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INTRODUCTION

As defined by Waters (95) autoxidations are those "comparatively slow
oxidations which can be effected by free oxygen (e.g., by air) at moderate
temperatures.”™ It is not surprising, therefore, considering the broad
scope of this definition, to find that autoxidations are among the most
widespread of all reactions. Encompassing such diverse phenomena as the
slow oxidation of sulfite to sulfate, the deterioration of natural and
synthetic polymers, and the hardening of drying oils, the field has under-
gone extensive investigation for over a century. Early work on the isola-
tion and identification of unstable compounds has been supplemented and
almost supplanted by newer analytical tools, like polarography and infrared
spectrophotometry. The previously perplexing problems of inhibition and
activation by traces of impurities now are recognized as natural conse-
quences of the free-radical initiation of the reaction.

Notwithstanding the great progress which has been made, it is still
difficult to predict with any degree of accuracy and even more difficult
to control the course of an autoxidation. The deficiency, of course, lies
in an inadequate understanding of the reaction mechanisms. One of the most
successful methods used in elucidating oxidation mechanisms has been the
application of kinetics, especially that branch involving the steady-state
approximations.

Autoxidation research over the past two decades has been directed
primarily toward three technically important types of materialss 1liquid

hydrooarbons, rubber, and drying oils. Alcohols, aldehydes, ketones,



esters, ethers, and amines--all of which autoxidize--have by comparison

been largely nsglected. It is indeed surprising to find ethers thus
slighted, for it is pessible that some of the early interest in this field
arose from the spectacular results obtained from distillations of peroxide~
containing ethers. This present study was undertaken te alleviate partially

the neglect suffered by ether autoxidation.



HISTORICAL

Structure 2£ Ether Peroxides

Much of the history of ether oxidation has been centered around di-
ethyl ether, because of its widespread use both as a solvent and as an
anesthetic. As early as 1851, Schénbein (199) reported the formation of
an oxidizing substance in ether which had been exposed to air and light
and noted its similarity to the product obtained from treating ether with
ozone. During the next seventy-five years, the many explosions which
occurred during distillations of ether were attributed to these peroxides,
whose compositions had become a matter of some interest. Berthelot (23),
who also considered ether peroxide to be identical to the one he obtained
from the treatment of ether with ozone, assigned it the formula
(0gH50C2Hs )20. Nef (158), however, believed that the peroxide was acetyl
peroxide.

In 1922, Clover (44) reported the first results of his researches in
ether autoxidation. From ether which had been allowed to stand exposed
to light and air for five to six months, he obtained an oil which he be-
lieved was the «-hydroperoxide, CHzCH(OOH)OCH2CHg , formed in a manner
analogous to that proposed by Basyer and Villiger (8) for benzaldehyde

oxidations
i 0

Clover's conclusion was based on the following findings: the active-

oxygen content was approximately that required by the hydroperoxide



formula; the peroxide was formed directly by the action of oxygen on ether;
the peroxide was volatile; the thermal decomposition products ineluded
acetaldehyde, ethyl alcohol, methane, and carbon dioxide; the ether per-
oxide was acidic; and the products of the acid hydrolysis were hydrogen
peroxide, ethyl alcohol, and acetaldehyde. Since no peracetic acid was
found, the possibility of the formation of acetyl peroxide was discounted.
Although hydrogen peroxide was found in the crude ether to the extent of
several per cent of the total peroxide concentration, Clover believed it
to be a product of the hydroperoxide hydrolysis.

Other ethers whose peroxides were isolated by Clover included n-
propyl, isopropyl, n-butyl, isoamyl, and diethoxymethane (45). Benzyl,
benzyl methyl, and benzyl ethyl ether all formed peroxides; but, owing to
the diffioculties involved in removing the excess ether, these could not
be isolated. While the peroxides in most cases appeared to be simple
oi-hydroperoxides, the one obtained from isopropyl ether was shown to be
identical with the product in the reaction of acetone with hydrogen per=-
oxide, presumably (CHz)sC(OH)OOH. In a more qualitative way, he also
found that allyl ethers peroxidize more rapidly than saturated ethers
to give peroxides which decompose to give resins, and that anisole and
phenetole do not peroxidize.

Wieland and Wingler (236) proposed the theory that the ether was

first dehydrogenated to give vinyl ethyl ether:
CHgCHyOCHoCHg + Oy —» CHp=CHOCH,CHy + HpOp

Hydrolysis of the vinyl ethyl ether would then result in acetaldehyde
and ethyl alcohol. To explain the formation of an organic peroxide, they

assumed a reaction between acetaldehyde and hydrogen peroxide to give



1-hydroxyethyl hydroperoxide, CHzCH(OH)OOH, followed by its intermolecular
loss of hydrogen peroxide to give 1,1'-dihydroxydiethyl peroxide,
CHzCH(OH)OOCH(OH)CHz. The principal support for this hypothesis came from
the fact that vinyl ethyl ether was found in a sample of peroxidized ether.
It is now known, however, that commercial ether frequently contains this
compound (181). King (126) showed that the peroxide first formed resembled
Clover's product but that after reacting further with acetaldehyde, it re-
sembled Wieland and Wingler's.

In disputing Clover's claim, Milas (148) went so far as to say that
true autoxidation proceeded only by the addition of molecular oxygen to an
ether to form a "dative peroxide”:

RCHp:0:CHaR + :030: —> RCHp:0:CHzR
0

L1

In support of his theory, Milas claimed that peroxides are formed by such
ethers as diphenyl ether (147). In view of the fact that the diphenyl
ether he used was a commercial ether not otherwise purified, the claim
seems unjustified.

The danger of explosions resulting from ether distillations was then
and still is a definite hazard to be considered carefully by anyone working
with ether solvents (57, 62, 104, 107, 127, 157, 168, 192, 211, 213, 237,
242). The extreme violence of the detonation is not generally known, how-
ever; for example, one worker experienced a serious explosion while attempt-
ing to run carbon and hydrogen determinations on a four-milligram sample of
residue (232). Moreover, the peroxides need not be isolated to be hazardous;
especially in the case of diisopropyl ether, explosions have occurred when a

bottle or can of the peroxidized ether was moved (1065, 154).



Although both Clover (44) and Wieland and Wingler (236) had shown that
the compounds they had isolated detonated when heated, Rieche (184) did not
believe that such simple peroxides could be stable enough to account for a
dengerous accumulation in residues. He proposed that the peroxide first
formed decomposes to give polyethylidene peroxide. Although at first he
showed the reaction as proceeding from a dative pereoxide,

CoHgOCoHs — CoHgOH ¢ (-0-CH-0-),
0-b Hg

later (185, 186), after he had accepted the hydroperoxide structure, he
indicated a two-step reaction in which the hydroperexide is first hydro-
lyzed to l-hydroxyethyl hydroperoxide, which then polymerizes:

n CHzCH(OH)OOH — (=0-CHO-), + n Hp0

Hg

He believed polyethylidene peroxide was the compound primerily responsible
for the explesions, although he had found earlier (187) that the o~hydre-
peroxide which he prepared synthetically also exploded when heated rapidly.
When warmed to 70° at 20 mm., it changed inte a viscous mass having the
properties of polyethylidene peroxide. The polymeric substances obtained
by treating l-hydroxyethyl hydroperoxide with P05, by warming butylene
ozonide, and by amtoxidizing dry diethyl ether were identical (188). 1In
each case, the oily product first obtained underwent further reaction in
air to produce a polymer even more highly explosive. Sulfur may accelerate
the polymerization (213). The theory of the polymeric nature of the per-
oxide was especially useful in explaining why isopropyl ether accumulated
dangerous amounts of peroxides after it had been established by Rieche and

Koch (186) that acetone peroxide was one of the principal preducts. They



were successful in isolating both the dimer and trimer, which are cyclic:

CHS\ /0—0\ /033 CHS\ ,00, _CHg
AN
cHy “0-0” “cHg CHy o ¢ CHs
N /0
/C\
CHz CH3
dimer trimer

A marked similarity between the ultravielet spectra for these two compounds
and butylene ozonide was noted. These structures were further supported by
molecular-weight determinations. The trimer has alseo been isolated from
autoxidized isopropyl ether and identified by other workers (2, 122), and
resinous products have been reported by one (178). Since very little iso-
propyl alcohol is found in peroxidized isopropyl ether, Rieche and Koch
(186) proposed that the polymer developed from a ™bis-hydroperoxydiisopropyl
ether." Quite significantly, Ivanov and co-workers (116) have reported that
this c&mpound is the main preduct in isopropyl ether autoxidation. Moere re-
cently, the formation of a polymeric peroxide has been used to explain ex-
plosions of aged tetrahydrofuran upon distillation. Robertson (193) had
prepared tetrahydrofuran olhydroperoxide, which he found to decompose with-
out detonation even when heated rapidly te 100°. Rein (183), however,
experienced a serious explosion while attempting to distill tetrahydrefuran.
Criegee (50), who apparently had prepared the hydroperoxide earlier and had
worked with it extensively, reported that he had found the cempound to be
harmless when treated with due care. The explosions, he believed, were

caused by the polymeric peroxide which was formed from the hydroperoxides



Free-Radical Mechanisms

Although early workers had frequently cempared ether oxidation to
aldehyde (more especially benzaldehyde) oxidation, later workers were re-
luctant te carry the analogy further after Backstrém (7), in 1927, employing
the theories developed by Christiansen (42) in his studies of photochemical
reactions, demonstrated that benzaldehyde oxidation is a chain reactioen.
Milas (147) suggested that such studies in ether oxidation might be fruitful,
but he did not underteke them. Although Backstrom had in mind an energy-
chain exidation, Haber and Willstatter (100) four years later showed that
the chain carriers are radicals.

