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INTRODUCTION

From a survey of the exlsting work in the literature,
it becomes immediately apparent that there iz a vast dif-
ference between the behavior of free radileals in the vapor
phase and in solution, Even from solvent to solvent, the
behavior of gimilar free radicsls varies, Thus, to speak
of the reactivity of radicals without gpecifying the sole
vent conditions 18 to neglect an important aspect of the
pleture. The effect of solvent 1ls varied and complex.
What a specific radical will do depends both upon its own
nature and the nature of the medium in which it is cone
tained. There are examples that may be culled from the
literature which indicate that local environment may be of
equal or of greater lmportance than the gross environment,
as is usunally assumed by most workers.

This work was initiated with the hope of elucidating
the ecoursze of radical reactions in solution. The procedure
followed was the analysis of products from similar sources
under conditions of varying medium, The sources of free
radicals nsed were chosen because of thelr unambiguous
cleavage reactions to produce the radicals and because the

ra&iaalarthemgelvas were sufficlently complex to be
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representative and sufficlently stable to be limited in the
number of reactions possible.

The work reported was exploratory only and many of the
eonclusions reached are tentative, These eonclusions are
worthy of being drawn, howvever, becsuse they point the way
to future experimente which may be devised to test thelr
validity. It 1s believed that this work is one more step
in elucidating the exceedingly complex but extraordinarily
fascinating course of free radilcal reactions.



HISTORICAL
Polymerization and Alkyl Free Radicals
The free radical polymerization of vinyl compounds is

generally accepted to follow the schematic mechanism out-
lined belowl:

la oM —E’:—> 2R initiation k3 M 2
1b A —_kl-—— 2Re initiation  k; A

2 M+ Rv———EEL—> Re propagation kp M R
3 E’_Ba——ﬁ——— X or RR  termination kg Re 2

Process l1ls is thermal or photo initiation of monomer
whereas process 1lb 1s initiation by some known radical source
such as benzoyl peroxidalg or en azo-bis-nitrile®, R+ is a
radical specles capable of propagating a chain and M is
monomer. The termination step can destroy radicals by either
dimerization (RR) or disproportionation (X). This latter is

a well established phanumﬁnan3 and involves the abstraction

lprice, "Advaneing Fronts of Chemistry", Vol., I, High
Polymers, Reinhold Pub, Corp., New York, 1945, p. 37.

2prnett, J. Am. Chem. Soc., 7%, 2027 (1952).
3¢hulz and Husemann, Z. physik. Chem., 39B, 246 (1938).
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of a hydrogen atom from one radical species by another,

forming two products, an olefin and a saturated hydrocarbon.

CHR
2 céast::s- — CgHsCHaCHR + CgHgCHoCHoR
H

If a steady state concentration of radicals and an
equivalence in their ability to propagate chains is assumed,
then such a mechanism as proposed above fits the experi-
mentally determined raﬁe$2*3$%*5 for 1B

M s xatu,
at

and for 1%a

aM 2
at = *

It had been noted that if the monomer was diluted with
an inert solvent then the molecular weight of the polymer
formed was a smaller one than found if pure monomer was

pmlym&riaaﬁé¢ In many cases the molecular weight was

%price and Kell, J. Am. Chem. Soc., 63, 2789 (1941).
Soververger, Jo Polymer Sei., 6, 539 (1951).
6staudinger and Schwalbach, Ann., 488, 8 (1931).
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proportional to the concentration of monomer’, The a8sump-
tion of ¥chain transfer® as an explanation for this effect
wag first advenced by ?1er8i He envisioned the growing
polymer chain, in the presence of a hydrocarbon diluent, as
being capable of abstracting a hydrogen atom from solvent,
thus stopping the chain grawtha

k3

Re « SH —> RH & 8«
Rate = k3 R« SH

If the specles S+ i3 just as capable of starting chains as R.
then the initiation of chain transfer by R+ will not affect
the kinetlec law for the overall reaction but will only re-
sult in decreasing the size of the polymer formed.

Much work has been done in recent years to establish
chain transfer as a valid phenomenon. ﬂaym9 has studied the
subject extensively from the standpoint of the degree of
polymerization, P, which 1s defined as the rate of chain
growth divided by the total rate of chain termination (by
chain transfer with solvent, with monomer and by termina-

tion) or

7staudinger and Trommsdroft, ibid., 502, 201 (1933).
8rlory, J. Am. Chem. Soc., 59, 251 (1937).
Mayo, ibid., 65, 2324 (1943),



‘i;g ‘P . : d
k3 Re SH # kg Re 2 ki Re M

Inverting both sides of this equation, dividing numerator
and denominator by R* M and assuming a steady state cone

centration of free radicals ky/k¢ * M *, he obtains
ff :\ %
: k, 8H (k + k
k/-ﬁ &= ---3 L) A xkij l} hd

In the absence of solvent, the first term on the right

venishes and the second term is the reciprocal of the degree
of polymerization in the absence of solvent, Py« Making
this substitution end defining ky/k, as C, the transfer
constant, the simple expression

+ 2

Po

l/ﬁgc

SH
=

is obtained. Thus the reciprocal of the degree of polymeri-
zation 1s a linear function of the solventemonomer ratio
vhere the slope, the transfer constant, is a measure of the
ability of solvent to reamct with the growing chain. The
larger the value of C, the smaller will be the polymer

chains for s given monomer.

*In this derivation it is assumed that the initiation
is bimolecular in monomer, process la,
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By making a plot of the reciprocal of the degree of
polymerization against solvent.monomer ratios, Mayo obtained
linear relationships for styrene in a variety of solvents,
By evaluating the transfer constants, he found that, as
chain transfer agents, benzene and cyclohexane were the
least reactive of the solvents studied, thelr transfer cone
stants being identiecal within experimental error. Among the
hydrocarbons in the following table the results correlate
well with the known reactivity of these hydrocarbons with
atomic bromine and chlorine,

Table 1

Chain Transfer Constants of Various Solvents
in Styrene Polymerization

Transfer constant x 105

Solvent ; 600 , 1009
Benzene 0,15 1.8%
t«Butylbenzene 0.6 5.3
Toluene 1,25 645
Ethylbenzene 6.7 16,2
1-Propylbenzene 8,2 2040
Diphenylmethane 23 42
Triphenylmethane 35 80
Fluorene 750 1240
Pentaphenylethane 200,000 -
Cyclohexane 0.2k 1.6

~Heptane L b 9.5
ecalin L ——

Carbon tetrachloride 900 1810
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Gregg and Maymlo showed that both the over-all second
order rate constant and the transfer constant for the poly-
merization of styrene in carbon tetrachloride were independ-
ent (at low conversions and within experimental error) of
average polymer chain lengths over a wide range of polymer
chain lengths. From this they coneluded that elther all
the individual rate constants in the polymerization (initia-
tion, growth, transfer and termination) were independent of
chaln length or else there was & mutuel compenszation of
trends, They 2lso found that the ability of a solvent to re-
act ag a chain transfer agent followed the expected ablility
of the radical formed to partake of resonance stabilization.

ﬁ@zakill proposed the following sequence in decreasing
order of resonance stability of substituted methyl radicals:

R-Ce
vhere R is
phenyl)vinyldcyano=carbomethoxy>chlorodaklyldacylyhydrogen.,
The same order was observed for the tendency of the radical
to abstract hydrogen (chain transfer).

Reconsidering the fundamental reaction charscteristie

of chain transfer

10regg and Meyo, Disc. Faradey Soc., 2, 328 (1947).
1lNozaki, ibid., 2, 337 (1947).
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Re « SH—=RH » S»

if the specles, S+, 1s incapable of reacting with monomer,
then SH is called an inhibitor or rétardér and will prevent
or reduce the rate of p@lymarizatianla It ig not necessary
that the growing chain abstract hydrogen from the inhibi-
tor. An sdditional reaction

Re # A —»RA+
where RA+« is some radical incapable of promoting polymeri.-
zation, ls possible and, in fact, 1s belleved to be the
method of quinone inhibitionl2,

It has long been known that quinones and hydrogquinones
inhibit the polymerization of olefins and have often been
used as stabilizers for thesel2, However %u@asl3, and later
Ereit&nhanhlh, showed that hydrogquinone is not a radical
inhibitor of the polymerization of styren@ in the sbsence
of oxygen. It was therefore presumed that the inhibitor
activity of hydroquinone was due to its oxldation to benzo-
quinone by oxygen. This hypothesis can quite likely be

12povey and Kolthoff, Chem. Revs., 42, 491 (1948).

13suess, Pilch and Rodorfer, %Z. physik. Chem.
179, 36 (1942) . s A+ physik. Chem., 1794,

{1933§hﬁrﬁitaaha¢h, Sgringar and Hoeischy, Ber., 71, 1438
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extended to the case of methyl methacrylate since %allinglﬁ
obtained the first reliable kinetic data on the thermal
polymerization of this olefin in the presence of hydro-
quinone, and showed that hydroquinone had no influence on
the rate of polymerization.

ﬁr@ibanba@hzk found quinhydrone, in small amounts, to
be a product of the benzoguinone inhibited polymerization of
styrene and on the basis of this postulated a novel mechan-
ism of quinone inhibition. He dismissed a free radieal
mechanism but assumed an "activated" hydrogen atom as the

¢hain carrier in styrene.
CgHgCHCHy — CgHeCHaCHH
C¢HsCHaCHH" 4 CHCHaCH, —o (ﬁﬁﬁﬁﬁsﬁ}!{fﬂaﬁﬂzﬁ*
Géﬁﬁ

Two of these "activated" molecules could collide with quinone
with transfer of hydrogen, producing hydroguinone and dimer

2 CgHyCHzCHE" + C4H\,0, — CcHgOp + styrene dimer .

(1946) . alling ges, J. Am. Chem. Boc.y 68, 11k



Pricalé polymerized styrene in the presence of 2 large
amount of ebloranil using benzoyl peroxide ag initiator and
noted the markéd disappearance of the red-orange color of
chloranil. The polymer formed contained about one chloranil
unit, held by chemical union, per polymer nolecule. Since
polymerization did oceur he concluded that chloranil was not
an inhibitor in this reaction but only & chain transfer
agent analogous to carbon tetrachloride. However, concliue
sions drawn from this experiment are of 1little worth since
Price used such a high concentration of benzoyl peroxide and
took no precaution to eliminate oxygen nor to prevent ther-
mal polymerization. There undoubtedly were sctive centers
still present even after the consumption of all the chlora-
nil,

From his and Breitenbach'sl% data, Price proposed a
mechanism for quinone inhibitioni7s18,19,

16price, ibid., 63, 2381 (1943).
17?’1’5.@&, mp MQ m‘ m~’ ,}};&,’ 368 (19"'3) »

18?31&@, "Reactions at Carbon-Carbon Double Bonds*,
Interscience, N,Y., 1946, p. 86,

19price and Read, J. Polymer Sci., 1, Bl (1946),
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R +

The intermediate alkyl guinone and semiquinone radicals
were postulated as less reactive species than the growing
polymer chain and would preferentially react only with
other radicals. pricel? later revised his mechanism to
include the tautomerism,

OH
R R
—_—
0

This semiguinone radical should be less reactive than the
tautomerie alkylated quinone radical. He further suggested
a mechanism for chain transfer by chloranil



T

0 0
C1N 1 R 1 R c1l
Re + — . CI — #+ Cle
Cl ox c1™ 1 cl Cc1l

The reaction could be bimolecular involving monomer rather
than a two step process, l.,e., chain transfer whereby the
radical donates an atom instead of abstracting one.

There is sufficient analogy for the mechanism proposed
by Price. Benzenediagonium chloride reacts with p~benzo-
guinone to give Q»phauylwbenzequinnnazﬁg and diacyl peroxides,
both aliphatic and aromatic, react with 2-methyl-l,
h.naphthoquinone to give substitution in the 3= position®l,
Melville and Watson22 proposed a twofold mechanism for
quinone inhibition. For diradieals such as those produced
in thermal or photochemical polymerization, 1nhib1tiam/takas
place analogous to a Diels«~Alder reaction, stopping ﬁh@ two
c¢hains simultaneously. The quinone acts as the dienophile

20gvalnes, J. Am. Chem. Soc., 56, 2478 (193W),
2lyieser and Oxford, ibid., S, 2060 (1942).

{19#@?2MeXVillﬂ and Wetson, Trans. Faraday Soc., M, 886
iw
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and alkylation cccurs on carbon., Reaction with the guinone
has to occur before the polymer chain proceeds beyond a
dimer for then the radical centers would no longer be suite
ably situsted for such a concerted reaction®. However,
mmnaraéi¢a1a23, such as those produced in the benzoyl per
oxlde initiated polymerization, react with quinone to pro-
duce radicals which are inecapable of further promulgating
chains and can only be removed from the system by reaction
with other radicals.

However, miclear alkylation does not explain the obe
servation of Foord®* that phenanthragquinone has inhibitory
powers of the same order of magnitude as benzoquinone where
the mechanism proposed by ?riﬁaig could not obtain,

Schonberg?3s26927 found that styrene adds to phenanthra-
auinone in the presence of sunlight to give an O-alkylated

(1?h1?3xern and Feuerstein, J. prakt. Chem. (2), 138, 186

24roord, J. Chem. Soc., 48 (1940).

25gchonberg and Mustafa, Nature, 153, 195 (1944),
26gchonberg and Mustefa, Chem. Revs., 40, 181 (1947).
27schonberg, J. Chem. Soc., 387 (19h4),

*kern had indeed found that in the inhibited polymeriga-
tion of styrene by high concentrations of benzoguinone, there
was formed an adduct contalning two styrene and one quinone
units per molecule,
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adduct, This is similar to a Diels-Alder addition with the
quinone acting as diene. Similarly, in both light and dark,
stilbene adds to tatr&ehlergquiﬂmnewl,agg to form
243-diphenyl-5,6,7,8~tetrachlorobenzodioxene.

Bartlett, Hammond and ¥wart2? extenslvely gtudied the
quinone inhibited, benzoyl peroxide initiated, polymerize-
tion of allyl acetate; and using chloranil, presented eviw.
dence for, at least, 27 per cent att&ek of chains at the
oxygen function, This evidence wss obtained by cleavage of
the polymer with hydroiodic azcid giving tetrachlorohydro-~
quinone, Destructive distillation also gave tetrachloro-
hydroguinone, Before analyzing the polymers, thesge workers
established the fact that no chloranil remained. This work
indicated that chloranil does not function as a chain transe
fer as postulated by pricel?, Analyseg of the ultraviclet
abesorption spectra of allyl acetate polymers, polymerized
in the presence of benzoguinone were made using as model
substances p~xyloquinone, hydroquinone diphenyl and dimethyl
ethers, The absorption spectra were complex and d4id not
agree well with any of the models and the polymer did not

shov any quinone chromophore at 440 mu. These experiments

(19h7$8&ahﬁnbsrg and lLatif, J. Am. Chem. Soc., 72, 4828

298artlett, Hammond and Kwart, Disc. Faz s
32 (1947), s Disc. Faraday Soc., 2,
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indicate that the mode of inhibitlon probably consists of
alkylation at both oxygen and carbon,

By following simultaneously the disappearance of monomer,
peroxide and quinone during kinetic determinations on allyl
acetate, these workers reported the following results:

(1) vith ehloranil and trichloroguinone there is a
strong initial retardation and little monomer is converted
to polymer. As the polymerizstion proceeds the polymeriza-
tion increases and approaches that observed in the absence
of guinone.

