(CH3)j = °2h§34 ' 6(CH3)50.OH (B.4)

etc,

Using these equations, the yields of tert.-butanol and the
‘g.‘yg;_ghexene "polymers" have been correlated with the amount of peroxide
decomposed. These 'data, which are given in Tables (14.-5), are in very
good agreement and support the postulated reaction mechanism,

From Table (4) it is see;x ‘that all the peroxide had reacted
in the 6:1 run after reaction times of 24 and 48 hours, but that 12
hours heating resulted in incomplete decomposition of the peroxide.

The relative proportions of the "pol:yme:-" fractions remained constant in

expérime_nts conducted with a constant ratio of olefin to-peroxide for

different reaction times. Comparison of Tsbles(i-5) shows that
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variation of the ratio of peroxide to alefin causes great @ifferences in
the ratios of the "polymers". Thus in the 6:1 run the order of poi&mer
abundance is "dimer"8 : "trimer 2.7: "tetramer" 1, vhereas 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
Ee expectedon a statisticel basis éince when the peroxide is decomposed
in a lerge excess of olefin the monomer slefin molecules would always
be more abundant than the dimer molecules and would therefore be
expected tS react preferentially with the peroxide. This should result
in large amounts of "dimer" with only minor smounts of higher "polymers".
Thé lack of  statistical balance in these reactions evidently results
from the increasing reactivity of the o(-methylene C-H bonds in the
oiefins a8 the latter increase in molecular complexity. Thus in passing
from cyclohexene to the "dimer" and to the two "trimers" (II1) and (IV)
it is seen that, aithough the number of A -methyleune groups per 06 un:i.i;'
remains constant, the nature. of these grouﬁs alters enormohsly. In the
monomer there are twoak-CH2 groups, in the “"dimer" two 0(-'CH2 and two
X -CHR groups and in "trimer" (IV) three o(-CH2 and three o ~CHR groups,
One of the iatter will be highly reactive since it is present in the
1:4-diene system -CH:CH.OCH.CH:CHy i (1’1_&_.1)."" ). It is now well A
established that the lability of C-H bonds is in the order C-Hy 7 C-H/3> Ps
'CHy ., and on this basis the relative reactivities of the olefins in
this reaction will be in the order "trimer" > "dimer" > "monomer".
This reactivity factor will act in opposition to, and mey well counter-
'balance, the collision frequency factor and thus result in larger
proportions of the higher "polymers" than expected. statistically.

These findings are comparable with those obtained by
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Kharasch e_t al. (vid.p.52 ) in a study of the reaction of monochloro-
methjl acetate with methyl ratii.cals. In this vhrk the authors:explained the
lack of statistical balance between "dimer" and itpimer" by reactivity

factors ’sii.mila.r +o those outlined above.

(B). REACTION OF DI, tert.-BUTYL PEROXIDE WIYH 1-LETHYLoycloHEXENE -

AND cyclgmmm=cyclom.= The reactions of di-tert.-
butyl peroxide wi-tli 1-methylgyclohexene and with cyclohexenyl-cyclohexene
at 140° were analogous to the reaction E‘;ust described. The:rresultg, which
provide useful confirmatory evidence of the nature of peroxide/_gﬂgalefin
reactions, will not be detailed in full here, but two specific points will
be made.

(I). The "dimer" C, 4sz‘=2 resulting from methylcyclohexene,
although molecularly homogeneous, appeared to consist of a mixture of

ey w

PR g
SWruGou VW

ral isguers.
carbon atoms, the abstraction of hydrogen atoms f‘rom the two dissimilar
A -methylene groups in the olefin by tert.-butoxy radicals would result
in two different methyl-gyclohexenyl radicals (R ) and (R ) The latter
would further give by mesomerism a third i'adical"(R }. Dimerisation of °
these raLdicals would tl_ms result in the formation of a maximum of six
dimethylcyclohexenyl-cyclohexenes and the presence of all or some of
tt{es_e is to be expected ant_i_, indeed, is sg-ggested- by the wide l_)oiling

point range of the "di.mer".

-—> ~ .
L : R—T\ C-R R5 n>
CH3

_(‘__“3)3('»0* 1‘3) ——— R.'R , ‘R_'R'S , ‘R’*_'“'-"

' (R?)
cL cn
WM CH3 3
—_—




TABLE (%),

REACTION OF DI-tert,-BUTYL PEROXIDE (48.7g.) WITH cycloHEXENE (164.0g,)

<4
TIME
PRODUCTS.

tert.-BUTANOL 43,0

POLYMER
MIXTURE

42.0

"Dnm"é1zﬁ1 g 25.8

"IRIMER"C, H, ¢ 8.8

"TETRAMER" 33
G%HW

HIGHER "POLYMER" 3.8
(Assumed "HEXAMER" )

12 HOURS

(Temp. 140°, Molar Ratio 1:6)

Wr.(G.) #Total - #Peroxide
' ~Polymer. Accntd.

for.

87.25

(25.6% czcloHexene)

61,44
20.95
7.86

9.06

-

QTOTAL.) 99.3

47.75
9.2

11.8

90455

24 HOURS

WT. (G. #Total %FPeroxide
Polymer. Accntd.

14-7-1!- -

45.5 (27.75% czcloHexnne).

28.15 61.85"

-

9.5 20.9

3.55 7.8

3.85 8,45
(ToraL) 99.0

for,

96.2

52.1
23.55
9e9

11.95

97.5

48 HOURS

WI.(G.} Protal %Peroxide
Polymer. Accntd.

46,0

for.

93«3

45,0 (27.45% cycldiexene)

27-2
9.75
3.5

4.2

_ (TOTAL)

N 600 li-5
21.75

7.8

9.3

993

50.35
2h, 2
9.8

13,05

97. 4
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. TAELE (5).

REACTION OF DI-tert,-BUTYL PEROXIDE WITH cycloHEXENE (140%; 24 HOURS}.

.
'

REACTANTS WG, ) - Wr.(G. )
cycloHEXENE 109.3 Molar Ratio 50..65 Molar Ratio
DI-tert.-BUTYL 48.7} 421 | 48.7 } 2:1
PEROXIDE.
PRODUCTS. Wr.(G) %Total 5 Peroxide - WI.(G.) #Total %Peroxide
| Polymer. Accntd.for. Polyger. Accntd.for. 1,
tert.~BUTANOL 46.3 - 93.9 46,0 - 93.3 T
POLYMER MIXYURE. = 4hok  (40.65 cycloHEXENE) 35.8  (65.5% cycloHEXENE )
"DDER"Cq H, o 0.4 L45.95  37.75 7.4 19.95  13.2
IRDER'C, gy 9.5 0. 25.55 W56 12,75 M.3
"TETRAMER"C H,) 562 10.35 - 12,85 bt 11.45 11,45
HIGHER "poLuigR®  8.0(PJ 18,0 2.9 1878 5225 59.85 - 611
- - {%oTAL) 99.05 - (TOTAL}  95.8 - 97.05.

(a) "Tetramer" Sample (A).
(b) "Polymer" Semple (B}. Average"Hexsmeric" composition (Found M (benzene} 470. Calo. for CigHp:M,482.
% (¢} "Polymer" Sample (C). Averege composition between"Septamer"and "Octamer" (Found: C, 89-;@;58, 10.25;

H ! ]'lr b 6 'y 6 .
Cy2 58 requires @, 86; LA .i?zﬁ',“’Esz;"angg requires G, 89.65; H, 10.35%; i, 642.)
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(2). When gyclohexenyl-cyolohexene and di-tert.-butyl peroxide

were reacted together in the molar ratio of 2:1 for 48 hours at 140° 211

the peroxide decomposed yielding tert.-butanol ( = 92% of the peroxide).
Of particular significance were the facts: (i) that 35.8% of the olefin
was recovered unchanged, (ii) that 18.5 waa converted to bis-cyclohex<nyl
cyocl shexene (G%Hy_‘_ fL4), end (iii) that 40.75% was converted into a
mixture of undistillable gyclohexene "polymers" having an average compos=-
ition of an "octamer" (C, Hee [8). These resiilts confirm the earlier
findings that the radical linicing polymerisation of the olefin is not
limited to the "dimeric" stage as rcpresented by (R.21 - R.éa). Had such
a simple mechanism been operative in this instance no cyclohexenyl-cyclo-

hexene would have remained and the slefin product would have consisted

entirely of bis-cyclohexenyl-cyclohexene. On the contrary the "dimer"
olefin when formed competes successfully with the monomer for reaction
with tert.-butoxy radicels and thus builds up successive radicel linking

reactions e mixture of higher olefin "polymers".

X-H + (0H3)3c.0*—7X* +_(CH5)30-.0H . (R.21)

X% + Xwx ——> X=X (R.22)

[ X = gyclohexenyl-cycl ohexenyl]

. (8) REACTION CF DI-tert.~BUTYL PEROKIDE WITH 4-METHYIHEPTENE~3.- This

investigation was undertaken to determine the relative reactivities of

the two methylene groups -CH; and -CHzﬂ bordering an unsymetrical

double ‘bond:
o CH3

p
{
~CH,=C = CH-CH,,-



4-methylheptene-3 (XVI) was chosen because of the unambiguity
of its preparation by the dehydration of 4-methylheptan-4-ol, the only
" ene
possible isomer being lp-methy]iheptane (XvII) :
_ )
c 3 CH2

) .
. . . = 1o . CH .CH .CH .C CCH CH -CH
(}'H3 CH2 CH2 C =CH CHZ CHS 3+CH,,-CH, . p°CHp-CH,

(xv1) (XvII)

Infra-red analysis of the carefully fractionated olefin
(spectrum 3) showed a large preponderance of (XVI) with only a small
amount ( }10,%; of (XVII).

Heatmg the olef‘m and di-tert,-butyl peroxide in a molar
ratio of 41 at 11.0 gave a reaction product containing tnchanged olefin,
tert.-butanol (97.3% of peroxide), traces of acetone, and a polymeric
olefin mixture vhich was shown by analysis to contist entirely of hydro-
carbon constituents. The latter observation confirms the previous finding
that tert.-butoxy groups do not combine with the olefin molecule.
Distillation of the polymer mixture led to the separation of a methyl-
heptene "dimer" C 4 61-130\:2,' which on catalytic reduction gave a hexadecane
C 1 6H3z,.' |

The "dimer" is probably formed by a mechanism allied to that
outlined for the formation of gyclohexenyl-cyclohexene from cyclohexene
and di-tert.-butyl peroxide. Consideration of 'the possible points of
attack, by tert.-butoxy radicals, in L=meth wylheptene-3 show that three
possible-alkenyl radicals (XVIII), (XIX) and (XX) can result from the
abstraction of ™ -methylene hydrogen atoms from the olefin, tha. radical

(XX) being & mesomeric form of (XIX):




_7 )+-

CH3
»® i
—> CH._.CH,..CH.C = CH,CH,,.CH (XVIII
CHs 377720 A ( )
CH .CH ICH .& - CH.CH -CH_
372" e 23 | 3 "
- . . C = - . ch
CH3 CH,, cH2 CH.CH CH, (X1X)
It cus
. oCQc 1 .
CH3eCH,, cnz C.CH = CH cH3 _ (x)

The nature of the "dimer" will depend on the relative
labilities of the o ~methylene groups -CHZ and —Cﬁzﬁ5 and thus upon the
relative prel%nderance of the radical forms (XVIII), (XIX) and (XX). Any
estimate of the relative emounts of these radicals in the "dimer" will
therefore indicate the relative activities of the two o{-methylene groups.

Infra~red analysis of the "dimer" (Spectrum 4) showed the
presence of a new type of unsaturation (band at‘975 .c{n-") attributed to
R.CH:CH.R1 in addition to the olefm:.c types 122.(':=43H2 and R2'.G=CH.R1, and
the presence of this new unsaturation is taken as evidence for the presence
of the radicel form (X‘X) in the "dimer". As olefins of the type R.CH=CH. R
-1

usually give a characteristic band at 965 ecm = the attributing of the

975 om™? band to this grouping naturally requires Jjustiflcation. This is
found in the facts that L-octene absorbs at 973 cm™? (205) and the
observation by Koch (private communication) of simila.z: exalted wave numbers
in other olefinic systems containing, indisputably, R.CH:C!H.R1 groups.
Finally, strong experimental proof of the correct assignment of the 975 cm_1
"band was found in the fact that this band completely disappeared when the - - -
"dimer" was reduced, This exaltation fo the wave number is provisionally
attributed to the tertiary grouping adjacent to the double bond in the |

"dimer" resulting from (XX). On the basis of the measured extinction

coefficient of the 965 om™? absorption of the CH=CH. grouping in a related
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_75_

olefin (Koch, prbvate communication) it is ectimated that the "dimer"

contains about 157 of RjC.CH:CH-R1.

These results indicate that a considerable degree of attack

A
2

(X1x) n_xesome:-:'ises to giwe (XX) fesulting in a partial double bond shift

(by tert.-butoxy radicsls) sccurs at -CH' and that the resulting redical

of the original unsaturation. No evidence has been adduced of attack at

o

-CHZ » * . ,
Attempts to determine the nature and proportions of the

olefinic groupings in the "dimer"™ by . : ozonélysis were unsuccessful,

Erom meny ozonolyses there resulted mixtures of aldehydes and ketones
which defied attempts at their separation ‘and characterisation. Repeated
fractional crystallisation of the aldehyde dimedones gave no pure

derivatives and chromatographic analysis of the mixed aldehyde and ketone

dinitrophenylhydrazones resulted in only partial .separation -of the
constituents and indicated only that the number of aldehydes and ketones
was great,

It is significant that the :;*ecavered methylheptene had physical
properties ‘slightly at variance with those of the original o]:efini.and-
contained, as shown by infra-red analysis, traces of -CH=CH- unsaturation.
This double bond shift is attributed to hydrogen transfer reactions

between methylheptene molecules and the methylheptenyl radicals (XX):

i3 CHy CHs

: Sy 5 )
c;u.r-'c=cu-cna-cus + (3H7-C*':--CH=CH-CH3———-) C3Hy C=CH-CH CHy & CyHiy CH-CH=CH.CHg (R.23)

(D). REACTION OF DI-tert,-BUTYL PSROXIDE WITH 1-HEPTENE,- So far the

reactions of di-tei-t,-butyl'per-oxide have been conducted with olefinic

- 4
systmes of the types R.GH,.CH:CH.CH,.R' and R.CH,.C(CH;): CH.R . It was
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considered pertinent to investigate the reactivity of tert.-butoxy

radicals with a vinylic olefin CH,:CH.CH_..R to determine the effect of

2 2
olefinic structube on the nature of the reaction. To this end di-tert.-
butyl éeroxide was reacted with 1-heptene at 140°, in the molar ratio
of 1:4. tert.-Butanol ( = 85.5% of the peroxide) was isolated from
the reaction product, and only a small emount (6.35%) of heptene was
recovered, Fractionation of the higher boiling product gave three
heptene "dimers" (ii) A, B and C containing traces of oxygenated const-
ituents, and a large amount (ca.76% of the olefin} of an undistillable
polymer having an average c::mposition of a. "hexsmer". The three "dimer"
fractions and the polymer residue iaad considerably lower unsaturation
valués than the original olefin as shown by quantitative hydrogenation,
C/H ratios, and infra-red analysis.

Infra-red spectrogrephic analysis of the original and
recovered heptene, and the three "dimer" frections (ii) A, (ii) B

(spectrum 2), end (ii) C provided valuable information concerning the

was indicated by the prc;sence of traces of R.CH:CH.R unsaturation in
the recovered heptene, and of a considera.blle proportion of this type
of unsaturation, in addition to the original GH2:CH.R, in the "'dimers"
and the higher polyxﬁer. Bands consistént with the pr'ésence of small
amounts of ether groups and possibly traces of carbonyl groups were
also found in the "dimers",

The main conclusions reached‘frqm this investigation are:
(I} A large amount of the peroxide decomposes to give tert.-butanol.
(2) Extensive polymerisation of the olefin results, and this lack of
balanoce between the rela.t.{ve proportions of recovered heptene, "dimer"
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and podymer is' compietely at variance with the proportions of these
products obtained when olef‘ins of the type R.CHZ.CH:CH.-R1 are reacted
with the peroxide under comparable conditious. (3) The polymers show a
significant decreage in the unsaturation. (4) Extensive rearrangement
of the olefinic unsaturation occurs.

It is inferred from these results that two different types
of polymerisation are being effected by means of tert.-butoxy radicals,
these being (1) a radical linking 'regction (R.2l|.) at o« ~methylene
gr-oups, typical of cycloalkene/peroxide reactions and (ii) vinyl
addition polymerisetion (R.25) initiated either by Lc-:_z;ts.-butoxy or

alkenyl radicals as formed in (R.24) (vid.p. W] ):

(CH3)5C.O.O.C(CH3) —> 2(CH ) C.0x

(CHB)‘}G.O* + R,CH_.CH:CH, ———> (CH3)3C.OH + R. CI-I CH: CHz

2 2
% . R.24)
2R.CH,CH:CH, R.CH. CH:CH,
” R.CH.CH:CH
2
R.CH .cn:c&z + X*—>R. CH2.CH CH,.X — g, CH, b, CH2 X (R.25)
(xx1) _ (XX1II)

[Xx* = an slkenyl or alkoxy redical.)

The radicals (XXI) end (XXII) méy be stabilised by dis-
mutation (R 26), by radical linking e:.ther w:.th themselves (R 27)
or with alkenyl or alkoxy radicals (R.28}, or by capturing a hydrogen
atom from another olefin molecule (R.29) :

R.CH 1’5' C
. 2'! hnl.le

% e , vV
R.CH,,.CH.CHp.X + R.CH,.CH.CHy.X—> [R.CH,.CH.CH,.X] (R.27)

X ——> R.CH=CH.CH,.X + Hx (R.26)
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R.CH,.CH.CHy X + X% —> 13-.01—12.01{(}{).01{2.1{ (R.28)

R.CHZ.EH.CHZ.K +RMH—> R.CH '.CHz.cﬁz.x +R* (R.29)

2

etc,

Reactions (R.27 - R.29) all result in palymer formation

with decrease in the unsaturation, and the fact that the major product

is a high polymer indicates that these reactions compete favourably
with (R.2}) and that their chain lengths must be reasonably long.