It was not until 1942 that a chain mechanism was formulated for ether
oxidation. This mechanism was proposed by Rieche and Kech (186) and, as

usual, was directed toward ethyl ether:
0
| ]
Rb- + 02 —=RCO0*

0
I
RCOO* + RH— R&-OOH + R*
R* + 02 —= ROO*

ROO* + ROCHgR —> ROCHR + R-
00H
In this scheme, acetaldehyde is given the role of an accelerator. It is
assumed that "RH" was intended to represent an ether melecule and that
"R+" is the l-alkoxyalkyl radical.
" Reimers (179, 180, 182) also believed the reaction te be a free-radical
chain reaction in which the initially fermed radical reacts first with exygen

and then with an ether molecule to form the peroxide, but he did net attempt



to show a mechanism, primarily because he did net believe the structure of
the peroxide was as yet known. His opinion was based on pelaregraphic dif-
ferences between ether peroxide and these prepared synthetically by either
Wieland and Wingler (236) or Rieche and Meister (187). Not enough is known
concerning the manner in which these compsrisens were made to draw any
significant conclusion. In the light of present knowledge, it seems deubt-
ful that the ok-hydroperoxide is not one of the most impeortant types of
peroxides found in ethers. For exeample, there is now abundant evidence to
show that a free-radical attack upen an'éther molecule is indeed an attack
upon the ol-hydrogen atom. In the case of diethyl ether, this has been
observed with the following free radieals: benzoyl (15, 37, 38), lauroyl
(39), n-propyl (71), methyl (124), isepropyl (71), phenyl (74, 97, 101, 206,
225), and p-chlorophenyl (24). The g-hydrogen atoms may be attacked to a
much lesser extent (71, 74). In the case of other ethers, the_folléwing
reactions have also indicated an o~hydrogen attacks n-butyl ether with
methyl (73) and benzoyl (15); diethyl cellesolve with benzoyl (38); and
dioxane with benzoyl (38). It will be shown later that the radical thus
produced will reaet with oxygen to produce a peroxyl radical which then
reacts with hydrogen donors to form the hydroperoxide.

In view of the great advances which have been made toward furthering
the understanding of autoexidatioens of other materials, notably hydrecarbons,
it is worthwhile te apply the same sort of reasoning to ether autoxidation
in search of a plausible free-radical mechanism. Fer example, imitiation in
hydrocarbon autoxidation is fregquently given as proceeding from the homolytic
decompositien of a hydroperdxide (21, 195, 223). A similar chain-starting

reaction for ethers (142) is
ox o
ROCHR — ROCHR ¢+ -OH
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In agreement with this is Robertson, who found that tetrahydrofuran ot
hydroperoxide is an active catalyst for the polymerization of styrene and
methyl methacrylate (193). Various patents have also suggested the use of
peroxides from tetrahydrofuran (214), 1,4-dioxane, 1,3-dioxolane, and de-
rivatives of the last two (215, 216) as polymerization catalysts. Moreover,

it has been shown that dibiphenylene&thylene (see formula)

in the presence ;f eutoxidizing ethers is itself exidized to fluorenone,
probably by hydroxyl radical eddition to the ethylenic bond (239, 240).

The value of the dissociation energy for the -0-0- bond in hydrogen peroxide
has been reported by Pauling (170) a§ 34,9 keal. and by Walsh (221) as about
56 kcal,; in other peroxides it is more or less, depending upon the exact
structure. In view of Eastwood and Hinshelwood's observation (61) that the
=0~0- bond in ether peroxides is very weak, the lower value obtained by
Pauling may more nearly apply; and indesd reasoning like that of Walsh (222)
suggests that an electron-withdrawing group like alkoxyl must weaken the

"~ eleotron~deficient peroxide link. From this, and from the additional
observation that the ether hydroperoxides are less steble than many of
those obtained from hydrocarbens (as evidenced by the much greater difficulty
in isolating the former), it mey be concluded that -0-0- bond fission does

oceur .
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The radicals produced may then either recombine or react with solvent
molecules. According to the Franck-Rabinowitsch principle (81), the recom=-
bination of radicals in solution has a probability greater than thet expected
from mass action alone. It is supposed that the solvent acts as a "eage” in
which the two radicals, after losing their initially high kinetic energy teo
solvent molecules, are held in close proximity. The recombining radicals
may regenerate the initial compound, in which case the reaction is kinetically
indistinguishable from a slower forward reaction; or they may undergo dismuta-
tion to form a new compound if the activation energy for that reaction is
low (141). It must be emphasized here that the Franck-Rebinowitsch principle
was proposed primarily te explain why there should be a combination in dilute
solutions. It does net satisfactorily account for the formation of large
emeunts of these products.

It has been observed that solvents which easily yield free radicals
accelerate the decemposition of such substances as tetralin hydroperoxide
(195, 196), cumene hydroperoxide (204), and even lauroyl and benzoyl per-
oxides (13, 15, 37, 38, 39, 167). For hydroperexides, the reaction is

believed to be the follewing (195, 196):

R,CHOOH + +OH —» RpCOOH + HOH
Ry600H —= Rp0=0 + +OH

Likewise, the formation of an ester from an ether hydroperoxide could be
expleained.

The greatest probability is that radicals of such high intrinsic energy
will react almost immediately with the solvent (228). As indicated previ-

ously, the mest probable reaction of a radical with an ether moleculs is
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A-hydrogen abstraction:

O OH
| o .
ROCHR + ROCHoR —ROCHR + ROCHR

*OH + ROCHoR —» HOH + ROCHR

In the first reaction there are formed a hemiacetal and a l-alkoxyalkyl
radical. 1In tﬁe second, water and the samé radical are formed. These
reactions give a reasenable explanation for the formation of aldehydes,
aleohols, and water, all known products of the exidation, and show why
water is among the first products formed in the exidation of a very dry
ether (147).

The possibility of an interaction of radiecals, while less probable
than the radical-solvent interaction, should net be completely disregarded.
It is known, for example, that primary and secondary hydroperoxides of many
different types of hydrocarbons form aldehydes and ketones upen decomposition
(18, 19, 110, 111, 151, 210). The formatien of these products rather than
the regeneration of the hydroperoxide is reasonable from & consideration of
the dipole moments of the radicals (231).

An analogous interactien of radicals in an ether hydroperoxide decom-
positien should give esters:

o 7
ROCHR + *OH — ROCR + HOH
Robertson (180) showed that this was true in the case of tetrahydrofuran,
the hydroperoxide of which decomposes teo give ¥-bubtyrelactons. Similarly,
Clever (45) found that the hydroperoxide of ethyl benzyl ether decomposes

to give almost exclus ively ethyl benzeate. In addition he found that
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n-propyl and n-butyl ether after prolonged exposure to light and air contain
respectively n-propyl propionate and n-butyl butyrate. Bremner and Jones
(32) obtained &-butyrolactone and 4-valerolactone from tetrehydrofuran and
tetrahydropyran respectively by air oxidatien at 140° and under pressure.
Benzyl benzoate has been obtained in the extended air oxidation of benzyl
ether in the temperature range 150-250° (64,‘65).

Frem such reasoning, it would be expected that the hydroperoxides of
allyl ethers, ROCH{OOH)CH=CH», should undergo hemeolytic decompoéitien to
give alkyl acrylates. Whether by this method or another, alkyl acrylates
and polyacrylates do occur during oxidation of allyl ethers (98).

As further evidence for this behavior, Fischer (77) found that the
action of dry ozonized exygen on ethyl, butyl, isoamyl, ethyl isocamyl, and
benzyl ether gives ethyl acetate, butyl butyrate, isocamyl isovalerate,
ethyl isovalerate, and benzyl benzeate, respectively. Sinee it had been
shown in the autoxidatien of other substances that ozone acts merely as
a catalyst (33, 75), it is not improper to include these reactiens here.

Another possible source of these compounds is the reaction of radicals
with the molecular hydroperoxide., Criegee (51) has shown that lead tetra-
écetate oxidizes alkyl hydroperoxides to carbonyl compounds in high yields.
In the case of tetrahydrofuran hydreperoxide, ¥=butyrolactone ié formed

(50) in a réaction which may follow the coufse

0H OCH
; + CHzCO00® —> ~ + CH3COCH

" H 0 .

, : O0H '
’ —_— " 0 ¢+ *OH
0 o o) '
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The reaction of the hydroperoxide:with a fadical gives a mechanism much
simpler than the one proposed recently by Hawkins (102) for the formatien of
¥-butyrolactone. He suggested that the hydreperoxide decamposition proceeds
through ¥-hydroxybutyraldehyde to J-hydroxybutyric acid, which then forms
the lactene by esterifiicatien.

Nothing has yet beén said about what heppens to the ether radical
formed from an c~hydrogen abstraction. The radical produced may dissociate

to form an aldehyde and a hydrocarbon radicals
‘ROCHR —— RCHO + Re

This type of behavior is postulated to account for the production of
acetaldehyde in the reaction of phenyl radicals (74, 101), methyl radi-
cals (72), and benzoyl radicals (15) with ethyl ether; ethylene in the
reaction of methyl radicals with ether (72, 124); and butane, butenes,
and butyraldehyde in the reaction of methyl radicals (14) and benzoyl
radicals with n-butyl ether (15). The thermal dissociation of benzyl
ether into benzaldehyde and toluene probably occurs by a similar route
(64, 65, 118, 243). .