(2) vith dur@quinanﬁ3® there 18 a continual linear re-
lationship between logarithms of initiator and wmonomer cone
centrations® with the slope of the line slightly lower than
in the absence of the quinone,

(3) Benzoquinone, in low concentrations, is similar to
the chlorinated quinones while at conecentrations of 0.5
molar it behaves like a retarder whose concentration is not
altered during the run,

In no case was total inhibition observed and the atranger
the retarder the more rapldly it is consumed and the sharper

30Bartlett and Altschul, J. Am., Chem. 80¢., 65, 812,
816 (1945). s J» Am. Chem. Soc., 63y 812,

*Maring the uninhibited polymerization of allyl acetate
there is a linear relationship between initiator and monomer
coneentrations,
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the chenge in rate between the early and late =ztages of the
reaction,

The following relationship between monomer and inhibi-
tor was derived by the anthors assuming reaction with inhi-
bitor (k3) gave inactive products and chain terminstion
(kg) took place between radical chains and monomer:

m o Feekp o Mo,

I k3 M

No such simple relationship between the disappesrance of
benzoquinone and monomer was found, as would be expected if
benzoquinone gave inactive products, Duroguinone, however,
gave experimental verification of this equation and although
chloranil and trichloroquinone seemed to obey it, so little
conversion of monomer occurred that it was difficult to draw
conelusions,

Hence it seems that more benzoquinone molecules were
reguired to stop a given number of polymer chains than in
the case of other guinones. These authors offer this as
supporting evidence that benzoguinone is capable of copoly-
merizating in certain systems. They also followed the
duroquinone retarded polymerization of wvinyl acetate, the
data for which lent further support to the proposed mechan-

ism for duroquinone retardation.
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Cohen31932 analyzed the benzoquinone inhibited, benzoyl
peroxide~initiated polymerization of styrene. There was
first a period of total inhibition followed by polymerizae
tion at only slight retardation. From analyses of the amount
of free and bound benzoic scid produced by the decomposition
of benzoyl peroxide in the systems (1) pure benzene,

(2) athyibwnzana} (3) benzene~-styrene~benszoquinone, (both
high and low concentrations), (4) benzene-benzoquinone,
(5) benzene-styrene, and (6) benzene-hydroquinene monoethyl
ether he concluded that benzogquinone does not influence the
decomposition of benzoyl peroxide nor its reaction with
monomer, but must destroy the chain at some later point,
The hydroquinone derivatives, which contain free hydroxyl
groups, seemed to react with benzoate radiecals, thus des«
troying initiator before chains can be started. Since he
believed the hydroguinone mono ethers to be possible pro-
ducts of the inhibited polymerization, he asserted that these
would account for the slizht retarding effect during the
later periods of polymerization. In support of this cone
tention the ultra-violet gbsorptlon spectra of the reaction

mixtures showed 2 dimunition of the guinone absorption

3lconen, ibid., 69, 1057 (1947).
32cohen, J. polymer Sci., 2, 511 (1947).



wlgw

maximum during the induction period, Then, as polymeriza-
tion proceeded, a considerable portion of quinone absorp-
tion returned. The overall mechanism proposed for the
inhibition is that the radical reaction with guinone can
take any of three courses (1) oxygen alkylation to form mono-
and dl-ethers, (2) dehydrogenation of the growing chain by
quinone producing an olefin and a semiquinone radiecal,
{(3) nuclesar alkylation of the quinone.

3&hn1333*3h belleves that, in the thermsal polymerization
of styrene benzogquinone acts as a weak initiator as well as
a strong inhibitor. He has obtained an equation relsting
inhibitor asctivity to 1its concentration

at dte

1+ k4Cy

where mg%m is the rate of polymerization in the presence and

au

in the absence of inhibitor, ki is the "inhiblitor con~
o
stant" and C4 is the concentration of inhibitor. If ky is

very large, .ggm =z 0, polymerization will not oceur, Benzow
quinone has kg = l.b x lﬁuw

33gemulz end Strassberger, Chem. Ber., 80, 232 (1947).,
3k$ahnlz, Heammerer snd Lorentz, ibid., 327 (1947).
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Mayo and Gregg3? found a similar phenomenon with the
triphenylmethyl inhibited polymerization of styrene. At
low concentrations triphenylmethyl was an efficient inhi-
bitor but at higher concentrations it seemed to act as an
initiator.

From the preceding worky it can be seen that a detalled
and accurate investigation of any or all types of chain
termination steps (inhibition, chain transfer, dimerization
and disproportionation) is extremely difficult in polymeri-
zation because of the great size of the molecule resulting
from the chain propagation step and the smallness of the
functional group resulting from the chain terminating step.
The incorporation of one guinoidal function in a maeromole
cule with a molecular weight of several thousand is nearly
undetectable by normal methode of analysis and its mode of
attachment nét readily fathomable, It became necessary then
to find some system vhose reactions were anslogous to those
of a growing polymer but considerably reduced in size.

Such a system was realized in the aliphatic ago~bis-
nitriles and azo-bls-carboxylates first prepared by Thiele

3%Mayo and Gregz, J. Am. Chem. Soc., 70, %91 (1948).
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and Heuser3® and later by Dox37. Thiele and Heuser found
that 2~azo-bis-isobutyronitrile in boiling petroleum ether
(ea, 110°) quantatively evolved nitrogen and formed tetra-
methyl succinonitrile in 50 per cent yield., Dox observed
that when 2-azo-bls-methylethylacetonitrile or 2-azo~bis-
diethylwacetonitrile was added dropwise to hot, concentrated
sulfuric acid, bils-methylethylacetic acid and bis-diethyle
acetic acid respectively were formed., He was alsc sble to
isolate di-methylethylacetic acid from the former reaction
and bls~diethylacetonitrile from the latter.

A more complete product analysis was done by Bickel
and water$38 in the thermal decomposition of dimethyl-2,
2-azo~bis~igsocbutyrate in boiling benzene, They obtained
the products found in Table 2.

The following scheme gives a satisfactory explanation

of the products:

36rniele and Heuser, Amn., 290, 25 (1896).
37}301(, 5_[0 éﬁw Chem. Mw, }2‘2, 1"1"73 (3.935) .

38p1ckel and Waters, Rec. trav. ghim., 69, 312 (1950).



Table 2
Analysis of Decomposition Products

Products Percentage

Dimethyl-bix-1isobutyrate ~ 41
Methyl methacrylate ' L
Methyl isobutyrate 1
Dimethyl &, &, A&‘'-trimethyl glutarate 15P

A twelve carbon methyl ester® 22b

2probably (ﬁﬁg}gﬁ(ﬁﬂzﬁﬂg}C(CHg}(ﬁeaﬂﬂs)ﬂﬂg(ﬁﬁzﬁﬂa)(CEBE.

Dyaterts reaction utilized high concentrations of
starting material which fact would account for high yields
of large molecular weight products,



[kCHB)QC(gﬁeﬁES)ﬁ]EF_*'Q {CH3)2é$62GHB * ﬁé

(CHy) ,0CO,CHy ,
2 (CHy),000,CHy
N

(CH3) ,CHCO,CHy + CHy=C(CO,CHy)CHy

CHpzC(CO,CHy )CHy & (CHy),0C0CHy ——

(CHy) € (COL0Hy JCH,C (CO,CHy JCHy

(Gﬁa ) o (Gﬂgﬁi‘% )Cﬁzc (COEG.HB )GHB + (CKB ) QCCQQGHg

/0

CH:
3
I N ; -
((3}53 ) 29 (002€H3 )GHRCCQQGHB (CHB ) QC (Qﬁgﬁf‘% )CKQCH{CQQQHB )CHB
(Cﬂs)z QGEGHB ‘ *

CHg=C {CGQQHB )GHB
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solution. The yields were much lower (unreported) if the
azo compounds were initially sdded to the reaction mixture.

The remainder of the reaction mixtures consisted of the
previously mentioned dimers and disproportionstion products.
The reaction with bromine was not as straight forward and
considerable quantities of hydrogen bromide were evolved,
indicating that some substitution took place. However, the
~ products wbtainad were methyl o~bromo-isobutyrate (29 per
cent) and & -bromo-isobutyronitrile (26 per cent) from the
azo=ecter and azo-nitrile respectively., HNo atiempts were
made to isolate other reaction productss These results are
completely consistent with a free radical mechanism for the
decomposition.

These authors further found that azo~bils-nitriles and
esters, in trace gquantities, were capable of initiating
chlorination of a number of hydroearbons by sulfuryl chlor-
ide, probably by the following mechanism:

[Roc(cm) - K] —> ZR,C(CN) « Ny
RCON = 8001y —= RoC(CN)CL + SO,CLe
504,01 —= S0, # Cle

Cle « RH R+ » HCL
Re 4 50,1 —=RC1 » S0C1e .
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Thege ago compounds seem to be better initiators in this
chlorination then benzoyl peroxides Iodine and chloranil
inhibit the reaction; a further indicatlion of the free
radical nature of the reaction.

A patent has recently been issued for the use of
"acyelie azo compounds bonded to discrete, tertiary, none
aromatic carbons with a e¢yano group on the tertiary care
pon"*l as catalyst for the preparation of sulfides and
mercaptans from an olefin and hydrogen sulfide:

cat.
Rgﬁ = CR's » Ho§ ——» BQCK_?R’Q

SH

The use of the azo compound iz necessary for the reaction to
proceed.

The nearest approach to understanding the manner in
which quinones destroy active radicals, such as those formed
in polymerization, has been made by Bickel and waters*2 who
found that dimethyl 2-azo~bis-isobutyrate, decomposed in
boiling teoluene containing p~benzoguinone, gave, besides an
unreported amount of the dimethyl tetramethylsuccinate,
hydroquinone di(2-cyanc-2-propyl) ether and hydroquinone

¥lpinkey, U.S. 2,551,813, May 8, 1951 to Du Pont.
Colley 45, POS59F (1950)° o ’

%2B3ckel and Waters, J. Chem. Soc., 1764 (1950),
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mono({2-cyano-2=-propyl) ether. when 2-azo~bis-isobutyroni-
trile was decomposed in chlorobenzene with chloranil, the
products were tetrachlorohydroquinone di{2-cysno-2-propyl)
ether, However, with hydroquinone iﬁ place of benzogquinone
or chloranil, no reaction products were cobtained from di-
mnethyl-2-ago-bls-isobutyrate other than those obtained in
its absence,

These experiments indicate that, if the reactivity of
the dimethyl-cyano radical can be considered equivalent to
that of the growing methyaerylonitrile chain, the destruc-
tion of polymer radicals by quinone comes at the oxygen atom
rather than at a nuclear carbon as suggested by Pricel.
These experiments further substantiate the inability of
hydroguinone to destroy asctive radicals.

Ziegler™3 obtained the dladduct, tetrachloroquinol
di({2~cyano=-2-propyl) ether exclusively by added 2~azo-blge
isobutyronitrile slowing to & boiling chlorobenzene solution
of chloranil. It required 1.5 moles of the azo compound to
completely destroy 0.5 moles of chloranil. All the
chloranil was considered consumed when a test portion of
the reaction mixture no longer gave a blue coloration with
dimethylaniline,

hB%iag&ﬁr, Deparade and Heye, Ann., 157, 141 (1950).
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The azo-bis-nitriles and esters are highly efficient
photogsensitizers for free radical reaeti@nshh.

The ultraviolet absorption spectra of a2 number of azo-
bis-nitrilez have been éet@rmin@&hs and they all seem to
have a wesk band at about 3500 A with a molar extinection co-
efficient of about 10-12, Using the 3660 A mercury band,
Lewis and Matheson* found that those azo-bis-nitriles
studied photochenmically initiate polymerization of both
vinyl acetate and styrene., The gquantum yleld in the photo-
polymerization of vinyl acetate was approximately 300 and
for styrene, approximately 50, This ig far better than the
frequently used photoinitiator, biacetyl, which has an
gquantum yield towards vinyl acetate of 10;3 and, for
styrene, of 1,h%6;

Levis and Matheson™ first studied the kinetics of the
thermal decomposition of a2 mumber of azo«blsenitriles in a
variety of solvents at 80° and even in the presence of an
inhibitor. Thelr method consisted of following the nitrogen

"lewis and Matheson, J. Am. Chem. Soc., 71, 747 (1949).

¥Soverver ~ 1it, ibid., ;
ger, O'Shaughnessy and Shalit, ib »
2661 (1949), v dhkds e Za

46agre, U.8, 2,367,660, Jan. 23, 1945 to Du Pont.
_Cehyy 39, P37035 (19453 .
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evolution as a function of time. In all cases, after a
short induction period which they were unable to prevent,
the reaction was smoothly first order and showed little de-
pendence upon solvent, even when chloranil was present. For
exsmple, 2~azo-bis-isobutyronitrile at 80°, in xylene, has

a unimolecular rate constant, k1 = 9.2 x 103 min,"1; in
xylene containing 0,012 moles per liter chloranil, ki =
8.98 x 1@”3§ and in glaclal acetic acid k1 = 9414 x 103
min,~1,

Ziegler and cawwarkera“7 stundied the kinetics of the
first order decomposition of both 2-~azo-bis«isobutyronitrile
and dimethyle2eazo-bis-isobutyrate in nitrobenszene {a lnown
irhibitor) and in a variety of other solventszs They ob=
tained practically the same values for the rate constants
as did Lewls and Matheson't,

Overberger and aamwerk@rsh5 prepared s series of azo-
bis-nitriles in order to study the polar and steriec effects
on the rate of decomposition and to investigate the use of
the compounds as radieal sources for polymerization. In
their kinetic determinations (followed by the rate of nitroe
gen evolution) they were able to reduce, but never eliminate,

an induetion period. Nevertheless, they were able to show

Minegler, Deparade and Meye, Ann., 567, 141 (1950).
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thet the deconpositions were strietly first order with a
rate constant independent of the solvent used, The tempera-
ture at which the decompositions were run was nearly identi-
cal to that nsed by Lewis snd Matheson (8@;2 as opposed to
80) and in some eases, kinetic studies were made on 1denti-
¢cal compounds. Wken sneh was the ease both workers were in
good agreement 22 to the wvalue of the unimolecular rate
constant. Overberger found a large variation in the value
of the unimolecular rate constant with the variation of R
in the molecule:

[

B - ? - N

Gﬁg 0 »
If R 1is cyclohexyl, then ky = 0.083 x 10~* sec.”! and if R
is isobutyl, ky = 7.1 x 107" see.1,

By consideration of Fischer-Herschfelder molecular
models of the trans isomers of the above compounds a steric
explanation was advanced. (The g¢gis isomer was impossible
to eonastruct with models and in the preparation of these conme
pounds only one isomeric modification was isolated in all
cases. This indicates that these compounds exist in the
gstable trang mcodification.) Considerable crowding of groups
across the nitrogen-nitrogen double bond was evidence in

the cases wvhere R is methyl, ethyl, p-butyl or p-propyl,



s

those compounds with intermediate rate constants, and ex-
treme crowding in the case of R » 1-butyl and very little in
the case of R = cyclohexyl. The repulsive forces caused by
this erowding megnified the carbon strain and weakened the
ecarbon-nitrogen bond sufficiently to markedly increase the
rate of decomposition. Overberger and Berenbaamkg wvere able
to separate two stereoisomeric forms (probably the 4l and
meso forms of the trans modification) of 2-azo-bis-2«
eyclopropylacetonitrile, 2-azo-bis-2«isopropylacetonitrile
and 2-azo-bis«2-tert-butylacetonitrile, In all three com-
pounds the rates of decomposition of both stereoisomers were
jdentieal within experimental error. The unimolecular rate
constant for 2-azo-bis-Z-cyclopropylacetonitrile was quite
large (k z 33 x 10~ sec,”l), This value, the authors ex-
plainedy 18 probably less due to the steric interference in
the azo compound but more to the resonance stabilization of
the liberated radical which can partake of hyperconjugation
with the cyelopropyl group,

s — D —

l*sﬂmr%mrgar and Berenbaum, J. Am. Chem. So0csy 734
2618 (1951), '
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Overberger and Bileteh, however, showed that hyperconjuga-
tion wae of no essential importance in phenyl-substituted
2y2'~azo~bls~benzylpropionitriles, There was no substantial
difference between the three unimolecular rate constants of
the unsubstituted, p-nitro, and p-chloro derivatives nor be-
tween these rate constants and the one for 2,2'-azo-bise
ismhutyran&tril@ug, thus indicating that the only effect of
a phenyl and substituted phenyl group is steric. The rate
data of Mayo and Overberger are summarized below.

walling5g copolymerized a number of systems (styrene-
methyl methacrylate, styrene-methyl acrylate and styrene-
vinyl acetate at 60° using 2-azo-bis-isobutyronitrile as
initiator. By asguming a constant rate of initiation of
polymerization by azo compound and assuming further that
all fragments initiste chains, he calculatéﬁ the ratioc of
chain termination to chaln growth for each of the monomers

using the calculations of M&y&sl;

“geverbergex and Biletch, ibid., 23, %880 (1951).
50a11ing, ibid., 71, 1930 (194%9).
ERMaya, Lewis and Walling, ibid., 70, 1529 (1948).
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However, Welling's values may be in error because of
the assumption that all azo fragments initiate chains,
arnettl’SQ found that 2-azo-bis-isobutyronitrile as initise
tor for methyl methaerylate was only 50 per cent efficient
instesd of 100 per cent as pestulated ﬁy'W&llinggﬁu The
gseme azo compound was, at best, 82 per cent efficient in the
polymerization of styrene., Arnett attributed the 50 per cent
efficiency towards methyl methacrylate to the unsymmetrical
¢leavage of the initiator

BN ¢ NR— RN & N+ 4 Roe .