The presence of R.CH:CH.R‘l unsaturation is explicable by
the dimutation reaction (R.26) and by mesomerism of the radical

2

-..CH.CH.CH2 to its alternative canonical state R.CH:CH.CH* (R. 30)
The presence of the latter type of unsafurati-on in the recovered -

heptene further indicates that transfer reactions between heptene

molecules and R.CH:CH.CH,% radicals (R.31) must occur to some extent:

R.CH.CH=LH,, T==> R.GH:CH.CHz* (R.30)

2 2

R.CH,_.CHCH, + R.CH=CH. CH2*-—>A.CH,CH=CH2

+ R.CH=CH.CH, (R.31)

The mechanism postulated above explains in a reasonable way
the observed experimental facts and demonstrates the profound effect
of the nature of an olefinic system on the course of peroxide/slefin

reactions,

(E). REACTION OF DI-tert.-BUTYL PEROXIDE WIH RUEBER HYDROCARBOH.- The
results of the model experiments involving the reaction of'di-;t_e_r.;t.-
butyl peroxide with simple cyclic and scyclic olefins were sufficiently
encouraging to suggest a study of the reaction of rubber with this

[ ]

peroxide, Should the reactions occurring with the simple olefins also

apply to rubber this would mean that di-tert,-alkyl peroxides could
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be used as efficient reagents for cross-linking the‘polyisoprené chains
in rubber, which process is known to be one of the major factors in the‘
phenomensn of vulcanisation., Rubber is usually vulcanised by heating

if with sulphur at 2.1z.o° in the presence of other compounding
ingredients i;zcluding acoelerators, oxygen inhibitors and strengi.;heners ’
whicheach play a specific role in modifying the physical and chemiocal
properties of the vulcanisate, It is now established that the rubber

is wulcanised by forming mono- and poalysulphide crosg-lir-tks between

. different rubber molecules (R.32), resulting in a nett increase in the
average molecular weight of the rubber chains. Within certain limits

the increased oross-linking reduses the solubility of rubber in solvlents

and inoreases such physiocel properties as tensile strength, elasticity

and modulus, -
\ . .
!
\ v 1
S I*
—— (R.32)
-"x

Rubber Molecules, Vulcanised Rubber

In the present investigation two series of experiments were
conducted in which (a} raw "smooth smoked sheet" rubber and (b) acetone-
extracted smoked sheet were reacted (1h0° for 6 hau;-s) with verying
amounts of di-tert.-butyl beroxide in the complete absénce of oxygen.
Vuleocanisation of the rubber samples had obviously been effected; they
becsme campletely insoluble in benzene and other solvents. The |
mechanical properties and the equilibrium swelling constant in benzene

*
(Qm ) of all the samples were measured immediately after reaction.
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The data are given in Tables (6) and (7). The measurement of Qm
béfmits an estimate of the dverage molecular weight between junctiom
points (Mc) in the cross-linked rubber molecules, and the value is
proportional to the number of new cross-links formed. The evaluation

(97, 99):
of Mc from Qm is based on eqpatlon (E.5) derived by Gee {.7

°

o . r _a _ Yy
: _ \'
L“[H—?li—vn] - [Qwﬂ'\] = F[Qm"’ ‘] + &ﬁ:- \QM+‘] . (E.5)
((} = Density of Rubber; Vo = Molar volume of
swelling liguid.;

M = Constant (0.395 for benzene))-

Gee established that the values of 10“/1;10 obtained from
(E,5) for a series of sulphur vulcanisates were in good agreement
with values determined for similar samples by an independant method(gg).
The use of (E.5) can therefore be regarded as a réliable method of

tracing the changes in the degree of cross-linking produced by

different peroxide concentrations.

Significance of the Physical Measurements.- The results
given in Tables (6) and (7) demonstrate that di-tert.~-butyl peroxide

is highly effective in producing good rubber wvulcanisates and the
nature of the samples indicates that uniform vulcanisation has been
effected, The values of @m and Mc steadily decrease with the increasing

-peroxide concentration indicating a progressive increase in the degree

% Qn is defined as the volurie of solvent (benzene) imbibed at

eépilbrium swelling by unit volume of rubber.
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of cross-linking.

Fig.5 shows the effect of peroxide concentration on the
tensilestrengths of the samples. The two curves show the charscteristic
feature of well defined maxima, the tensile strengths increasing with
increasingamounts of peroxide to a cértain criticel peroxide concen-
tration beyond which they fall very sharplf? The effect of acetone-
extraction of the rubber before reaction is ta-incréase the maximum
attainable tensile s%rength and also to reduce the peroxide concentration
required to produce this maximum figure. Thus "rew smoked sheet"
requires gg.Z.ﬁ% of peroxide to give a maximum tensile strengtﬁ of
178 kg.cam._z, whereas acetone extracted "smoked sheet" gives a vulcan-
isate with a maximum tensile strength of 206 kg.cm.-? with only 1eh57
of peroxide., Acetone extraction of the rubber removes nan-rubber
constituents (natural antioxidantsy resin acids, etc.) which presumably

compete with the polyisoprene units for reaotion with the peroxide and

thus reduce the utility of the peroxide as a cross-linking agent.

As ‘the peroxids concentration increases beyond a certain
optimum value the desirable properties of the vulcanisstes (good tenzile
strength and elasticity) deteriorate, and with peroxide concentrations
of ca.5-16% (for series (a) rubbers) the samples show no rubber-like
properties, being brittle, having low tensiles.and possessing negligible
elastic properties., The results -demonstrate that cross-linking-of rubber -
chainé must be restricted within very criticel limits to give useful

' ?ro&ud‘.s.
(97).

The same phenomenon is observed in rubber-sulphur vulcanisates




.% Peroxide.

. (w/a).

0
1645
201
2.5
2.9°
Sels
5.4
7.65
1041

15.7

da.

bol2

3.92
3.72
3o bl
2463
2422
2412
1.29

1.01

‘1042Mo.

1433
1,63
1.77
2,12
3,18
Lo 3l
Le61
9.91.
11485

Mo.

7500
6150
5660

4720

3150
2300
2170
1010

840

TABLE (6).

.3,
(Kg.cm

54
14
145
162
178
123

29¢5-

16,0

12.3

12.0

2)

REACTION OF RAV RUBBER/DIrtert.-RUTYL PEROXIDE.

6 HOURS AT 140°.

% Elongation
_ at break,

925
645
580
570
555
470
250

85

Modulus (Kg.cm-2)

100 % 300 s00f  700%

361 3.6 _4.85 18.0

5uk 12.6  28.8 -
Tobs 18.0  60.0 -
6e2 19.5  82.0 -
11,0 22,0 93.0 -
8.2 2406 - -
13.0 - - -



# Peroxide Qm.
(W/w)

0 -
1.0 o 31
145 413
1.7 4,08
341 2,56
3495 2.1

51.5 0,735

REACTION (F ACETCNE-EXTRACTED RUBBER/DI-tert.-BUTYL PERCXIDE

10“7Mca

1.35
145
1.51
3.32
4 55
22.7

Xec,.

7380
68L0
6610
3010
2200

40

TABIE (7).

6 HOURS AT 140°.

(Kg?;i}z)
80,3
155
206
190
22,1
1641

% Elongation.

at break.

900
705
660
625
210

100

Modulus (Kg.Cm
1002  300%  500%
3.3 5.7 10.6
7.25 13.7 32.3
6.54 15.6 55.5
6.55 17.2  63.5

11.8 - -
16.1 - -

-2

700%

Sy
154

-¢g-
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Chemistry of the Reaction.- 7Two experiments were

conducted using large percentages of di-tert.-butyl peroxide in
order to determine the chemicel nature of the reaction:

1) A sample of acetone-extracted "smoked sheet" was
reacted with 51.5% of its v.\reight of peroxide for 6 hours at ll..Oo.
The iﬁcrease in oxygen confent of the wulcanised product was
found to be only 0.34 - 0.355¢ based on direct oxygen determination(l'l").

| 2) Reaction of a rubber sample similar to that used in
1), with 48,27 w.w. of peroxide for 6 hours -at 140° gave a liquid
product consisting eﬁtirely of a mixture of tert.-butanol (4.1
of the peroxide) and acetone (36.6/ of the peroxide).

It is seen that little oxygenation of the rubber has
occurred and that the péroxide decomposes to give mainly tert.-
butanol and acetone. On the basis of these results it is
suggested that the major, if' not sole, reaction involved in .
peroxide-vulcanisation of rubber is the dehydrogenation of the
isoprenic o -methylene groups by tert.- butoxy radicals, the
resulting alkenyl radicals being stabilised to give a three

Q
dimensional cross-linked structure in which the cross links are

entirely formed of C-C bonds, -

( ool e [ ] . “h®
CHB)sc 0.0 C(CHB) _— z(crxs)sc on (R.33)

_ _ _ N
(cn})}u.o* + —-CHZ.C(CH}) = CH.CH'Z——>(GH3) BC.OH + —cH.c(cr;}) = CH.CH,
(Re34)
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% * - .
~-CH-CG(CH_)=CH.CH — +-CH.G(CH )=CH.CH or —CH,.C{CH,)=CH.CH —

— cn.c(cn?:cxi.cnz— (R.35)
*
— CH.O(CH3)=CH.CHy— (e H)

(The o ~CH,'s attacked are apbitrarily chosen in this sbheme).

N The existance of age¢bome in the reaction product

when high concentrations of peroxide are used indicates that the tert.-

butoxy radicals can, inpart; decompsse according to (R.36}):

‘(CHB)BG._O* _— (EH3')26=0 + CH (R.36)

3

' The resulting methyl radicals may then dimerise to

give ethane o they may play an effective part in cross-linking the

polyisoprene units as they do with organic solvent molecules (vid.p.57 )s

RE + CH¥—>Rx + CH, (R.37)
R¥ & R* — 3 R-R - (R.38)
R» + RH —>R-R + Hx o (R.39)
. % .
(R = ~GH.C(CH3)=' ‘CH.CHZ—).

The possibility of (R.36) and the suéceeding reactions
(R.37 - R.39) accl_u'z:ing will become less. as the peroxide concentration
decreases, end the above reactions a.:;e probal;ly* inéighif‘icant whén oniy -
1=3% of the peroxide is used.

The fact that negligible oxygenation of the rubber
ocours (even when large amounts of péroxi.de are used) shows that

substitution of such groups as tert.-butoxy in the Gsoprene units plays




~86~ -

no important role in the overall reaction. This is incontrast with the
findings of van Rossem gg.gf 214)who showed that in the vulcanisation

of rubber with benzoyl peroxide a considerable degree of benzoyloxyla-
tion of the rubber occurred (vid.p. ¥ ). Anslogousrdifferences between
the reactivities of tert.-butoxy and benzoate radicels have proved to
exist in the resotions of these radicals with cyclohexene (vid.p. 63 and
Ppe 39 ).

The utility of tert.~-butoxy radicels in forming,
in the main, C~C bonds and not being wastefully employed in producing
ethers (which process in no way aids vulcanisation) is naturally
advantageous, A second p?ssible wasteful process is the intramolecular
linking of alkenyl radicals, produced within the Same rubbgr chain, to
give a cyclic rubber (R.40). However the fact that as little as 1-2%

-—’EH.c(cH3)=CH.CH ’éH.C(CH})ﬂH.cHZ—

2 ' )
| Intramolecular linking : (R.40)
—CH.CG(CH., ) <CH.CH ————— GH.C(CH_ )=0H,CH ——
Cr.G(0H ) 0H.CH, (08 5) 0.

i

of di-tert.-butyl peroxide is effective in producing highly oross-linked

products would indicate that this is not a serious competetive raction.

Technical Aoplications.- The production of a
vulcanised rubber con;sisting enf:ii-ely —of hydrocarbon cmsfituients is
obviously of impoptance in the rubber industry, since sulphurated
vulogé.sates often have serious disadvantages. Thus peroxide wulcanisates
may be useé as gaskets for pressure hydrogenation, in place of sulphur

vulcanisates which often poison the hydrogenation cetalyst. Recently,
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Bellamy and Vatt have found that rubber tubing which has been
vulcanised with sulphur or sulphur compounds strongly deactivates
pentcillin solution. This deactivation has been traced to the presence
of certain sulphurated compounds in the tubing; and it is significant
that synthetic polyvinyl chloride and polyethiflene tubing are completely
inactive towards penicillin solutions. A pure hydrocarbon rubber produced

\

by peroxide-vulcanisation would also be expectéd to be inactive,

(F). THE THERMAL DECQMPOSITI(N OF DIHYDROASCARIDOLE AND ITS REACTION

WITH oycloHEKENE .~

(1%0) Preparation of Dihydroascaridole.- The observation
190
of Paget that ascaridole (XXIII) may be reduced to dihydroascaridole

(XXIV) by using platinic acid as catalyst has now been confirmed by

quantfitative micro-hydrogeunation of the pure peroxide.

Q Q QH  (Relt)

(xxint) (xxv) (wxv)
The rate of hydrogenation (Fig.4) indicates that

one mol. of hydrogen per mol. of ascaridole was rapidly absorbed and a
second mol, of hydrogen was slowly absorbed over a much longer period,.
resulting in complete reduction of the peroxide to cis-1:4=terpin (XxV), ~
In Fig.4e the curve CA corre'Sponds to the reduction of the ethylenio
link and the curve AB to the reduction of the 6-0 bond.

| In macro~-hydrogenations it ;vas found that, if
reduction was stopped when one mol. of hydrogen per mol. of ascaridole

had been taken up, dihydroascaridole was the major product although some




ascaridole had escaped reaction and some dihydroascaridole had been

further peduced to cis-41:4~terpin.

Thermal Decamosition of Dihydroascaridole.-

Dihydroascaridole, unlike ascaridole and other tra.nsannulé.r peroxides,

is remarkable for its thermsl stability. It has been found that it can
be heated in bulk to temperatures appzy%ching 250° without oscourrence

of e:qaloéive decomposition. Vhen heated at 240° for several hours the
:.:eroxide undergoes a regular non-explosive decomposii;ion with evoluti_on
of gaseous products and the formati on of a 1:4 diketone, 2-methylheptan-
dione~3:6 (XXVI) which is obtained in a yield of 43.8% based on the
peroxide decomposed, There also results a large amount of polymeric

material the constituents of which were not identifiable,

CH3!
i' t=a
CHy
Q
2x0° XN\ R
cta —L—%l AN \ ( ol-l-2)
bus.
) %:Q
/c“\
CH3 CHz

Mechanism of the Reaction.~ Since the 0-0 bond

in dihydroasoaridz-)le is linked at tertiary cerbon atoms the peroxide can
be regarded as a di-tert.-elkyl peroxide and should resemble di-tert.-
butyl peroxide in its mode of thermal decomposition and general chemical
;eactivity-} 'J'.;his resemblance in the 't;herrr{s-al- d“ecomg.)ositions of the twﬁ
peroxides is apparent since they both result in the fqn'n'atic;n of ketones
with evolution of gaseous products. By analogy with the mechanism
formulated by Gexsnge and Walsh and by Miles (vid.pe. 9 ) to explain

the formation of acetone and ethane foyom di—t.erb.-butyl peroxide it is
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"proposed that dihydroascaridole decamposes thermally by the initial

scission of the peroxide bond to give the di-alkoxy di-radical (XXVII)

(Roh—}) H
(N: %H'\ CHx
| CHz- c O— O-CafkH3), ———> CyC-ox %0 cm(cn,), (R.43)
CHy CHa THy CHy
(xxv11)

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-radical *CH,CH* (R.lk).

2
CHy G : N Y ' | Gl
CHy-C-O¥% #O-CR(CH3Y), ———3 H3.CO% RO C CH (CH3), —'><“3 % %c"“"’)’
) A
CHy CHy RCHy: CH,,* (R. #4)

The radical V-CHZ-CHZ% may be stabilised to give
ethylene or undergo a number of other stabﬂising reactions by interaction
with other radical species or u,yurogeu countainlag inolecules, but, since
no detailed examination of the gaseous products was mede, further
speculation on the subsequent reactiomsof this ragdical :i.s ‘fruitless.

The above Scheme necessitates the scission of C-C

bonds iri the ring adjacent to_the C-C bonds and would require these

bonds to be weaker than the CH}-C and (CH ) LCHC t(:ond§ in dihydroascaridole,
174
Confirmation of this, as shown by Milas and Perry is found in the

fact that the peroxide (XXVIII) on thermal decomposition yields the
radical (XXIX) which then dscomposes further by scission of a ring C-C

bond in preference to the C-CH3 bond. :

CHy CHs
CHy)
00 c(cu;), ox %»O-C(CHy),

{R.45)

(xxvin) (Xx1X)



CHy, CM3 CHs
‘{‘{ Q'To' ?{“"c o7 (R. wb)
v ——-—) N
My SHy CN& CHy»
ofs o,
(x%1%)

Reaction of Dihydroascaridole.with cycloH8xene.- . When
dihydroascaridole was heated with a large excess of gyclohexene at 140°
for 18 hours it waa found that the peroxide and olefin were recovered
completely unchanged. The result is suprising and in marked oontrast
withzthe reaction of di-tert.-butyl peroxide with cyclohexene and other

olefins. This difference may be explained by the great stability of
dihydroascaridole even et temperatures as high as 140° and it may well
be that insufficient energy is supplied at this temperature to cause the
initial scission of the 0-0 bond which, on the basis of thé 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 attributebie toustérdécfactors. If the initial
scission of the 0=0 bond is assumed to occur the resulting alkoxy radicals
will remain rigidly held in close proximity to one aﬂother by the cyclic
Cg .structure, and recombination reactions to give the peroxide may be
preferred to interaction with Slei’in molecules which may be prevented
aterically from udderéoin‘g the ,c::ll:'!.ss ions with the R-C,0 radicals

necessary for reaction.
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(1). REACTION OF tert.-BUIYL HYDROPEROXIDE WITH cycloHEXENE.-

The present study of the thermal decomposition of tert.-

butyl hydroperoxide in ng;gpexane at 140° is the only detailed examina-
ti:;n which has been reported of the reactivities of organic hydroperoxides.
with olefins, As will be described later, the results obtained in this
investigation are of importanoe in elucidating the complex secondary
changes occurring in olefin autoxidation, eand the particular relevance of
the nature of these reactions to the oxidative chain scission.of rubber:
will also be considered. |

Reaction of tert.~butyl hydroperoxide with gyclohexene in a
molar ratio of 1:6 for 24 hours at 140o resulted in the complete decompo-
sition of the hydroperoxide and formation of a complex mixture of products
including water, tert.-butanol, acetone, olefinic alcohols: and ketones,
and gyciic polyolefins.-The products which have been isolated_anﬂ charac~

terised are given in (Table 8),

Nature of the Resction Products.- Examination of Table (8)
shows that tert.-butyl hydroperoxide is converted mainly into tert.-butanol
but small amounts of acetone are also forméd. The hydroperoxide is seen to
display four important reactivities towards the olefinic systems -CH2-0H=CH-,
(1) hydroxylat;on of ?he c&-gethylene groups to give an olefinic aicohol,_
(ii) oxidation of the olefinic alcohol to give ancx13 -unsaturated Ketone,
(iii) cross-linking of alefin molecules at the o -methylene position to
give olefinic "polymers", and (iv) saturation of‘thé olefinic double bond

by hydroxyl groups to give 1:2 diols,
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TABLE (8
REACTION OF tert.-BUIYL HYDROPERCOXIDE WITH cycloHEXENE. S

(140°, 24 hours)

Reactants. wt.(g.) Hols.
cycloHexene 328 4.0
(CHB)B.C.OOH 60 | 0.67

Products.
(cH.)..C.CH 46,7 0.62 = 0,62 C,H_OCH

373 (94 8, Ho OCH) b9
Water ' . WX 0.19 = 0.19 "
Acetone 0.05 0.00086 = 0.03'86 "
cycloHexen=3-0l cae 17 b 0.178 = 0.178 "

. cycloHexen=3-one ca. 3.1 0.323 =¥0.097 "
cycloHexenyl=- xclol?exene > 28.25 20.174 =0.35 06H1o
trans.-cycloHexan-1: 2-diol : 1.25 0.011 = 0,022 C H COH

49
cycloHexenyl=-¢ycl ochexenol ,C1 2H'1 80' P5.2 »0.029 =%0,029 "

cxéloﬁexenyl-cxclohexenone ’C12H160' P0.92 $0.0052 =}0,016 n
Digyclohexenyl-cyclohexene C 1 8H2 g S 2.7 - -0.011 =»0 ..-05-_?)._0'.61{1.0.
Residue ’ 5e1 - -

Oxygenated=ca.0.53 .CH groups.
Product. .
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Proooged l:echanism of the Reaction,- Thq nature of the

reaction products disclosed above suggests that the initisl reaction
involved in the decomposition of tert.-butyl hydroperoxide with an olefin
is the homolytic scission of the 0-0 peroxide bond to give tert.-butoxy

and hydroxyl radicals (R.47):
(cH )+ 0-CH ——> (CH )jc.o* + HO * (R.47)

The resultant radicals.then display their own unique
resctivities with resctive centres in the olefin system CH ,-CH=CH~ and
thus achieve stabilisation. The types of reactions sccurring with (CH}) 3C.O"%

and HO® will be considered in turn.