Reacti ons which appear to be examples of other €-0 bond fissions
of this type--notably the reaction of the methyl radical with ethyl ether
to give methyl ethyl ether (124) and the reaction of n-butyryl and iso-
butyryl radicéls with ethyl ether to give ethyl n-butyrate and ethyl
isobutyrate respectively (123)--may actually resﬁlt from an attack of a
free radical upon molecular ether (124).

This tendency of the ether radical to dissociate is for the most

part offset by a tendency to become resonance-stabilized. Of the two

-
(14

"‘ [N P ;r
possible structures, R-O-CHR and R-Q-CHR, the first comtributes mere to



15

the resonance hybrid (15, 146). The radical is likely to be destroyed by
reacting with excess ether as solvent; but, in so doing, it regenerates the

seme type of radieal: the species_i§ continued. In the presence of oxygen,

a more significant reactien takes place:

0o-
. ]
ROCHR + O — ROCHR
Even in the case of a highly stabilized radical like triphenylmethyl
the reaction with oxygen oceurs readily. The fact that oxygen inhibits
the decomposition of benzoyl peroxide in ether can be explained most
satisfactorily by assuming that the ether radicals, which ordinarily

accelerate the decompesition, react with oxygens

R* + Og —> ROO‘—EEe'ROOH + Re

The radical, R*, was shewn to be of the type‘ROéHR by isolation and
identificatien of products {37, 38, 39).
The peroxyl radical formed as indicated previously may then abstract

hydrogen from the solvents
00- OCH
ROCHR + ROCH32R — ROCHR + ROCHR

An ether radical has thus been regengrated and may react with another
molecule of oxygen. This exygen-uptake cyecle can conﬁinue until it is
broken by a terminatien reaction.

Chain termination may result from seme sort of interaction of a
radical with a surface or from a combination of two radicals. Letting
R' OCHR" be represented simply by R, the most probably termination re-

actions by combination of radicals are:



(a)
(»)
(e)
- (a)

©

IR (£)

(g)

(n)

(3,

(k)

(1)

16

2Re —=>R-R
R + +0H —= ROH
Re + +OR —» ROR

RO+ 4+ -OH —> ROOH
0
|

RO+ + +OH-——> R'OUR' + HOH

0
!
2R0» —> R'0C-R"+ ROH

. 2R0* — ROOR

ROO* + R+ — ROOR

) - ROO+ ¢ +OH — ROH + 0o

ROO¢ 4+ +OR —= ROR + Op

2RO0» —= ROOR + Op

2'0H—-—> HzO + %02

The dimerization given in reaction (a) would proceed if the energy of

the radicals is low and the concentration of oxygen is low. As pointed

out by Waters (228), the direct combination of radicals can oceur in

the liquid phase, but substitution reactiens occur so easily in most

cases that radicals of high intrinsic energy interact almeost immediately

with the selvent. Radicals of low energy, such as triphenylmethyl, do

not react with most solvents but tend te cembine with other free radicals.

The more important restriction, however, is that of oxygen 3c_oncentration.

It has been shown for hydrocarbons that the concentration of R is so



17

small compared to ROO° at ordinary oxygen pressures that terminatien reac-
tions involving R* are negligible (16, 21, 28, 224). For similar reasons,
reactions (b), (¢), and (h) may be eliminated. Reactions (d) and (e) have
been treated previously and shown likely to occur only at relatively high
concentratiens of ROOH.- Because it requires the interaction of radieals
from the decompositions of twe molecules of hydroperoxide, reaction (f)

is less likely to occur than reaction (e). Furthermore, in discussing

the formatien of cecumyl peroxide from cumyl hydroperoxide, Kharasech (121)
states that all the evidence thus far obtained indicates that free RO-
radicals do not dimerize. Reaction (g), therefore, is also doubtful.
Waters (224) believes that the reaction of R00O* with *OH--reaction (1)--
is mere important than Rs + .OH, and with this most authors would heartily

coneur. In agueous media, reaction (i) may be important because of the

longer life of the hydroxyl radical (228). Certain catalyzed reaction
chains in which the concentration of .OH remains high are also believed
to terminate by this reaction (195). Reaction (j) would not seem much
less likely to occur, but it has not been suggested. Reaction (k) is
the most frequently proposed chain termination reaction (16, 17, 28).
‘It has been shewn by Bell and others (21) that the decomposition of
tert~butyl hydroperoxide in chlercbenzene gives almost a quantitative

yield of oxygen according to the equation
2R00+ ——> 2RO + 0

The decompesition of tetralin hydroperoxide has also been shown by
Robertson and Waters (195) to produce seme oxygen. Although they inter-
preted the resection as reaction (i), since some tetralel was formed, the

exygen formation can also be explained on the basis of the dimerization

\
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of ROO°, in which the product ROOR is not stable but dissociates into 2RO-
as given above. These reactions, whioh are net chain-termination reactions,
but rather chain-branching steps, would be expected to be mest important in
the vapor phase, where ROOR has low stability. Eastwood and Hinshelwoed
(61) found this teo be true in the vapor-phase oxidation of ethers.

In the liquid phase, the ether peroxides are surprisingly stable.
Rieche and Meister (187), in attempting te prepare the o-hydroperoxide of
benzyl ether, obtained its peroxide, CgHgCH(OCH,CgHg)OOCH(OCH,CaHs )CqHs s
which is a white crystalline compound having a definite melting point,

1199. Entel et al. (67) found that exposure of thin films of phthalen

CHp
N\

0
/

CHo

on a watehglass to light and air causes a "complete" conversien to

phthalen peroxide,

a white, crystalline compound, mp 137.5-139.5°. Since phthalide,

Cco
N\
/
CHy

0
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and o-hydroxymethylbenzaldehyde,
CHO

CHpOH

two of the products expeoted from a hydroperoxide decempoesition, did not
oceur, it is possible that the large surface area altered the normal course
of the reaction. Another example of peroxide formation is the decomposi-
tion of 2-(5,6-dihydro-2H-pyranyl) hydroperoxide (198) in the presence of

a trace of acids

2 OOH. = -L\\ //J
0-0
\\O 0 0

The hydroperoxide is formed by the oxidation of 5,6-dihydro-2H-pyran.
Again, 2-methyl-l,3-diexolane upon autoxidation gives not the hydroper-
oxide but a crystalline peroxide,

CHo-0 0—0 ,0—CH

C c
/'\ /
CHo—0 CHz CHz 0—CHp
m.p. 68° (133).
Reaction (1), the dimerization of hydroxyl radieals, could eceur if
their concentration were unusually high er if the hydrexyl radicals had
a long life, as in an aqueous medium. Their interaction would not, never=-

theless, produce hydregen peroxide, fof it has been shown (231) that their
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dipole moments favor the formation 6f water and bxygen. An explanation
for the occurrence of hydrogen peroxide in oxidized ethers--up tb 24% of
the total peroxide content has been so reported for at least one ether
(10)--should be based on the observation that hydrogen peroxide is pro-
duced in the hydrolysis of an ether hydroperoxide (187). One other case
of chain termination, which was not listed with the other reactions
partly because of its specificity and partly because it had not been

previously suggested by anyene, is that of intramolecular termination.

It has been suggested (95) that the lead tetraacetate oxidation of gly-
cols to aldehydes proceeds by way of the biradical:
RCHO-
|  — 2RCHO
RCHO-
which may or may not be held in a loose complex with lead. In an analo-
gous case, a biradical such as

0
CEz “cHo-

CH , CHO-

which conceivably could be derived from l,4-dioxane 2,3-dihydroperoxide,

could undergo -C-C- bond fission to give ethylene diformate,

NP

¢y
H
o}

cfig

CHy_ 0 _Cg

A dihydroperoxide was shown to be the primary autoxidation product of iso-

propyl ether (see p. 7), and is, therefore, possible in the case of dioxane.
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The formation of ethylene formete has been the subject of a patent by
Fleming (79), who found that air oxidation of dioxane in cyclopentane
gives significant yields of the ester. Wibaut and Strang (234) observed
thaet a glycol biradical will undergo chain-branching if the selvent has
ne easily removable hydregen atoms. It is possible, of course, to postu-
late a chain-branching reaction from which termination is excludeds and
this may be the main course, The exidatiens of tetrahydrofuran, 2-
methyltetrahydrgfuran, and 2,5-dimethy;tetrahydrbfuran'to'give 4-hydroxy-
butenal, 5-hydroxy-2-pentanone, and 5-hydroxy-2-hexanone could possibly

follow the latter ecourse.

Initiaetion

Initiation of the free-radical chain reaction was given as proceed-
ing from a homolytic hydroperoxide decomposition., An explanation is now
required for the formation of the hydroperoxide in ethers eriginally free
of this initiatoer.

Waters (230) hol&s the epinion that”the initiation of the autoxida-
tion of all reasonably well-purified organic substances may be ascribed
to residual traces'éf catalybtically active impurities in the substance
itself or on the walls of the reaction vessel. Hilditech (108) was able
to shew that methyl eoleate which has been carefully purified to remove
all diene cempounds is resistant teward oxidation even under the influ-
ence of ultravieolet irradiation., Wibaut and Strang (234) found that very -
pure n-nonane does net oxidize at 110° even in the presence of cobalt
stearate.