To only one of thesey he sseribed the necessary requirements
to initiate polymerization. This reactive radical he chose
to be the fragment RN gz Ne, reasoning that if the fragment
Rs would initiste polymerization, then the efficlency of
iﬂitiatiﬂnkghﬁald,ba 100 per cent since the subsequent re-
action,

Hel o BN« —> Re & Np

should give an active radical, Nitrogen probably would be

evolved by the reaction,

Bell @ Ne # M —> Re # Hao

52prnett and Peterson, ibid., 7%, 2031 (1952).
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Arnett, however, gave no reason for efficiency of 80 per
cent against styrene other than to state that both Tobolsky
and Cohen?315% obtained similar results.

Arnett's methods of determining radical efficlency are
worthy of note. In method I, using only with methyl methaw
crylate, he applied the rate equation of Goldfinger, st

ﬁl*gss
agfx_gﬁvkﬁz%m

where R 1s the rate of polymerization, kp, k¢ and kjy are the
rate constants for chain propagation, termination, and
initiation, respectively. C and M are concentrations of
initiator and mouomer, respectivelys; F is a constant, either
1 or 24 equal to the nmumber of radicals, produced from an
initiator molecule, which start chains. The average depree
of polymerization (DP) is given by the relationship,

1 1 *‘kﬁﬁé

. =
DP  DPg

53Tobolsky, 118th National Meeting of the American
Chemical Society, Chicago, Illinois, Sept., 1950,

S4Cohen, ibid.

55Ahere, Goldfinger, Mark and Naidus, Apn. N cad,
Scley O, M_‘zz&* L, 267 (1532@3)’ y Apn. He¥. Acad |

5656&3&13.3 and Blaschke, Z. w&_‘# Chema. B:L, 75 (1942),
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where k¥ is the trapsfer constant for growing chaine with

monomer and ik’ is the degree of polymerization if there
i3
is no transfer or

!
P = Fk3C
where R is the rate of polymerization and T ig 1 or 2 de-~
pending on whether the terminstion reaction is dispropor-
tionation or combination of two growing chalns, Combining
(3) and (2) gives

R

Since ”gém,ia a constant, 1/DP is a linear function of ct
with a slope of {F}(kgﬁﬁ}/%ﬂ and an intercept, k', Deter-
mination of the slope in the polymerization gave a value
F/T = 0.49, which ean only result if Fka 1and T g 2 Thus
only one radical per initlator molecule is a chain starter.

Their second method consgisted of using azo-nitrile
labeled with Gl% on the nitrila group as initiator and
counting the number of fragments appearing in the resulting
purified polymer2, A sample of their data is given in
Table .,

The tertiary nature of the carbon atom glpha to the azo

linkage seems to be necessary to insure the c¢lean first



Table b

Polymerization of Vinyl Monomers at 50

O with

Azo-bis-isobutyronitrile Containing C1*
Orig. Decomp. Coubined
Monomer Conc. azo-nitrile azo-nitrile azoenitrile Eff,
Methyl meth-
acrylate 524 benzene 9,3397 19.2 11.3 0.59
bulk 0.2096 13.6 707 0452
Styrene bulk 0.0475 20.0 13.2 0,66
pulk 0-039% 5259 Bis o
Aerylonitrile 754 ethanol 0.00606 0.947 0.966 1.02
" " Q;ﬁﬁéﬁ? 0577 0,606 1.05
Vinyl acetate balk 8.8%55 141 1.17 $¢6§
" QQS?Q ?agg ‘ ‘62 6»69
" " 0.0575 3 2.6 0.68
Yinyl chloride 674 in '
acetone 0,0103 2,92 2.29 0.77
52% in |
0.0102 1.71 1.20 0,70

acetone
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order reaction. Both agomethane, with a primary carbon,

and @,wt-azotolueney with a secondary carbon, do not give

as clean cut a reaction. Azomethane decomposes at high
temperatures cwwgbw@mﬁwa%w%mq to give a nmixture of products,
mainly nitrogen and ethane, but some hydrogen, ethylene

and methane and a high molecular weight compound containing
nitrogen8, The yields of the various gases varied with
percentage decomposition of the ago compound. The reaction
involves radicals, becsuse of the removal of lead mirrors by
the fragments produced, which are probably methyl radieals??,
The decomposition of wyw'-azotoluene in boiling a@awwnmwm
and in the vapor wﬁ%m&m@ produced only about 8k per cent of
the theoretical amount of nitrogen. The mein products were
toluene (12.5 per cent), bibenzyl (39 per cent) and stilbene
{10.5 per cent) in w&QW¢wan to ammonia, hydrocyaniec acid and
some nitrogen-containing by-products,. The probable reason

for both the primary and secondary ago compounds giving &

mﬂm&vﬁ&@aﬂmﬁﬂe J« Ame Chem. 80Csy Www 912 (1927).
J8Riblett and Rubin, ibid., 39, 1537 (1937).
59Leermakers, ibid., 53, 3499 (1933).

60y1111iams and Lawrence, Proc. Boy. Soc., London
1568, 455 (1936). s Exoc. Rov. Zoc., London,
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complex reaction sequence is the possibility of resrrange-
ments of these compounds into the corresponding hydrazones.

ReCHp=N & N~CHpR—~ RCH & N = 1%—-61&23

This rearrangement wag already noted by'whie&e36¢

Tertiary Alkyl Peroxides and Alkoxy Free Radicals

Primary and secondary dialkyl peroxides, like the pri-
‘mary and secondary dialkyl azo compounds, are not as stable
as the tertiary members of the specles, Dimethyl pemxi&aé’l
and methylethyl g:emxi&eég are exceedingly unstable towards
shock, the former exploding even in the gaseous state,
Inecreasing the branching on the &-earbon atom and ine
creasing the molecular weight reduces the instability.
Di-t-butyl peroxide is quite stable and may be distilled at
atmospheric pmiawé&* However most di~tertiary alkyl
peroxides are unstable towardg heat and acm@* although the

61pieche and Brumshagen, Ber., 61, 951 (1928).

62pjeche and Hitz, ibid., 62, 218 (1929).

63Milas and Surgenor, J. Am. Chem. Sogc., 68, 207 (1946),
O4Havkins, Quart. Revs. Chem. Soc., 4, 251 (1950).
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range in stability is extreme., Di-t-butyl peroxide is one
of the most stable, for it ean be prepared in concentrated
sulfuric aziﬁé3 and decomposes only slowly in that medium,
Closely related to the di-tertiary-alkyl peroxides are
the tertiary alkyl hydroperoxlides from which many of the
diperoxides have been preyara&é5966, In general, their
stabllity towards acids 1ls comparable to the corresponding
diperoxlides. Tertiary~butyl hydroperoxide is comparatively
stable in aeid solutions and iz prepared, along with the
di~t-butyl peroxide, in a sulfuric acid meﬁium63. Cone
versely, &-cumyl hydroperoxide is guite unstaeble in strong
Lewls acids and readily decomposes in thelr pres%neaé?ﬁ The
hydroperoxides are somewhat less stable towards heat than
the corresponding diperoxides, Tertiary-butyl hydroperoxide
explodes if distilled at atmoﬁpharic pressures although it
distills easily at reduced pressures (k, Enﬁﬂfamm)63 In
the presence of hot, concentrated alkall, alkyl hydro-

65
de Bataafsche Petroleum Maatsehapplj, Dutch Patent
65,25%,  C.A. ik, 4489 (1950) . ’

66Kh&ra$¢h Fono, and Nudenber . Chem, 7 4
753 (19503 ’ ' gy Jo Orge Chem.y 15,

(1959$7Khtrasﬁha Fono, and Nudenberg, ibid., 15, 748
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peroxides decompose to a mixture of aldehydes, ketones and
aei&$58¢ However, in the cold, hydroperoxides are suffi-
ciently =acid to form stable salts of the alkali metals.
Milas end Surgenor®3 prepared the strontium, barium, sodium
and potassium salts of i~-butyl hydroperoxide. Hoek and
Lang®9 utilized the sodium salt to purify & -cumyl hydro-
peroxide.

There are two general methods for the preparation of
alkyl hydroperoxides and diperoxides. 1) The reaction of
hydrogen peroxide with alkyl hydrogen sulfates in the pre-
sence of aclds or alkall usually from & mixture of the hydro
peroxide and diperoxides. 2.) The controlled oxidation of
hydrocarbong yield either the hydroperoxide, diperoxide or
2 mixture of bothe Milas and &urgenmr63 obtained 66 per cent
t~butyl hydroperoxide arnd 3% per cent di-f-butyl peroxide by
adding 27 per cent hydrogen peroxide to t-butyl slcohol dis-~
golved in 70 per cent sulfuric acld maintained between
0-59, They also obtained’® f-amyl hydroperoxide and di=-te
anyl peroxide by the same method using f~amyl alcohol.

Their yields in the latter experiment were unreported.

68yedvedev and Al@ksﬁavai/ rey 65, 133 (1922); J. Gen.
Chem. (U B.8.:8.)y 1, 1193, 125@2%9 1 ’ ’

70Milas and Surgenor, J. Am. Chem. Sog., 68, 643 (1948),

-
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Criegee and Dietrich’t prepared triethylmethyl-l,l,2,2-
tetramethylethyl; snd pentamethylethyl hydroperoxides as
well as 2,5-dihydroperoxy=-2,5-dimethylhexane and 2,7-di~-
hydroperoxy-2,7~dinethyloctane by essentially the same
method. Hoffmen’2® obtained 2,4 k-trimethylpentane-2-hydro~
peroxide from diisobutylene, sulfuric acld and hydrogen per-
oxide and In the same manner obtained tripityl and 2-methyle
heptyl hydroperoxides using tripten(2,3,3~trimethyl-l-
butens) and 2-methyl-l-heptene ag starting olefins.

Since many hydroperoxides and diperoxides are unstable
towards seild, partieularly if the peroxy group is alpha to
an aromatie system, the above method is not generally applil-
ceble, Acld-szensitive peroxides are most freguently pre-
pared by controlled oxidation of hydrocarbons. Hock and
Langég obtained a~cumyl hydroperoxlde from the alr oxida-
tion of cumene in the presence of sunlight. Vaughn and
Rust’2373 prepared t-butyl hydroperoxide and di-i-butyl

7lgriegee and Dietrich, Ann., 560, 135 (1948),

72850 fman, 121st National Meeting, American Chemiecal
Soc., April, 1952, Milveukee, Wisc.

72by sughn and Rust U.8. 2,395,523 Feb. 1946, C.A.
40, 3641 (1946) . = v b

73aughn and Rust U.S. 2,403,771 July 19%6, C.A. 40,
5757 (1946) ., I Al s Cahe %O,
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peroxide by the air oxidation of isobutane using hydrogen
bromide as a catalyst.

‘A third method of preparation of dlalkylperoxides ine-
volves alkylation of a hydroperoxide or its salt. A variety
of conditions have been utilized. Dickey and Bellw treated
the alkali metal salts of many hydroperoxides with the dew
sired alkyl halide to obtain the diperoxlide. Although the
alkyl halide may be primary, secondary or tertiary the
hydroperoxide mist be tertiary. Milas and surg@mx*éfi pre-
pared di-t-butyl peroxide by treating t-butyl hydroperoxide
with t-butyl aleohol in strong acid., In a third variant
Kharasch and cawwnrkem&s prepared di- & -cumyl peroxide by
thermally decomposing a-cumyl hydroperoxide in aA-cumyl
aleohol, presumably by a free radical mechanism. Xharasch
and co-workers”? obtained t-butyle & -cumylperoxide and
f~-butyltriphenylmethyl peroxide by oxidizing the desired
aleohol with t-butylhydroperoxide in glacial acetic acid
containing & trace of perchloric acid.

MDickey and Bell, U.S. 2,403,709 July, 1946 C.A.
40, 6496 (1946) . ¥ s Cohey

7Sknarqseh, Fono, Nudenberg an s, . ;
““Khargsech, Fono, Nudenberg and Poshkus, J. Org. Chem.
12, 775 (1950).
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The acld deconposition of hydroperoxides has been
studied®6167:75476577 ana although many anamolies still
exlet, the initlial step is believed to be as follows

ROOH » A— RO* 4 A0H" and ROOR & A —=ROA™ + RO"

Here A is an acid in the lewls sense. If the group R con-
taing an aromatic ring attached to the alpha carbon atom

then rearrangement is paasibleé7

C gl (CH3) 500" —> C4HL0C(CHy),

Clls0C" (CHy)y » CgHy(CHy) ,CO0H —= Cglig(CHg) €O+

G&ﬁsﬁﬁ * (333)360

Khaxa$¢h67 obtained only phenol and acetone as products of
the acid decomposition of &=~cumyl hydroperoxide. When
triphenylcarbinol was treated with an acld solution of
hydrogen peroxide, presumably forming the hydroperoxide,

benzophenone and phenol wvere farmeﬁ76‘ cr&@gae78 found
that 9-~decalylperbenzoate in acid gave the isomeric

76xnarasch, Fono and Nudenberg, ibid., 16, 928 (1951).
77¥narasch, Fono and Nudenberg, ibid., 16, 150 (1951).
7gcri@gae, Ann., 560, 127 (1948),
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1
C—CgHs

while Bartlett”? found that under acid conditions p-nitro-
phenyl-diphenylmethylhydroperoxide geve over 90 per cent
phenol and p-nitrobenzophenone. This order of rearrange-
ment is consistent with that observed in the pinacole
pinacolone rearrangement.

Di & ~cumyl peroxide dissolved in glacisl acetic acid
with a2 trace mf perchloric acid rapidly decomposed to the
dimer of & -methylstyrene, phenol and ammneéé‘, the styrene
dimer probably arose from the dehydration of the cumyl
alcohol formed. Triphenylmethyl-t-butyl peroxide under the
same conditions gave triphenylmethyl aleohol, phencl and
benmphmma%* A11 of these products are completely em
gistent with the mechanism cited.

Milas and ﬁurgemr% and Ceorge and Walshaa found that,
in the vapor phase, tertilary alkyl peroxides undergo decom-
position to form ketones and hydrocarbons, e.ge., t«butyl

7%Bartlett, Record Chem. Prosress, il, 48 (1950).
80george and Walsh, Trans. Foraday Soc., 42, 9% (1946).
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Table §
Decomposition Products of Alkyl Peroxides

~ Peroxides Conditlons Products

(Cﬁ‘B{:ﬂE)g cooc m%ﬁﬂB)B 2509 glass wool (QHBGHQJQGQ *

2-CyHl0
(CH3)4C00C (CHy ) 5 (CHz )q " (CH3)oC0 + (CHyNC
CH3 ,
0w {QEB)s " aaﬁé » (CﬁB)ZCQ -+
- CHyCHp) CHCOCH;
Cﬁs ((:Hg) 3(3 §§§Q@H3

H
3
distill in Ny Colig + n-CyHg »
(CH3)2 CHyCH CH,

(CgHg) 3CO0H melt (CgHs) L0 + CoHSOR
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Table 6
Decomposition Products of Alkyl Peroxldes

kﬁyﬁroaarbaﬁ‘ o | Product
C¢HsCH(CH;) CHCOCHy
R~-CHyCgHLCH(CHy) 5 B-CH3CHyCOCH,
cyclohexene cyclopentene~le-al
l-ethyleyelohexene 1*eym1@pantagy1 ethyl ketone

forming ethane., At higher initial peroxide concentrations
and with 1little glass surface the methyl radicals preferente
ially attack acetone or peroxide forming methane and higher

ketonic products.