(1) The tert.-butoxy radical,- As vas shown in the reaction
of di-tert.-butyl peroxide with oyolohexene, the tert.-butoxy radicel
reacts specifically by abstracting hydrogen atoms'f‘rom the olefinic X -methy-
lene groups to yield tert.-butandl end an olefinic radical (R.48}% The,
latter radiecal t.-_en dimerises or reacts with an ol ef'ln molecule giving a
stable olefin dimer (R.49 -~ R.50):

(@),con + :____> (CHs);cOH  + { ' >’: (R, 48)

- O — OO
. H L S \ T e ea
COHF XD — KOO e

The presence of almost quantitative yields of tert.-butanol

(based on the reaction (CH3) C.O00H —> (CH;)BG OH) strorxgly 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
't0 an ingignificant extent.

v

(CHB)_jc.o*———MgH})zc:o + cns* (R.51)

(2) The hydroxyl redical.- The many types of oxygenated
products isolated in this reaction indicate that the role of the hydroxyl

radical is manifold. The predominance of gyclohexen-3-ol suggests that the
major reaction of the hydroxyl radical involves either its linking with a
cyclohexenyl radica!.,(produced according to R.48) or a displacement reaction

at the K -methylene group of the olefin (R.52 and R.53 respectively).

H \,H
% : \: PWON — 5 < ><'3N + H (R.53)
\ , / h | VR

The cyclohexen-3~one is obviously fomed by further -oxidation
of the gyclohexenol by an oxidising agent which may be the hydropersxide
itself or more likely the hydroxyl or tert.~butoxy radicals’.e The presence
of wa:te;- in the reaction product strongly supvorts the view that the

active oxidising agent is the hydroxyl radical (R.54):

* That ketones do result from therreaction of alcohols with tert.-butyl
hydroperoxide was proved experimentally by heating the latter both with

cyclohexen-3-0l and cyclohexanol at 130°for 24, hours, when the corresponding
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However,the yield of water is much greater than would be’
expected on the basis of (R.54) and the amount of .ketodes present,
| suggesfing that the hydroxyl radical may also be 'capable of reacting
analogously to the lz_ta_r_’g.-l;_utbxy radical to give an olefin radical and

water according to (R.55).

C Hurvor—— O 20 (g

I

The presence of small amounts of trans.-cyclohexandiol
indicates fhat.the hydroxyl radicals possess, to a minor extent, an

additive reactivity with olefinic double bonds. It is not possible to

decide whether the diol results by successive or simultancous additions

of HO% to the double bond. The two possible reactions are :

OH OH OH
1 » l 1 HQ » ‘ ' 1
_R-CH=LCH-R' + HO* —> R-CH-CH-R ——> R-CH-CH-R" _ (R.56)
*?H ?“
R-CH-CH-R' — > R-CH-CH-R (R.57)
¢ X}
HO» HO

Since it has been found that in the secondary reactions of .

CQNT, from Page 9%, ketones were obtained in substantisl yields.
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oslefin autoxidation ('g;g.p. 15 ) signifiocant quantities of epoxides result,
a careful search was made for gyclohexanepoxide in the reaction product.
No evidence could be f‘:o.und for its presence and careful analysis of the
distribution of oxygen (between -CH and -C=0) in the major oxygenated
product proved that fhe epoxide, if present at all, mus.t be formed in

undetectable quantities. On the basig of these results there is no
experin.nental foundation for such reactions as (R.58 - R,59) which have
been suggested(81)a.s possible routes to the form'ati-an of epoxides by

secondery decomposition reactions of olefinic peroxides,

.- o /N
~<CH-CH=LH- + -CH:0H- ———> ~CH-CH=CH~- + -CH-CH- (r.58)
OCH 0CH 0
i - i /\ .
~CH-CH=CH- ———> -CH-CH-CH~- (R.59)

Formation of Higher Boiling Proéucts,.- It is to be expected

that, since it is formed as one of‘the major initial reaction products,
cyclohexenyl-cyclchexene will compete with gyclohexene 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 boi_i:i.ng product a. fractisn was isolated consisting pz:edomina.ntly

of cyclohexenyl-cyclohexenol with some ot-/3-unsaturated cyclohexenyl-
cyclohexenone, These products were.obtained in too small amounts to permit
rigid experimental determination of their constitutions; but, applying the
prew}idus considerations of jt;hé nature of hydroxyl radical attack on an

olefin and the resonance possibilities of a cycloalkenyl radical, it is

suggested that the alcohol would be a mixture of the three isomers (XX.X),

(0XI) and (XXXII), and the ketone a mixture of the two isomers (XXXIII)
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and -(XXXIV), The mechanism of 'f;arma:tior'l of these products will be similar
to that epplicable to their lower analogues cyclohexen-3-ol and cyclohexen-
3-one (R.52 - R.54).

-Ml.. | ,- 8 Q

(ARK) K1) (xxx1) (RXX1N) (XXXIV)

The formation of dicyclohexenyl-cyclohexene indicates that
gyclohexenyl-gyclohexene is also attacked by tert.-butoxy radicals
(according to R.48 - R.50) giving cyclohexenyl-cyclohexenyl redicals,
‘which by stabilisation with cyclohexene radicels or molecules form the
"trimer".

The presence of a substantial yield of undistillable material

indicates that the reactions outlined above can operate with the higher
molecular weight products to give polymers comsisting of olefins, olefinic

alcohiols and ketones, and diols,

Summexry fo the Reaction.- The following conclusions may
be drawn from the character and quantétative proportions of the chief
reaction products: (1) The free radicals (CH3) C.0%  and HO% formed by
-decomposition of tert.-~butyl hydroperoxide reazt mainly withi‘:x the
-3 -methyle'ne groups of the olefin, resulting in the conversion of the

hydroperoxide to tert.-butanol. (2} Additive attack at the double bond by

tert.~butoxy radicals is ndn—existqgi and by hydroxyl redicals is

insignificant. (3) Reaction of tert.~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 its "polymerisa-
tion" and partly to its transfomation into olefinic alcohols and ketones.
(5) The majority of thenew bonds, whether C~C, C~0H or C=0, are formed at

.the o( -methylenfic carbon atoms of the olefin,.

(2) REACTION (F tert.-BUTYL HYDROPEROXIDE WITH 4-METHYL
cycloHFXENE,- A brief examination of this reaction was undertaken with the
specific aim of establishing the‘ effect of alkyl substitution at the
double bond on the relative reactivities of the two o -methylene groups

in the system (XXXV) (cf. pp.RR,%2.).

GH3 :
A A 1
ReCH,.-C=CH-CH -R
2 2
(oxv)

The course of the reaction was in gene_raﬂ. similer to that
:_)f-fhé reaction ,ju_ist deécribed, the hydroperoxide being converted almost
quentitatively into ti:'"_h_. -butanol. From the reaction product there was
isolated a major oxygenated f:é-action containing both methyleyclohexenols
ang -3 -L.msatura.ted metkwlgﬁlghexenoﬁes. Ultra-violet spect.i'ographio
analysis indicated 12% of unsaturated ketones in the frection. On .trea.t-
~ment with 2:4~dinitrophenylhydrazine the fraction gave a mixture of two
'products which were separated by chromatogrsphic analysis (a’l.uminé.) into
the 2:l+-dini1';ropheny1hydrazones of 2-methyl Az-c_:;&]_._-ghexenane (XXXVI) and

j=methyl- AZ-CElohexenone (XVII). The relative yields of the hydrazones

A CHy

(xxvt) (Xx%X V1)
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indicated that the ketones (XXXVI) and (XXXVII) were present in the ratio
of gé.2.2:1. The alcohol portion evidently consisted of a mixture of |
isameric methylg!@&hexenols since it was impossible to prepare derivatiwes
( « -naphthyl urethanes) of constant or sherp melting point. éxidation of
the alcohol-=ketone mixtﬁre with chromic acid in acetic acid yied2d a ketone
fraction which gave the d.initrophenylhydrazones of ((XXVI) and (XXXVII) in .
the proportions of 2.4:1.

These results clearly -indicate that active radicals (in this
o A

case hydroxyl radicals) caan attack both -CH,  and -CH,

- they suggest that the two radical species (}DD(.VIII) and (XIX) are present

in (3XV) and

in stabilised form, in the proportions of about 2.2-2.4:1.

XH
Cis @
>
R (R V1)-
m“’ Rx
4 CH; CH3
CHg * on
— ' —_— HOR'
\/ /l
' wH -
. (XXX1X) (xL) (xL1)
v It must be streesed that the present results should not be
ok

inlterpreted as indicating that -CH2 is the moét reactive methylene group,
i.e. that (XOXVIII) and (XXXIX) are formed in the ratio of 2.2-2.4:1.
Mesomerism of the radical (XXIX) to (XL) is always possible and stabilisa-

tion of the latter by *(H to give 1-methyl- Az-cmlohexen-hol (xr1)

L
2

-CHg based on the proportions of products resulting from the two initially

would invalidate any estimate of the relative reactivities of —CH and

formed radicals (XXXVIII) and (XXIX).

The present investigatibn, although not wholly successful,
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provides aﬂdition—al evidence that the difference in the -reactivities of
-CH;' and -CHé3 is small, and suggests that earlier work (vid.p. 3 )
indicating complete reaction at either -CH; or -CHéa to the exclusion

of the other should be accepted only with the greatest caution.

RELEVANCE (OF THE FRESENT WCORK TO THE OXIDATIVE

TREAKDOWN OF RUBEER.

.A brief review of the data'previously sbtained in conneo-
 tion with the oxidative breskdown of rubber is considered relevant to a
fuller understanding of the.problem and to the hypothesis which is n5w
advanced to explain the processes invol¥ed in the secondary reactions of
peroxidised rubber.

’ The resuits of’ oxidatlive attack on the rubber molecule are
of immense technologocal importance in the aging by thermal oxidation of
unvulcanised and vulcanised rubbers. For industrial utility rubber must
possess good aging qualities, i.e. must ‘be little effected by such factors
as heat, light, oxygen and ozone. Two opposite .: . - effects may ensue
as the result of thermal oxidation of rubber, these being chain-scission
and cross-linking of the rubber molf.ec.ules. Tobolsky and co-workers 172, 236)
from studiles cerried out mainly on synthetic rubbérs shave shown that -
chain-scigsian and cross-linking reactions occur simultaneously ss that
the.\relative rates of these competing reactions are the confralling factobs

governing the physical properties of the oxidised products.

Although thermal oxidation of natural rubber usually results
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in an overall chain-scission effect, with polybutadiene and polybutadiene-
styrene rubbers the reverse takes place, the oxidised products showing an
increased degree of cross-linking(51’ 72). This difference has.been
acvtributed to differences between the chemical reactivities of the poly-
isoprene and palybutadiene.systems, -CHZ.C(CH3)=CH.CH2— aﬁd ~CH ,~CH=CH. CH -
and to variations in polymer structure such as cis-trans.isomerism,
relative amounts of 1:2 and 1:4~ polymerisation and the degree of branching
in the polymer chains, .

: (86)

Farmer and Sundral ingem have demonstrated that oxygen

is relatively unecomomicel in causing chain-scission, when natural rubber
’solutions-are photo-oxidised, For example, they found that although 2;9%

of oxygen was sufficient to reduce the molecul ar- 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 utilisation
of oxygen in scission reactionsy such as (R.60) proposed by Staudinger,
is permissible.
CH3 ™3
5 C -

|
< =CH- + 07— 0 + CHO (R.60)

A further point of importance in connection with this

problem is the nature of the distribution of oxygen in oxidised rubbers
N

between various types of groupings such as -OH, C=0, -COCH, ~COOR, -é-C-

o . (121) (a81) |

-C.0,0~- etc. Hilton and Naylor have eztimated this distribution &f

oxygen in highly oxidised rubbers (Rubbones B and Cz 14 and 13.5% oxygen

respectively). Their results are given in Table (9). It is seen that 50-

60% of the total oxygen is accounted for in these analyses and the residual

40-507% was presumed to be present largely as ether groups, although
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TABLE (9 .

DISTRIBUTION OF OXYGEN IN RUEBERS.

0 as & of total oxygen.

Oxygen Functional Group. . Rubbone B. Rubbone C.
Peroxide -0CH <Hi {1
Hydroxyl -CH : 3 30
Carboxyl -COCH 4 2
Ester  -COOR 18 5
Carbonyl -C=0 ' 4 7
Epoxide é-C plus carbonyl L - ' -
(81) ‘

recently it has been suggested that stable peroxide groups (C-0-0-C)
may also be present, . |

The precise mechanism of the degradat:.ve and aggregative
processes in the oxidation of rubber still remains obscure. Farmer(eo ,81)
believes that both cha:.n-sclssn.on and cross-l:.nk:.ng occur by verious sec:mdm]
reactions of the 1nitially formed unsaturated hydroperoxide (vid.p.!3 ).
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-scission reactlons 1ead:mg “$o ketones and aldehydes and,
in later stages of oxidation, carboxylic acids and esters. Cross_-linking

reactions were attributed to the formation of stable peroxides (R.O. 0.R1)'

and ethers (3.0.31} (R.63 - R.64).
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OOH H 0 .

\ \ / \

-CH,CH-CH- ———> -CH-CH-CH- (R.61)
?OH ?H - A
-CH,CH-CH~ + -CH=CH- ———> -CH-CH-CH- + -CH-CH- (R.62)

1

R.OCH +Ri.oom — R.O.R' + R.0.0.R (R.63)

Hx»
R.0.0,% 4+ -CH=CH- ———> R.0.0, CH-Ch-——) R. 0. 0,CH-CH, - (R 6l.)

New Conception of Polyisoprene Hydroperoxide Dec m' ogition, -

Leading to Oxidative Degradation of Rubbef.-~ The present author's work

on the reaction of tert.-butyl hydroperoxide with cyclohexene would appear

relevant to the elucidation of the processes occurring in rubber oxidation.
_The general nature of the reaction of tert.~butyl hydroperoxide

with gyclohexene would lead to the expectation that inter- or intra-

molecular reactions of polyisoprene hydroperoxides with other isoprene

‘units would occur to give olefinic secondary alcohol (R.6 5). The latter

might then be omidised further by redicals (e.g. HO %) from the decomposing

peroxide to give «-f-unsaturated ketones (R.66)

R. CH C=CH CH oR + R. CH2.C=CH CHZ.R1—-—>R CH.C:CH CH2.R1+ R. CH C:CH CH2 'R1
(R.65)
OH CHy ROCH cl> CH;
R.C.G.CH.R! —— > R.C.C=CH.R - (R.66)
(HOx]

These reactions entaill redistribution of hydroperoxide groups

without chain-seission of the rubber molecule and on the basis of the
"model" experiments appear to be. the predominant modes of decomposition of

the peroxide. The predominant occurrence of such reactions would confirm
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the observed presence of large proportions of hydroxyl groups and the
inefficacy of oxygen in causing chain-scission,
A small proportion of the hydroxyl radicals from the decom-
posing peroxide may be suscessful in hydroxylating the douﬁle bonds to give
glycols (R.69), which are probably precursors of aldehydic and ketonic

chain-scission products.

CH34 o o]
R.CHL-R # ZHO%—IR.CH:C-R' —> R.CHO +CH5.CO.R1 (R.69)
&H |
. 3 _ :

Cross-linking reactions may result from the actiﬁn of the

| slkenyloxy redicels (from the decomposing peroxide) at the & -methylene
groups in other isoprene units according t& (R.70 - R.71). The oxidation
’ of the isoprene radical (XLII) to give new peroxide radicals (R.72) will
compete with the cross-linking reaction (R.71)} and the relativé efficacy

H3 ' CH3 SH Cq

¢ 1 g p
R.CH.CSH.R' + -CH2-0=CH CHg —¥RyCH C=8H.R + =CH.C HoCH ;= (R.70)
CH3
i i ~CH.C=CH.CH,-
x | I ——y
2 -'CH.C:CH.GHZ-. : -c_:H.g:c:H.cnz- (R.71)
' CH
_ 3
C|:H3 c').o*
*
-CH.C:CH.CHZ- +6!2 _ -:CH.C(CH3)=CH.CI-12- (R.72)

The sbove reactions involve the interaction of hydroperoxides
with other isoprené units; An alternative mode of chain-scission involves
the therﬁal unimolecuiar decomposi%ion of the peroxide to give ah alkeny-
loxy and a hydroxyl radical (cf. the decampbsition of Eggg.-butyl hydfo-

peroxide, p. QW )s
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OOH (Hs (H;

%*
R-CH2.CH-C = CH.CH,-R ——)R-cH--gfL -c = CH. CH2-R1 + HO»> (R.73)

(xLIII)

The radical (XLIII) may decompose by scission of the G=C

bonds (a) and (b) adjacent to the C-0 bond, to give the aldehydes (XLIV)

and (XLV):
(a} R, CH X+ CHO -C(CH; )<CH. GH2.R1 (R.74)
---.J; S‘.’E 2 o 1/ (xvE) (xL1)
_ CH
(Xw.I11) \“(b) R.CH,.CHO + ;ct 2 011.01{2.111 (R.75)

(XTv) _ (xav1r)

The radicals (XLVI) and (XLVII) could then initiate new
oxidation chains or react with nearby hydroxyl radicals to give alcohols

(R.76) or ketones (R.77)

CH : CH ' CH

| 3 1 3 1 [} 3 1 \
C h2 R+ HO® —— c = CH.CH 2.R —>G-CH ~CH,.R (R.77)
R

: HO . 0

The above schemes, although mainly speculative, are all
based on establishedﬁreactions occurring with related but simpler molecules,
and afford a reasonable explanation of many of the phenonema observed in
the ati;ack of ru.bb-er-'by -ox;;gen. '-E‘I-Jr-:tl'-xér”eiuci_dat'ioﬁ of the méchémism of |
the oxidative hreskdown of rubber could be obtained only by studies of

the decomposition of olefinic hydroperoxides alone and in the presence

of isoprenic olefinsg




SECTION (3}.

DECOMPOSITION OF DI~-tert.-ALKYL PEROXIDES IN

NON=-OLEFINIC SOLVENTS,
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A sepries of investigationé has been made of the liquid
phase decomposition of di-tert.-butyl peroxide at 11..00 in various classes.
of organic solvents, including saturated cyclic hydrocarbons, alkyl
benzenes ana/\:\’g}ﬁ'ﬁ ketones, to determine whether the reactions involved

parallezled those associated with peroxide decomposition in olefinic media.