In the case of ethers, Hess and Frahm (lOé)'fOund that 1,4-dioxene

which has been purified by distillation over sedium followed by repeated
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freezing out until a constent melting peint, 11.80°, is reached contains
very little peroxide at the end of two weeks compared to a sample of the
same product on which recrystallizations have been carried out only until
the melting peint is 11.71°., Eigenberger (66) similarly feund the pure
cempound te resist oxidation.

The especially reactive impurity in ethers may be the aldehyds.
Clover (44) was able to show that in ethyl ether containing acetaldehyde
but no peroxides exidatien oeccurs rapidly; furthe;more,vether samples
which are oxidizing rapidly are stopped in this behavier by distilling

out low-beiling compenents. Rieche (186) postulated that acceleration

by aldehydes follows the séquence
0 0
| il
R!Z- + Op —RCOO"

it It
RCO0* + RH -—» RCOOH + R-

although initiation is accomplished by traces of metallic impurities.

It has been shown (6) that aldehyde- and peroxide-free ethéré also undergo
slow autoxidation, however. Neu, who found that traces of iron compounds
;ct as catalysts in ether autoxidation (léi, 162), demonstrated that even
ether which contains neither iren nor aldehydes still oxidizes (165).

The questien now is one of whether or net an abselutely pure com-

pound would‘undergﬁ gutoxidation. Bolland and Gee (26) believe that, in
the liquid-phase uncatalyzed oxidation of pure ethyl linoleate in the

temperature range 35-55°, the reactien

RH +'02 — free radicals
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does occur. They have suggested that the energy of activation eof this re-
action should not be mueh different frem that of the homelytic hydreperoxide
decomposition.

The apparent reluetance of most kineticists to accept this initiatien
reaction fer liguid-phase oxidatiens is not encountered in dealing with
vapor-phase oxidatiens, where the direct reaction of oxygen with the exidiz-
able substance is considered an important initiatien step. McDewell and
Themas (143) proposed this type of initiatien in the vapor-phase oxidation

of acetaldehyde:
CHzCHO + 02 —> CHzCO- + HOO-

The existence of HOO®* was confirmmed by mass-spectremeter data. For the
vapor-phase oxidation of etheéers in the temperature range, 150-200°,
Eastwood and Hinshelwoed (61) propose a simi1a£ initiatien step. It is
possible that initiation in the liquid phase follews a similar course,
sinece it has been shewn that vapor-phase oxidatiens of ethers resemble
liquid-phase oxidatiens (52).

In contrast te this, for example, George and Robertson (91) believe
that the formation of a hydroperexide in tetralin arises from an energy

chain according to the follewing scheme:
RH — RH*
RH* + 0p —> P*
P* + RH —» ROOH + RE*

P*¥*—>» inactive molecule
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In this scheme, a hydrocarbon molecule becomes thermally activated (indi-
cated by the asterisk) and combines with oxygen to form P*, which may be
either a vibrationally excited ROOH melecule or an “"activated cemplex™ of
the hydrocarben with exygen. The less of emergy resulting from a celli-
sion of P* with RH permits the formation of a stable hydroperoxide and at
the same time a@tivates snother hydrocarbon melecule. Bolland (27) eb-
Jected to this energy chain reaction on the grounds that enly slight
reaction would occur in a system depending upen vibrational energy transfer,
But, if the reaction occurs even to a slight extent, the formation of the
hydroperoxide free-radical initiator has been satisfactorily expleained.
Acceleration may be caused in an energy-chain reaction by the presence of
a compound capable of becoming easily activated. Lindgren (1368) suggests
that the rapid oxidation of ether in glass bottles must be due to the
presence of impurities such as acetaldehyde which abserb light of wave

lengths longer than ether can absorb.

Inhibitien and Retardation

Wﬁile in the oxidation of hydrecarbens and related materials catalysis
has received the mest attention, 1nvether autoxidation inhibition has
played the most prominent role. The reason for this is simply that the
ether oxidation products are almost without exception detrimental to the
intended uses. True inhibition, according to Waters (228),)is brought
sbout only by & union of two radicals or the chemisorption of radicals on
surfaces. In some cases, the Minhibiter" is actuwally a chain-transfer
agent, which substitutes a series of slow reactiens for a series of fast
ones, and should more properly be called a "retarder.” An exemple is the

retardation of butyraldehyde oxidation by a small amount of p-cresol.
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Waters and Wickhem-Jones (230) have shown that under these conditiens the
slow oxidation converts over 90% of the aldehyde to butyric acid leaving
over 60% of the b-oresol unchanged. A;though the ArO- radical produced
from p-cresol is relatively stable because of resonance, it is still cap-
able of dehydrogenating the substrate. The radicals derived frem 1,2-

or 1,4-dihydric phenols are too stable to attack the substrate, seo that
there exists effectively inhibitien, despite its non-conformity to Waters®
definition. Robertson and Waters (léé) pointed eut that, since phenoelic
inhibitors ave no inhibitery effect upon tetralin oxidatien after the
"steady state” has been reached, tke inhibiters must be considered as
destroyers of the peroxide radicals and not of hydreperoxide molecules.
From this Waters (223) concluded that inhibiters are "invariably easily
oxidizable compounds,”™ such as phenols, thiols, amineé, and alcohols.

That the ability of phenols te act as antioxidants increases with decreas-
ing oxidation-reduction potentials, that is, inecreasing oxidizability, was
shown by Bolland and ten Have (29) in the oxidation ofbethyl linoleate.
Phenel itself has an oxidation-reductien potential low enough to react
with molecular oxygen. These workers conclude, as did Waters, that the

reaction
R0OO- + ArOH-—> ROOH & AroQ-

is the most important “terminating”_stepi

Compounds ef thishtype which have been used as ether antiexidants
are p-sminophenol (69, 178, 179), aniline (207), benzyl-p-aminophenol (49),
catechol (155, 207), p-cresol (31, 66, 178), diphenylamine (69, 76, 136,

237), hydrogquinone (113, 119, 135, 155, 166, 207, 237), l-naphthel (159,

237), 2-naphthel (68, 113, 155, 159, 237), l-nitrose-2-naphthol (68),
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m~-phenylenediamine (69), p-phenylenediamine (69, 177), phloreglucinel (68),
picric acid (147, 207), propyl gallate (25), pyrecatechol (119, 159),
pyrogallol (68, 155, 207), resorcinel (‘ée, 119), and salicylic acid (69,
237). Of these, Boehm and Williams (25) report that propyl gallate is
extremely effective. In a concentration of 0.0002%, it prevented the
formation of peroxides in diethyl ether fer over four menths.

An indication of some of the confusion in this field is the cenflicting
report that some of the above antioxidants cause an acceleration of oxiéa-
tion (159, 177), a statement incempatible with the theory preSeﬁteda On
the other hand, the report that saliecylic acid is an effective amtiexidant
for most ethers but not for isopropyl ether (237) may be an example of the
"selective inhibition" discovered by Milas (149).
| Since it was suggested that remctions of radicals with simple phenols
could more properly be labeled "chain-transfer" reactions, it is well to
consider here other reactions of that type. The retardation of ether
autoxidation by aleohols and water has been frequently observed (113, 135,
146, 147, 159, 177). Merz and Waters (145) who have studied extensively
radical-transfer reactions invelving hydroxyl radicals, state that in

alcohols the two principal reactions are

RCHpOH + +OH-— RCHO0+ + HOH
and
RCHgOH + +OH —> RCHOH + HOH

The first reaction is consldered more important‘in the splitting eof
glycols by Feton's reagent; but the secondf because of the relative
\strengths of the C-H and O-H bonds, is predbminant.

The fact that the moneethyl ether of ethylene glysol oxidizes much

more slowly than that of diethylene glyecol (212) is remsonable from a -
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consideration of the concentration of hydroxyl groups. The reason for

retardation by water is similar:
HOH + .OH—> HO+ + HOH

but, since the radical is changed only in identity and net in species,’
there is ne change in radical reactivity. In aqueous aeidic solutions

of diethyl ether, tetrahydrofuran, and tetrahydropyran, in concertrations
frem 0.01 to 0.02 M, the autoxidations have been shown to be chain reac-
tions (35). The addition of a dehydrating agent like calcium chleride to
ethyl ether promotes peroxidation® (232), perheps by decreasing radical
transfers with water.

- Ethanelamine and triethanelamine, whieh are used in stabilizing
chleroacetals (22, 41), and acetaldehyde-ammonia, which stabilizes simple
ethers (69), are probably also retarders of this class. Acetone and
methyl ethyl ketone have been similarly used as stabilizers (69), but
their activity has been attributed to an addition rather than a simple

transfer (146):

A hydroperoxide could participate in radical transfer by the reaction

(196):

ROOH + *OH——» ROO- + HOH

* The use of the term "peroxidatien” in preference to "autoxidation”
for this and other cases to.follow is meant to emphasize the formation of
peroxides. :
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Although this has been proved to occur in the vapor phase (201), the reac~
tion could not generally be considered retardation because the new radical
has no appreciebly diminished aectivity.

Utilizing primarily the egquations

Fe'* 4+ +OH —5% Fe'** + OH"
and

k
XOH + <OH —2» X0+ + HOH

(where X may be aﬁ'acyl or other type radieal),.ﬁuf also considering
additional reactions of the +OH and -0X radicals with the substrate,

Merz end Waters (145) evaluated ka/ks, the "tremsfer coefficient,” for

& number of subsﬁanees. They found that large free radieals, such as

the acetoxyl radical, are less capable of attacking a C-H bond than free
hydroxyl. Maleic and fumarie acids give radical transfer to the exclusion
of the anticipated addition of the hydroxyl radieal.