(GHB)BGO 2"‘"“'——“’5 2(033)363»
(CHy)4CO0e - CHy+ + (CH3)CO
ECHEQ —~ Caﬁé

CH3s» # (CH3)pCO0 ——= CHy + sCHpCOCH3
6334» - aﬁﬂzﬂmﬂg — CH:‘CEQQW.?EB

In the presence of nitrie oxide or propylene the rate
of decomposition wasg unﬁffecteﬁ, indicative of a non-chain

decomposition. From the reaction with nitric oxide,



formaldoxime was isolated, formed probably by the mechanism
&Hy * G —— Qi‘i:.)ﬁﬁ —> CHo = RO .

In the presence of propylene, hydrocarbons arising from
attack upon olefin by methyl radiecsl resulted. The products
were complex but eould be rationalized by the usual re=
actions of alkyl radicals, l.e., radical combination and dis-
proportionation, although at these relative high tempera-
tures disproportionation seemed to predominate, In the
presence of large amounts of gless surface virtually no
attack of methyl radicals upon clefin occurred, The radle-
cals preferred to dimerize on the wa113«

The pyrolysis of die-lt-amyl peroxide was homogeneous and
approximately first order with an overall activation energy
of 37 keal, per mole., The predominate products were p-
butane and acetone but methane, ethane, ethylene, propane,
methylethyl ketone asnd higher ketones were formed in small
amounts, In this cgse the alkoxy radical Iragments with

preferential discharge of the larger group.
CﬂB{:ﬁa‘:CﬁS)gﬁ}Q* — G}IB{:KE'W * (‘QHB )QCO

Concurrent with this reaction, but of minor importance, is
the elimination to form methyl radicals. Combination, dis-

proportionation, and attack on other materials by these
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radicals account completely for all produets observed,

Vaughn and ﬁﬁwwark@rag3$3“ further studied the thermal
decomposition of di-i-butyl peroxide in the condensed state
and in solution. High yields of isobutylene oxilde were obw
tained vhen the pure peroxide was decomposed at 110° prob-
ably by the mechanism

CHye  (CHy)9C00C(CHy)y —CHy + <Clp(Cli3) 5C00C (Cli )3
+Cil3(Cify) 5C00C (CHiz)3 ——= (Cli3) 0 —CHp + (CHy)3CO°

The kineties of the decomposition were studied in a
range of solvents, i.e¢., cumene,t-butylbenzene,tri-p-butylaw
nine and in all cases %@tﬁ the fregquency factor (1016) and
the activation energy (29 keal.) were identical within
experimental error to that obtalined in the vapor phase.

This supported the contention that the initiasl and rate de~
termining step in both solution and vapor phase was the
unimolecular seission of the oxygen-oxygen bond.

Kharaseh85 followed the kinetics of the decomposition
of di~ & ~cumyl peroxide and o -cumyl-t-butylperoxide by

83paley, Rust and Vaughn, ibid., 70, 1336 (1948),
84Be11, Rust and Vemghn, ibid., 72, 337 (1950).

8%&1‘&3@3& Fono m Nu&m‘b&rg J" o . Che, | 6
105 (1950). s 4+ Org. Chem., 16,
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measuring the rate of methane evolution between the temperaw
tures 128-158° in various solvents. He did not report the
rate constants nor give any kinetic data other than the
half-lives at various temperatures ard in various solvents
and the sctivation energles, He claimed a Tirst order rate
of methane evolution independent of solvent and surface.
Actually Kharaseh did not measure the primery process since
methane is produced by a secondary waaéti@n* However, if as
is probable, all subsequent reactions after the initial
cleavage of the peroxide vere rapid then the vate of methane
evolution was an adequate measure of the rate of clesvage
provided correction was made for the ratlio of the amount of
methane evolved to the amount of peroxilde decomposed.

The producte of the decompocition of tertiary alkyl
poroxidez in solution are somewhat different from thoge
formed in the vapor phase, The primary processg is identiecal
in both cases but the fate of the alkoxy radicel formed is
highly =zensitive to the solvent, TFragmentetion may still
oeour with the formetlon of ketone and an alkyl radical but
there is the added reactlon whereby the alkoxy radical may

abatract hyvdrogen from solvent forming the tertisry alcohol.

RRYRCO* & SH — RR'R"COH + 8.
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Raley, Rust and Veughn®3 obtained both t-butyl alcohol
and acetone as products of the thermal decomposition of
di~t~butyl peroxide in solution. Kharaachas obtained
acetophenone and &« -cumyl alcohol from the decomposition
of die & ~cumyl peroxide and acetone, scetophenone, t~butyl
alechol and A&w-cumyl aleohol from &-cumyl-it-butyl per-
oxide,

Temperature, solvent and source all had a profound ine
fluence upon the relative yields of alcohol and ke~
tanag3%8h*85¢ Thus the subsequent reactions of the alkoxy
radicals formed after the initial step were highly depend-
ent upon these three conditions. The extreme range in
products is illustrated in Tables 7, 8 and 9.

The temperature dependence of the product ratios
followed the expected trend, e.g., fragmentation was favored
with inecreasing temperature. This was noted in all three
cases studied,

The effect of solvent upon the product ratios was also
*normal®, Higher alcohol yields were obtained in solvents
where hydrogen abstraction gives a resonance stabilized
radical, l.e,, cumene was better than t-butyl benzene which
in turn was better than dodecane. Of interest is the sole
vent tri-p~butylamine., Amines are known as execellent chain
destroyers (inhibitors) in polymerization. In the work of



Table 7

Decomposition of £-Butyl Peroxide in Various Solvents

Ketone/
Temperature Ketone Alcohol aleohol
: {moles/moles peroxide)
12% Cumene 0.39 1.61 0.2k
125 t-Butylbenzene 1.25 0.75 1.7
125 Tri-p-butylamine 0,1 9.9 0.053
135 Cumene 0.49 1.51 0.32
135 t-Butylbenzene 1.l 0,56 2.6
135 Tri-p-butylamine 0.1 1.9 0,053
145 Cumene 0477 1.23 0.63
1h45 t-Butylbenzene 1.5% 0.46 3.3
145 0.1 1.9

Tri-p~butylamine

0.053




Table 8

Products Derived framt(gg %CGGR in cyalahaxan&
a
(Yield in moles/100 mmles peroxide rescted)”

Pradué%s derived
from (QK3)3G&«

RO« aleohol k@t@n@ Ketone/alecohol
CH3 0+ 10 82 8.2
CHyCHaO+ 12 80 6.7
CHy (CHp) 5CHO* 20 69 3.5
(CH3) ,CHO® 6 82 14
(CH3) oCHCHpO0+ 22 67 3.0
(CH3)4C0s. 8 | 9l 12

*The relative proportions of alcohol and ketone from
the t-butoxy radical are the only ones considered.
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Table 9

Ketone-Alcohol Mole Ratios in Products Arising
from the Attack of Free Alkoxy Radicals
from Different Sources in Various
Solvents at 138-1h00

Ketone~alcohol ratios
Peroxide-solvent Acetone Acetophenone
t-butyl sleohol q«-Cumyl alcohol

Di-t-butyl peroxide

t-butylbenzene 2,902 -
cunene 0.50% -
dodecane 0.12 -

a=cumyl. gmbutyl peroxide

t~butylbenzene 0.32 9.70
cumene 0.15 3,00
dodecane 0.0 1.70

Di~ & -cumyl peroxide

t~butylbenzene . -
cumene — 1.40
dodecane - Q.é@

8Calculated by Kharasch and co-workers from the data in
fiblg 5. The arithmatic mean between 135-1450 was deterw
mined.
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Raleyy Rust and V emghn83, tri-p-butylamine gave almost ex~
clusively t-butyl alcohol from %f-butyl peroxide, This
illustrates the excellent gualities of anmines as radical
traps. These authors 4id not report any products arising
from solvent,

Quite surprising on a cursory glance wag the effect of
the source of the alkoxy radical on the produet ratio. This
is strikingly illustrated in Tables 8 and 9, If the rate
determining etep in the decomposition wes the initisl clesvw
age, as the kinetics show, then the radical formed should be
"free" in every sense of the word and unaffected by its
previous bondage. BSuch seems not to be the case. Vaughn
and co-workers did not discuss this problem, However
Kharasch8? on the basis of the three peroxides he studied,
di~ & ~cumyl peroxide, di~t-butyl peroxide and o -cumyle
E-butyl peroxide, rationalizes this fact with the hypothe~
sis that since increasing temperature increases the prefer-
ence of the alkoxy radicals to disproporiionate then at any
g:weri temperature the t-butoxy radicals derived from the di-
t~butyl peroxide contain more energy than the i-butoxy
radical derived from & ~cumyl-i~butyl peroxide. A similesr
line of reasoning suggests that Aa-cumyloxy radicals dee
rived fr’czsm o -cunyl peroxide contain leses energy than those
derived from & -cumyl~t-butyl peroxide,.
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The suspicion that the local environment of the free
radicals, whatever thelr source, may be far more influentlal
than would be expected prompted the following work dealing
with tertiary alkyl peroxides.



EXPFRIMENTAL

Apparatus and Materials

tiometriec Litrations
All potentiometrie titrations were made on a Beckman

pH meter, Model G, using glass and standard calomel elec~

trodes,

All elemental 2analyses were done by G, Weiler and F. B.

Strauss, Microanaslytieal Laboratory, 164 Banbury Road,
Oxford, England,

All infra.red absorption spectra were made with a
Baird Associates Infra-red Recording Spectrophotometer
(Model B), This is a double beam instrument which antoma-
tically recorded the per cent transmission of the solution.
A1l spectra taken were done using the Fujol or Hexachloro-
butadiene mull teechnigue.

Toluene (Baker and Adamson, Reagent Grade) was dis-
tllled through a six~foot, helices packed column. The
fraction boiling at 109«~110°9 (uncorr.) was used in subsew

auent work.
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Cumene |

Cumene (Eastman Kodak, White Label) was distilled using
round bottomed flask equipped with a Vigreux still head and
condenser. The 1liquid boiling at 151.5-152° (uncorr.) was

ugsed, It was stored over calcium metal.

Ietralin
Tetralin (Fastman Kodak, White Label) was distilled
under reduced pressure (91°/18mm) through a six-foot,

helices packed column before use.

Chlorobenzene (Paragon Division, Matheson Chemical Co.)

was used without further purification.

inone)

Chloranil (Eastman Kodak, Yellow Label) was recrystal-

lized once from glacial acetic acid and dried in a vacuum

desiccator before use.

This compound was prepared by the method of pox37 from
dlethyl ketone, hydrazine sulfate, and sodium cyanide. The
dialkyl hydrazine was oxidized to the aze compound with

bromine water. The yield (white platelets) was 60 per cent

of the theoretical., After two recrystallizations from



absolute ethanol the melting point was 74-759%, It was
stored in a dark bottle and kept away from lizht. It was

recrystalllzed once from ethanol and dried in a vacumm

desicecator before uge,

This compound wag prepared in a manner analogous to the
homolog above, The yield was 70 per cent of the theoreti-
cal., After two recrystallizations the white needles melted
at 101-102°,

ARt

This compound was prepared by the method of Bickels and
%aﬁars38 by the reduction and subsequent oxidation of benza-
lazine®™, It was never obtained in a high state of purity
but seemed contaminated by a high melting by-product (127-
130°) whiech waz believed to be benzalbenzylhydragzone. Howe
ever after a number of recrystallizations from 95 per cent
ethanol chilled in a dry ice~acetone bath, a product melting
at 31-33° was obtained (1it. 29°). Since the nature of the
experiments involving this compound d4id not necessarily

*A11 melting points are uncorrected.

**mnis was prepared by Mr, Burton Christensen of these
laboratories.
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require a pure material, the above fractiocn, melting at 319,

was used,

Biagrbatyl peroxide

This compound, donated by Shell Development Corporation,
Emeryville, California, was distilled through a W4 plate

center-rod column (45%/20mm) before use.

Cumene hydroperoxide (79 per cent), donated by Hercules
Powder Company was purified by first precipitating it as the
sodium salt with 50 per cent sodium hydroxide and just
neutralizing with 2 § sulfuric acid®9. After washing with
potassium carbonate to insure the complete removal of acid
the material was distilled under reduced pressure (41°/
0s01lmm), Thus purified the peroxide had an iodometric titer
of 98 per cent.

This compound was prepared by the method of Kharasehaé

from cumene hydroperoxide, The product after distillation
through a W4 plate, eenter-rod column (63°/2mm) and three
recrystallizations from Skelly-solve B melted at 36-36,59,

It was stored in s vacuum desiccator.

86gnarasen, Fono and Nudenberg, ibid., 10, 113 (1951).
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Di- & -cumyl peroxide

This peroxide was prepared by the thermal decomposition
of cumene hydroperoxide in & -cumyl alecohol at 95066¢ Ale
though Kharasch reported nesr quantitative yields under
these conditions, it was only obtained in yields of 5-10 per
cent, After recrystallization from ethanol in a dry ice
acetone bath 1% melted at 39-39.5°% It could not be tie
trated iodometrically.

Trighanglm@thyimgrbuﬁyl peroxide

This peroxide was prepared by the method of Kharaseh?5
from t-butyl hydroperoxide and triphenyl carbincl in yields
of 85 per cent. After recrystallization twice from ethanol
it melted at 69700,

L-Butyl hydroperoxide

This peroxide was prepared by the method of Milas and
Surgenor®3 by the oxidation of tebutyl alecohol, It was
separated from the di-t-butyl peroxide by precipitating it
as the sodium salt and neutralizing with 28 sulfuric cold
acid,

Reactions

Three and three tenths g. (0.015 moles) of azo-bis-
diethylacetonitrile was dissclved in 50 ml. of toluene and
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the solution refluxed for 15 hours, The toluene was then
distilled off at such a reduced pressure that the distilling
temperature did not beecome greater than 509, On standing at
room temperature for 3-4 hours the residue, tetraethylsuc-
einonitrile, crystallized as white needles which on recrys-
tallization from ethanol-water melted at 47-48%9, The
toluene distillate was again distilled at reduced pressure
keeping the distilling temperature below 509, A further
small erop of crystals was obtaineds The total yleld was
2,00 g. (0.,0109 moles) representing 73 per cent of the
theoretical yvield. Neither the distillate nor recrystallie
zation residues gave any evidence of the presence of di-

benzyl which would be expected if attack upon toluene by

the aliphatic radleals occurred.

acetonitrile and 2,48 g. (0.010 moles) of chloranil were
dissolved in 100 ml. of toluene and heated at reflux for 15
hours. The solution was then cooled, and extracted with §
per cent sodium hydroxide until the extract was c¢olorless,
Thies basic extract was deep red in gﬁl@r due to the formae
tion of chlorenilic acid. Upon acidifiecation with § per

cent hydrochloric acid and after standing for one hour s



dirty s0lid formed which after repeated recrystallizations
from glacial acetic acid melted at 140-1h0,99, This proved
to be tetrachlorohydrogquincne monobhenzyl ether. A vield of
0453 g+ {0.0016 moles) was obtained.

Calculated for Cy3HgO.Clys € = 4643, H & 2,47, C1 = 42,1

Found s C = 46,6, H @ 2,48, C1 = 41,6
The structure proof of this compound is given on page 70.
The infra-red absorption spectrum is gilven in Figure 1.

The organic layer from the extraction was steam dise
tilled and the distillate which contained all the toluene
wag extracted with ether and dried over sodium sulfate.
After drying, the toluene-ether mixture was dlstilled under
reduced pressure ag in the ?rec&&dimg experiment, This dise
tillate ylelded, after recrystallization from ethanol-water,
0u6 gs (0.0031 moles) of tetraethylsuccinonitrile., This
amount of product represgented 31 per cent of the azo~bla-
acetonitrile decomposed.