This analogy was, in fact, found,

(1) Saturated Hydrocarbons.,- Di-tert.-butyl peroxide was

- reacted with a large excess of gyclohexane for 24 hours at 114.03. Complete
decomposition of thg peroxide occurred, giving tert.-butanol as the major
product (ca.92.55) with only tfaces of acetone. In addition to unchanged
cyclohexesne there was found a mixture of hydrocarbon polymers from which
.pure dicyclohexyl (22.6/ of polymer) and a low yield of dicyclohexyl-
cyclohexane (018H52) weke isolated. The latter hydrocarbon oontaineé traces

- of oxygenated impurities; owing to the chemical inertness of the cyeclo-
hexane structure it was not possible to obtain evidence of its structurel
composition.. The major portion (ga.52%) of the reaction product was an
orange polymeric residue which was largely hydrocarbon. It had a mean

molecular weight of 630 indicating an average of between seven and eight

cyclohexane units per mol. Ultra-violet spectrograpiiic analysis of the

;p.olymer showed the presence of unsaturation including conjugated cyclo-
hexadiene groupings. The insolubility of the polymer in the usual hydro-

genating solvents prevented a quantitative determination of the

unsaturation and made it impossible to establish whether the unsaturation
was entg.relx or only g' arti:allx present in canjuéated diene groups.
' The results clearly indicate that di-tert.-butyk peroxide

is an effective agent for the polymerisation of saturated hydrocarbons



by the introduction of C-C cress-links, The large yields of tert.-butansl
and significant emounts of digcyclohexyl suggest that the initial reactions

involived are as given in the shheme below:

(CH3)30.0. o.c:((:113)3  — 2(CH ) C.0 % (R.78)

H H
(01-13)30.0* + HC)*NGH L0 + X ) (R.79)

\

The gyclohexyl radicels may then achdeve stabilisation to
give dicyclohexyl by reactions (R.80 - R.81). These twd possible reactions
are chemically indistinguishable although kinet ically (R.80§ may be

preferred since it doubtless has the lower activation energy (cf.p. 61 ).

H " ’ Wil ' _
¢ Yu + X }———> \ - (R.80)

\

H

To this point the reaction of di—tért.-butyl.peroxide with

‘saturated hydrocarbons closely parallels its reaction with olefins. Some
explanation, however, is necessary for the s'uprisingly large proportion
of polymeric material formed in spite of the low peroxide concentration,

and for the presence of diens con,Lga_t:.on in this polymer. This lack of

stat:.stmal balance in the proportions of the various polymers is attributed
to the greater lability of the two C-HY bonds in digyclohexyl than the

C-li8 bonds in cyclohexane, a fact which conforms with the estimate by

. (228) -
Smith and Taylor of the weaker bond energy of & G-Iy bond as compared
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with that of a C-Hp bbnd.
On this basis _téig.-butoxy radicals react, z;referéntially,
according to (R.B2) to give dicyclohexyl radicals (Xi.VIII) and tert,-
butanol:

H H., S
(R.82)

- (xLv)

Stabilisation of the radical (XIVIII) may proceed by either
or both of two possible reactions: (i} linking with a.cyclohexyl radical
to give 1:1—digﬂ]_._qhexyl—gml_qhexane (R.83); (ii) dismutation to give
1-9‘y21_:_ghexy1-wl_Lghexene (R.84). |

oo o =0
OO - (.83)

OO — ®~<:>

Sterically (R. 83) would not appear to be favoured and

repetitions of this reaction to build up a high polymer such as (XLIX) are

regarded as highly probable,

On the other hand (R.84) is not only a feasible reaction but
also provides a very plausible explanation of the formation of large amounts
of high polymers and of the introduction of ethylenic bonds into these

.polymers. Of the three molecules, cyclochexane, dicyclohexyl and cyclohexyl=
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eyclohexene, the latter will certainly possess the most labile C-H bonds,
since it contains three active methylene groups ( (a), (b) and (c¢) (L) )}
ad jacent to the double boqd. These methylene groups wﬂl be further activ-
ated by the _c_;m_lg_alkylsubétitution at the double bond (cf. p. ff )} and

(e¢) will possess a highly labile C-H bond since it is tertiary.

(@
CH M, CH CH
C/H ! g\c_), ? %‘CH
\a CH / \ / 1
MR CHy—CHy (L)

Any one, or all, of the o -methylene groups (a), (b), a.nd (e)

can be the site of attack by tert.-butoxy radicaels according to (R.79).
There are many possible subsequent reactions, but the following scheme
indicates how attack at two of the reactive 'point; (a) and (o) in (L)

may reéult in conjugated diene formation. Repetition of these 'reacfions s
which will be more favc;ured owing to the greater reactivity of the C-H
bonds adjacent to the double bondas in the lnewly formed molecules than of
the C-H bonds in cyclohexane and dicyclohexyl, will thus build up a high
polymer possessing unsaturated groupings which are wholly or partly con-

jugated.

(1) Attack at ~CH, (a).-

@-—Q +(<H;)3coav ___> Q—C> +(<n coH (R.8b)

“’k . .

A O —
H

(R.87)

+(CH)CO%
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DisnuTATION | CHs)zcox . ToLyMER ('R.S‘j)
etc 7

(ii) Atteck at -CH (c).

(S

" DSMUTATION

H3) C
etc .
»

Obviously the whole reaction mechanism is not as simple as

that outlined above, but the important points have been established,

(i)} that C-H bonds in gxg;gparéffins can be broken by itert.-butoxy
radicals and (ii) that digyclohexyl radicais can dismutate by hydrogen
removal to give cyclic olefins which then became the most reactive species.

The resulting reactions are complex, involving reactions of alkoxy radicals

" with cycloparaffine, cygloblefins and cyclic-1:3-diens to give hydro-

carbon radicals which are stabilised by various means. The necesaity for

further detailed investigations of this type of reaction is evident and

such studies will doubtless prove of value in interpreting both peroxide

and hydrocarbon reactivities.

(2) Alkyl Benzenes.- The dehydrogenating activity of tert.-
butoxy radicals applies not only to olefins and saturated hydrocarbons but
also to the three alkyl benzenes, toluene, efhylbenzene and isopropyl-

benzene. Decomposition of di-tert.-butyl peroxide in all three solvents
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at 140° results in the formation of dibenzyl or substituted dibenzyks
and tert.-butanol. The initial reaction closely parallels that of the
peroxide with olefins and that of diacet;lfl peroxide with organic molecules
~ (vid. work of Kharasch et.al.p. 5O }. The hydrogen atoms vicinal to the
aromatic nucleus are the most labile end it is these which are abstracteB:
by M.-buto:qr' raedicals. Thus, toluene gives dibenzyl (LI), ethylbenzene
gives a mixture of 11'_1§_§_-_o_-and racemic-2: 3-diphenylbutanes (LII), end -
isopropylbenzene gives 2:3-diphenyl-2:3-dimethylbutane (LIII).
@-c Wy —CHg < > C\>-2:3——2:.©
(Ly) (Liy)
OO
CHy  CHg
(L)
The mechanism of the reaction is similar to that proposed for
the peroxide/olefin reactions. By way of example, the following scheme

shows how (LIII) results from the reaction of di-tert.-butyl peroxide and

isopropylbenzene:
(cH )c.o.o.c(cns) ——_——+2(0H3)3c.0* (R.92)
(GH ) C.0*x + CH(CH )2‘<:> —_ (CH ) C.0H +*c(cn )@

(R.93)
Q—E}s * *ZH;/ ) R — ch <—<3 \
3 C
(R 94)

- The existence of dimethyl-diphenylbutane as the sole aromatic
\ .

product from the isgpropylbenzene/peroxide reaction is proof of the

greater lebility of the C-HY bond than of the C-Hq bonds of the glethyl
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groups in the isopropyl group, a result in accord both with the work of
Kharasch et al.(vid.p.5! ) who demoristrated the preferential attack at
the C-Hy bond in isopropylbenzene by CH}* radicals (frazlzggc;omposmg
di~acetyl peroxide), and the estimate by Smith and Taylor that the
strengths of C-H bonds are in the order C-Hy 7 C-HA > C-Hy
: The "dimers" (LI) ans (LII) from toluene and ethylbenzene:
respectively retain C-H bonds vicinal to the phepyl groupes and may, there;
fore, react further with tert.-butoxy radicals according to (R.95 - R.96)
to yield "trimers" and higher "polymers". Higher polymers were, indeed,
found with these two hydrocarbons and in the case of toluene a fraction
was isolated which aporoximated in composition to the "trimer" 1:2:3<

triphenylpropane (LIV).

HH. ' H
[ ]
CgHg.CoCuCH, + (CHB) C. °*""06H5°° .C. 06H + (CHB) C.CH (R.95)
R R R
H Hc“"sﬂ
.C6H5 c c.cén5 + caﬂg.c H-———é'C6H5.C c. c CGH; (R.96)
R. _RR R '
c 6H5-CH2-?H—CH ,~C 6“5 . (LIv)
C H
675

The major aromatic product (49.5% of total polymer) from the
toluene/peroxide reaction was an undistillable polymer which although
" containing traces of oxygenated meterial was mainly hydrocarbon. This high
yield of polymer,_ although unexpected on statistical grounds since the

peroxide was decomposed in a three mol. excess of toluene, may be explained
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by the préfe;ential attack of tert.-butoxy radicals at the C-H{y bond
in (LIV) rather than at the C;Hd or C-H[s bonds in toiuene and dibenzyl
respectively, Conti‘nuatton of (R.95 - R.96) on this basis would lead to
a high molecular weight polymer. ° |

The fact that ° .significant yields of acetone were formed in
these decompositions indicatgs that tert.-butoxy radicals are not
stablised entirely as tert.-butanol but they do irypart decompose according

*
to(R.97). The methyl radicals may then compéte with tert.-butoxy radicals

as hydrogen abstractors (R.98) or may dimerise to give ethane.

(CHB)BC.O*—é(GHB)ZC'-_-.O + CH}* ‘ : (Re97)
CHB* + RH——CH_ + R» (R.98)

As will be shown later tert.-butoxy radicals react with
"ketones according to (R. 99) to give keton;-rl r;dicals w'rk;ich are then
stabilised by radical linking reactions. The formation of aéetonyl radicals
by this' means from the pre~formed acetone and the link;ng of these with
alkyl benzene radicals {(R.100, where R = alkyl benzene radica_.l) would
effectively explain the traces of oxygenated material iﬁ the toluene

polymers.
01{3.c>o.cﬂ3 + (CH3)3c.o*———>»«cH2.co.cx15+(CH3)30.CH (R.99)

R* + %CH,.C0.CH, — R‘.‘(;Hz.c;o.CH3 (R.100)}

3

% In the decomposition of di-tert.-butyl peroxide in toluene the moler
yields of tert.-butanol and acetone were in the ratios of ca.9.25:1,
indicating that (R.93) rather than (R.97) is the preferred mode of

decomposition.
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(3) Cyclic and Acyclic Mono-ketones. - Di-tért.-butyl peroxide

has been found t2 he a highly effective reagent for synthesiéing 1:4-
diketones fz'-om cyclic and acyclic monoketones containing o -methylene
groups. Thus the peroxide on heating with a large excess of methyk ethyl
ketone at 140° gave a mixture of ketone polymers from which 3:4-dimethyl
hexandione-2:5 (LV) was isolated in pure form. The constitution of (IV)

as a ish-diketone was prbved by the formation of the pyridazine deriva'l';ive
(IVI) on reaction with phenylhydrazihe.

’

3

' U3 -

c=0 dl . _ 0 0
., OO
CHpew Gy NG H

g AW
iy CHz (Lvin)
(Lv) (i)
J Similarly, cyclohexanone when heated with di-tert.-butyl

peroxide at 11;09 gave, inaddition to a large amount of higherl ketone-
polymer,. a mixture of stereoisomeric 2:2'-diketodigyclohexyls (LVIII)
from which the high melting form (m.p. 73-74°) was separated. This sane
ketone has been synthesised by unambiguous means by Plaa.n‘l;(AI9 & and
recently has been obtainéd by Kharasch et _31;1_5152)by the decomposition of
dié.cetyl peroxide in cyclohexanone (vid.p. §1 ).

The formation of 1:4=-diketones by direct linking of o -methy-
léne carbon atoms demonstrateés the analogy of the reaction of dii-tert.-
butyl peroxide with mono-ketones, and its reaction with olefins, gj&lg—

paraffins and alkyl benzenes., A similar reaction mechanism is probally

operative:

(CH,)46.0.0.C(CH3); ———> 2(CHz)40.0% . . (R.101}
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(CHB}j'C.O* + CH_.CO.CH ———> (CH;,’}BC.OH +:&H.CO.CH3 (R.102)

3
O, " CH

\ * 1
2 CH.CO.CH (R.193)

H_.COJCH(CH ..GO.CH
ey > bk
3

3 3

The presence of 3:4-dimethylhexandione~2:5 as the only diketone

indicates the greater lability of the ol -CH_, group than either the o -CH

2 3

or /3-(}1-13 groups in methyl ethyl ketone.
. Further reaction of the initially formed &iketone with tert.-
bufoxy radicals accoding to (R.102- R,103) gave a sl ightly impure triketone

(L1X) togéther with a large amount of higher ketone polymers,

CH..CO.CH,CH
3 [ 3

CH5.CQ.C'.C_H3 (L1x)

CH,.C0.CH.CH
3 3

The reaction of the di-j._e_g_ﬁ. -butyl peroxide with alkyl bénzenes
and 1nonoketor;es is séen to provide new and readily aqgssible synthétic
routes to the preparation of substitutead dibenzyls and 1:4-diketones
respectively. The latter reaction is of especial value since 1:L~diketones
act as interme&iates.in th;a,synthesis of many heterocyclic systems. The

greater accessibility of 1:4~diketones by this method than by sther existing
| methods is ;vell demonstrated when the route used by Plan‘l:.(198)ts pfepare

2: '21;a‘iketoa'i'6m' 1ohexyl is considered : -

Q (o] Q .0 (=]
\
Be + frooc —Na G@_Kﬂi_)
CyHg £to

The ease of. preparation in pure form and the relative freedom

from hazard in reaction of the di-tert.-alkyl peroxides further suggest


http://2CH.C0.CHj
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v

that these peroxides will be of greater synthetic value than' the di-acetyl
peroxide used by Kharasch (vid.p.50 )

¢




CONCLUSIONS,
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CNCLUSIONS,

The foregoing investigations have shown that-t_he nature of
the thermally ppomoted reaction of di-tert.-butyl peroxide wi;th cyolic and
acyclic olefins depends upon the structural pattern 6f the olefin. With
those cle'f'i.ns containing the systems -CH2-0H=CH- and -GHZ-C(CH3)=OH- the
major reactivity of the peroxide involves the direct linking of the
olefinical -methylene carbon atoms to form "dimers" end higher "polymers"
in which the original unsaturation of the olefin is retained. The peroxide
is, in all cases, converted almost quantitatively into tert.-butanol,
decompos ition to acetone and methyl radicals occurring to an insignifficant
degree, This process, when applied t> rubber hydrocarbon, results in its ]
vulcanisation, the vuJTc;ani:sate containing almost entirely hydroca.r:bon
constituents and possessing properties similar to those found for rubber/
sulphur vulcanisates,

' The. observed resulits have all been explained by a free-radical
mechanism involving the'initial scission of the 0-0 bond of the peroxide
to give _'_te_ﬂ._.-butox& redicals. The latter are highly specific in their
reactivity, abstracting labile ( of -methylene) hydrogen atoms fram the
olefin and thus aquiring stabilisation as tert.-butanol, |

Reaction. of di-tert.-butyl peroxide with a vinylic olefin -
CH2'=CH.GH'2-R'. involves two competitive reactions, (1) radical-linking
processes typical of the olefins considered a.b-:.ave-, and (2) radical
addition polyme‘risation typical of the reactions involved in the formation
of synthetic rubbers, and plastics, The combined effect of tﬁese two
processes resuits in a higher degree' of polymerisation thah that observed

in the reactions with non-vinylic olefins and the resulting polymers *
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possess considerably reduced unsaturation.
'

The carnpiexity of reection products resulting from the

thermal decomposition of tert.-butyl hydroperoxide in gyclohemene demon-

strates the diverse reactivities displayed by organic hydroperexides when

reacted with olefins. The peroxide is converted into the corresponding
alcohol and the olefin is converted into a mixture of hydrdcarbon and
oxygenated products, the formation of which is explained by the initial
decomposition of the hydroperoxide to give tert.-butoxy and hydroxy-l
redicalsegThe dert.-butoxy radicals give rise to olefin polymers described
above and the hydroxyl radicals react mainly at the oA -methylene positions
of the olefin to give olefinioc alcohols and ketones. Only a minor amosunt
of attack by hydroxyl radicals at the double bonds is observed.

The relevance of these reactions to tﬁe processes involved in

the oxidative degradation of rubber has been considered and a possible

3 o dula
en detciled 42 account for th

Y- P RUNT S A ]
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the oxygen of the initially formed polyisoprene hydroperoxide.

The thermal decomposition of dihydroascaridole, which can be |
considered as a gyclic di-tert.-alkyl peroxide, has been shown to follow
a course identical with that for acyclic di-tert,-alkyl peroxides,
Dihydroascaridoge is remarkably stable and does not react with cyolohexene
at 140°,

Investlgat:.:ms have been made of the thermal dec:mposﬂzon of
di-tert.~butyl peroxide in non-olef:.m.c compounds, including cycloparaffins
alkyl benzenes, and cyclic and acyclic monoketones. The reactions invdilved
closely parallel those observed with the peroxide and olefins and the
results are in accord with a freé radical mechanism involving the formation
of new C-C bonds between the solvent molecules. The reactions are ve:fy

similar to those of diacetyl peroxide wiith organic solvents studied by
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Kharasch et al.
_ The x'-es-ults of the present investigation have advanced our
knov}ledge of free-radical reactivities, especially those displayed by
organic peroxides and various types of olefinic and related systems, All
_ the many reactions encountered can be consistently explained by mechanizms
involving the formation and subsequent stabilisation of free-radicals.

The & —mgthy])enic reectivity displayed by the ,o'lef'inic systems -CH2.CH=CH-
and -CHZ-C(R)‘=CH- towards alkoxy and hydroxyl radicals have been shown to

be similaroto that exhibited towards oxygen and sulphur. .

L »]
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EXPERIMENTAL

( All melting points are uncorrected )

Di-tert.-butyl peroxide. Th% p;roxide was prepared by both methods
175).
. given by Milas and Surgenor

(a} Di-tert.-butyl peroxide from tert.-butyl hydroperoxide and

tert.-butyl hydrogen sulphate had b.p. 109.0-110/761.5 mm.,

16
n 1.3905, Yield 75%. (Found: C,65.45; H,12.65. Caloc. for C.H, .0, :

D 88" 2°
C,65.7; Hy12.4%,) '

(b)Di-ter'i;.-butyl peroxide from te):;t.-butanol and hydrogen peroxide.