‘A significant group of inhibitors, although they have been used very
little in stabilizing ethers, does depend for its action primerily on
radicel addition: +the quinenes. Bickel and Waters (24) showed that a
radical like 'C(CH3)2CN obtainea from &, -azoisobutyrenitrile adds to

p-benzoquinone by the reaction

)
I PR
A
B + — ||
—
il I
0 0

while more reactive radicals, like methyl end phenyl, attack the nucleus.

The inhibitien of vinyl polymerizations by quinones is likewise believed
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due to the addition of radicals to the nucleus (175):

0 Q . OH

In the polymerization of allyl acétatq and vinyl‘gcetate, it was found
that both simple quinones and tetra-substituted giinonss are inhibitors,
showing that both C- end O-alkylation occurs (14). The products formed
with benzoquinone were identified and found to be bebh substituted qui-
nenes and hydroquinone,etheré.»'Béhzoquinone.is apparently the only
quinone which has been used as an inhibitor in ethers (147). sym-
Trinitrobenzene, which undergoes similar reactions in polymerizations

(175),

NOg . NOg
R + NOg — H \ (e}
- Noz NOo

has also received little attention as an ether stabilizer.

In ether autoxidation, the most confusion lies in the use of metals
and compounds of metals as inhibitors. In contrast to the prevalent use
of metallic iron and copper as catalysts for the oxidatien of hydrocarbons
(for example, see {30)), metallic iron has frequently been used as an

inhibitor for ethyl ether oxidation (94, 113, 140, 179). It has been
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reported that ethyl ether stored over powdered iron can be kept free of
peroxides fer two to three years (94), and that several EEEE of this ether
stored in steel tanks vented to the atmosphere develeped no peroxides over
the same length of time (113). On the other hend, Neu (163) reports that
colloeidal iren accelerates the oxidatioen of ethyl ether. ﬁan'kov and
Larionov (140) found that, although iron filings in the dark retard the
formation of peroxides, they accelerate the formation of aldehydes; more-
over, in the light, iron filings and especially powdered iron from reduced
iron oxide considerably accelerate the oxidation. JIron filings show
definite inhibitory action only in the absence of decomposition products.

The value of metallie iren as an inhibitor for use in other ethers is
questionable; it has been found ipneffective in beth isopropyl ether (113)
and glycol ethers (207).

When chemists in India were faced with the problem of keeping diethyl
ether free of peroxides in a tropical climate, they found that the additien
of copper wire was suecessful (138). In fact, scme samples five years old
still had net developed peroxides. Comparing the effeetiveness of amber-
glass bottles, ordinary tin cans, and copper-plated tin cans, Van Derripe
et al. (217) found that only in the copper-plated containers were there
neither peroxides nor aldehydes formmed. Reimers (179) similarly recom-
mended copper. In agreement that ordinary tin cans are ineffective inhibi-
tors, Neu (183) reported that they actually accelerate oxidation, with the
formation of acetic acid and ethyl acetate. <Contrary to the favorable
results found by others for copper, Bailey and Roy (9) found that copper,
copper amalgam, and the zinc-copper couple are poor inhibiters for use in
diethyl ether. The zinc~copper couple has alse been found poer fer glycol

ethers (207).
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Metallic copper and the zinc-copper couple (powder) have been recom-
mended for freeing diethyl ether of peroxidses (76, 164). It has been shown
that the peroxide decomposition is accompanied by the appearance of decom~-
position products, notably acids, end the disappearance of disselved oxygen
(165). Ether peroxides are also decomposed by sodium (130, 160), sodium
amalgem (9), mercury (154), and aluminum amalgem (150). Aluminum, however,
promotes the formatien of peroxides in glxcol ethers (207) and has no
inhibitory effect on isopropyl ether oxidation (113). Milas (147) reported
that mercury is a catalyst in benzyl ether autoxidation, but Burroughs (36)
was uneble to confirm his results:. Considering that photosensitized mer-~
cury is capable of dehydrogenating ethyl ether (53) and even ecyclopentane
(3) end n~decane (173) without itself undergoing chemical change, it is
entirely possible that.mercufy actually is a catalyst in an illuminated
system. Moreover, in the presencé of water, metals such as silver and
mercury are able to reduce melecular oxygen to hydrogen peroxide, pre-
sumebly by way of an .O0H intermediate (84, 85).

Metals may, therefore, according to Waters (227), be regarded as
both chain-promoters and chain-breakers, a dual action which is explicable
in terms of the electroeﬁemical properties of metallic surfaces, In the

reversible system
metal (electron source) + Og —> (metal:0~0-)

electron donatieon, equivalent to chain-initiation, is a cathodic process;
aend electron abstraction, equivalent to chain-breaking, is an anodiec pro-
cess. JThe potential difference between the two in a given system will

determine whether initiation or termination reactiens will predominate.
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With the exception of strong bases like sodium hydroxide (130, 207)
and reducing agents like ferrous and stannous salts (78, 160, 237), most
of the other materials which have been tested as inhibitors are metallic
oxides. Of these, only lead oxide and lead dioxide have been recommended
as inhibitors (40, 5&, 78). The dioxidq has been used to remove peroxides
from dioxane, ethyl ether, isopropyl ether, and isopentyl ether (78, 160).
Manganese.dioxide and silver oxide cemse the decomposition of ether per-
oxides with evelution of oxygen (44). The catalytic activity of metalliec
silver in the commercial vapor-phase eoxidatien of isopropyl ether to
acetone (35) may be related to the activity of its oxide. Alumina, which
removes peroxides from glycol ethers and acts as an inhibitor-(207), was
shown to adserb, without destroying, peroxides in ethyl ether, dioxane,
and n-butyl ether (54). In isopropyl ether, copper oxide and ferric
oxide have little effect on peroxidation (113). ‘In glycol ethers,
calcium oxide and barium oxide in a similar way exhibit almest ne effect;
sodium carbonate, hewever, increases the formation of peroxides (207).

In ethyl ether, zine sulfate pranotes peroxidatien (5&).

Most of these effects seem to be intimately related to surface area.
Barium sulfate, which was used in studying the effects of surface area on
tetralin oxidatien, appears to have about the same activity as glass wool
(89). Both activation and termination are assumed to occur on the surface,

the reactions proposed being, for activation,
S(surface) + Oz —> S---0p
§---02' + RH ——>-_S_ 4 Re + sQ0H

end, fer terminatien,
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ROO- + 8 —>» ROO=--8

Henderson (103) proposed a similar chain-termination mechanism for ethyl-

benzene oxidations
R* ¢+ wall —> R7wall™

That Pyrex wool can both initiate and terminate chains in the oxida-
tion of dioxane is indicated by the”wbrk of Burroughs (56); According te
Stephens (205), the rate of oxygen absorption by cyclohexene is inereased
by Pyrex wool and decreased by quartz fibers. This, too, may be inter-
preted as illustrating the relative chain-initiating and -terminating
efficiencies of twop materials.

After investigating the effects of char¢oa1 and silica gel en ethyl
ether oxidation, Demougin and Landon’(Sé) reported that charcoal of all
types accelerates both the formation end destruction of perexides. Silica
gel brings about the decemposition of peroxides but also causes the forma-
tion of hydregen peroxide. The accelerated oxidation resulting from
charcoal was confirmed by Neu (1&3).

It may be concluded from the discussion thus far that inhibition is
& complex phenomenon which may invelve removal of peroxide melecules by
destruction er adsorptien, capture of radicel carriers to form resonance-‘
stabilized systems, and possibly electron abstraction by metallioc surfaces.
Since activation frequently accompanies inhibition, the relative effieciency
of the twe processes will determine whether the resulting effect is cata-
lytic or inhibitory. Seme substances which have been recommended as
inhibitors are in reality catelysts which accelerate oxidation by promot-

ing initiator decomposition.
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Catalysis

-Catalysis of ether autoxidations is beceming increasingly impertant
as industry is faced with the growing problem of utilizing ether by=products.
Controlled antoxidation offers promise in elevating many ethers frem their
subservient roles as solvents to mere respectable roles as highly valued
intermediates in the production of alcohols, acids, aldehydes, and esters.
The oxidations of dioxane to ethylene diformate (79), allyl ethers teo
acrylates (98), and tetrahydrofuran to J-butyrolactone (32) and ¥-hydroxy-
butyraldehyde (139) represent almost all of the patented processes in this
field. Bancroft (11) once stated, in referring to catalytic reactiens
involving hydroegen perexide, that it was "a hopeless subject for the
phenomenolegical, er Baconian, experimentér, because the misleading experi-
ment is everywhere."™ His statement eould have been applied equally to
catalysis of aitoxidation. Yet, because of the petential utility ef
catalyzed ether oxidatiens, some sert of attempt should be made to co-
ordinate the available data.

Catalytic activity in free-radical reactions can arise principally
from three types of reactions: the eatalyst can accelerate the decomposi~
tion of an initiator; it can activate a molecule of reactant by adding
to it; and it can initiate chains by attacking the substrate.