The regidue from the steam distillation was recrystale
lized from a large volume @f ethanol end gave 1.55 g. (0.0046
moles) of tetrachlorohydroguinone die{(3-cyano-3-pentyl)
ether which melted at 166.167°, The yield, based on the

amount of azo-bis~acetonitrile decomposed, was 45 per cent.

Caleulated for CygHopOoNoCly: C = 49.3, H = W.56, C1 & 32.k,



# 229 -=- Tetrachlorohydroquinone 4i(3~eyano-3-pentyl)
ether.,

#3718 -~ Tetrachlorohydroquinone mono(2-cyanom2~propyl)
ether. '

#3711 -~ Tetrachlorohydroquinone di(2-cyano-2-propyl)
ether.
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Tound: c -4 5Onlg H = %,%2, ¢l » 31'7’
N o 6,32

The infra-red ahsorption spectrum is given in Figure 2.

This decomposition was carried out and the products

isolsted in the same manner as in the above experiment.

A phenolle produet, tetrachlorohydroguinone mono(3-
cyano-3=pentyl) ether, was obtained. Melting point 165°
{with decomposition).

Caleulated for CjoHyy0.MCIy: N & 4.08, C1 & Ml.h
Found: Nz 4,17, C1 & 40,7

This compound, both by mixed mellting point determina-
tion and infra-red absorption analysis was shown to be dif-
ferent from the phenolie product, tetrachlorchydroguinone
monobenzyl ether, obtained in the preceding experiment,

The infra-red absorpilon speetrum 1sg given in Flgure 1,

Tetraethylsuccinonitrile and tetrachlorohydroquinone
di-{3=~cyano-3~pentyl) ether, identical in 2ll respects to
those compounds prevliously obtained, vere isolated. Thﬁ
yvields and material balances of this and the experiments

below, are given in Tables 10 and 11,
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Table 10

Melting Points and Nomenclature of Products
from &zawbismnitrila Decompositions

Compound | Melting point® Eam@nclaﬁnrab

Tetrachlorohydrogquinone b0 -140,9 B1
nonobenzyl ether

T@trachiarahyﬁroguinﬁn@ 173.5-173.8 W1
dibenzyl ether®

?atraﬁhlar@hyﬁraqninona 13% »135 B2
mggé(gwﬁyananamprﬁ§y1) |
ether

Tetrachlorohydroguinone 166 167 Hne
di(2-cyano-2-propyl) ether

Tetrachlorohydroquinone 165 (dec,) B3
m%§§(3~ayana~3~pentyl)
ether

Tetrachlorohydroquinone 166  ~167 N3
di(3~cyano-3~pentyl)
ether

Tetramethylsuceinonitrile 165 166

Tetraethylsuccinonitrile L7 48 82

£
LS

%ncorrected.
bﬁamenalatura used in Table 1l.

®Not obtained as a reaction product.



Table 11
Products Derived from the Decomposition of Azo-bis-nitrile

Alkyl radiea;ls

Azo-bis-nitrile Additive Solvent Produets _ recovered,
moles x 10° moles x 102 50 ml, moles x 102 moles x 10°
DE-1.5 none | toluene §2-1.09 2.2
DE~6.k none tetralin £t 7 1.79
DE-0,.5 chloranil toluene B1-0,08 0,765
52-0.31
DE-1.,3 chloranil chloro- B2-0.66 2.k
1.3 benzene H2~0.67
£2-0.47
DM~1,0 none toluene :53-{3;._86 1.7
DH-0,9% chloranil toluene B3-0.036 1.3
1.0 B1-0.032
H3-0.27
$3*9f3é ,
D¥=-1.1 ehloranil chlorine B3-0.037 0.79
0.53 H3=~0.29




GLOTTOs

3 osdlion of azo~bls~
of ehloranil in toluene

The experiment was pursued in a marner anslogous to

those above.

After extraction with 10 per cent sodium hydroxide the
neatral fraction gave hoth tetramethylsuccinonitrile and
tetrachlorohydroquinone di-(2-cvano-2-propyl) ether, iso=
lated by the shove itechniques.

From the acueous extract was lzolated both tetrachloro-
hydrogquinone monobenzyl ether and tetrachlorohydrogquinone
mono (2-cyvano-2-propyl) ethers The monobenzyl ether was far
less solnuble in glacial acetlic acid and fractional crystale
lization was enployed for the geparation. After fractionsl
crystallization the infra-red spectrum of the mono(2-cyvanow
2=propyl) ether showed no absorption at 13.29% microns
characteristic of the monobenzyl ether. This spectrum is
shown in Figure 2.

The steam distillate from this resction was searched
for bibenzyl in the following marner, The last fraction
from the reerystallizations of tetramethylsucelnonitrile was
dried and an infra-red absorption spectrum determined. Bi-
benzyl has o strong absorption maximum at 13.25 micronsy
which peak 1s absent in tetramethylsuccinonitrile. The

gpectrum of the sample was esgentially that of tetramethylw



T

suceinonitrile with no indication of any aﬁaerptimn at the
above mentioned wavelength, This spectrum along with that
of bibenzyl is given in Figure 3.

In the same fashion the residue after steam distilla-
tion was searched for tetrachlorchydroguinone dibenzyl

ether., There was no evidence of sbsorption at the required

13.2% microns in the sample,

This resection was carried out similarly to those pre-
ceding it. The products isolated were:

Tatram@thylgma@1nanitrile

Tetrachlorohydroguinone di(2-eyano-2-propyl) ether

Tetrachlorohydroguinone mono(2-cvano-2-propyl) ether

sofdium hydroxide vhen titrsted potentiometrically. The pH

2t the end point was 8.39. Feutral ecuilvalent for

ZA

Numerous methods for preparing tetrachlorohydroguinone
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monobenzyl ether, previously unknown, from tetrachlorohydro-
gquinone and bengzyl chloride were attempteds With aguecus or
aleoholic sodium hydroxide or potassium carbonate in
acﬁtan$87 only tetrachlorohydroquinone dibenzyl ether could
be isolated. With sodium hydride in dry diethyl ether, the

starting materials were recovered unchanged.

of tetrachlorohydroguinone dibenzvl ether
Chloranil was reduced to the hydroquinone by refluxing
with zine metal in glaclial acetic acid until the solution
was e¢lear, The hot solution was filtered and on cooling
white needles of tetrachlorohydrogquinone precipitated.
These were filtered, alr dried and used without further
purification.

Eight g« (0.03 moles) of tetrachlorohydroquinone was
added to 2.6 g. (0.065 moles) of sodium hydroxide in 100 ml.
of water. The solution was heated to reflux and to the green
refluxing solution was added dropwise 9.0 g. (0.07 moles) of
bengzyl chloride., After the addition was complete the soluw
tion was refluxed for two hours further., On cooling a pre-
cipitate formed which was filtered and recrystallized from
95 per cent ethanol. Melting point 173.5-173.8°, The

compound was insoluble in base.

87Curd and Robertson, J. Chem. Soc., 714 (1933).



T
Calculated for CogHyi0sCly: C = 5640, H s 3.28, C1 = 33.2
Found: C e 5?&3, H m«Bmk7, Cl = 3lﬁ8

The infra-red absorption speetrum of this compound is
given in Figure 4,

atiop Qﬁ.&&ﬁ.k~§§X&.ﬁE&mﬁ.ﬁg'~“”»*>su» SAYSroguinone
nzyl ether derived from the decomposition reactlons
A 0,5 g. sample of suspected tetrachlorohydroquinone

monobenzyl ether was dissolved in the minimum necessary §
per cent sodium hydroxide and heated to reflux. Then 0.2
ml. of benzyl chloride was added dropwise and the solution
was refluxed for four additional hours. 4 solid formed
during reflux and after cooling it was extracted with
diethyl ether, the ether evaporated and the s=olid recrystal-
lized from 95 per cent ethanol., HMelting point 173-1759.

A mixed melting point with suthentic tetrachlorchydroqui-
none dibenzyl ether, prepared above, showed no depression,
The infra-red absorption spectra of the two samples, shown

in Figure W, were identical,

In the structure proof of tetrachlorohydroquinone

monobenzyl ether this compound was converted to the known

tetrachlorohydroquinone dibenzyl ether, &till to be



Figure 4.

#1939 -~ Benzyl ether of product phenocliec,

#1603 «= &gﬁh&mﬁiﬁ tetrachlorohydroguinone dibenzyl
etner.
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congidered was the possibility that the ether function weas
cleaved and that an originsl cyvsno alkyl function was Trew-
moved and replaced by a benzyl group.

Accordingly a small amount of tetrachlorohydroguinone
mono{3~cyano-3~pentyl) ether was refluxed with dilute sodium
hydroxide and bengzyl chloride for three hours, The solu-
tion was cooled and extracted with diethyl ether. The ether
solution was dried over sodlum sulfate and the ether evae
porated, The white s0lid was reerystallized from 95 per
cent ethanol and melted at 230-250°, An admixture with
tetrachlorohydroquinone dibenzyl ether showed a melting
point depression, Therefore since the diethylacetonitrile
group was not displaced by a benzyl group, it was coneluded
that no displacement oceurred during the preparation of

the dibengzyl ether from the monobenzyl ether,

pene in the presence of chlora-

A 2.46 g. (0,014 moles) sample of chloranil and 0.21
g+ (0,001 moles) of impure azo~bis~toluene were dissolved
in 500 ml. of toluene and heated at reflux for 43 hours,
After cooling, the solution was extracted with 10 per cent
sodium hydroxide solution until the extracts were clear.
Acldification of the agueous extract with dilute sulfurile
acid gave 0429 g. (0.0009 moles) of solid whiech after
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recrystallization from glaclal ncetic acld melted at 139«
140°, A mixed melting point with the phenolic product de-
rived from the reactlion of azo-bis«dlethylacetonitrile with
chloranil 1n toluene gave no depressions The Infra-red
absorption spectra of both samples were ldentieal. This
establlished the identity of the compound as tetrachloro-
hydrogquinone monobenzyl ether.

The organic residue from the extraction was steam dise
tilled but no product was isolated from the distlllate other
than ¢hloranil. The residue from the stean dietlillation
consiszted of reddish charred material from which no identi-
fiable éempannﬁ cound be isolated. ~2lthough the amount of
tetrachlorohydrogquinone monobenzyl ether obitained could
probably account for all of the azo-bis-toluene introduced,
the possibility of rearrangement of the azo-bis-toluene to
benzal benzylhydragzone should be considered, Some or even
a majority of the mono benzyl ether conld be derived by
echain transfer with solvent.

B@&ampasiﬁioﬁ of apo-big~toluene in the presence éf
chloranil using as gsolvents both cumene and tetralin also
gave tetrachlorohydroguinone monobenzyl ether, identical
in all respects with that previocusly obtained.



grorides

Method 1

To o weighed amount of the peroxide (approx. 0.5 g.)

in a stoppered erlenmeyer flask was added 29 ml. of glacial
acetic acid and the flask flushed with carbon dioxide by
adding a few small pileces of dry ice. The sntire operation
was carried out under sn atmosphere of carbon dioxide., Two
grams of potassium ilodide, dissolved in 25 ml, of distilled
water, and then 10 ml. of 32 per cent hydrochloriec acld was
added with swirling. The solution was then titrated to
near the end point with 0.1 normal sodium thiosulfate. When
the red color became faint the solution was diluted three
to four times with distilled water as a high acid concen-
tration obgscured the end point. BStareh indicator was added
and the titration eontinued to the disappearance of the
characteristic blue color.

This titration was applicable to cumene hydroperoxide.

Hethod 2%
The sample dissolved in glacial acetic acid was mixed
in an inert atwosphere with an equal volume of constant

boiling, agueous hydrogen ilodide (c.p. 56 per cent). The

33ﬁiak@ Raley, Rust, Treser and Vaughn 1, Eng.
Chem., b1, 1637 (1983)e , Ind. Eng



econtainer was ¢losed, the mixture heated at 60° for 45
mimmtes and the liberated ilodine titrated with standard
thiosulfate after dilution with oxvgen free water.

This determination was applicable to di-t-butyl per-
oxide and triphenylmethyl~t-butyl peroxide.

These determinations were made using a vaeriation of the
method of Siggie®?, A volume of the test solution was
pipetted into 50 ml, of a hydroxylamine hydrochloride solue
tion (35 g. of hydroxylamine hydrochloride dissolved in 160
ml., of distilled water and diluted to one liter with 9%
per cent ethanol). The liberated hydrochlorie acid was
then titrated ymt@mtimﬁeﬁriaally with either 0.2 or 0,5
normal sodium hydroxide, depending upon the smount of
acetone in the samples The precision of the determinations,
evalusted by synthetic mixtures, was # 5 per cent.

For those samplee which contained both acetone and
acetophenone the total ketone and acetone contents were de~
termined in separate samples. For the latter the sample was
pipetted into a special distilling flask equipped with 2

long right angle side arm containing a condenser in the

BQﬁigg&a, *ouantitative Organic Analysis via Punctional
Groups", John Wiley and Sons, Inc., New York, 1949, p. 17.
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vertical portion. Ten ml. of benzene (Baker and Adamson,
thiophene free, reagent gzrade) was added as a earrier. The
acetone and benzene were then distilled over a water bath
into 50 ml. of hydrexylamine hydrochloride solution, This

golution was titrated potentiometrieally as above,

Determination of hydroxyliec comp :
Methyl 1ithium?C, dissolved in di-p-butyl ether, was

first equilibrated in s flask, egqulpped with a magnetic
stirrer and comnected to a gas buret, until the volume of
gas no longer varied (2-3 hours). After egquilibration, 1
or 2 ml. of sample was injected through a rubber nipple on
the flask by means of a hypodermic syringe. The solution
was stirred and the volume measured after varlation caused
by the heat of reaction had ceased, A blank of 0.87 ml,
cauzed by introductlon of one ml. of liquid was subtracted

from each run. The preclsion was s 10 per cent.

ition of tertiary alkyl peroxides
Di-t-butyl peroxide was weighed on an analytical

balance in a fifty ml. volumetric flask (approx., 20 milli-
moles per 50 ml.)s The sgolution was diluted to the mark

with cumene.

gﬁc}im&ﬂ’ Zn@llmax* and gﬁlb?’g ﬁo Anm. Ma @m'g iﬁ’
1252 (1933). | ’ |
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Triphenylnethyl-~L-butyl peroxide (20 miliimoles per 50
nl.) was trested In the seme marmer,

Mixtures of triphenylmethyl-t~butyl and di-t-butyl
peroxide (approx. 20 millimoles each per 50 ml.) velXe pree-
pared in the same fashion.

Mixtures of di-t=~butyl peroxide snd di~ & -cumyl per-
oxide were prepared by dissolving approximately 20 milli-
moles of di-i-butyl peroxide per 50 ml, and enough di- & -
cumyl peroxlde to insure that the concentration of t-hutoxy
and & -cumyloxy radicals during the major portion of the run
would bé aporoximately the same, The regulred concentraw
tions were calculated from the observed first order rate

mmtantsi% ’35,

; ky
{die & ~cumyl peroxide) @ wewece
_ ke  (di-t-butyl peroxide)

20

T 280
= 0.072 » 10*3 moles of di- & ~cumyl peroxide
per 20 millimoles of di-t-~butyl peroxide.

Samples of di- & ~cumyl peroxide were determined con-
taining 0072 % 10™3 moles of veroxide per 50 ml. zolution.

The peroxide sample to be decomposed was plpetted from
the volumetric flask into round bottomed, long~necked flask
with a constriction in the neck. The flask was chilled in
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an ice bath and evacuated with a Cenco Hivac vacuum pump.
The flask was sesled at the constriction while still under
vacuum and allowed to warm to room temperature, The flask
was then immersed in a thermostated oil bath (172.5° s 0.2)
for a period of time calculated to gilve greater than 99 per
cent daaompasitimn*, The flasks were taken from the bath,
allowed to cool to room temperature and opened and lmmede
iately determined for ketone and aleohol content by the
previously mentioned methods. The data from the decomposi-
tions are tabulated in Tables 12, 13 and 1k,

From the resi&ues after the decompositions were iso-
lated a white erystalline solid which readily sublimed
melting point 117-118%, This was presumed to be bi- & =
cumyl,

The deconmpositions of triphenylmethyl gybutyl peroxide
always gave a yellow colored solution. From the residue
was 1solated, besides bi- & -cumyl, an impure white solid,
melting at 164-166°, It did have an infra-red spectrum
similar to that of triphenylmethyl alcohol and ig believed
to be benzpinacol diphenyl ether.