When performed on a three mol. scale (based on tertrbutanol) using a
rea.ctlon time of 4 hours and temperature of O to -5 the yield of crude
product wes 125g.,0 é81 3961, Fractionation of this gave the pure
peroxide b,p. 109,0-110.0/760 mm..n 0 4.3882 (Found: G,65.7; H,12.3%),
together with 16.5g. of higher boi.lmg material whicB contained tri-
isobutylenes,b,p.177-186°/765m. ,n §0 1.4320, and a small amount of
higher polyisobutylenes,

(175)
(Milas and Surgenor give for the peroxide, b.p.109.0-109.2°%/760mm.,
B 1.3872 M:.las(and)Pezry give b.p.12-13"/20am.,n o
241
Vaughan and Rust give b.p.1@8~110°%, n p 1.3893.).

1. 3838,

‘The-percentage of peroxidic oxygen in the per-oxide.- was determined
by the following method, About O.1g. was he auad rith ﬁ-cs'.";‘..y distilled
hydriodic acid (3.0c.c.) in sealed tubes at 80-90° for 3 hours. The

liberated iodine was estimated by titration with standard sodium

thiosulphate solution, A suitable correction for the hydriodic acid
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decomposed by oxygen in the tubes was made by heating 3.0c.c. of the
poid under comparable conditions.(Found: P.0.C.,21.7, 21.95.Calc. for

. «d .
CgH, g0, P..O.G.,21.9/n).

REACTION of DI-tert.-BUTYL PEROXIDE with OLEFINS,

(A) REACTION with CYCLIC OLEFINES,

(1) cycloHEXENE.- The olefin was purified by repeated
washing with sodium hydrosulphite solution, then water. It was dried
for 21+-hours over calcium chloride, then over sodium wire end finally
was distill.ed over sodium wire in an atmosphere of purified nitrogen

using a 14in. Fenske column, packed with glass helices, with _a' reflux hebd)

The fraction b.p.82,50%/7kk.5m. ,n 201, 4463 was used.
| The reaction was conducted under various conditions of n_molér o]

ratio of olefin to peroxide and reaction time; the following being a

representative example.

- eycloHexene (164g., @.0 mols,) with di-tertrbutyl peroxide

(48.7g.5 0433 mols, ) was heated for 48 hours at 140° in Carius tubes
sealed in an atmosphere of ;pure nitrogen, The product (212.03.) was a
colourless mobile liguid which on fractionation thro_ugh a 10in, Vigreux

oolumn under nitrogen gave a forerun bep.74-83°/76L4m. (160.5g, }.
After removal of the last tracés of volatile material by warming the
residue at 50° for a short while on the water pump -there remained a
colourless oily product (45.0g.)s The latter was distilled at oil pump

pressure giving the fractions, (i) b.p.68-71°/1mm. (27.2g.), n 12;01.5095
: 9

(ii) b.p.130-140°%/1mm. (9.75g.), (1ii) b.p.180-192%/4mm, (3.5g.) and an
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undistillable residue (c&, 4e2g.), which set to a glass on cooling,

Exemination of the fractions,~= The forerun consisted of a mixture of

tert.-butanol, unchanged cyclohexene and a trace of acetone. By aqueous
extraction with 6 x 50g. of water 46.0g. of aqueous soluble material

was obtained, This was found to be almost entirely tert.-butanocl. In one
experiment the aqueous extract was distilled giving an azeotrope of
tert.-butanol/water, b.p.80°%/763mm. This was dried over potassium
hydroxide, the organic layer sepapated and distilled over sodium giving
tert.-butanol,b.p.80-82°/765mm. , identified as its phenyl urethane
derivative m.p. and mixed m.p. with an authentic semple 135-136°. (Founad:
C,68.5; H,8.3; N 7.0. Cale. for C,H 50N, C,68.4; H,7.83; N,7.25%),

In a further experiment the aqueous extract was treated with'
an excess of saturated 2:4~dinitrophenylhydrazine solution (in 2V HC1).
Acetone 2:4-dinitrophenylhydrazone was obtained, (O,24g. acetone}, which
on crystallisation from light petroleumy (b.p.100-1 ZJO), had m.p. 122-123°
and mixed m.p. w.-.'bh an authentic semple 123+124°, (Found: C45.7; H, L.55.
Calc. for c9u1oo uNu' C,45.4; Hyk.28).

The yield of tert-butanol represents 93,37 of the peroxide,
the yield of acetone being insignificant, ( 3} 0.1% of peroxide).

The recovered oyclohexene (114.5g.) waa dried over calcium

chloride and distilled over sodium in nitrogen, b.p., 83.0 /763m.m.

m

A sample of the slefin on ultra-vislet spectrogrsphic .-:-.na.lyéi_ howed

the almost camplete absence of conjugated diens (Found 0.05-0,1% of

1:3 cmlohexadiene), and the canplete absenee of benzene.

The fraction (i), a colourless oily liquid, consisted

A2
mainly of the dimeric olefin Az- yclohexenyl- A "-cyclohexene .
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(Found: C;88.0; H,11.2)e On careful fractionation (6fin, Vigreux} over
sodium in nitrogen, the pure hydrocarbon was obtained, bep.62-63°/0, 5mn. ,
bepe68-69°/8.0m., n 81,5092, (Founa: ¢,88.65; H,11.23; Iodine Value,
302.5,302. 2; U(mioro-Rast), 167.5. Calc. for G, gHig: G,88.8; H,11.2%;
Iodine Value, 313.6; M,162).

Quantitative catalytic hxdrogenat:.on of the CmH, olefin. -
A value of 1,97 double bonds per molecule was obtained, (Calc. for

CqoHyg: ,"2). The olefin (31.46 mg.) in absolute ethanol (5.0c.c.) over
Adems catalyst (10mng. ) absorbed 9,06c.c. of hydrogen at 15° and 758mm.

2 8,57c.c. at N.T.P. (Cale.for C [2: 8.70c.c. at N.T.P.). The rate

12M8?
of hydrogenation is given in Fig., (1).

Hydrogenation of the CyoH,g olefin.~ The olefin (1.5g.) dissolved
in absolute ethanol (20c.c.)} was hydrogenated over previously reduced
platinic oxide (75mg.), at room temperature and pressure. The hydrogen

uptake on complegtion (ga, 6 hours) was L425c.c. at 16° and 753m, = .' i
g 59Bc.c. at N.T.P. (Caloc. for} 2: 415c.c. at N.T.P.}, After the removal of c:.1
catalvst and solvent distillation of the product over sodimn Yielded
pure digyclohexyl, b.p.72-73%/ca.tm., n np 24,4803, (1.3g.,86.55). (Found:
'C,86.65; H,13.,4y Calc. for C, oot C,86,65; H,13.35%).

Bramination of the C,,H,g olefin,- The olefin (2.0g.) dissolved

in ohloroforfn (200.0.) was cooled in an ice/salt bath. To this was added ,
with stirring during one hour, a solution of bramine (3.75g.) in
oroform (20c.c.) until there remained a slight- permandnt excess of
bromine., On removal. of the solvent and excess bromine the bromide was

obtained as a colourless crystalfing solid, (5.75g., 96.6%). It was found
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to consist of a mixture of two, presu{ably sil:ereoisomeric,gml;:_:hexenyl-
oyclohexene tetrabromides, which were separated by repeateqéi-actianal ‘ |
crystallisation from chloroform: (A), the more soluble form, predominated and
separated in colourless prismatic plates m.p.159-1622,(Found: C,29.9; H,3.8;
Br,66.65. Cale. for C,ofl gBr, : C129.9; H,3.76; Br,66.35%); (B), the less
soluble form, was obtained in small amount. It crystallised in large
colourless rectangular prisms m,p.188-190°,(Found: C,29.85; H,3.75; -Br,
66.75%).

Both' tetrabromides have been revorted separately in the liter-

(83) 0 (22)
sture, (Farmer and Kichael give for (A) m.p.159 . Berlande sgives
for (B) m.p.189-190°),
: ' (22).
Nitric acid oxidation of the C,.H;g olefin,~ (ef. Berlande Yo

¥hen the olefin (1.0g.) was oxidised with nitric acid (6c.c.;d.1.42) at 100°
the only product isolated was oxalic acid dihydrate (0.32g.). It
crystallised from benzene/acetone iﬁ colourless prismatic needl-es m.p. 100-
101.5%,m.p. (anhydrous acid) 187-188°, undepressed in mixed m.p. with

authentic sample,(Found: 'E.W.65.0. Calc, for 02H204.2H20:E.‘€{.63.0)g

Synthesis of :éf ' =~cyclohexe gzl-g-cycl ohexene, -

. Q.
(1). Pfre%_ation of 3-bromo-cyclohexene-1.- (cf. Ziegler

et al. N-bromosuccinimide (36.6g.) and cyclohexene o (103c.c. ) were
gently refluxed for 30 minutes in pure dry carbon”tetrachloride (150c.c.)

in the bresenc_:e of a little benzs&l pero_::ide as c;atalyst. The succinimide
which separated out \fr‘om the cold reaction mixture was filtered off (20.2g.,
Calec. 20. 35g. ). After pemoval of the solvent through a column, bromo-
oyclohexene distilled over at b.p.58-60°/12m., 991 8’1’51,5509, (25.0g.,

75.5%). (Found: C, 44.75; H, 5.6, Calc, for Gl Br: C,4k.75; H, 5.65%).

9
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¢2). Reaction of 3-bromo-cyclohexene-1 with magnesium, -

The brome-gyclohexene (20,0g.) dissolved in ether (75c.c.) was added
during 40 minutes to magnesium (2.0g.) Jus'i: covered with e'“ther. The
reactioﬁ began on gentle heating. After completion the product was stirred
for a further hour, decomposed with ice-cold ammonium chloride solution,
the ether layer separated and dried over calcium chloride. The ether was
removed .on the water bath and the product distilled over sodium in
nitrogen giving cyclohexenyl-cyclohexene, b.p. 62-63°/0.5 mm., 11_D191.5093,_
(9.4g., 94%). (Founds C,88.5; H,11.35. Calo. for CyH, gt C,88.8; H, 11.2%.)
Bromination of the synthetic C H , olefin.- Adopting the

12-18
method previously described (p.123) 2.0g. of the olefin gave 5.95g. (100%)

of the tetrabromide mixture which on fractionali.crystallis-tion from

chloroform gave the two cyclohexenyl-cyclohexene tetrabromides: (A) %\.p.
| 160°, (Found: C,29.85; H,3.85; Br,66.3%), and (B) m.p. 189+90°. (Found:
C,29.9; H,3.8; Br,66.4. Calo. for C H,cBr : C,29.9; H,3.75; Br,66.35%).
The lower melting form (A) wasy es before, the major product. i

The fraction (ii) was a colourless viscous liquid which on

refractionation over sodium in nitr/éen distilled mainly at b.p.133-1 51;.0/
1 ma., 5D2°1.5330. It anslgsed to the olefinic hydrocerbon di-gyclohexenyl
cyclohexene, C H26’ f3. (Found: C,88.9; H,10.85; Iodine value, 282,
284, 287; M (m:.cr-o-Rast)239.' C18H26 requires C,89,2; H,10.8%; Iodine
Value, 315; M,242, '
Quantitative catalytic hydrogenation of the C, 8H olefin. -

A value of 2,94 dobble bonds per molecule was obtained. (Calc. for C 8H26

[5). The olefin (28.94m.g.), distilled immediately prior to hydrogen-
ation (b.p.1.28-1 30°/1 mm. ), dissolved in glacial acetic acid (B.Oc.c.) was

redtced over Adam's catalyst (10 mg.). 8.38 c.c.of hydrogen were
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absorbed at 15 and 75jpm. = 7.88c.c. at N.T.P. (calc. for 018H26 F3:
8.04c.c. at N.T.P.). The rate of hydrogenation is given in Fig(2).

|

Hydrogenation of the C18§26 olefln.— A solution of the olefin

(5.0g.) in a mixture of glacial acetic acid and ethyl acetate (15¢c.c.) was
hydrogenated over previously reduced Adem's catalyst (0.15g.) at room
.temperature and pressure. The hy@rogen uptake was 1435¢c.c. at N.T.P.
(Celce: 1390c.c. at N.T.P.). During the reduction a colourless crystalline
solid separatéd out, The solution was warmed to dissolve the solid, the
catalyst removed and the solvent distilled off under reduced pressure,
leavipg the saturated hydrocarbon (4.95g.). Distillation of this gave a
fraction (i) b.p.147-150°/2 mm., (3.5g.) which partislly crystallised on
cooling, and (ii) a colourless crystalline residue (1.45g.). The 1attér’
when combined with the solid in fraction (i) (0.2g.), gave the high
melting form of 1:h-digxg;gpexyl-giglghexane'obtained as colourléss

feathery plates from ethyl acetate, m.p. 162—1633. (Found: G,86.9; H,13.0;

. (37)

Cale., fcr'C1éH32: C,87.0; H,1?.Q§). (Vean Braun, Irmisch and Nelles give
: ' 55

m.p.152°; Corsen and Ipatieff give m=p,159=5=161°)=

The colourless liquid in fraction (i) had bep.122-128°/1 rm.,
18 ' :

.n  1,5072. It could not be induced to crystallise and consisted, presumably

of a mixture of 1:4~ and 1:3-digyclohexyl-cyclohexane stpereoisomers.
(Pound: C,87.05; H,12.60%). (Corson and ngtieff(55)réport for the low
melting 1:4-isomer, m.p.54-56° and later(s )for the two[ggomens,;“j.
and mn. 5 -59°),

A e Y R ]

!!l=p= 625 5—63= 5

Selenium dehydrogenation of the 918§26 olefin.- The olefin

(2.0g.) and powdered selenium (6.0g.) were heated in an atmosphere of
nitrogen for 40 hours at a metal bath temperature of 320°, Hydrogen

selenide was evolved almost immediately. The product, which soliditfied
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on cooling, was extracted with boiling benzene and on removal of the

solvent gave a solid.(1.8g.). Sublimation of this over mdlten sodium

at 0.05 mm. (bath tempefaturé, 200;2500) gave a colourless crystalline

solid (1.53g.) melting over a considerable range 95.500- g§,1750.

Crystallisation fram benzene gave 1:4-diphenylbenzene (-O.4g.) as

lustrOQ§ plates m.p.211-212° (literature records m.p.213°). (Founad:

¢,93.35; H,6.15. Cale, for C18H1hf C,93.9; H,60]} The benzene orwother

liquor on evaporation to dryness gave a solid (0.99g.)} which on repeated

fractional crystallisation from absélute rnefhanol gave the f'ollowing

fractions: (i) a mixture of 1:4- and 1:3-diphenylbenzene (0.6g.);

(ii) 1:3-diohenylbenzene as colourless neeéles m.p.82o(softening) -84°,
- (0.15g.). (Found: C,94.0; H,6.1. Calc. for 0183 #: C,93.9; H,6.1%) and

(iii} a less pure 1:3-diphenylbenzene m.p.82-83 , (0.13g.). (The highest

recorded m,p. for 1:3-diphenylbenzene is 87°).

Bromination of the G,gl olefin,- A solution of the olefin
(2.0g.) in chloroform (20c.c.) was cooled to 0°. To this was added, during

1 hour with constant stirring, a solution of bromine (1.5¢.c.) in

chloroform (20c.c.) until a permanent excess of bromine was present.
Removal of the solvent under reduced pressure gave a cblhourless solid
bromination product (5.4g.) This proved to be a mixture of difficulty

seperable isomeric hexabromides of di-cyclohexenyl-cyclohexene.

Crystallisation from chloroform gave the following, (A) a very insoluble

colourless crystalline powder (0.1g.), m.p.285-287° (sublimabion),

(Found: C,29.95; H,3.7; Br, 66,55, 018H253r6 requires C,29.94; H,j.GE

Br,66.q%); (B) a ﬁicro-cfystalline powder, m.p.249-250° (cas50mg. };

(C) the major product, micro-crystels,mks m.p.217-219°) (Found: C,29.95;
. ﬁ,}.?; Br,67.0.). Other isomerss thadgh probably present, were not

isolated.,
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The fraction (iii) was a colourless extremely viscous liquid whick

akion | . . o : 20
on refractioq( over sbdium in nitrogen had h.p.180-193°/1 mm., 2 1.5478.

It analysed to a cyclohexene Ptetramgr", bis~cyclohexenylcyclohexene.,

(Found: €,89.05; H,10.7; Iodine Value, 282, 284; M (micro-Rast},313.
Czhﬂ3u-reqpires C,89.35; H,10.65%; Iodine Velue, 315.5; M,322.). Though
molecularly homogeneous it douptless_contained many structural isomers,

Quantitative catalytic hydropenation of the 004534°1efi“"

A vﬁlqe of 3,98 d;pble bonds pep molecule was obtained. (Calc.for Cznﬁ&h
F4}. The olefin (29.62mg.), distilled immediately prior to hydro-
genation, in glacial acetic acid (5.0c.c.) over Adem's catalyst (10mg.),
absorbed 8.66c.c. of hydrogen at 15° and 753m. = B8.20c.c. at N.T.P.
(Calc. for 02h§3h_f14 8.24(5)c.c. at H.T.P,). The rate of hydrogenation

is given in Pig.(3).

" Ultra-vislet spectrographic analysis of the cyclohexene

polymer products.- Representative samples of the various polymer
fractions were submitted to ultra-violet 8péctragraphic analysis,

(1) Cyclohexenvloyclohexsne and dicyclohexenyl-cyclohexene.-
hexenyloy hexenyl-c

showed no selective absorption consistent with the presence of conjugated
.. diene units.

(2). Bis-cyclohexenyl cyclohexene from the 631 run (Table 4),

in ¢ xclahexane/1q% ethanol as solvent, showed selectlve absorotion near
. 1\ : 1
>\mw<2l+50A, B ~ V.45 and also at ~ >\max2850A, E, cm.N 50

(3} Bis-cyclohexenylcyclohexene from the 4:1 run (Table 5), in
1:1 cyclohexane/ethanol as salvent, showed selective absorption at

1% 12
o 28604, B = 65,
N mex2t304, B o 50 end at \ max2860A, ran 69
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(4} The polymeric mixture obtained as the undistillable residue
from the 4:1 run, ( (A), Teble (5), in 1:1 cyclohexane/ethancl as solvent,
150
showed selective absorption at >\ 21,.3011, 'E 1am 140 and at )\m 28604,
1/0 ' *

op, 45+ The polymerie mixture in the 2:1 rum, ( (B), Table (5) gave

1% 1%
similar bands at >\ ax2ir30AR E1 180 and at )\ 2860A E om 90.
)
!