In 1934, Haber and Weiss (99)>proposed this set of reactions to ex-
plain the ferrous-ion eatalyzed decomposition of hydreogen peroxide (in

the so-called "Fenton's reaction®):
Fé+ + HOOH —> Fet** + OH™ + -OH

HO- + HOOH — HOH + HOO-
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HOO+ + HOOH —= Oz + Hp0 4 «OH
Fe*t 4+ QH —sFe*t+ty OH™
Fettt 4+ HOO—= Fea*™71 4+ HOO-

The hydroperoxide ion in the last step would result either from the

ionization of hydrogen peroxide or from theegquilibrium
HOOH + OH=—== HOO™ + HOH

Utilizing these equations, Robertson and Waters {196) suggested that the
metal-catalyzed decompesition of organic hydroperoxidescan proceed by a

similar path, the two main steps being decomposition
ROOH + M*—>RO™ + -OH + M**
followed by catalyst regeneration
RO~ + ROOH === ROH + ROO™
ROO~ + M**——> ROO- + M*

Support for this mechanism came first from the observation that the pro-
ducts obtained in hydroxyl radical oxidations are essentially those ex-
pected in catalyzed autoxidations (146). Later, Robertson and Waters
showed that in the cobalt naphthenate-catalyzed decomposition of tetralin
hydroperoxide (in chlorobenzene and a nitrogen atmosphere), considerable
oxygen is evolved. Since they had already found that a little oxygen is

produced in the nen-catalyzed reaction, presumably by

ROO+ + ¢OH-—— ROH + O2
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they expected the catalytic effect to result in an increase in the hydroxyl
radical concentration. .However, attempts to prove the presence of the
hydroxyl radical by hydroxylation of aromatic solvents were unsuccessful
(195).

Recently, Barb et al. (12) have re-examined the hjdrogen peroxide
decomposition and have arrived at the conclusion that the impertant cata-

lyst regeneration step is
Fet** 4 HOO» —» Fett 4+ 0p + H*

An analogous reaction for organic peroxyl radicals is unlikely.
Fordham and Williams (80) believe that the cumene hydroperoxide-
ferrous ion interaction is quite different from the hydrogen peroxide

reaction. The decomposition reaction is
ROOH + Fet*— RO+ + OH™ + Fe'+*

the significant difference being the formation of an alkoxyl radical
instead of a hydroxyl radical. They did not give any reactions for
catalyst regeneration. Kharasch, Fono, and Nudenberg (121) verified
this mode of cumene hydroperoxide decomposition by showing that the re-
sulting alkoxyl radical will add teo olefins. The-reaction dif fers from
the tetralin hydroper oxide decomposition in that only a small amount of
oxygen is evolved. In similar reactions, it was shown that the alkoxyl
radicals from either tert-butyl hydroperoxide or cumene hydroperoxide
will add te butadiene, isoprens, alkenes, and allyl alceohol (125). No
catalyst regeneration steps were proposed. |

In their study of cobalt-catalyzed reactions, Woodward and Mesrobian

(241) for tetralin oxidation, and Bawn, Pennington, and Tipper (19) for
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trimethylethylene oxidation have shown that the hydroperexide decomposi-

tions follew similar pathss
ROOH + Cot+—s RO+ + OH™ + Cot*+

In boeth studies, the regeneration step was believed to be
ROOH + Co**t——= ROO. + H* + Co*+

That the cobaltic ion is also a catalyst was shown by adding cebaltic
acetate prepared immediately before use by an electrolytic oxidatien.
There was observed a very strong imﬁediate catalytic effect gradually
diminishing tte that ebtained from cgbaltqus acetate alone (19). A re-
sult similar to this electrolytic "activation” was obtained in ether exi-
dation by adding acetaldehyde to the cobalt aéetate catalyst before use
(112). Wibaut and Strang (234) agreed with the decompositien reaction

in the oxidation of alkanes; they were able te show both that the cobalt-
ous ion is oxidized to cobaltic by hydroperexides and that the alkoxyl
rather than the hydroxyl radical is preduced. For the eétalyst regenera-~

tion step, they preferred the reactien
ROOH=== RO0™ + H*
ROO™ + Cott¥—= Co** 4 ROO-
It has been reported that the reaction
RH + Co"**—>sRe + E¥ 4 €87

occurs readily at roem temperature for trimethylethylene (19), and it

has been suggested for the initiation of tetralin oxidation (241).
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Although a perexide-free n-nonene ceuld not be oxidized even at 110° and

in the presence of cobalt stearate (234), copper stearste has been reported
as 8 good chain-initiation catelyst for lubricating oils (34). The nature
of the radical carrier was questioned by Anderson and Nylen (4), who sug-
gested that the radical carriers in methyl lineleate oxidations are metal-
methyl lineleate adducts.

The vielent oxidation of ethyl ether by chromic anhydride, which was
noticed as early as 1915 (115), was shown by Waters (226) in 1946 to be
accompanied by exygen abSorption but enly while the chreomic anhydride was
being reduced., Since the ease of oxidation for a group of alcohels, ethers,
and esters did not follow the ease of proten removal, he assumed that a
hydrogen atom was removed. The oxidation of eyclohexene te 2-cyclohexenene
by chromic anhydride in acetic acid had been shown several years earlier
to occur by an attack on the ot-hydrogen atem (233); Farmer (75) indicated
that hydrogen abstractien from an ocemethylene group is a general reaction
for this reagent.

Waters (229) proposed the free-radical mechanism

0\ 0\
N . N - .
,LCr=0 + R — ,Cr-OH + R-
o’ 0’

and so on until Cr(OH)z is formed. The permanganate ion could act simi-
larly to give Ma(OH)z and OH , although an alternstive reaction, after
two molecules of substrate have been dehydrogenated, is hydroxyl radical

expulsioens

- 0 2VOH. L :
O-1n-0H-=20H; 15 4n=0 —s 0=1n=0
OH ’
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Dehydrogenatiens of organic compounds, according to Waters, ecan occur only

if the oxidizing agent contains a double covalent bond:
He 4 0=M? —»> H-0-M2-1

A coordinate'compouna, %£0~, has no tendency te pick up electrically neutral
hydregen.

In the light of this discussioen, it is interesting to note that both
chremic anhydride and‘potassiﬁm permanganate have been recommended for
purifying isopropyl ether (109, 154).

Discussing early research on fluorescence of solutions, Rieche (200)
concluded that in photosensitized oxidations the exygen moleculs becomes
ectivated and adds to a sensitizer, which is then capable of hydrogen
abstraction. That this actually occurs in this manner is debatable; of
course; but there are same who believe that oxygen dees add to catalysts,
forming loose complexes (90, 203).

George and Rebertsen (92) suggest the reactions
M + Og —> MOO-
MO0+ + RH—> M + R+ + HOO-

Since they observed that copper, iron, and cobalt stearates are able to

terminate chains, they propesed
M ¢ ROO. —» MOCR

as a termination reactien. In tetralin, copper has a greater chain-
terminating ability than cobalt or ironj; but cobalt stearate inhibits

the oxidation of heptanal.
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In 1924, Robinson (197) mentioned that hemogleobin, methemoglobin, and
hemin act as catalysts in the eutoxidation of linseed oil, presumably owing
to the iron conﬁent. Gebauer-Fuelnegg and Konopatsch (86) found, a few years
later, that many cobalt cemplexes similarly catalyse the drying of oils.
These complexes include those of acetaldoxime, ct-nitrosoacetophencne, 2-
nitreso-l-naphthel pyridine, and d—acetylacetgphenone dipyridine. Cobalt-
acetophenone and cobalt-2-nitroso-l-naphthol complexes had practically ne
drying action. Compounds of_éhe iron phthalocyanine type were shown by
Cook (47) to catalyze the decompesition of tetralin hydroperoxide, the
oxidation of benzaldehyde, and the oxidation of diphenylmethane. In the
last instance, the catalysts promoted both perexide decompositien and ketone
formation.

In discussing the properties of elements which are good autexidatioen
catalysts, Geerge, Rideal, and Robertson (50) asserted that the transition
elements are best although they could net decide whether the ease of
valency change or the ease of complex formation 1§ more impertant. They
were inclined teward the latter en the basis of their findings that fhe
rates of catalyzed reactiens are dependent upon eiygen prossure and that
the complexes of the transition-metal ions have structures similar to
those of the knewn oxygen carriers, such as hemeglobin.

The combination of & metal catalyst with oxygen
M ¢+ 0, —> MO0*

would have the effect of converting a relatively inactive biradical
(oxygen) into an active moneradical and would be expected to produce an
increase in paramagnetism. Pauling and Coryell (171) discovered to the

contrary that ferrehemoglebin (hemeglobin itself) and oxygen, both of
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which are paramagnetic, combine to form diemegnetic oxyhemoglebin. Ferro-
hemoglebin has sixteen unpaired electrons and the bonds te iren are ienic,
while oxyhemoglobin has no unpaired electrons and the bonds are covalent.

A recent review (88) of the reactions ef oxygen with hemoglebin has indi-

cated that oxygen activation in exyhemoglebin is a result of an alteration
of the oxygen-iron link by an acid.

A cobalt complex, disalicylethylenediimine cobalt, is like hemeglobin
in its ability te abserb and releaserxygen. Like hamoglobiﬁ, it, teo, is
parsmagnetic, becoming dismagnetic upon oxygen absorption (59). It has
not been tried as an auboxidatien catalyst.

Chlerophyll has been used as an autoxidation catialyst for oleic acid
(120). The activity, which is noticeable in both the light and the dark,
is interesting in view of the fact that the central ien, magnesium, has
almost no activity by itself.