*It was sssumed that triphenylmethyl-t-butyl peroxide
had a first order rate constant of the zame order of magni-
tude as di-t-butyl peroxide. No peroxide could be deteeted
jodometrically after decomposition.



Table 12

Products of Decomposition of Peroxides

Moleg? Moles

Holes

, Moles
Run no. Peroxide x I ketone x 103 alcohol x 103  product x 103
di-t-Butyl 20,47 7425 31.25 38.5
di-t-Butyl 24,00 8.10 - -
Triphenylmethyle 16.80 3.19 30,0 33.2
t~butyl

I di~- & ~Cunyl C.148 0.247

8511 per 50 ml. solution in cumene,

=98~



Table 13 _
Products of Decomposition of Peroxide ﬁixtmes

Moles Moles

Total

Run Moleg? Moleg®  ketong alechgl  moleg
no. x 10 Peroxide x 105 x 103 x 10 x 103
5  di-t-Butyl 22,42 Triphenyl- 20.05 15.20 59.09 7%.29
methylet-
butyl
6 di-t-Butyl 25.59 Triphenyl- 5.343 11.58 16,52 58.10
methyl-t~
butyl
7  di-g-Butyl 24,91 di- & ~Cumyl 0.0819  10.30P  43.75 5% ,05
9 dai~g-Butyl 24,3  di- & -Cumyl 0.0990  10.58

8411 per 50 ml, solution in cumene.

brotal ketone titrated.

Cicetone only titrated,

»e égw



Table 1h

Product Comparison from Peroxide Decomposition

Moles®

Moles®

Per cent

~ Per cent

Run ‘Moles® Moles® ,

Nno. r-butyl other ketone alecohol ketone .$i¢¢h§$w
1 40,9k o 7425 31.25 17.7 74,5
2 8,00 e 8.10 - 16.9 -
3 16,80 16.80 3.19 30.0 19.04 89,5
L — 0.296 0.24 — 81. ——
5 64,89 20,05 15.20 59.09 23,44 69.5
6 56.52 54343 11.58 46.52 20,34 7540
7 %9.82 0.0819  10.30° 43,75 20.7 87.5
8 56,30 0.0012  9.96¢ 48,8 17.8 87.0
9 18,60 0.0990 10,58 - 21.8 -

ap11 x 103,

bTatai ketone in sample.

S0nly acetone.

dComputed only on the basis of t~butoxy radicals,

w@gw
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DISCUSSION

As shown in Tables 10 and 11 the radicals produced by
the fragmentation of both aliphatic azo-nitriles studied
{(azo~bis~diethylacetonitrile and azo-bis~dimethylacetonie
trile) gave no evidence for attack upon solvent, in the
absence of chloranil, insofar as thls attack could be recog-
nized via product analysis. The informatlon gained from the
infra-red spectrum of the ¢rude dinitrile formed in the re-
action shows that any attack upon solvent certainly aseccounts
for less than 5 per cent of the total reaction. However,
in the presence of chloranil 7,6 x 1072 moles of radicals
(3.8 x 102 moles of starting materisl) produced a product
equivalent to 4.8 x 10™3 moles of toluene attacked, or one
out of every 16 radicals produced attacked solvent. If
this reaction had proceeded in the absence of chloranil
then the expected products, dibenzyl or 2-ethyl-2-cyano-le
phenylpropane or 2-methyle-2-cyano-l-phenylpropane, could
have been guite easily characterized either by actual
isolation or by the detection of a strong infra-red abe
sorption ban at 13.2 nu. in the product formed. 8ince no
evidence for the presence of a product, derivable from sol-

vent could be obtained without the presence of ehloranil,
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it must be concluded that the presence of this 1s requisite
for attack upon solvent to oecur in these systems.

In Table 16 iz given the fractional recovery of the
products obtained in the various reactions. Table 15 gives
the percentage of pertinent radicals needed to produce
these products. In Run 1 and b4 of these tables the 73 per
cent recovery of radicals represents that amount of azow
nitrile which dimerized. The other 22 per cent probably
disappeared, for the most part, by disproportionation.

2 (CHyCHp) o0CN —» CH3CH z C(CN)CHoCHy # (CHgCHp) CHON

If the attack upon toluene by dialkylmethyl radiceals
was just below the level of detectability then choosing as
a solvent a compound such as tetralin, which would produce
a radiecal seemingly more resonance gstabilized one should
then be able to recognize attack upon this solvent by a
decreased yleld of dinitrile or by the formation of products
derived from that solvent, Tetralin should be far more
effective than toluene since Gregg and Mayo found ethyl-
benzene to have a chain transfer constant six times that
of toluene, But, as is shown in Table 10 the yleld of
dinitrile is in no wise diminlshed over the case of toluene

nor was any evidence for the formation of naphthalene or



Table 15

Material Balance of Products Obtained from the
Decomposition of Azo-bis-nitriles®

Run Solvent RECN H CgHsCHp
1. Pure toluene® 0.73 - i
2, TInh. toluenePsd 0,77 0,08 0408
3. Inh. chlorobenzenePsd 0,88 0,06 -
4, Pure tetralin® 0.73 e -
5« Pure toluene® 0,86 e .
6. Inh. toluene®sd 0.69 0,0k 0,02
7. Inh, echlerobenzens®'® 0,775 0,03  =w

2Baged on one mole of dialkyleyanomethyl radicals
consumed .

bﬁzemhisndiethglaeﬁtanitrileu
Caozo-bis-dimethylacetonitrile.

alnhy = BEgquimolar in chloranil.



-2

Table 16
Material Balance in Azo-bis-nitriles Decomposition

Run © RR ROCECILOH ROCECILOR  CEHs0CC1LON
6 0.385 0.019 0.287 0.017
7 0.46 0.025 0427 o

bitetralyl abtainaa*‘ Thus, attack which may occur upon
&o;vent is negligible in these cases.

The fact that no attack upon tetralin was detected
also precludes the mechanism

RpCON + CgigCHy — R,CHCN &  CgHsCHS

CgHgCHy ¢ RCHC(R)CN — CgHCHy + RCH = C(R)CN

*pr. Cohen and Mr. Hemilton of these laboratories, have
obtained evidence that sgo-bils~dimethylacetonitrile cata~
lyzes the oxidation of tetralin by oxygen. However, here
the mechanism is probably;

» ,
RyCCN + Op — R C(CN)00«
R C(CN)00+ # RH — R,C(CN)OOH + Re
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oeeurring in toluene, where the latter step 1s the only
manner in which benzyl radicals are destroyed. TFor, if
tetralin were attacked in the same manner then the tetralyl
radical should definitely prefer to dlsproportionate, Since
no disproportionation products from tetralin were lsolated,
the mechanism can be dismissed as unimportant.

In Bun 2, Table 15, all of the hydrogen atoms arising
in the products must be congldered as derived from toluene.
In this case only 77 per cent of the original fragmente are
accounted for. fince this is not too different from the 73
per cent obtained in pure toluene, the rest of the starting
material is probably accounted for as disproportionation
products, In Run 6, however, 2 per cent of the hydrogen
atoms should have arisen from disproportionation of the somi~

quinone radicals with dlalkyleysnomethyl radieals.

Here 71 per cent of the original fragments are asccounted
for, not too different from the case of pure toluene. In
Run 3, 9% per cent and Bun 7, 81 per cent of the fragments
are obtained.

Disproportionation is undoubtedly & higher energy path
than is dimerization with attack by a ra&ieal,yag upon

chloranil being of an intermediate energy. In any discussion
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on the relative extent of dimerization and disproportionaw-
tian,'the following must be considered., Any reaction which
involves a relative high activation energy, l.e., reasction
with chloranil would preferentially destroy those radicals
with higher thermal eperzles., Vith no other factors cone
sldered the result of thls reaction would be to displace the
energy Glstribution curve for the system to lower energles,
The resulting radicals, being of lower energies would be
more prone to dimerize than disproportionate giving an ine
crease in the yield of dimerization products in the system,
However it is more likely that the resulting radicals, by
virtue of the enormous pumber of collisions they undergo,
would socon redistribute thelr energy far faster then 1t is
denleted. In other words, equipartition of energy probably
‘ aeau?s so rapidly that the distribution curve is essentlally
unaffected, There would, then, be the same fraction of high
energy radiaals in the later stages of the reactions as in
the earlier and the relstive yields of disproportionation
and dimerization would be unaffected by the reaction with
chloranil, However, the presence of chloranil might influe
ence the dlsproportionation to dimerization ratio because

of the disproportionation of the =zemlquinone radical it~
self once it is formed. The semlquinone radical will ab-

stract hydrogen atoms from toluene, a reaction that is
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unimportant with the dlalkyleyano methyl radicals, and mey
prefer to disproportionate with a dialkyleyanomethyl radi-
cal rather than add to the latter. In the former case a
C- bond 1= broken and an O-H bond fermed, and one C w C
double bond 1s formed from a C-C zingle bond, a net gain
of 64 keal/per mole. In the latter case a -0 bond is
formed with a net gain of 70 kecal/mole. Sinece the ener-
getiecs are nearly similar and since the frequenecy of colll-
sions with the proper sterecchemlstry for disproportionation
will be relatively great, disproportionation should be
favored. In this case the yvield of dimer should be de=
ereased by the preferred disproportionation resction with
chlorsnil,

Although, at present, there 1s some question as to
vhether dimerizstion reguires an aetivation energy, there is
no guestion about its being a2 mueh lower energy path than
disproportionations VYhy, then, do such large yields of dis-
proportionstion products obtain? It can be explained ade-
guately by considering the stereochemistry of the approach
of two radicaels. In order to dimerize, two radicals must
approach "head on"., This means that only s small fraction
of actual colllieions will result in dimerization. However
for species auch as the dlalkylcyanomethyl radicals, each

with two alpha methylene or methyl carbons, there is eighte



fold statistical chance that the proper stereochemistry of
approach will favor disproportionation over dimerization.
However this latter path involves an appreciable activation
energy such that only a small fraction of those collisions
of the proper configuration will result in reaction. Silnce
the number of collisions between two viecinal specles in
solution is very high (ca. 1012 -10™ per sec.) it is not
surprising that dimerizatlion is the predominate reaction.
As mentioned before, disproportionation with a semiw
quinone radical may require far less activation energy than
symmetrical dlsproportionation. This would account for any
increase in total disproportionation products in those
systems containing chloranil. At this point it will simply
be stated that most of the semiquinone radicals dispropore
tionate rather then add”. Little can be said, without

*The reaction
ROCEC1,0¢ + (CH3CHp)oC(CNIN w NWC(CH)(CH,CH3)p —>
CHyCH C(CN) (CHoCHy ) ~Nal-C(CN) (CHCHy )5 +
ROC¢C1y,0H

CH3CHC (CN) (CHCHy )NaN~C (CN) (CHpCH3)p —>
CHyCH=C (CN) (CH,CHy) + R,CCN + W,

cannot be distinguished from the reaction



further invectigation, as to the effect of various systems
upon the ratio, Certainly this ratio and its varistion is
of prime importance in understending the reactions of free
radicals in solution and ig deserving of more study than
it has received.

At present, however, of more importance is the appar-
ent anomaly of the nature of the products formed by the
simple addition of chloranil to the systems In &llvlikelim
hood the undecomposed azo nitril should be a very poor
hydrogen donor source.

The large yield of tetrachlorohydroquinone monobenzyl
ether in those systems conteining chloranil and toluene,
although at first surprising is gquite easy of rationalizae
tion. A disproportionation reaction between toluene and
chloranil, Independent of the azo-bis-nitrlle, can be
immediately ruled out. No reaction occurs between toluene

and ehloranil over any reasonable period of time*. Two

ROessHeasC{RIC(R! ") (CN)NgH-R' 't —> ROH + RC'=C(R'')(CN) «
K‘? & Ral¥ m
and prabﬁg,y can bekimmeﬁiatély ruled out sinee Lewls and

Matheson+ found chloranlil had no effect on the rate of
formation of nitrogen as this would require.

*?vivate conpunication from Dr, G 8. Hommond,



14

chain inltiating steps, both of whieh are probably opera-

tive, can be proposed

2a7* R+ 4 CHyCgHy —=RH # +CHyC¢Hs
2e. ROCECI40+ ¢ CHyCgHs ——ROCECILOH + <CHuCgHg

where R+ ls a dialkyleyanomethyl radical, The chain pro=-
pagating step is exactly analogous to 2e. but where R+ is
now & benzyl radlcals, The kinetic chain length of the re-
action need only be moderately long to produce recognizable
emounts of monobenzyl ether,

It may seem puzzling, at first, that the radicals Re
will attack certain molecules, forming intermedistes suffiw
ciently setive to attack thosge mﬁl&&ﬂi@% towards which R»
itself 1s inert. But a considerstion of the energy paths
involved lende a ready explanation. The asctivation energy
for the reaction 2a. probably represents a high barrier even
though the products are somewhat more stable than the ree
actants (the resonance of the benzyl radical is approxi-
mately 24,5 keal/mole?d) since a csrbon~hydrogen bond must
be broken. The activation energy for this path is high
enough so that only a mieroscople fraction of the

**Kumhﬁriﬂg refers to scheme used on page 103,

9lszvarc, Disc. Feraday Soc., 2, 39 (1947),
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dialkylevanomethyl radicals folleow it. However the reaction
2b., R ¢ 0C4CL,0 —= ROCLCL,0¢

probably iﬁvmlﬁ&g a far smaller activatian energy than 2a.
even th@ug& the product may have approximately tﬁﬁ same, O
even less, stability than the reactants. The followe-up rew
actlon, 2e, is guite rapild and although the activation snergy
is appreciable, it 1s not as great as that represented by
2a, In this latter case, 2b, a carbon-hydrogen bond {87.3
keal/mole) is broken and oxygen~hydrogen bond (110.2 keal/
mel&}92 formed. Therefore the products are far more stable
than the reactants. BSince toluene is in extreme eoxcess, as
solvent, then the rate of resction 2e¢ should be independent
of this resctant. Further stabilization of the transition
state, and congequent deereasze in the overall szctivation
energy for the resctiony can be obtained by coneldering a

gimlianeous reaction of the type

HesoaQos -, esQosske uGHg%Hg

In essence thig 1s a termolecular radical reaction and al~
though, in this case, 1t appears to be a fensible path

energetically there is no kinetie evidence to support it.

92psuling, The Nature of the Chemiecal Bond, p. 534
Cornell Univ. Press, Ithaca, New York 2nd Ed. 1943,
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There would need be some method of following the yield of
tetrachlorohydroquinone monobenzyl ether as a function of
toluene concentration to establish its validity. However,
as an assumption it seems logical perticularly where the
third body required is in such excess.