. J
(2) A%WETHYL-cycloHEXENE. -

Preperation of the olefin.-  1-liethyl-cyclohexanol-1 was prepared

by the Grignard reachion of gyclohexanone (b.p.56=56.5%/20 mm., _%211.4508)
with methyl megnesium iodide. (Yield: 72.4%; b.p.62.5-64°/16 mm., 211)71.4618).
Dehydration of the alcoh‘ql with 1% of iodine, at 114.00, gave methylcyclohexene

b.p.109.o-110.o°/76o m. s By 19 51 4503,

Reaction with Di-tert.-Butyl Peroxide.~ The okefin (50g.,
approximately 0.5 mol) amd di-tert.-butyl peroxide (18.25g., 0.125 mol.)
were heated in a Carius tube sealed under nitrogen, at 11400- for 24 hours.
The product (66.0g.) was a colourless mobile liguid which on fraction-
ation geve the fractions, (i) 6.9.82-110" (e 2g. 33 (ii) bup. < 86%/1 m.,
(0.35g.); (iii} b.p. 86-94°/ tmm., (10.15g.); (iv) b.p.9k=146°/1 mm.,
(0.45g.}; (v) b.p. 146-1490/1 mne s (3.858.); (Vi) Dupe203-204.5 /1 mm. ,
-(2.lo'g.); (vii) a residue in the still (a polymeric 'colourless glass not
fubther investigated) ca.l.Oge

- Examination of “the fractions.~ Fraction (i) was shown, on’

agqueous extraction, to contain 18.0g. of water soluble compounds being
mainly tert.-butanol, isolated as previously described, b.p. 82-82.5%
760 mm. Only traces of acetone were present, being identified and

estimated as its 2:4~dinitrophenylhydrazone, m.p.124~125° (yield 0.11g.
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=0,027g. acetone). The non-aqueous layer was unchanged methyleyclchexene
which afi;er drying (cslcium chloride) and distilling over sodium |
smounted to 25,0g. and had b.p.109-110°/760mm. , 9_1]7)'5 1.4510,
Fraction (iii), a colourless oily liquid, was identified as
dimethyl-cyclohexenyl-cyclohexene. It v;ras molecu].arly homogeneous

but probably consisted of a mixture of structural isomers. Redistillation

over sodiium in nitrogen gave a main fraction b.p.?h-78°/0.5mm. ’ QD201.5116.

(Found two different samples): C,88.35; 88.55; H, 11.80; 11.65;
M(micro-Rast),214; M(benzene),233; Unsaturation value (by catalytic

hydrogenation) fF2.00. requires C,88.35; H,ll.65; M,190; Fa.).

€140

Hydrogenation of the Cj,Hoo olefin.~ The olefin (1.37g.)

in absolute alcohol (150c.c.) was hydrogenated over palladium-chercoal
(200 mg.). The hydrogen uptake was 305.0c.c (N.T.P.); Calecjy 322.9c.c.
(N.T.P.) After removel of the catalyst and solvent the reductant,
dimethylgxglohekyl%hexéne , was distilled over sodium giving two
fractions: (i) Dep.6i-68.0"/0,5mn. , %20 1.4827, (0.56g.) (Found:

C, 86.7; H, 13.45.); and (ii) bep. 68,0 /0. 5um. , fg 1.4831,

(@.47g.) (Founds G, 86.6; H, 13.5. Calo, for Gy,He: C, 86.5; H, 1355).
Both products (i) and (ii) were colourless mobile liquids stable

towards potassium pefmanganate solution and bromine.
Bromination of the 014}122 olefin,- Bromination of the
olefin a+ Oo in chloroform showed that the theoretical smount of

braomine for addition to two double bonds was consumed. The product,

. however, on removal. of the solvent rapidly lost hydrogen bromide and

darlseded. No solid tetrabromides could be isolated.
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Fraction (v) was a viscous colourless liquid. On

redistillation (4" -Vigréux column) over sodium in nitrogen it had
~ bep. 144-148%/10m, , 2_210) 1.5339. Elementary anelysis, molecular
weight and unsaturation determinations shoﬁed it to be a ’cr:i'.methxl-
di-cyclohexenyl-cyclohexene, (probably a mixture of structural isamers)
(Found: C, 88.75, 88.8; H, 11.25; 11,35; M(benzene}. 268, 280, 300;
Unsaturation value (catelytic hydrogenation: [ 2.87. C2lH32req_uires
C, 88,65; H, 11.35; M, 284 [73.).

. Fraction (vi} was an extremely viscous colourless "semi-glass"
Distillation through a 4 inch Vigrelltx column over sodium gave a small
forerun b.p. I<186°/0.1mn. and a main fraction b.Dp. 18'6-;1920/0.31nn.

The latter fraction analysed to a methylcyclohéxene ftetramer”.
(Found: C, 8?.0; H, 11.35. 028H;2.requi.res c, 88.8; H, 11.2%).
(3) Az'-cyolom-l}z -cycld{E_;@._-

The olefin-(bep.68-70°/lmm,, 16.2g.) and di-tert.-butyl
peroxide (7.3) were heated at 140° for 48 hours in an evacuated
sealed tube. The product (23.0g.) on fractionation gave the following
fractions: (:L) tert.-butanol, b.p. 80-;82.50/75lmn., (6.8g., 92% of
the peroxide); (ii) unchanged olefin, b.p. 64-67°/ca, 1mm. , 5301.5090,
(5.8g., 35.8% of the original olefin), Found: C, 88,45; H, 1l.4.
Gale, for 012118‘ C, 88.8; H, 11.2%); (iii} b.p. 180-1905/Lmn., :
5231.5468, (3.0g.); (iv) residue in the still (6.6g.) which set on

cooling to a bright orange resin.
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Fraction (iii) was identified as a cyclohexene "tetremer",
bis,-cyclohexenylcyclohexene, (Found: C, 89.35; H, 10.8; Iodine .
Value, 289, 292; Unsaturation value (catalytic hydrogention)

.84 G, Hy, requires C, 89.36; H, 10,64 TIodine Value,
315.5; ). '

The residue, fraction (v}, consisted mainly 6f a'cyclol_lggc_e_r_x_a_
polymer mixture, of an average "octameric" complexity. (Found: '
Iodine vaelue, 307.3; 307.5; M{micro-Rast), 666. C,,agg s requires
Iodine value, 316, M, 643). )

(B) REACTION with ACYLIC OLEFINS.

(1) l-PIEP'fEn\TE.- The olefin was prep;réd by the react:('Lon )
' 259

of ellyl bromide with n-butyl magnesium bromide, (cf. Wilkinson J.
'The crude olefin had b.p. 90-95°/743m. It was carefully refractionated

over sodium wire in an atmosphere of purified nitrogen through a

three foot Widmer column, a middle fraction b.p. 92.0-93. 2°/7h-5m.,

n20

=D

CyHy,: ©C, 85.6; H, lhi%).
[

‘A mixture of the olefin (85.0g.) and di-tert.butyl

1.3999, being coliected (Found: C, 85.6; H, 14.8. Calc. for

peroxide (31.7g.) was heated at 1).,()‘J for 24 hours in nitrogen-

filled Carius tubes, The product (116.0g.), a light yellow oil,

on fractionation-gave; (i) b.p. 75-86°(32.5g..};. (ii) b.p.84=100°/1mm.,
1 .

528 1.4410, (9.1g. J( Found: C, 84.6; H, L4 357; (iii) residue (64.5g.)

Exemination of the fractions.~ Aqueous extraction of the

forerun (i) gave tert.-butancl (27.lg., 85.5% of the peroxide)

" and recovered olefin (5.4g+) which, after drying over calcium
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chloride end distilling over sodium, hed b.p. 9%.0-96,5°/766m. ,
_ng 1,4000. | |
A portion of the fraction (ii} (5.0g.) was carefully
refractionated over sodium through a 6 in. Vigreux column, It
gave the fractions, (ii) (A), b.p. 58-70°/0.1m., gﬁ” 1.4420 (1.1g.)

(Found: C, 85.2; H, l4e35; M(benzene}, 196, Cale. for CqHog:

C, 85.6; H, Lh.356; M, 196, Calc. for G, Hy: C, 86,5 H, 13.5%
M, 194.}; (i1) (B) b.p. 70-76°/0,1mn., _rfg 1.4440, (1.85g.) (Found:
C, 85.8; H, 1i.45; M(benzens), 207,208,209); (ii)}(C), b.p. 76-78°/0.i11:_m.,

ggl" 1.4430, (1.65g.) (‘Founa= C, 85.1; H, 14.6; M(benzéne'), 211),

Quantitative catalytic hydrogenations of (ii)A-(ii)(C) in glacial
acetic acid over Adam's catalyst gave the following unsaturation
values: (ii}(A}, 98.6c.c.Hy/g 97.85 c.c. Hy/g. (N.T.P.); (ii)(B),
83.80.0./8.5 (11)(C) 93.7c.c./g. (Cale. for By, Hoos i ¢ 1143 cucu/ies -
Celc. for CyHog, 2% 23.0c.c./s.

The residue .('iii) was a mixture of polymerioc. hydrocarbons
of unsaturation wvalue considerably lower than in the parent olefin,
No attempt was mé.de 'a.t any separation or further investigation of the
components, (Found: C, 85,7; H, 14.0; nzg 1.4737; M(benzene)‘ 590,
Calo, for C, Jiy F1: C, 85.6; H, Li.i%; M, 588, Catalytdo
hydrogenation gave a hydrogen upteke of 3i.7c.c./g.(N.T.P,} Calec.

for Cl..ZHBI;’ l=1 38.1c.c./g., couipa:ge hegiténe, 228.4;::.c./g.).
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Infra~red spectrographic analysis of l-h_éétene and l-heptene
products.

The various samples were e'xamin-ed as the pure liquids in
roék salts absorption cells of path length O3lmm. on a Hilger double -
beem research instrument run on-single~beam photographic recording.

The Synthetic l-heptene had very strong bands at 309 and
990cm-1. Selective absorption of other Phara.o'l;eristic frequencies
wes absent. (Spectrum I).

The recovered l-heptene contained, in addition to the

909 and 990cm™) bands, an extremely week band at 965m™l.

The dimer:fractions (ii) (4), (B), (C)} had spectra véry
similar to one another. In addition to strong absorption ‘a.t 910 and
990cm ™1 they displayed a strong band at 965c:m-:L and other bands at 1082 and
1198an™Y, There was also a weak band at 867cm . (Spectrum 2,
Fraction (ii)(B).

The polymer mixture.~ In this case by far ‘the strongest
absorption occurred at 965cm-1. | |

(2) 4METHYL- O 3-HEPTENE.-

Preparation of the olefin.- 4-Methylheptan-4-ol was

prepared by the Grignard reaction of methyl-_q-p_rOpylke:tone with

n-propyl magnesium braomide. The carbinol was obtained as a _

colourless oily liquid, b.p. 70-78°%/20-23mm., fg 1.4258. Yield: 66.3%."
Dehydration of the carbinol was effected by refluxing’ '

it with ca. 0.5% of iodine at 140-150° for 3.5 hours in a slow

stream of nitrogen., The azeotrope, b.p.88-120° of dlefin and

water was distilled off through a short column, the olefin separated

and dried over calcium chlorigde. It was ca.re_fully fractionated,
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over sodium in a nitrogen atmosphere, through a 14 inch glass helices
packed Fenske column using a reflux head and reflux ratio of 5:1., A
main fraction, b.p. 116.,0-117.0°/7 36mm. , 0?0 1,3175 (50% yield} was
collected and used. Ah infra-red Spectrdgi:)-aphic analysis of the
olefin (Spectrum 3) indicated that the main type of unsaturation was
trialkyl (wcn:o:ﬁ?
(RZC=CH2) present, indicative of the 4-methyleneheptane isomer. Other

), but there was also a smsll amount of as.-dialkyl

tyrves of unsaturation were definitely absent.

Reaction with di-tert.-butyl peroxide.- A mixture of the
olefin (112g., * 4 mols.) and the peroxide (36.5g., & 1 mol,) was
heated at 140  for 24 hours in Carius tubes sealed in an atmosphere
of nitrogen. The colourless liquid product (148.03;) on fractionation
gave a forerun (i) b.p.80-120°/742m., (89.3g.). The remaining
product (57.0g.) when heated on a water bath to é5°/2lmm., gave a
fraction (ii) b.p. £ 28°/Zlmm., _11501.1.187, (8.9g.) and a residual
liquid (iii) 523 14681, (47.'93., 42.7% of olefin}, which contained
entirely olefinic hydrocarbon constituélsrts (Foun_&i C, 86435, 86.1;
H, 13.65, 13.65). A portion (46.8g.) of (iii) on fractionation under

nitrogen gave the following fractions: . (iv) b.p.  71°/0.05mm.,

!.lgo 1.4510 (2.0g.); (v) b.p.6770.011mn.-72°/0.05nun., P';o 1.4586
(25.3g.) and a residue (vi) _gzg 1.4775 (19.0g.) which was not further
investigated (Found: C, 86.15; H,-'l}.lﬁ"g)" '

Exesmination of the fractions.- The forerun (i) was extracted

with water (300g., then 200g.) and gave water soluble constituents (36.0g.).

Treatment of the aqueous extréct with aqueous 2:4-dinitrophenylhydrazine
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(2N,HC1l) gave acetane-z:L—dinitrOphenylhydrazéne (0.32g. = 0.08g.acetone ).
The only other water soluble material was tert.-butanol (ca.36.0g.,
corresponding to 97.3% of the peroxide).
The olefin present in fractions (i) and (ii) was combined
and on distillation over sodium under nitrogen gave a fraction, b,p. 117.0-

120,0°/755mn. , Q_zg 1.4184, (of. constants for original olefin).

The fraction (v), a colourless oily liguid, anslysed to the
methylheptene "dimer", hexadecadiene (Found: C, 86,1; H, 13.6,
M(benzene) 246, 016H30 requires C, 86.4; H, 13.6%; M, 222).

Reduction of the C16H30 olefin.- The redistilled olefin

(3.1g.) was dissolved in absolute ethanol (50cc,) was hydrogenated over
palladium/chercoal catelyst (1.0g.) at room temperaﬁure and pressure,
The hydrogen uptake (535qc, at N.T.P.} corresponded to 85.6% of
theoretical for 016H°30 fF 2. After removal of the catalyst and ‘
solvent dnd distillation of the reductant, hexadecane was.obtained
as a colourless liquid, bep. 64-67°/0.1mn., _ng 1.4439 (2.3g.)
Found: C, B84.9; H, 14.95. Calc. for CygH3),: C» 84.85; H, 15.15%).
The product was stable towar.ds aqueods potassium permanganate over
a Jong period. |

&

\ -
Infra~-red spectogrephic analysis of 4-methyl-3-heptene products.

The semples were exemined as the pure liguids in°rock

salt absorption cells of path length O.lmm. on a Hilger double-beam
research instrument run on single-beam photographic recording.

(1) Ihe recovered hsmethyl-3-hentene had a higher ratio
of OH, = C-ﬁz'.bn:m:...--\-.lcli =C.Rp than:in>the:origipsliolefin, and
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also gave a band at 9630m-1 consistent with a trace of R, CH = CH - R
which was absent in the original hydrocarbon.

(2) The methylheptene "dimer" (Spectrum 4). In the dimer

the ratio of CH, = G = R, to R, CH = G.R, was about the same as in

the original olefin. A strong new band appeared at 975 om. ™~ and

1

there was broadening of the 1640 cm.™t double-bond absorption band.

-

This has been attributed to the presence of a new form of unsaturation,

R,. C., CH = CH - R not present in the original olefin,

3
(3) Hexadecane; methyl heptene dimer reductant. The

unsaturation absorption in the 1650 cm. -1 region and the strong

-1 _ .
bands at 847 cn. ~ and 975 cm.”r, assigned to R, C =CH - R and

R, CH = CH - R respectiwely, were all absent.

k. TITYH)™Y

{ 2% Ty T e §
\ 7/ DUDLLGI jliuhdwanouiie = 1Wwo BCTiSsS O
e

made in which (a} raw "smooth smoked sheet" rubber and (b} acetone-
extracted smoked sheet wei-e réacted with varying axﬁounts of peroxide

in_the absence of oxygen for 6 hours at llq.0°. The general experimental
technique was as follows: Strips of the rubber (ca. & x 0.5 x 0.1 inches}
of known weight were left in contact with the appropriate amounts of
peroxide. in tﬁbes sealed in an atmosphere of purified nitrogen. Af'ter
24-48 hours contact it was sssumed that even distribution of the B
peroxide in the rubber had been attained. The samples were quickly
weighed and, while c;ooled in liquid air to prevent loss of peroxide,

were sealed in Carius tubes in a nitrogen atmosphere of ca. 0.05 mm. and

heated at lb,Oo for 6 hours. In the case of the acetone-extracted samples

the rubber was extracted for 24 hours in a nitrogen atmosphere, both
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before and after reaction, and were then dried for 3-5 days at 10 2mm.

| Mechanical properties and the equilibrium swelling constant
(Qm) in benzene of all the samples were measured immediately after
reaction. The latter measurement enabled an estimate of the average
molecular weight betwesn junction points (Mc) in the cross-linked rubber
molecules to be made (vid. p. 80 ).

Determination of gm. Pieces (cae 0.5-1.0 g.} of the var ious
rubbers, of known density, were left in contact with an excess of
benzene- in a thermostat at 25.0°, After 5-7 days, equilibrium
swelling had been a.ttained. The . samples were quickly surfaoe dried
and weighed. The weight and thus the volume of benzene :unb:.bed by
unit volume of rubber (Qm) was readily calculated. All the above data
are given' in Tables (6) and (7)1

Chemistry of the reaction:

Experiment (1)e= A sample of acetone-extracted "smooth
smoked sheet" rubber was dried for 4 days at 10 2 mm. ana then
immediately anslysed (Found: C, 86.3; H, 11l.45; C/H, 7.54:1;
0, 0.98, 0.965; ash, 6.25%). This sample wes reacted with 51.5%
of di~tert.-butyl peroxide for 6 hours at 140°. A liquid which separated
from the product after reaction was shown to be mainly tert.-butanol, *J .
_together with same acetone but no perox:.de. The rubber product (a
hard brittle solid having no rubber-like prOpert:Les), was acetone-
extracted and dried for 7-9 days at 10™mm. (Found: C, 87.3, 86, 6

H, 11.3, 11.55; C/H, 7.725-7.50:1; O, 1,32, 1.32; ash, 0.95%).
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Experiment (2).- A Sample of rubber (17.0 g.) as in

experiment (1) was allowed to imbibe di-tert.-butyl peroxide

(8.2 g., 48.2% w.w. of rubber) in an atmosphere of purified 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 liquia
product (5.8 g.) which se;;arated out after reaction was pumped off
at 1 mm, préssure and collected in a liquid air trap. It was a
colourless liquid boiling entirely over the range 56-30° and was
.shown to consist of a mixture of acetc.;me and tert,-butanol. The
scetone (36.6% of original peroxide) was estimated and identified
as its 2:4-dinitrophenylhydrazone, m.p. 121.;—125°, mixed m.p. 1250.
the EBert.-butanol (41.1% of original peroxide} was identifed as its

phenyl urethene, m.,p. and mixed m.p. 1563. No unchanged peroxide was found,

REACTION OF DIHYDROASCARTDOLE WITH OLEFINS.

Ascaridole was freshly distilled before use, the
fraction b.p. 66-67°/lmm., _r_l_lg 1.4752, being used. (Found:
C, 71.7; H, 9.6. Calc, for C101i1602: C, 71.41; H, 9.6%).