Another type of compounds which have been used te premote tetralin
autexidation is the "positive hglcgen” type (194). Compounds such as
KN-bremosuccinimide, gfbremophthalimidé,-chlercpierin, and even benzyl
chloride are reportedly immediate catalysts for tetralin autexidation at
the comparatively low temperature of fgo. The activity is believed due

o the reaction
RX —=Re & X

It may be concluded, by way of restatement and sunmary, that a cata-
lyst for autoxidation can work in a fariety of ways: it may attack the
substrate, react with melecular oxygen, or accelerate hydroperoxide decom-
positien. By its chain-terminating ability it may alse act as an inhibiter.
The final rate ef a catalyzed reaction will thus depend upon the directioen

and magnitude of the resultant of a large number of factors.
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Structural Effects

The rate-controlling facters which have been considered thus far are
inhibition and catalysis. Little has yet been said about the most‘important
consideration--the effect of the structure of the ether itself.

Burroughs (36) has indicated that the general rates of eamtoxidation
follow the order: sacetals) benzyl ethgrs) acyclic and heteroeyclic ethers)
aromatic ethers. So pronounced is this difference in some cases that
3-ethoxy-5,7,7=trimethylectanal diethyl acetal,
(=CH5)5CCH20H(CH5)CHZCH(OCZHS)CH‘_zCH('OCzH&-)_)25 is oxidized entirely at the
acetai group to preduce the respective octaneie acid (144). In the case
of aldehyde trimers, there may be some‘question as to whether the structure
undergoing oxidation should be:regarded as an aldehyde instead of a type of
ether. Criegee (51) has resolved this in favor of the ether structure by

showing that paraldehyde forms the hydroperoxide,

o 0. OCH
b o

e

CHz

Criegee also believed that 2-methyl-l,3-dioxolane forms the hydroperoxide,
but more recent evidence indicates that the campound found is actually the
peroxide (see p. 19). Although they made no_comparisons with other types
of ethers, Legault and Lewis (135) showed that the oxygen abserption rates
are extremely high for 1,3-dioxolane and its 2-methyl homelog, the latter
oxidizing faster. The hydroperoxides of these compounds are decomposed

during distillation. Chloroacetals are known to peroxidize (22, 41), but

no rate data, even qualitative, are available. Diethexymethane,which
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forms a volatile pér@xidatiom product, may be attaekéd in either the alkyl
or the methylene group (45).

Although Burroughs did not study them, allyl ethers probably should
precede benzyl ethers’bu£ follow acetals in their oxidation rates. Clover
(45) observed that allyl ethers autoxidize much more rapidly than saturated
ethers to give peroxides which decanpese céusing'resin formation. Dimeth-
allyl ether forms peroxides faster than any other ether studied by Williams
(237), including several tert-butyl alkyl ethers; but the ether can be
freed of peroxides by heating. Oxidations of allyl alkyl ethers, in which
the allyl group hes an oppertunity to cempete with an alkyl group, show
that the allylie group is preferentially attacked (98). Iﬁ the competi=-
tion in orientation between the benzyl group and the allyl group in
5-pheny;e2-pentene avtoxidatien, the attgck is on the 4-position, the
allylic methylene group, exoclusively (151). That*%ﬁe oxygen linkage in
an allyl ether exerts a great accelérating‘influence is shown by the fact
that 5,6;dihydro-ﬁggpyran is attacked not in the 4-position but in the

2-position elthough a double bond shift is required (198):
- ‘ AN
| + 02 —
OCH
0 1” .0

. The order of reactivity toward oxygen 1n.thq‘ethers,studied by Milas
(147) was shown to be‘EgEEEbutyl benzyl) dibenzyl>‘§éggbutyl othyl) tert-
butyl ethyl) n-butyl ethyl) égzgfbutyl“ﬁropy@> diﬁggbutyi> (dioxane and
tert=butyl methyl)) ethyl phenyl) methyl phenyld diphenyl.- Burroughs (36)
showed the rete of oxidation of several benzyl_ethefé is in the order

dibensyl) benzyl ethyl) benzyl methyl ) benzyl n-butyl. The ebility of
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benzyl ethers teo autoxidize was noted also by Olsen et al. (169), who deter-
mined the physical properties of a number of ethers. Waters (226) stated
that benzyl methyl ether undergoes sutoxidation with a "marked™ abserption
of oxygen, faster than either 1sopr6py1 ether or n-butyl ether..lg-Hydroxy-

triphenylfuran, which in its keto form is actually a benzyl ether,

very easily undergoes oxidation (128) to form the ot-hydroperoxide (51).
The oxidation of phthalan, another benzyl-type ether, has been mentioned
previously (p. 18).

An indication of the relative reactivities of some of the aliphatic
ethers has already been shown from the werk of Milas. In addition,
Burroughs (36) found that 2,2f§dichlorediethyl ether absorbs oxygen faster
than simple aliphatic ethers and that tetrahydrofuran absorbs oxygen faster
than 1,4~dioxane.

Anisole a nd phenetole have generally been found quite inert te oxy-
gen (36, 45, 2267, 240); but Milas (147) states that oxidatien does occur
not only in both enisole and phenetole but alse in diphenyl ether. His

results are not elsewhere substantisated.

Exper imental Determinations of Reaction Mechanisms

Tt should have become clear from the disecussion this far that, while
reaction product studies are indispensable, the most progress toward a
complete understanding of the autoxidation mechanism has come from kinetie

studies. That this is true is not surprising because, as Frost and
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Pearson (83) emphasize, "kinetics provides the most general method of deter-
mining the mechanism of reaction." Although it has been demonstrated here
that the theories proposed for the autoxidation ofvother compounds may be
profitably applied to ethers, it is perhaps impossible and certainly unwise
to try to formulate a mechanigm for autpxidatien of ethers without making
similar kinetic studies on the ethers themselves.

Such studies have been reported for only one liquid ether=-~isoprepyl
ether (152). In additien, there are two related investigations which deal
with the vapor-phase oxidation of aliphatic ethers (40, 61). An insight
inte the reasons for the apparent disdain of a kinetic approach to ethef
autoxidation may be acquired by reviewing what Gee (87) puts forth as a

sine qua non. He states that, before kinetic metheds can be usefully

employed, i1t is necessary te find conditiens under which the rate of a
single reaction or chain sequence can be studied experimentally. Tetralin
and a few olefins have been extensively investigated because they can be
made to yield the pure hydroperoxides. Under these conditiens, the rate
of oxygen absorption as a function of the hydrocarbon, peroxide, and
catalyst concentration provides useful kinetic data. Even then it is
generally impessible to decide unequivecally the course of & reaction.
From this it may be concluded that probably the greatest impediment
toward the usse 6f kinetics as a topl in ether amboxidation studies has
been the seeming complexity of the reactions. At the beginning of this
present work, the euthor believed that the two main conditions which would

meke kinetics impracticable would be the unattainability of the "steady-
state” and the irreproducibility of data. As it shall now be shown,

neithér'of these fears materialized.



EXPERIMENTAL

Apparatus

The mest éommon types of apparatus used for studying oxygen absorption
may be classified broadly as follows: the first brings the sample into
contact with oxygen by shaking in a flask; the second circulates oxygen
through the semple. Mostly because of mechanical difficulties, the first
method is limited to the use of relatively small samples. The 10-g. sam~
ples used by Milas (147) in his comparison of oxidation rates illustrate
this point. Making the system leaknproof;-always a problem in this type
of work--is a difficulty increased by the use of a shaking apparatus
(although it may be partially offset by fewer joints). Usually the rate
of pressure decrease is determined. Since changes in pressure may affect
rates of oxidation, the validity of daba based on such measurements is
always subject to guestion, especially where large pressure changes have
occurred. Oppesed to these objections is the very real advantage of hav-
ing generally available a commercial instrument--the Whrburg apparatus—-~
which permits studying simultaneously several samples {ten to twenty in
some instruments). The inability of Burroughs (36) to obtain reproduci-
ble data using this apparatus was due to the fact that he was comparing
the total volumes of oxygen absorbed instead of the rates of absorption.
Although experimentel details ef their_work'were not available, Moledov-
skii and Neiman (152) apparently used a similar apparatus for studying
the liquid-phase oxidation of isopropyl ether--the only kinetic study of

ether auvtoxidatien.
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The second methed, that of circulating oxygen through the sample, had
not been applied to ethers in spite of its sucocessful application te other
materials. Most of the‘present»forms of the apperatus are modifications
of the one first desoribed in'193§'by‘Dornte (60) in his study of white oil
oxidation. Although his method was not entirely originel, he was the first
to provide sufficient details to enable others to construct similer types
of apparetus. Subsequent modifications have been conocerned largely with
inoreasing the sample size (10 to 15 g. were used by Dernte) and with mek-
ing the apparatus fully autematic. The versatility of the apparatus is
shown by the different types of compounds which havg been investigated in
this way. A few examples are GR-S type“hydrpcarbans’(lsz), aliphatic and
aromatio hydrecarbons (30, 131), fats {556), and diester lubricating fluids
(156).

The Dornte-type spparatus is commonly used as a constant-pressure
method for measuring sbsorption of oxygen. Frequently the term'"constant-l
pressure™ is misused to apply to those measurements in which the volume
of oxygeﬁ necessary to restore the pressure of the system to atmospherio
1s fed in intermittently.

It was deolded for this work that’q oonstant-pressure method capable
of using 100« to 200-g. samples was desirable; oonseguently, a Dornte-type
apparatus seemed the mest promlsing.