This type of secondary radical reaction appearing only
in the presence of a third body, although unusual, is not
unique, There have been discovered two similar reactions
recently, both involving aliphatic azo-compounds, Bickel
and Ksaijman?a,hava found that azoe-bis~l-phenyl ethane
heated in inert solvents, quantitetively evolves nitrogen
and forms racemic and meso 2,3~diphenyl butane. No other
products are formed. Apparently these radicals do not dise
proporticnate., However, in the presence of l-mercapto-
octane, only 58 per cent of the total nitrogen is evolved,
the rest being incorporated in a disproportionation product,
bis-nmethylphenyl ketazine, Ethylbenzene iz also formed in
an equal smount, The rest of the radicals are accounted
for in the above mentioned dl and meso 2,3~di-phenylbutane.
Apparently the mercaptan has the power to disproportionate
the radiecals, a power they do not have themselves., These
same authors found that this same azo compound will not

93Bickel and Kooijmen, Nature, 170, 211 (1952).
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dehydrogenate 9,10-dihydroanthracene but that with a 2 molar
concentration of l-mercaptooctane per mole of azo=bis~lw
phenylethane and 9,10-~dihydroanthracene, 10,10-dihydro-9,
9t.bilanthracyl was formed,

Harris anﬁ‘%at&rsgk found that 2-azo~bis-methyl
isobutyrate was a very poor radical source for decarbony-
lating aldehydes. The maximum yield of carbon monoxide was
never greater than 5 per eent. The mechanism whereby this

5 per cent arose is

A-NgN-p ——> 24+ & Np
A+ « RCHO —> aH & RGO
RGO ————> R+ # CO

Re # BCHO ———» RH + RGO

However with 0.5 mole per cent of mercaptan per mole
of azo-ester and aldehyde, the reaction went quite readily
with between 80-90 per cent of the theoretical amount of
carbon monoxide evolved. The mechanism was glven as
follows:

A+ « RSH ————> AH # RS
RSs & RCHO — RSH & RCO

Mierris and Waters, ibid., 170, 211 (1952).
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In all three cases the presence of a2 mercaptan was re-
guired to promote attack upon 2 carbon-~hydrogen bend, It

seems quite likely that the generalized scheme was

8. A+ & RSH — AH + RS+
be RSe ¢« R'H —> RSH + Rte

Reaction a. is well known to go readily but the seeming
faclility of reaction bs iz surprising. Mathematical addi-

tion of reactions a. and b. gives a total reaction
S A*éﬁﬂ—*'ﬂ**m

Thus RSH was acﬁing as a true catalyst., 8ince ¢. was the
net reasction, all thermodynamic functions of the reaction
were dependent ﬁpﬁﬂ only Ay RH, R and AH, In this respect
these reactlons differ from the reaction previously cone-
sidered in this thesls where chloranil did not function as
a catalyst but was consumed in the reaction™, However,
since the thermodynamics were unaffected in the reaction in
the presence of mercaptan, the explapation must be sought

elsevhere. The most likely consideration, is again in the

*Although not detailed by either Waters or Kooijman,
there is the strong indication that some mercaptan was cone-
sumed in the reactions. The probable reaction product of
consumption would be the disulfide, RESR, formed by the
union of two mercaptyl radicals. .
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activation energy required for the reaction c¢. as compared
with the two reactionz a, and b. Simply stated, the
species In the two latier reasctions need to surmount a far
lower energy barrier than the single former reaction. This
in essence is the explanation that both Waters and XKooljman
gave, but they gave no raasan for the t@tai lower activa-
tion energy other than to state that activation energles of
reaction between carbon compounds seemingly cannot be ox-
tended to reaction of hetero atoms.

Although the strength of the sulfur«hydrogen bond is
almost the same as the carbon-hydrogen bond {ca. 87 keal/
mala}ga, the facile polarization of the valence electrons
of sulfur certainly should be the determining factor in the
case of reaction a. and may well be of the hizhest impore
tance in deereasing the activation energy of b below that
activation energy required for a carbon radical to abstract
hydrozen from another carbon.

Although the large amounts of tetrachlorohydroguinone
monobenzyl ether can be accounted for, the usual scheme for
radical reactions as outlined below leaves some experi-
mental facts of thls reaction unexplained,

1. [BoC(CMN] ,—> 2R00N  Np

28, RpCCN » CgHgCHy — RoCHON + CgHsCHpe



2b. RGN + CgCLy0p — RoC(CH)OCECIY00
2e. RoCCN & CgCly0p ¢ CgHgCHy — RyC(CN)OC4C1Y,0H
+* Céﬁﬁcﬁgt
2. CEHsCHy ¢ CeCl0p + CEHyCHy —= CHCH,004C), 08
+ CgligCHy
2e. R,C(CN)0CECL,00 & CHCHy — R,C(CN)OC,C1,OH
* Céﬂﬁﬁz'
38, BRofoN —=RL(CN)
3b.  BaC(CK)0CEEIL0s & Rol(CN) — Ry0(CH)OCEC11,00 (CHIR,

3e. Kg&ﬁﬁ » Géﬁﬁﬁa — R0 ((m}gggcéﬁg

34, 2CgHgCHy — CgHCHACHACEH
3e. RL(CK)OCECL00 + CHyCqlly —>RC(CHIOCLCL,0 CHCqHs

Reaction 1, is the initiation step, reactions 2a.-d.
are chain propagation steps sand reactions 3a.-e. are chain
termination steps. Reactions 2¢. and 4. represent the ter-
molecular formation of mono ethers discussed previocusly.
Eﬂ@@?@x if reaction 2b, is dismissed asz an actual course of
the éeaction, then there can be no formation of diether via
step 3b. VNevertheless, the yvield of diether is quite large
in both systems studied., If 2b. i85 included then a consider-
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able proportion of the radicals produced must be inert
towards taluﬁﬂe,‘with,wﬁi@h they undergo frequent colli-
sions before finelly colliding with a dialkyleyanomethyl
radical., Thue a paradox is presented: from the eﬁ&lm@ive
formation of tétraehlwr@hyﬁraqaimﬂn@ monobenxyl ether the
radical ROC4C1y0+ seems to be an extremely reactive specles
while the evidence of high yields of RyC(CH)0CC1,0C(CN)Ry
indicate that a very similar radical ie rather inert. The
first seoming explanation, that the radiecsl Raﬁ(ﬁﬁ)a Celhy, 0
is inert vhereas the radieal céﬁgcﬁzacéaahﬂe is a reactive
species, 1s certainly unattractive since no resonance
stabilizetion can be ascribed to the former that is not
possible in the latter. There is certainly no sterie 4if-
ference at the slte of the greatest density of the odd
electron and the presence status of slectronic theory gilves
no hint of a stabilization of a further sort. It seems
guite easy then to dismiss any extreme difference in the re-
activity of these two radicals. The explanation mist be
sought elsevhere,

It is equally difficult to explain both the high yilelds
of tetra-alkylsuccinonitrile and the absence of formation of
2«cyano-2-~dialkyl ethylbenzenes., The dialkyleyanomethyl
radicals, although inert towards toluene, do attack chlora-

nil in good yield, but in all cases, even in chlorobenzene,
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the yield of mono ether is cuite low or non-existent. It
is hard to reconcile the apparent selectivity of these
radicals. They elther remain in solution and dimerize or,
if they do attack chloranil, they seem to attack it in
pairs, In faet, all evidence indicates that a substantial
smount of the reaction proceeds via paire of dilalkyleysno=-
methyl radicals, | |

The reaction of pairs of radicals should not be dise
missed lightly since thesge radicsls are formed as pairs in

the initial reaction
1. RNgR —» 2R« & Np

It seems that, since they may spend a falr provortion of
thelr life-time in close proximity, they have a high probe
ability of reacting before they separate, Rabinowitseh9?
caleulated that vielnal particles in solution underge at
least 5 x 10%2 eollisions with each other before diffusing
aparts Thus it is pighly likely that, with thisz large
number of collisions, a significant percentzge of these
cellislons should result in reaction. If this is inter-
preted in terms of the decomposition of azo~blg-nitriles,
it means that a substential quantity of tetraalkylsuccino-

nitrile and disproportionation products is formed from

95Rsbinowitsch, Irans. Faraday Soc., 33, 1225 (1937).
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radicals arising from the same molecule. In the same manner,
the high yvields of tertachlorohydroquinone di(2«cyano-2e
propyl) and di(3-cyano-~3-pentyl) ethers are rationaligzed by
considering simultaneous attacks of two radical wammawwwm
derived from the same molecule, upon a chloranil molecule.

Thege two reactions can be represented schematically by

where H+ R+ represents two radicals, produced from the
scission of the same molecule, "trapped" in the solvent
cage, w.m.';awm% reasct as a units There iz the further

possibility of escape from the cage,

5

H* —3> 2R»

which 1s & representative way of saying that the Ycaged"
radicals diffuse apart and subsecuently their eactions are
those of "f{ree" radicals. Once they have diffused apart
they may then undergo any of the reactions 2«3,

There iz the possibility that the recombination of
radicals outside of the cage is a diffusion controlled re
action. If this were so it would require that the activa-

tion energy for recombination be very low (less than 4%
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keal/mole) so that approximately every collision of radicals
results in reaction. ¥With any apprecliable activation energy,
then only a small fraction of collisions result in resction.
Rabinowitsch9? has derived the general expression for
& bimolecular reaction in solution
rate = . n o"*/RT _ (1)
1. _a%v BT
Dy + Dp

where n is the ¢oordination number (12 for closely packed
spheres), v the frequency of oseillation (app. 102 gec,~1),
a the lattice constant (app. 10 &), Dy and D the diffusion
constants of the two reacting speeies, and E is the activaw
tion energy. In the case where E is guite large the rate
of diffusion is negligible and the equation reduces to the

Arrhenius equatlion
rate ¢ Ae~F/RT | (2)
However 1f B is guite small then the equation reduces to

rate o

n (Dy + Dp) | (3)
a2

and the reaction is diffusion controlled,
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Mayo?6 states that the rate of diffusion of small mole-
cules in ordinary solvents it of the order of 10™7em,2/sec.
If equation (3) is applied to the dimethyleyanomethyl radi-
calsy where Dy = D2, then the rate of combination, if
diffusion controlled, is

kg v 2x 101 sec,”t .

Although it isg kinetically impossible to distinguish
an operative cage effect, there is one excellent experi-
mentael means by which it e¢an be studied. This iz by the
uge of "scavengers®., The term scavengers is herein applied
to deseribe radical destroyers used in systems where no
chain decomposition occurs. Chloranil is a scavenger when
used in the decomposition of azowbis-nitriles, but'not when
used in polymerigzation resctions. JIodine 1z an excellent
scavenger in the decomposition of benzoyl peroxide for it

destroys sll benzoste radicals by the reactions?7,

(CgHgC00), — 2 CgHgC00

9618111 Briggs and Ma; . Am. Chem. S0c.s &
112*5 (l?b-é) ‘ng’ 44 B yoy J. Anm. Chem. Soc., é@!

97Hammond, J. Am. Chem. Soce, 72, 3737 (1950); Hammond
and Soffer, ;ﬁiﬁ%, 724 ’ %ﬁﬁﬁéfzg! ' ’
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2 CgligC00 » Tp —>2 CeHECO00T
| CgHgCOOI —»CgHeT + €O,

By the proper cholece of secavengers, it should be pose
sible to study the cage effect. A scavenger needs be found
which will not reasct readily with radicals which have a
preferential low energy path, il.e., recombination in the
cage, but will react with those radicals vhich do not have
such a low energy path, il.e., radicals which have diffused
outside of the csge. This would require a competition for
radicals between scavenger and radiecal., If the activation
energy for reaction with scavenger is sufficiently high then
the predominate reaction will be combination of the radi-
cals. The nature of the scavenger, chloranil, is somewhat
different since the radicals may simaltaneously react with
chloranil. Better scavengers with wvhich this reaction can~
not occur are mercaptsns. They compete unsuccessfully in

the cage for radicals but elsevhere compete suee@safuliy*‘

"br. Seny of these laboratories, has found a limiting
value in the yvield of tetramethyl suceinconitrile when azo-
bis~dimethyl acetonitrile is decomposed in various concenw
trations of p-butyl mercaptan. This yleld is highly
solvent dependent,



~111~

One reaction of Interest has been followed., Bawn and
Mel1ish?8 followed the rate of resction of 2-azo-bls-
izobutyronitrile with the stable, colored free radiecal
K Nt-diphenylpicyrylhydrazyl [(C 635)3?%%%}13(%2):;' by coloro-
metric means. The results were essentizlly negative, inso-
far o the cage effect was concerned. The rate was first
order in azo-nitrile with a rate constant, within experi~
mentel error, of that obtained by nitrogen evolution.

This work mast not be taken sg generzl evidence that a
cage effect ig not operative with azo-nitriles, Due to the
reguirements of the experiments these workers used rather
hich concentrations of hydrazyl and it 1z probsbly that this
radical was effective scavenger, but probably not selective

in its sctlion. An explanatory mechanism would be
A —— B He Dﬁg
R+ R+ + Blie— BNR + R»

where BN represents an N,N-diphenylpicyrylhydrazyl radiecal.
It would be of interest to find the variation in the yleld

of sueccinonitrile with conecentration of hydrazyl.

(1951?$§awn and Mellish, Trans. Faraday Soc., 47, 1216
/ *
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Matheson?9, to explain a complex rate expression de-
rived by Schulz and BlaschkelO0 for the benzoyl peroxide
initiated polymerization of styrene, made use of the cage
effect, Sechulz, in order to interpret his polymerization
data, required the expression

M . constantx ¢ T om | _ KOO :lé
b 1+ K(M)

where C is iInitiator, M monomer and X an "equilibrium con-
stant" for an activated complex which he believed to be

important. Matheson proposed instead the mechanism
(CgHgC00,)— ky—>- 2CHL00+ ky (CgHgCO0)

L gHL00+ —kp—=(CgHgC00)p or X kp (CgH5CO0+)

CgHsCO0+ & M—ky—>Pys , k3 (M) (CgHgC00+)
Ppe ¢ M—ly—>Py 4 10 ky (Pp) (M)
Pp* 4 Ppe—%ks—>inactive kg (Pp)(Pp)
r *n 5 polymer 5 V¥in

where step 2 is recombination of radieals in the cage, The

ggMa‘bheaﬁn, £¢ Q ;&Em' MQ, &3,, 581‘ {1915‘5}1

100schulz and Blaschke Zeit. physik. Chemie,
75 (1942), ’ ‘
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product, xy is some product which is incapable of redisso-
clating into benzoate radicals., Metheson has definitely

shown that such products are formed, but he has not estab~
lished that peroxide is not formed. Using the steady state

assumption he obtained the expression

+

L I [.ﬁi..l ik;/ka)uﬁ]
at 1%*-5% 1+ ky/kp M

which agrees with the experimentally determined equation.

It 1is possible to reinterpret the data of ﬁrnatta*ga
on the basis of the modified cage effect., He found that
azo~bis~isobutyronitrile wvas not 100 per cent efficient in
promoting vinyl polymerization (Table &) despite the fact
that the rate of initiation was independent of the monomer
concentration. Against the monomer, methyl methacrylate,
this initiator was only 50 per cent efficient. This suthor
drew the inference that only one half of each initiator
was capable of initiating polymerization and concluded
that the actual initiating step was

BHNaNR—>Re &  RNglie

with only the latter radical capable of initiating polymeri-

zation.
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Hot only 1s it difficult to imagine an initisl frage
mentation of thile sort but when the efficlency of this
initiator was compared with various other monomers it varied
from 50 to 100 per cent. This observation is definitely
not in keeping with the proposed mechanism,

It seems more likely that there was a competing cage
effect, destroying radicals before they could react with
monomer. This hypothesis would account for the variation
in afficisndy from monomer to monomer 1f the monomer was
involved in bath‘tn@ initiation and wastage reactions.