Quantitative hydrogenation of Ascaridole,- Tﬁe peroxide
(30.38 mg.) was hydrogenated in absolute ethanol (10.0 c.c._) over

platinic o'xide catalyst (10 mg.) A total of 8.01 c.c., (N.T.P.), of
hydrogen was absorbed representing_ 98,87 of the theoretical of
complete reduction to cis-1:4~terpin. The rate of hydrogenation
(Pig. 4) shows that 1 molecule of hydrogen per molecule of peroxide

is absorbed rapidly (gg. 5 minutes) and a second molecule is absorbed
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more slowly taking a total of 18 hours for complete. reduction,
‘Preparation of Dihydroascaridole.- (cf. Paget(lgo)).
. Ascaridole (60g.) in absolute alcohol (100c.c.)} was reduced
over platinic oxide catalyst kO.:S g.) at room temperature and
pressure, Hydrogenation was stopped when approximately 1 molecule
of hydrogén per molecule of peroxide had been absorbed. Found: 8,7C.
at 18° and 752 mm. Calo. for 1 mol. Hp:8,628. The catalyst and solvent - -
were removed and on distillation of the.product (58,0 g.), dihyaro-
ascaridole was obtained as 'a light green oily liquid, l‘b,p. 58-60°/1mm.
(¥1.2g.)c It was purified by cfystallisati'an from an equal volume of
light petroleum (b.p.hD-60°‘) cooled in an ice-salt mixtur’eu; the
process was extremely wasteful owing to the ready solubility of the
peroxide in the solvent and its low melting point. Dihydroascaridole
separated in large colourless prisms, m.p.l9-20°, 512 1.4690, (17.0g.)
(Paget, (199 gives m.p. 19.5°) (Found: C, 76.3; H, 10.65; Todine
Value, O, Calc, for 01031802: C, 70.6; H, 10,70; Iodine ‘Value,.o.).
The residue in the still (17.8g.) was a brown viscous gum
consisting ‘of unchanged ascaridole and cis-l:4~terpin. On trituration
with a lit.tllé benzene and crystallisation from the same solvent,

' o)
cis-l:4~terpin was obtained in colourless plates, m.p. 117 .

(A). cycloHEKENE.-
A mixture of dihydroascaridole (8.2g.) and czclohe'xene-
(45.0g.) was heated in a nitrogen filled sealed tube at 140  for

18 hours. There was no pressure increase on opening the tube.
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The product (53.2g.) on fractionation gave cyclohexene; b.p. 83-84°,
and on removal of the last traces of. olefin on the water pump,
dihydroascaridole (8.2é. , 100%) was recovered completely unchanged.
All physical constants were in a.gbeement with those of the original
peroxide. B.p. 58-600/1mm-, g:lg 1.4690, m.p.18-19° (Found: C, 70.85;
H, 10.6. Calc, ‘for CygH 0,2 C, 70.6; H; 10.70).

Catalytic hydrogentetion of the product in ethanol and
over pelladium-charcoel gave cis-l:4~terpin in 96% yield. Colourless
plates from benzene, m. p. 117°, (Literature gives m.p.117°).

(Fouuﬂ: C, 70.2; H, 11.9. Calc. for Clono°2°° 69.7; H, 11. 70)

PYROLYTIC DECOMPOSITION OF DIFMYDROASCARIDOLI,

Dihydroascaridole (10.0g.) was heated under an efficient
reflux at an oil bath temperature of 2.0° for 6 hours. The liquid
refluxed gently end no explosive decomposition occurred, The
product weighed 8.50g,, showing a loss in weight (presumably by
~ gaseous evolution) of 1.50g. On fractionel distillation it gave
the fractions; (i) b.p. 79-82 /%mn., (3.1g.); (ii) unchanged _
peroxide, b.p. 104-106"/10mm., (1.hg.); (iii) a dark brown viscous
polymeric res:.due (g_a. la-.Og.) vhich was not further investigated,

I‘ract:.on (1) was identified as the 1 L~diketone,

2-me1:hy1heptandione-3:6. (Found: C, 67.7; H, 9.85; n 1.1,.322.

Calc, for CéHlAPZ:C, 67.55; H, 9.9%). (Semmler(zzh) gives b.p.82-86°/10m m.,
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o)
.LID 1.433.' 7Von Auwers and Hintersebex-'(7) give b.p. 90-91 /16 mm.,
20

n-rl, 0.
5 433

Refluxing the ketone with hydroxylamine hydrochloride and sodium
acetate in aqueous ethanol for 5 hours, gave the dioxime which

)
separated from acetone in colourless rectangular prisms, m.p. 137
bl 24B) e . (50)

(Wallach and Meister ; Ciamician and Silber both record
mep. 137°). (Found: C, 55.95; H, 9.5; N, 16.25. Cale. for .
Cgily 0N o: C, 55.8; H, 9¢35; N, 16.3%). Ths semicarbazide derivative
(1-ureido-2-methyl-5-iso~propyl pyrole} separated fram absolute ethanol (in
which it was difficultly soluble ) in colourless micro-crystals, mep.199-

(122)

. .
200 « (Henry and Paget and Ciamician and Silber(s.o ) record m.p.201°).

4

a

REACTION of tert.-BUTYL HYDROPEROKIDE with OLEFINS.

tert.-Butyl hydroperoxide was prepared eccording to the
method of Milas and Surgenor . The final product, af'ter drying

over magnesium perchlorate, had b.p. 37 ;5-38.0°/ 20mm, , _r_x_zg 1.4004,

&215)1, 3980. (Milas and Surgenor(175) give 3281.1.015 s Milas and
175, '
Perry( 75) gi.ve b.Po 33-3’4-0/1711““- ’ 2.2510 3983) .

: D
(1) REACTICON with éyolom\l'E.- A mixture of cyclohexene

- (328g., 4 mol.) and tert. r-butylih&di-ép-e_foxide (60_g., 0.66 mol.)
wes heated at 140° (% ld-) for 24 hours in ﬁitrogen-filled Carius
tubes, The product ( 386.2g..) separated into two layers, the
upp& layer v:hichjpredominated being light yellow in colour, and

the lower layer being colourless and consisting mainly of water.
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Frectionation of the product in nitrogen geve a forerun (i) b.p.

66,0 - 82,5°/750mm., (257.2g.). The residue (126.4g.) on evacuation
on the water pump at room temperature gave cyclohexene (ii}
Ezg 1.4460, (47.0g.) which was collected in a liquid air trap. The
residue (iii) was a light yellow oxygenated material smounting to
78.4g, (Found: C, 81,25; H, 11.05; O(by difference), 7.7; OH, 6.75,
6.85, é.95; O(as OH) 6.35-6.54%)s A portion (74.6g.} of (iii) on
 fractionation in nitrogen through a 7" Vigreux column gave the following
main fractions:(iv) bep. {&mell amount } 53°- (mainly) 62,0 - 62,5%/
10mm, , n?g 1.4750, (22.1g.5 23.28.); (v) b.p.62.5/10mm.5=63°/0.6mm. ,
5?3 1.4798, (haBg., 5.05g.); (vi) bup. 63-68%/0.6-0.7m., n°21.5000,
(28.1g., 29¢5g.) (vii) a residual viscous yellow ligquid, (15.9.,
16.7g. ). (The weights underlined correspond to 78.4g. of (iii)) A
portion of fraction (vii) (14.8g.) was transferred to a smaller still

»

and on distillation gave: (viii) b.p. 72-1060/1mm., 523 1.5080,

(0u6ge, 0s68g.); (ix) bep. 106-132°/lmn., 8% 1.5210, (5.8g., 6.558.);

(x) bepe 132-142°/1mm., EDZO 1.5319, (2.4g., 2.72.); (xi) a residual

viscous orange liquid, undistillable at a bath temperature of
_ 20
200°%/1mm. , n° 1.5455, (l4e5g.s 5.1g.}. (The weights underlined
D ) .

correspond to 16.7g. of (vii).

Examination of the frections;= The fraction (i) consisted
of a mixture of cyclohexene, tert.-butanocl, water ;and a; trace of
acetone. In one experiment the total water soluble material w.as estimated
by extraction with water (3 x 400g.) yielding water soluble compounds

(50.1g.) Ina second experiment an epproximate estimation of the
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water present was made by éhaking the bulk fraction with anhydrous

potassium carbonate (30.0g.-) - The latter when separated increased
in- weight to 33.4g. .indicating the presence of 3.4g. of water. In
a third experiment the total aqueous extract was treated with exoess
dinitrophenylhydrazine solution giving acetone-2:4-dinitrophenyl- -
hydrazone, (0.2lg. = 0.05g. aceton'e)'. In a fourth éxperi.ment the
totel aqueous extract was distilled giving a tert.- butanol/water
azeotrope, b.pe 7.9-810/7h8mm. which after drying (potassium hydroxide)
and distillation over sodium gave tert.-butanol, b.p. 80-82.5°,
(Fouu:xd: C, 64,6; H, 13.75.  Calo. for C,Hyq0: C, 64.80; H, 13.60%},
It was further identified by its phenyl urethane, m.p. and mixed m.p.
with an authenfic specimen 136° (Founa: C, 68,6; H, 8.1; N, Tols
Cele. for Cp.H) ON: C, 68.4; H, 7.8; N, 7.25%),

The above results indiqa‘i:e -the presehce of jég_"g.-butanol
(ca. 46.7g. = 4 8f of the hydroperoxide), water (3.4g.) and acetone
(0.05¢. ). _

The gyclohexene present in fractions (i) and (ii} was
combined, and after drying (celcium chloride) land- distillation over
sodium in nitrogen had b.p. 82.53/75)1\%11., _r_x_zg i.M;Sl. (cf. constants
for original olefin).

The fra.cti;on (iv) was a c_olourl_eéa oily liquid, having
a penetrating smell. It was shown to consist of cyclohexen~3-0l,
with a smaller 'amount of the c:_'nrresponging ké‘cone, cyclohexen-3-one,
There was also present a little olefinic materisl (probably cyclo-
hexenyl-cyclohexene), which repeated refractionation could not

remove. (Found: C, 74.6; H, 10,65; OH, 13.0. Calc. for G6H100 :C, 73ek;
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H, 10.3; OH 17.35%. Calc. for CHg0:C, 75.0; H, B8.407). ‘

The cyclo-hexen~3-0l~- was characterised by its ®-naphthyl
urethane derivative which crystallised from absolute ethenol in-
long colourless needles, m.p. and mixed m.p. 156° (1:iteratuz'e gives
156°) (Found: C, 76.05; H, 6.35; N, 5,15, 5,20, Calc. for
Cy 70N = C, 76.40; -H, 6,45 N, 5.25%). ‘Treatment of a little
of the fraction with 3:5-di.nitrobenzoyi-cl‘ﬂ.oriae in bhenzene gave'
cyclohexen-3-0l-3: Q-Ginitrobenzoa"te , which crjstallised as colourless
needles from light petroleum (b.p. 60-80°) m.p. 113-114° (Found:

C, 53+0; H, 3.95; N, 9.6, 9.9. G, iy 0N, requires C, 53.5;
H, 4kl; N, 9.6%).

The cyclohexen-3-one was characterised by its 2:4-dinitro-
phenylhydrazone, obtained as deep red-orange needles from light
petroleum (b.p. 100-120°) m.p. 162-3°(Found: G, 52.2; H, L.45; N, 20.5.
Calc. for Gy H, 0N, : C, 52.2; H, L.4; N, 20.3%). For purposes of
cmparison'gwhexen-j-one wés prepared by the oxidative hydrolysis
(57)y.

of 3-bromo-cmlohexenfe (v_:Lg. Courtot and Pierron It was

obtained as a colourless liquid b;_p. 53.5 - 54.59/10::1111., hlg 1.4890,

containing a small amount of brominated materisl as impurity
(Found: C, 74.2; H, 8.45. Calec. for Clig0 : C, 75.0; H, 8.4%).
It gave a 2:4~dinitrophenylhydrazone, whici'x crystal—]:iéed from
| alcohol as deep red-orange needles, m.p. 163° and mixed m.p.
with specimen above 162—163° (Found: C, 52.0; H, 4.25; N, 20.3%).
@61)

; (17) '
Bartlett and Woods give m.p. 163°; Marvel and Walton give

m.p. 165'—166°(from ethansl), m.p. 167.5 - 168° (from ethyl acetate).
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A quantitative estimation by the method of Iddles, Low, Rosen
and Hart(ljh)of the ketonic content of ‘fraction (iv) indicated
the presence of 13,357 of gyclohexen-3-one.

An ultra-violet spectrogrephic analysis of fraction (iv)

showed an absorption meximum at 2250.?\ oompatible with the presence

of an X~ (3 -unsaturated ketone (as in ¢ _ﬁ:___hexen-}-one) Found:
c 2250 = 1350; assuming é 10,000 for pure cyolohexen-3-one
(cf. Cooke and Wooawaral264)s Blrch(zj) s this would indicate

og. 10-13%% of this ketone, '

‘Catalytic reduction of a portion :Jf (iv) with palladium/
charcoal in absolute ethan.ol gave a reductant which on treatment with
2:4~dinitrophenylhydrazine gave cyclohexanone-2:4~-dinitrophenylhydrazone,

as orange-yellow plates fram ethanol, m.p. and mixed m.p. 156-2!.58'o
(Found: G, 52.15; H, 5.2. OCalc, for G ) 1,08, 5 ¢, 51.8; 1, 5,09 s
The ebove analyses indicate that in fraction (iv} the
percentage of oxygen as -OH = 12,23 and as:C = .O = 2,23 giving a
total oxygen content (as ~0H+C = 0) = 14.46%, This compares
well with the oxygen content of 14,75% obtained (by difference}
by elementary analysis' and indicates that other types of oxygenated |

groups must be absent.

The fraction (i) was a colourless oily liquid which
on cooling deposited a colourless crystalline solid; in somé
cases solid crystallised out during the later stages of distillation
of the fraction., The 1;tter' '(1.253.) was filtered off and washed
with a little light petrole{zm (b.p. 40-60°) in which it was

completely insoluble. On crystellisation from ether, trans-cyclohexan-l:3
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diol v:ras obtained in colourless plates, m.p. 102-10_1..0'(literat51re
records m.p. 10;..0) Found: C, 62.25; H, 10.4. Calc, for
C gH, 0,:C, 62.05; H, 10,5%).

The liquid product consisted of cyclohexenyl-cyclohexene,
contaminated with a little oxjg‘enb.te.d material (Found: C, 87.85;
H., 1];.55}. Verious methods were attempted to remove the latter
including the fol'l.owing':

(a) Repeated distillation of the olefin over sodium did
not prove effective. _

(b) The olefin, dissolved in light petroleum (b.p. 60-80°),
wés passed through a column of activated alumina. The solution
which passed through was freed from solvent; distillation of
!' t:kaz .resiaue. over sodium gave the elmost puré olafin, bYepe 69=7l°/lmm.,‘
| B 1.5099 (Found G, 88,65, 88.25; H, 11.6, 11.3; M (micro-Rast)
159, 160, Calc. for cl2 18° C 88.8; H, 11.2%; M, 162), The
iight buff band adsorbed on the column was eluted with absolute
ethanol. . Removal of .the solvent and crystallisation of the

product from ether gave trans-cyclohexan-1:2:#=8iol, m.p. 101+°\
(Pounds ©C, 62.4; H, 10.15; Calc. for cenlzo2 : C, 62,05; M, 10.4%}.

(c) The olefin was shaken repeatedly with small quantities

of water. The :;rganic layei- was taken up in a little ether, dried
over calcium chloride and the ether removed. The residue on
distillation over sodium in an atmosphere of nitrogen had b.p. 61-62°/

0¢5 mm., Ea; 1.5082 (Found: C, 88.3; H, 11.3%).
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-Quantitative catalytic hydrogenation of the olefin

gave a value of 1,92 double bonds per molecule (Calc., for C, H gt \"-'2).‘
Bramination of the olefin.- A soOlution of the olefin
(1.0g.) in chloroform (25 c.c.) was braminated at 0° with bromine (2.0g.-)
in chloroform (20 c,c,). After completion, the solvent and slight excess .
of bromine were removed, leaving a coiourless 'qrysta.uine soiid (2.85 Eo)
Fractional crystallisation of this from chloroform gave two stereoisomeric
tetrabromides, (a) the major portion, colourless prismatic plates m.p.
159-160° (Founds G, 30.15; H, 3.75. Calc. for Gy Hghry: C, 29.9;
H, 3.75%), and (b} in small smount, large colourless prisms, m.p.
189-]:91° (Found: G, 29.6; H, 3,85%}. These two tetrabromides
were identical with those obtained from synthetic (2" ~cyclohexenyl-
Az-c_xg_l_o_hexene (vide pe125). -
| The fraction (ix], a colourless viscous liquid, was
highly oxygenated'(Found: C, 81.6; H, 10.3%). A portion (2.7g.)
on’ refractionation through 'a'lq. inch Vigreux column gave the following
fractions: (a) bep. {87.5°/0.05mm. , gfg.x.5sso, (Oekige); (b) bup. 8745 =
9030/0 04 mn. ga; 1.5160, (1.0g.); (c) bepe 90.0 = 105°%/0,0k mm. ,

n b 1.5253, (1.0g.) The fraction (b) contained, on the basis of

analytical data, ca, 81% of cyclohexe}'xxl'-cyqlohexenol 0'121{180 and

---qg-. 1% of ‘cyclohexenyl-cyclohexenone: (Founds-C, 79.9; H, 10.25;

o, 7.6; A 226, & =400, C_H

nax 0 requires G,  80.85;

12118°
H, 10,2; OH, 9.55%}. A similar semple, b.p. 110=-126°/lmn.,
217 1.5460 gave C, 80.75; H, 10.05; ‘:1.7.. Frgc:'tiion (_c) was a

mi?ﬁture of the aloohol and ketone with a little ."‘hig'her boiling olefin
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(Found: C, B1.6; H, 10.35%). Owing to the amall smounts of the alcohol/
ketone mixture isolated no structural investigation was possible.

Thé fraction (x), a colourless oily liqﬁid-, was shown to be mainly
dicyclohexenyl-cyclohexene with a little oxygenated material as impurity.
On redistillation over sodium a main frac?tion was 'obtained, b.p.
108=110°/0.5mm., &2:; 1.5328 (Found: C, 88.0.;. H, 10.85, Calc. for
C, g 6:Cs 89.2; H, 10.8%).

The residue (xi) consisted of a mixture of high boiling

alcohols and olefins (Found: G, 85.1; H, 10.5)c No attempt was made

to separate the constituents of this mixture.

Reaction of tert.-Butyl Hydroperoxide with cyololexanol
gxg_;t_one;canol (b.p. 64°/17 mn., 10g.1 mol,) and tert,~.

butyl hydroperoxide (9.0g. 1 mol.} were heated under reflux et .. .
130° for 24 hours., The product on fractionation gave (i} tert.-
butanol, b.p. 80-83"/747 mm., (5.5g., 7&-3% of peroxide), (ii) a |
fraction b.p. 140-156°/747 mm. (9.8 g.} end (iii} a residue (2.0.g.J,
containing a small amount of adipic acid which after crystallisation
from ether had m.p. 147-148.5 (literature give m.p. 1510). Fraction
(ii) contained 19% _of‘ cyclohexanone wiich was estimated and identified
as its z:h-dipitrj;phenylh,;_rdrg.zop§,_ MeDe 157-2_!.58_0, mixed mep. with

authentic specimen 157-158° (Pound: C, 52.0; H, 5.35. -Caic. for
Gy #,0,N, ¢ G, 51.8;. H, 5.05%).

Reaction» of tert.-Butyl Hydroperoxide with cycldiexen-3-~ol.- -

The oyclohexenol was treated with saturated sodium

bis'.ulphit.e solution to remove any ketonic material. It had
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bepe 162-165°/752 sm,, o -naphthyl urethane me.p. 156°(Found: C, 76¢4;
H, 6.7; N, 5.3, Calo. for 01701702N= C, 76.4; H, 6.4; N, 5.25%7), |
The alcohol (4.0g.} and hydroperoxide (9.0g.) were |
heateé under reflux at 13»0o for 24 hours, The product on fraction-
ation gave (i} tert.- butanol (3.3g., 44.6% peroxide), (ii) unchanged
peroxide (3._6g.), (iii) a fraction bepe 150-163°(3.55g..) and (iv) a
dark brown oily residue whiéh‘ contained unidentified acidic material.
Fraction (iii)} contained ¢a.18.2% of _glyc_lghexen-}-one estimated and
identified as its 2:4—dini.1-:r0pheﬁy1hydrazane, m.p. and mixed m.p.
_158-1600 (Pouna: -C, 52¢3; H, 445, Calc, for C_ H ON : C, 52.2;

12712 4 4
H, Llf). -

(2) REACTION WITH 1-METHYLcycloHEXENE.- A mixture of -

1-methyloyoionexsie (1hhg., 1.5 wol.) and berb.-butyl hydroperoxide
(45g., 0.5 mol) was reacted at 140° for 24 hours in nitrogen-filled
Carius tubes. The product (187.2g.), a light yellow liquid, gave
on fractionation the following fractions: (i) b.p. 78-112°/735mm..,
- (104.7g+) containing a small aqueous layer; (ii) a fraction collected

in a liquid air trep at 13 mm., (7.08.); (1ii) bepe<53°/13m. , -

8701.4520, (20.5g.), (1v) bepe 53-77° (meinly 67-77°)/13m. (L4 2.);

-(_v).a_yellgw_ viscous residue which was not. investigated further. .
Extraction of frection (i) wit-l:i weter (250g.+ 100g. )

_ gave an aqueous extract (37.lg.).'consisting mainly of tert.-butanol

together with smaller amounts of water and traces of acetone.

The non-aqueous portion of fraction (i) and fractions (ii) and (iii)

consisted of unchanged olefin, They were combined, dried (caCl 2)
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and on distillation over sodium under nitrogen gave a main fraction
b.p. 107-108°, 52]‘;1.4501, (73.68.)

Fraction §iv).— This was a colourless oily liquid containing
a mixture of methylcyclohexenols and methylcyclohexenones (I"oun.d:

C, 76.1; H, 10.55. Calc. for C.H),0:C, 74.95; H, 10.74). Ultre-
violet spectrographic analysis gave a selective absorption band at
23108., € ., = 1200, consistent with the presence of ~12% e .
conjugated methylcyclohexenenes,

Treatment of a portion (0.5g.) of this fraction with
2:4~dinitrophenylhydrazine ’in absolute ethansl gave a mixture of deep
red dinitrophenylhydrazones (0.25g.). The ‘latter (0.025g,) dissolved
in light petroleum (b.ps 40-60°) (150c.c.) was chromatographed am a
column of alumina (30g., 600 x 9 mm.-) and the chromatogrem was
developed with the same solvent (350 cece)e Two distinct bands were
formed, the upper ba'rlxd (35 mm.) consisted of 3-methyi- L\z-cyclohexenone
dinitrophenylhydrazone, m.p. 168_-1‘.70o (L, l...mg,) and the lower band
(55mm, ) contained 2-methyl- Az’-'éyclohe.xenone dinitrophenylhydrazone,
m.p. 198-200°, mixed m.p. 199-201° I(‘9.-7mg.).

Oxidation of Fraction (iv).~ To a portion (6.0g.) -of (iv)
in glacial acetic acid (10 c.c.) there was added with cooling a
‘'solution of chromic ecid (CrOs, 4.Og.) in 75% aqueous acetic acid (10c.c. ).
The oxidation was completed by warming the mixture on the water bath
for half an hour. The ketone portion was extracted with ether
(200 c.c.) and the etherisl layer neutralised (sat. Naf0s; ag,) and then _
dried (CaClz). After removal of the solvent -the product was

distilled giving & fraction (i) b.p. 62-70%/13 mn., 11.28 1.4672, (2.2g-)
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and a higher boiling residue (ii) (1.2g.).

The ketone content of fraction (i) was estimated by
precipitation of its dinitrophenylhydrazone as gca. 64-,"3-.Clrunatagraphic
separation of the mixed dinitrophenylhydrazone (30mg.) as described
- above gave the dinitrophenylhydrazones of 2-me;thy1- Az-g_x@;.ghexenone
(12,1 mg.) and 3-methyl- Az-cyclohexenone (5.0mg. ). |

~

REACTION of DI-tert.-BUTYL PEROXIDE with
SATIRATED HYDRCCARBANS,

(I) cycldHEXANE,- The peroxide (24.3g.,X1 mol,) and
spectroscopically pure cyclohexane (8ig.,X 6 mols. _r_;_?; 1,4262)
were heated together in Carius tubes at 140° for 24 hours., The
reaction product (107.9g.), a light yellow liquid, on distillation
gave a forerun, b.p. 70~91°/766mm. ; (92.5g.) shown by aqueous
" extraction and ’cr.ea'l:men-t of the aqueous extract with 2:4-dinitro-
phenylhydiazine soln (V.HC1) to contain tert.- butanol (22.8g.,
92.45% off peroxide)}, acetone (0.085 g.}, and unchanged cyclohexane,
which after drying (calcium chloride} was recovercd virtually

unchanged (¢ca. 69g., 220 1.#2-51_)'. | .
' . The r--é—s-idual. groc':uct _(13.6g. , 16, 2}% of hydrocarbon),
a viscous yellow liciuid_, on fractionation through a 6 in. Vigreux

column under reduced pressure gave, (i) b.p. (_J.OOO_-/llnm., 3231.4711,

(0.34g.); (ii) bup. 100.0 - 102.3°/11mm. , _n_zg 1.478%, (3.08g.);

7
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(iii) b.p.<124°/o.1mn., _rfg 1.4825, (0.57g.); (iv) b.p. 124 - 134°/
0.1mm. , 521.;1.5055, (0.57g.); (v} en orarge polymeric residue (7.1lg.),

which on cooling set to a brittle solid glass.

The fraction (iji) consisted mainly of dicyclohexyl. On

refractionation over sodium it gave a small forerun, bep. (99.50/10mm.,
n2°

25 l.4792, é.nd a main fraction, b.p. 99.5 - 100.00/10mm., ng 1,4801

(Found: G, 86,8; H, 1l3ui Calc. for C, H .t C, 86.65; H, 13.35%).

The fraction (iv) wes meinly dicyolohexyl-cyclohexane 018H32’

containing a small smount of oxygenated material (Found: C, 86.3;

H, 12.6; M(benzene), 242. V'Calc. for C;'I.BH32 : G, 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
(Founa:C, 87.0; H, 11.5%; M(benzene), 630). An ultra-violet spectro-
graphic examination of this polymer indicated the definite presence of
unsaturation and in particular, showed fhe presence of selective
absorption near éSSOR, which may be due to not more than 5% of |
conjugated cyclohexadiene groupings. It was not possible to _
determine the extent of unsaturation or to establish whether the

unsaturation was entirely or only partially present in conjugated diene

groups,
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REACTION OF DI-tert.~BUTYL PEROXIDE with

ALKYI, BENZENES

(I) TOLUENE.- A mixture of the peroxide (18.25g.,®%1 mol.) -
and toluene (46,0g.,X k4 mols., b.p. 100.0 - 100.2°/761mn.,

18,2 :
n 1.4974 was heated at 140° for 24 hours in a Carius tube sealed

D
in an atmosphere of nitrogen. On opening the tube a considerable amount
of gas was evolved, The liguid product, a 1 ht yellow liquid, amounted
to almost 64g. Distillation of this gave the following fractions,
(1) beps 79 - 120°, (3L.5g.); (it} bep. 110%, (1515g.), gzg 1.4927,
being mainly recovered toluene; (iii) be.p. 84 - 850/0.1mn., (0.4ge);
(iv) bep. 85 - 86°/0.1mm., (4.2g.) which'solidified to a mass of
colourless crystals; (v) b.p. 86 - 1380/0.1mm., (0ulig.); (vi) bepe
138 - 144°/0.1m., 9_191')2 1.5872, (2.3 g.); (vii) an undistillable residue,
(7.15g.), which set to e cle:er light yellow glass.

Exemination of the fractions.- The frection (i),

Heating a small portion of this fraction with phenyl-;l_s__o_cyanaté

for 1 hour gave tert.-butsnol phenylurethane, colourless needles
frém petroleum ether (b.p. 100 - 1200), MePe 1-35..5 - 1363 (Founa:

o --—0,.68.3;. H, 7.65; . N, T.h. Calc. for CpqHyON: C; 68.4;- H, 7:8;
N, 7.25%). Aqueous extraction of a portion (29.4g.) of the fraction
gave water soluble cop'stituents (13.4g.) consisting of _t_er_t...- -
bufanol (92.2%) and acetone (7.8%7), estimated and identified as its
2:4-dinitrophenylhydrazone, orange plates from absolute ethanol,

m.pe 124 - 125° (Found: G, 45.45; H, 4.35. Calc, for CgiyqO,N) :



-155_

C, 45.4; H, h.25%). The water-insoluble material was a mixture of

toluene and unreacted peroxide.

The fraction (iv) was pure dibenzyl., On orystallisation

from absolute ethanol it formed prismatic plates, mep. 51.0 = 51,5°

(Found: C, 92,25; H, 7.75. Celo. for Gy Hy, : C, 92.25; H, 7.75%).

The fragtion (vi) probably consisted mainly of a slightly
impure 1:2:3-triphenylpropene (Found: C, 92.05; H, 7.6. 021H20 ‘
requires C, 92.6; H, 7.4%). '

The pesidue (vii) was mainly hydrocarbon, but contained a little
oxygenated material (Found: C, 90,75; H, 7.65%).

(2) ETMYL, BENZENE.- The peroxide (36.5g.®1 mol.) ané_
eﬂlylbeﬁzene (2.06g.X k4t mols. b.p. 135°/755,m., 32:1‘ 4959) were
heated on an oil bath under en efficient reflux at 140° for 24
hours, a slow streeam of purified nitrogen being passed through the
spparatus. The product, a colourless liguid '(11;2.l0g.') on fraction-
ation gave a forerun b.p. 83-136°/760mm, (125.0g.) which was showm
by aqueous extrection to contain tert.- butanol (ca. 12.7g.).
Removal of the last traces of ethylbenzene by heating on the
water bath under slight vacuum left a higher boiling residue
(16.3g.) vhich on standing pertislly crystallised out. The solid
(7.5g.) was separated, washed with a little methanol and identified
as meso-2:3-diphenylbutane, colourless gleaming cryétals from
absclute ethanol, m,p., 125 - 126°(Found: C, 91.5; H, 8.75. Calc.

for 016H18 : C, 91.35; H, 8.65%). Conant and Blatt(sz) give m.pe
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123, - 125%  0t8289) Liieg Mep. 126 - 127°.

The oily liquid (8.8g.), after removel of the methanol,
gave on distillation a frection, b.p. 85 - 86°/1m.(6.3%g.), from which
more solid (0.9g), me.pe 1260, separated. The resufting oolourless
oily liquid (5.4g.) was racemic-2: 3-diphenylbutane. © On redistillation -
over sodium it had bep. 136°/9mm., 2.2].; 1.5537 (Found: C, 91,25;

H, 8.8, Cale. for 016H18= C, 91.35; H, 8,65%). Kharasch 9_1_‘._._21.(154}
give b.p. 106°/2mm., 3221.5517.

Isomerisation of the racemic to the meso -diphenylbutane
was effected.by heating the former '‘in an evacuated sealed tube at
2500 for 17 hours in the presence of a catalytic quentity of
iodine ( { Img. per g. of liquid). Yield, L42%, m.p.126°.

The residue in the s.‘\:il;. {2.5g.), & colourless viscous
liquid, consisted of higher polyn;eric hyﬂr:)carbans' which were not

further investigated,

(3) iso-IROPYLEENZFNE.- Experiment (A): A mixtire of
the peroxide (12,.2g. A1 mol.) and Ls_o-proPylbénzene (20.08. (2 mols.;
b.p. 148.0 - 1L|B.5°/725m 9D201.1+910) was heated u@er an efficient
reflux on en oil bath held at 140° for 46 hours, a slow stream of
purified nitrogen being passed through the appa.réfus.m The product
on fractionation gave (i) mainly tert.-butanol (5.1g.) identified
by its b.,p., 82 - 830 s its complete water solubility and its phenyl
urethane derivative, m.p. 1360, (ii) unchenged peroxide (6.2g.),

b.p.210 - 124°; (iii) unchanged iso-propylbenzene (11.25g.), bep.
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150 - 1520. On removal of the last traces of hydrocarbon by

warming under water pump vacuum there remained a colourless

crystalline solid (8.45g.), identifi;ad as 2:3-dimethyl-2: 3-diphenylbutane.
It crystallised from absolute ethanol in long colourless needles, |
m.p. 118 - i19°(Found: G, 90.6; H, 9.k Calc. for G, H | : C, 90.7;

18722
(156} . ) (54
gives m.pe 119 = 120 ; Kharasch-et al give

H, 9.5%). Klages

MeDe 115°.
Experiment (B): A mixture-of the peroxide (12.2 g. & 1 mol.)

and iso-propylbenzene (40,0g. O\ i mols.) was heated in nitrogen-

£illed Carius tubes at 140° for 24 hours., The product (51.5g.) on

distillation gave a fraction b.p. 82 - 1500(33.63.) shown- by agueous

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 acetons,

(0.52g.) estimated and identified as its 2:4-dinitrophenylhydrazone

"(2.15g.), and tert.-butanol (9.78g., 79.5% of peroxide). After

the removel of the last traces of volatile products by heating to

o}

507 at 12 mm., there remained in the still, dimethyldiphenylbutane

o]
(17.1g.)(85.5% yield based on peroxide), m.p. 118-119.5 .

REACTION OF DI-tert. BUTYL PERCXIDE WITH KETONES.

(1). METHYL ETHYL KETONE.- A mixture of methyl ethyl

ketone (bep. 79 = 800/760rmn., 72g.) and di-terf.—butyl peroxide
(36.5g. ) was heated in sealed tubes at 140° for 24 hours. The

product, an orange liquid, on distillation gave the fractions;
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(1) bep. 73-80°/760 mm., (78.65g.), being & mixture of tert.-
butanol and unreacted ketone; (ii) small intermediate fraction
bope £ 74 /8 mm., (0.9 g.); (1ii) bupe 74 ~76°/8 mn., £2;1.4342,
(11.55 g.); (iv) viscous orange liquid, b.p. 76 - 84°/1mn.,
.'!.21(; 1.4651, (2.45 g.) and (v) a dark orange polymeric residue {8.8g.)
which set to a glass on cooling.,. The latter was not further
investigated.

The fraction (iii) was a gv:eet smelling colourless
liquid identified as 3:#—6imethylhexandione-_2:5 (Found: C, 67.6;
H, 9.9; M (acetons), 138 £ 12, Calc. for Cgt),05: G, 67.6;
H, 9.9%; M, 142). Heating the diketone (0.5g.) with hiydfoxylamine
hydrochloride (0.75 g.} and anhydrous sodium acetate (l.Og‘. } in
aqgueous alcohol on the wate: bath for 3 hours gave the dioxime
(0e2g.), which orystallised as its monohydrate from agueous
ethanol (charcoal) in colourless needles, m.p, 200-201°(Founa:
C, 50.7; H, ._9‘?,:_ N, 14.5. = Cealc. for GeH15021\T2,H20:G, 50.5; H, 9.55;
N, 14.75%. Found:(semple heated at -100-120° under high vacuum)
C, 554955 H, 9.45; 16.1. Calc. for 68}.11602N2= C, 55.8; H, 9.3;
N, 16.%). Cismician and Silber(w)give m.p. 202°. Treatment of

the diketone with phenylhydrazine in aqueous acetic acid gave the

_ pyridazine derivative ( LNl ), which crystallised from aqueous

ethanol in colourless needles, m.p. 126 - .1-27o (Found: C, 78.5;
H, 8.5; N, 12.9. Celc. for Gy HydN, : G, 78.5; H, 8.4 N, 13.173).

Ciemician and Silber(®) give m.p. 130°; Kharasch, McBay and Urry(152)
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The fraction (iv) was shown by analysis and molecular

weight determination to be a "trimeric" ketone, presumably ( LIX), -

give m.p. 127-1 280.

(Found: C, 68.6; H, 9.5; M(acetone}, 215% -2, 012H2003_req_uires :
c, 67.95;: H, 9.45%; M, 212, Although the liquid gave a positive
reaction to aqueous 2:h.-dinitr09henylhyaraiine sulphate no pure
derivative could be obtainéd, nor could a pure oxime be prepared

under the usual conditions,

(2) CYCLOHEXANONE.- The ketone (98 g., baps 56-56.5 /20mm. ,
Ezg 1.4508) and di-tert.-butyl peroxide (24.4g. ) were heated under
reflux at 1140-1500 for 48 hours, On distillation, the product,
a bright red liquid, gave (i) tert.-butanol, b.p. 80-83°/763 mu.,
(17.6g.); unreacted peroxide, b.p. 120°/763 mn., (2.5g.);
(iii) unchanged cyclohexanone, b.p. 148-50°/13mm. , (82.4g.) and
a higher boiling materisl (13.1g.). The latter on fractionation
at 1 mm. pressure gave a fraction (J.v) bep. 117 -120°/ca. 1lmm.,
(5.0g.) and en undistillable residue (ca.8.0g.) which, on coc->ling,
set to a brittle resin, |

The fraction (iv) on refractionation gave a mixture of
stereoisomeric 2: 2'-diketodicyclohexyls as_a_colourless oil, 'b.p.
110 - 117°/1mm. (meinly 116 - 117%/1m,) 3231.4999. (Found:. C, 7k 2;

H, 9ebn Cale. for C H 0 :C, 7h2; H, 9.35%). On cooling
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in solid carbon dioxide and continued scratching the oil partially
crystallised., The solid, when separested and crystallised from
light petroleun (b.p. 40 - 60°), gavP; the higher melting form
of 2:2'-diketodicyclohexyl as long colourless prismatic needles, m.p. 73-7;-0
(Found: C, 74.2; H, 9.35%). Plan 198)3 Knarasch et a1(152) ;50 |
m.p. 70 - 71°. ‘

'The resin obtained as a residue in the reaction was
readily soluble in acetone, benzene and chloroform, moderately
soluble in aloohol and insoluble in petrols. Its enalysis and
molécular weight indicated it to hawe, approximetely, the average
composition of a cyclohexanone “tetramer" (Found: C, 76,7, 76.1;

H, 8,9, 8.65; M(benzene), 360, 370. C

H ; .
o) 3#010- req{ures C, 71;.,6,

H_! 8097{7_; M_. 586)-
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