The caged radical would have a different rate of re-
action towards each monomer and the faster the rate the
more efficient the radical would be becsuse of the greater
ease of reaction. It is interesting to note that the
‘monomer towards which the dimethylcyanomethyl radical was
most efficlent (ca., 100 per cent) was acrylonitrile. Since
the molecular structure of acrylonitrile is closely simie
lar to the structure of the initiator radiecal, the implie
cation to be drawn is that the radical, in adding to a
double bond, required the least activation energy when the
olefin was most similar to itéélfq This is not in accord
with the hypothesis of Walling and M&yulﬁl, who, from a

{19»?3'%&“’“% end Mayo, Dise. Paradey Soc., 2, 295



series of copolymerization studles, stated that stabiliza-
tion of the traneition state, in the addition of a radieal
to an olefinlc bond, may be gained by electron transfer be-
tween the two specles. If a radical which is more ztable as
a carbonium lon adds to an olefin which 1s more stable as
a carbanion relative to a radical, then such stabilization
is important. The converse obviously 1s also true. Styryl
radicals are "electron donor" radicals since the carbonium
ions have more resonance stabilizatlion than the radieals
and diaslkyleyanomethyl radicals are "electron acceptors"
gince the anion iz relatively more stable, Fqually the
radicals derived from acrylonitrile and methyl methacrylate
are electron acceptors. Thus, from the hypothesis of
Walling and Mayo, dlalkyleyanomethyl radicals should re-
quire less activation energy in adding to styrene than to
the latter two monomers, However, in the work or Arnett,
this monomer, styrene, falls intermediate between methyl
methaerylate and acrylonitrile for efficiency of dialkyle-
cyanomethyl radiezls,

The theory of Walling and Mayo ls probably inapplicable
in this case becasuse the transition state for the operative
mechanism
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p ——— TR
SRs 4 M — RMR
PHe # M ——» Re & Rt

would probably gain no stabilization by electron transfer.
Ify in a transition state imvolvihg two dialkylecysnomethyl
radicals and a styrene molecule, the styrene transferred an
electron to each radieal it would place two like charges
upon adjacent atoms. The columbiec repulsion would cer-
tainly cancel any advantage due to resonance, The radicals
should add in the same menner, that a dirsdical adds to a
double bond. Monouer must be involved in the waztage step
as well as in the chain initlation step since Arnett found
that the efflciency of the initiator was independent of
the monomer concentration. |

Edwards and M&y@lﬁg obtained evidence for the caged
recombination radicals in the thermolysis of acetyl perw
oxide in carbon tetrachloride solutions. In carbon tetra-
chloride, the reaction was complex with the formation of
methane, ethane, methyl chloride and carbon dioxide. All
of the products could be ratioralized on the basis of the

1024yards and Mayo, J. Am. Chem. Soc., 72, 1265
(1950) .
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formation of free alkyl radicals after the initial cleavage
(CH4C00) 5 —= 2CH4C00
CKBGQW% GHB-f + COy

These workers measured the total methane evolution as
a function of the initial acetyl peroxide-carbon tetra-
chloride concentration and found that, at infinite dilution
of acetyl peroxide about 0.025 millimoles of methane per
millimole of peroxide were formed., This minimum of methane
presumably came from interaction of radieal pairs before
they diffuse apart.

In summary, it shounld be noted that the reaction of
radicals with chloranil in the cage is a three body colli-
sion and, although only second order in reactants, is
actually a termolecular reaction. In this case, two radi-
cals react with an even molecule forming an even product.

The varilation in the yield of acetone and it-butyl per-
oxide with the nature of R when the peroxides C$H3}30003
were decomposed in solution as found by Kharasah35, Ballsh
and their co-workers can be interpreted elther on the basis
of a variety of distinguishable t«~butoxy radicals in solu-
tiony as proposed by Kharasch, or on the basis of mutual
influence of radicals upon each other. Although Kharasch
gave little discussion of the variation of products with
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the source of the redicals, he did intimate that this veria-
tion probably reflects variatlion in the energy distribution
in the primary decomposition products, A necessary conclu-
sion of this asssumption is that the reactions of alkoxy
radicales are faster than "deactivating collisions” with
other species, so that equipartition of energy between
radicals does not oceur., His explanation implies that
those peroxides which require lower activation energies to
cleave will have, on the average, more energy residing in
the fragments. These higher energy fragmentes will undergo
the more energetic reasction, such as fragmentation of the

type
(CHy)4C0+ —>= (CH3) £=0 + CHy -

more readily than the lower energy radlcals. 8Since the
number of collisions between vicinal particles in solution
is high (ca, 1012.10M%), 1t would seem unlikely that
"deactivating collisions™ would not occur, and not give a
Boltzman distribution of energy, regardless of the source,
of the radicals before they react. However, this egquipar-
tition has not been established and the hypothesis cannot
be discarded immediately.

A hypothesis which considers mutual influence of

radicals will account for Kharasch's observations equally
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well. ‘At least one molecule of solvent must be intimately
concerned in this reaction since Kharasch obtained dicumyl,
when cumene was solvent, in an amount. sufficlent to account
for all of the hydrogen sbstraction, No productes were ever
isolated that would correspond to abstraction of other
groups than hydrogen, nor was there ever evidence of direct
attack of radical upon radicals Considering all this in
the light of a concerted attack of two radlcals upon 80l

vent, the following mechanisms can be written:

1. 33(3{39{333 —FEBGQ* 33310

2a. RyCO* R3C0+ « SH —= RyCOH + ﬂ;ﬁm e Se

AN

2b. RyCO- RCO+ + SH —=R,C0 + RH 4 RICO + 8o

26, m';cm + 8+ » SH —»aécmz » 88
RiC=0 + R'H & 85

3. 33&:@» R3CO —>R3CO» + R3CO-

%, 2R3C0 + SH —=RoCO # RH » Rac"a""“‘%"; P
R3COH + W
5s R3COs # SH—> RpCO # RH + 8»

R3COH S+

6a. 33(33" "'_":320@ 4+ R
6b, R+ ¢« SH—> RH #+ 8«
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Reaction 4, is an example of a termolecular reaction
occurring ocutside of the cage, l.e., between radicals which
have become kinetically free, If the resction 1s between
R3GG~ and Rgcﬁu then 1t cammot be distinguished from the
caged reaction, Reactions 5, and 6, are the two possible
bimolecular mechanisms with which the termolecular mechanism
mast be in competition.

If termolecular processes, in these reactions, are ime
portant then changing the nature of one of the radicals
would certainly influence the yield of products., Ketone
and alechol cannot be formed exclusively by reactions such
as 2a, and 2b.,, for then changing the nature of one of the
radicals would influence both decomposition resctions
equally, mainteining a constaney in the yleld of prmdaets
in different systems. It is quite difficult, at this
point, to identify a termoleculsr process with the forma-
tion of one definite product. Far more work is necessary
to discover which reaction ls termolecular.

From the mechanism outlined above, 1t can be seen that
there are three peossibilities vhieh would influence the
yield of products:

1+ The redicals may compete in the cage for solvent
by either of the two paths outlined.
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2+« The caged radicals may diffuse apart and these

uncaged radicale may then compete for solvent.
3+ 'The radicals may react with solvent by bimolecular
processes.,

These three poseibilities could be distinguicshed exw
perimentally if eny one is of predominate importance, Such
an experimental approaech was followed in this research.
Consider the three perozides: Ry00Ry, RpO0URs and Ry00Rs;
vhere each of the slkoxyl redicals R70e« ané RoO« 1s capable
of producing ketoniec and aleoholic produete., By maintaining
constancy of temperature and solvent, the following pro-
cedure was employed:

as« Rq00R; and Rp00Ry were decomposed in separate
gsystens under the szme conditions and the yield of proe
ducts wvere determined,

b, Under the same conditions R300Rp was decomposed
and the wvield of products was determined.

¢. A mixture of Ry00Ry and RgOORp was decomposed and
the yield of products was determined™,

If a reaction of caged radicsals was of predominate
importance then the yleld of products would be significantly

*The concentration of R700R; and Ry00R, taken was such
that the rates of deaampmsitien of bath perﬁxiﬁas were
equal, l.e., k3 R100R3 o= = ko ﬁzﬂ@ﬂg
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different irn the systeme a., and bs but probably very little
different between the systems a., and ¢, If a termolecular
reactlion was still of prime importance, tul the cage effect
wvas not, then the difference in yield of products between
2e~Cs and a.-b, would be significant. Little prediction
could be made on the difference between bs and ¢, It may
or may not be significant. If only bimoleculsr resctions
are involved then there should be no difference between

the yields of products in a., b. and ¢, unless the effect
proposed by Xharasch was Iimportant. In this case a, and

b. should have significant differences in yleld vhereas ¢.
ghould be in no way different from a.

In Tables 12, 13 arnd 14 are given all the pertinent
data for the various peroxide decompositions. Deviation
between individusl runs, of which these tables represent
the average, was % per cent., Determinations upon artifi-
cial mixtures of acetone, acetophenone, & -cumyl alcohol,
and f~butyl aleochol indicated that the aceuracy was about
this same value, This would indicate a meximum variation
in the ketone ylelds of about one part in twenty. Table
17 gives the percentage yields of acetone derived from die
L-butyl peroxide alone, and in the presence of the two
other peroxides, 1In all cases the yield of acetone varied

between 15«25 per cent, therefore the maximum error in the
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Table 17

Percentage Yields of Acetone from t~Butoxy Radieal
in Cumene at 1279 .

Per cent ketone

In presence of , gyﬁmtax?*radieal
16 -17
Triphenylmethyle 23.4 25,34
t-butyl peroxide®
Triphenylmethyl- | 20.3 20,64
t-butyl peroxideP

di= & ~Cumyl peroxide 20,5-21¢

8wo peroxides in approximately equimoler con~
centrations.

bdi-t-Butyl peroxide concentration five times
triphenylmethyl-t-butyl peroxide coneentration.

CCaleulated assuming that the di- & -cumyl per-
oxlde gave guantitative amounte of acetophenone,

ﬁ?ercantage acetone produced from di-t-butyl
peroxide assuming a constant amount, 19.3 per cent,
produced by triphenylmethyl peroxide.

yields is of the order of one per cent, The first three
entries 1In Table 17 represent directly determined acetone.
The last entry, however, was obtained by subtracting an
amount of ketone equivalent to twice the original di- & -

cumyl peroxide concentration. This assumes that the
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die & ~cumyl peroxide wae completely converted to aceto-
phenone, The per cent acetone recorded, in this case,
represents the minimam amount obtained., Any error caused
by this consideration would inecrease the yileld of acetone,
Although srtificlal mixtures of acetone and acetophenone
could be separately determined by codistillation of the
acetone with benzene, this practice failed on the unknown
determinationss The yields of total hydroxylic components
were determined and are recorded in Table 1k but their
determination was not as accurate as were the ketone deter-
minations, possibly because of the Introduction of water
into the systems, 8ince the individual hydroxylic compo-
nents could not he separated analytieally and because of
the larger error in their determination, results obtained
from their determination are not considered as reliable.
These yields do indlcate that the acetone determinations
are probably reliable.

As can be seen in Tables 1% and 17 there is a definite
change in the yleld of scetone in the three systems, This
change is greater than any experimental error in the deterw
minations. In both cases where two peroxides were mixed
there 1s an lnerease in the percentage of acetone formed.
The per cent vields of acetone in the second and third row
of Table 17 were computed on the basls of total gf~butoxy



radicals consumed, Each mole of di-t~butyl peroxide pro-
duced two moles of t~butoxy radicals whereas each mole of
t-butyl triphenylmethyl peroxide produced only one mole.

It cannot be argued that the increacsed yield of acetone
arose from the "normel" fragmentation of t-butyl triphenyl-
methyl peroxide. Decomposed alone, E~butyl triphenyl-
nethyl peroxide gave 18-19 per cent of acetone, approxi-
mately the same as di-t-butyl peroxide. There should be no
substantial change in the yield of acetone in the mixed
peroxide system 1f each peroxide exerted no influence upon
the other. Nevertheless the vield of acetone in this sys-
tem was 23 per cent. Column three of Table 17 was computed
assuming that even In the mixed system, t-butyltriphenyl-
methyl peroxide produced 19.3 per cent acetone., This would
require an increase to 25 per cent in the yield of acetone
derived from di-i-butyl peroxide. When the initial concens
tration of i~butyl triphenylmethyl peroxide is decreased to
approximately one fourth of the concentration of di-%-
butyl peroxide, then the yleld of acetone is diminished
presumably reaching the limiting value of 16-17 per cent.
If the yleld of acetone from t-butyl tripehnylmethyl per-
oxlde is much greater than 19 per cent, it no way invali-
dates the reality of the phenomenon of acetone yileld variae

tion, for the inerease in acetone yleld muast be due, in
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any case, te matual effect of the alkexy radiecals upon each
other,

The data in Tables 14 and 17 definitely show that the
decomposition of admixtures of the peroxides studied gave
different percentage of products than does the decomposition
of tﬁem same vmmxiﬁas alone, &mh an effect would not
have been predicted by, nor ma:ﬁ'i.t be reconciled with, the
hypothesis of Kharasch. For, whether or not equipartition
of energy ocecurs, mixtures of peroxides should decompose
with the same distribution of energy in the resultant frage
ments as the pure, unmixed peroxides and no effeet upon the
yield of products should be noted. A termolecular hypothe
sis not only would account for the product variation but
would prediect it,

It ig interesting to note that the difference in
acetone yleld between di-t-butyl peroxide (33 per cent) and
t-butyl- & ~cumyl peroxide (13 per cent) obtained by
Kharasch at 1380 in cumeneB? 1s mueh larger than obtained
with | f-butyl triphenylmethyl peroxide. The unsymmetrical
peroxide, t-butyl- & -cumyl peroxide, gave a decreased
yield of acetone when compared with di-te-butyl peroxide
whereas mixtures of di- & -cumyl peroxide and di-t-butyl
peroxide gave an increased yield when compared to di-t-
butyl peroxide., This is rather startling and it would
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appear that the & -cumyloxy radical acts differently in the
two systems. It ie not easy to reconclle this fact with
the above proposed termoleculsr hypothesis. There is the
possibility that Kharasch's data on this peroxide are in
error, In our attempts to prepare this peroxide by the
method of ¥harasch it was alwayz found to be mixed with
substantial smounts of & -cumyl alcohol. The peroxide of
Kharasch could have been sufficiently impure to give sig-
nificant lowering of the acetone yield., There is the fure
ther possibility that an increase in temperature in the
system containing i~butoxy and &-cumyloxy radicals causes
a decresse In the yleld of acetone. This ig hard to
visualize since in every other system an incresge Iin tempera-
ture causes an increase in the yield of scetone. If such a
temperature dependence is observed in this system, it may
be because of a different type of termolecular, or even
bimolecular, reaction belng involved. It mey lead Yo a
means of evaluating the nature of the transition state ine-
volved in the termolecular reaction.

The type of transition states involved in the formae
tion of the products from the decomposition of tertiary
alkyl peroxides is more difficult to visualigze then the
corresponding transition state in the decomposition of the

sliphatic azo eompounds. It is not wvet known which product
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was formed by a termoleculayr reaction. There are certain
features that the termolecular transition state must have,
It mast adequately account for one product, either ketonic
or alcoholiec., Its nature must embody a competition of two
radicals for hydrogen abstraction. It must be sufficiently
stabilized by resonance, without requiring toeo rigid a
transition stata*, to make its formation feasible. It must
be sufficiently sensitive to variation in alkoxy radical to
account for change in product yvield. (This sensitivity is
probably embodied in its ease of formation, which must vary
with alkoxy radical.) Any transition state whieh encom-
passes these features and is congistent with present
knowledge will be an adequate transition state for the
process,

In summary 1t seemsz quite possible that a definite
termolecular reaction is operative but vhether this reaction
involves a modified cage effect or ls homopgeneous cannot be
stated. The difference in acetone yields between mixed and
unsymmetrical peroxides is not sufficlently large to make

any unequivecal statement. If analogy ean be drawvn with

*%any highly resonance stabilized intermediates for
various reactions can be written which camnet possibly be
formed because of too rigid s configuration which meakes
the entropy of the process prohibitively high.
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aliphatic azo compounds, then probably reaction in the cage
is of importance. Much more work on these and analogous

systems 1is needed before any decision can be reached.
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SUMMARY

Evidence is given for the course of reaction outlined
below vhen two radiecals, similar or dissimilar, are pro-
duced in solution simultaneously and from the same molecule.
The evidence 1s based on two systems: the decomposition of
azo~blg~nitriles and tertiary alkyl peroxides.

1+ The radicals, produced from the same molecule, may
collide and react together or react simultaneously with a
third species before either radical has left the site of
formation. In this case the radieals are not kinetically
free and the products formed are dependent upon the nature
of both radicals concerned even though one of the radicals
may not appear as an even produet in the reaction.

2+ If the radleals do not react while caged they may
diffuse apart and then react with another molecule by
either a kinetically third-order process or individually
in bimolecular processes.

3. In the decomposition of the tertiary alkyl per-
oxides studied; the termolecular processes must be in

competition with bimolecular processes.
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