The apparatus (Figure 1) may be depioted as fundamentally a oiroula-
tery system in whloh oxygen was olroulated through the ether sample held
at & oonstant temperature in an eleotrically heated bath. COlroulation was
accomplished by means of & piston acting on meroury in a 28-mm. glass U-
shaped tube (A)., Two meroury valves (B):guve unidireotional flow to the

oxygen as it was alternately ccmpressed and expanded by the rise and fall



FIGURE 1
APPARATUS FOR OXIDATION
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of the mercury in the U-tube--a Tospler pump. The piston was operated by
a gear train which reduced the speed of a 1/6 H.,P, 1725 rpm., motor te

90 rpm. From the pump, the oxygen passed through a one-liter round-bottem
flask (C) which served as & surge tank and also as a preheater since the |
flask was in the thermostatted bath with the reaction tube. The reactien
tube (D) was a 40-mm. glass tube having at the bettem a fritted disc
through which exygen entered frem the liter flask and at the top & 8

29/42 outer joint. The capacity of the reaction tube was 180 ml. During
the first few runs, the reaction tube was also provided, by means of other
standard-taper joints,'with a sampling device and a condenser. The sam-
pling device was similar to that used by Sharp, Patton, and Whitcomb (202)
and consisted of a 20-mm. tube attached to a 7-mm. tube with the 7-mm.
tube reaching nearly te the bottom‘of the reaction tube. A sample could
be drawn into the sampling device by reducing pressure in it by means of
an aspirater. A stopcock shut off the reactien tube frem the sempling
device when it was not in use. After the fir;t few runs, this device was
replaced by a three-way comnecting tube with & parallel side arm as shown
in the‘diagram. The side arm led to a Friedrichs condenser (E). By means
of a pipette, semples could be withdrewn through the vertical part of thse
connecting tube; the top was glass-stoppered except during sampling. Oxy-
gen passed from the reaction tube through the condenser to U-tubes (F)
oontaining Drierite and Ascarite to absorb water and carbon dioxide. Oxy-
gen from these tubes returned to the pump. It was shown that the rate of
oxygen oiroulation was about 35 1./hr. through the uncharged reactor. This
is higher than is usual in experiments of this kind and guaranteed satura-

tion of the reactor contents with oxygen at all times.
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Comnected to this system were a mercury manestat (G), a manometer (H),
and a constant-pressure burette (I). The constant-pressure burette cen-
sisted of a 100-ml. gas burette with & 1eveling bulb whieh could be raised
by a pulley attached te a 1/4 H.P. 1725-rpm. motor geared down to about
8 rpm. by means ef a Boston gear reductor (Boston Gear Works, Quincy,
Mess.). A safety switch was provided te prevent raisimg the bulb toe far.
Under continuous operation, the leveling bulb displaced less than ene
milliliter per second of oxygen in the burette. The motor was actuated
by the mercury switch operating through a Cenco-Gilson electronic relay.
When pressure in the system dropped, the meter was turned on momentarily
to restore the pressure to the predetermined value. Pressure fluctuations
in the system existed primarily because of the pump action but ameunted to
only 5 mm. at most. The constant~pressure device maintained the pressure
within these limits easily.

All connections net made of glass were made of Tygen tubing ceated
with "Sealit” (Fisher Seientific Co.). Ground-glass seals were lubricated
with é silicene stopcock lubricant (Dew-Corning Cerp.). To test the suit-
ability of these substances, oxygen absorption measurements on the system
alone were made; these showed negligible volume changes over a three-day
pe{i@d.

The volume of the train expesed to variations in room temperature
We;s determined from the ideal gas law by taking the burette reading, Vp,

at several pressures, P The velume of the system, V_,was then founds

Vo= PaV2 - P1V1
8 1- P
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The volume exposed to temperature variation after subtracting the volumes
of the surge tank, reaétion tube, and condenser was found to be 60+ 5 ml.
exclusive of the burette reading. All readings were corrected te milli-
moles of oxygen absorbed»per mele of ether.

The thermostatted bath wasrstirred by a Sargent cone-drive motor and
heated by two 250-watt knife heaters operated by a Cenco electronic relay,
which was actuated by a sensitive mercury switch. The bath temperature
remained constant to about 0.1° at 10ﬁervtemperatures and about +0.2° at
70°. Surrounding the bath was a jacket made of Masonite; this, together
with a 1id of the same material, served to keep out light and thus elimin-
ated the pheotocatalysis reported for ether autoxidation by many workers

(for example, see references 45 and 147).

Procadure

In carrying out a run, the system was thoroughly flushed with exygen
before adding the ether (usually 100 te 150 g.). After several minutes,
the pump was started and the "zero” reading was taken. Since there was
in almost every case an induction peried extending over an hoﬁr or more,
the establishment of a zero time was not found to be critical. The first
reading was usually taken within five minutes after starting the pump,
however. Normally, the apparatqs was operated at pressures a few milli-
meters below atmospheric; consequently, to take burette readings, the
pressure in the system had to be equalized te that of the atmosphere.
When samples were to be removed, the buretie reading was ﬁaken, the pump
was stoppéed, and the semple was withdrawn and placed in a 10-ml. flask
for weighing. The pump was started again and a second reading was taken.

(It was necessary to take the second reading because sometimes a difference
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as great as £0.5 ml, between readings would occur,) The whole operatien

required not more than thirty seconds.

Analyses

The peroxide methed was essentiallyﬁthat’ef Wegner, Smith, and Peters
(219). It was chosen because of both its simplicity end its ready adapt-
ability to the analysis of discelered selutiens by a potentiometric dead-
stop method (1). (This technique was not required, however.) Into a
250-ml. soil-digestion flask (an Erlemmeyer flask with a § 24/40 outer
joint) were introduced 25 ml. of the'solventr(made by mixing 950 ml, of
isopropyl aleohol with 50 ml. of glacial acetic acid), about 2 g. of the
sample, and 2 ml. of sodium iodide solution (made by dissolving 20 g. of
sodium iedide in 150 ml. of hot isopropyl alcohel). The mixture was re-
fluxed for five minutes and then without appreciable cooling titrated
with 0.05 te 0.1 N sodium thiesulfate te the disappearance of the yellow
color. New sodium iedide seolution was prepared whenever the blank was
greater than O.l ml. Benzoyl peroxide by this methed censistently analyzed
about 99%.

The carbonyl methed was a modification of the one employed by Dermer
et al. (68). To the sample were added 20 ml. of 0.5 N hydrexylamine
hydrochloride in methenol (70 g. ef hydrexylamine hydrochloride and 0.1 g.
of butter yellew in twe liters of methanol, adjusted te neutral with
sodium msthoxide sélution). The solution was refluxed twenty minutes and
then titrated with 0.05 te 0.1 N sodium methoxide in methanel (prepared
by disselving sodium in a little dry methanol, and diluting te twe liters;
standardized against potassium hydrogen phthalate using a phenolphthalein

indicater). The method was tested on salicylaldehyde, which happened to
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be the only pure aldehyde available at the time. Without refluxing or
standing, the aldehyde assayed 85%. Standing sixteen hours raised the
titer to 98.5% and 98.6% for two samples. Similar results were obtained
by varying the reflux time from five te thirty minutes. Fifteen minutes
reflux was barely sufficient, but twenty minutes gave consistent results.
Determinations of acidity were made by titrating a mixture of the
semple and water with the stendard sodium methoxide in methanol, using a

phenolphthalein indicator.

Materials

A list of the ethers investigated is given in Table I. Unless other-
wise specified, the ethers were prepared in this laberatory. The most
general preparative method for the benzyl_gthgrs was found to be the
Williemson synthesis as modified by Olson et al. (116‘»5»9)'. In this method,
sodium hydroxide (1 mole) was refluxed with the respective alcohol (4
moles) for thirty minutes. The benzyl chloride (1 mole) was then added
at a rate just fast enough to promote a smooth reaction as indicated by
gentle refluxing. After all of the benszyl chloride had been added, the
reaction mixture was refluxed for eight hours and freed of most of the
excess aleohol by distillation and the precipitated sodium chloride by
filtration. The filtrate was then washed repeatedly with water, dried
over sodium sulfate, and finally distilled. TYields ranged from 60 to
90%. All the benzyl ethers prepared except benzyl tertsbutyl ether and
benzyl phenyl ether were made in this way.

In the preparation of benzyl tert.-butyl ether, 1t was necessary to
modify the procedurs by substituting sodiwn for sodium hydroxide on ac-

count of the low solubility of the latter in tert.-butyl alcohol.



TABIE I

o PHYSICAL. CONSTANTS OF ETHERS. -

" Refractive index, ng

Ether . . Boiling point, °C o nel
found 1it.. ref. found 1it. ref.

Anisole® : : 153,67h0 153,9760 (20)
Benzaldehyde diethyl acetal 105-10715 92-9310 {179) 1.1,78022 ,
Berzyl methyl 167.62168.0740 170,570 (169) 1.5001°7  1.502220  (169)
Benzyl ethyl 181.0-181.5743 16, 7Hl (20)  1.h95320 , -
Benzyl n-propyl 72-73%2 962L- (153) 1.LoL922 1.L9052°  (153)
Benzyl isopropyl 100-10136 83.0%6 {169) 1.486820 1.1485922 £169)
Benzyl n-butyl** 566 220,57Hb (20) 1.487220 :
Benzyl tert.-butyl 10736 - 82-838 €70) 1.515020
Benzy1~;£;;§1- 133-134,6 178-17935 (20) '
Bis-{ot-methylbenzyl )% Ut 286.3760 (x74) :
p-Chlorobenzyl methyl g3k | - 152072
Dibenzyl¥* 18530 18,28 (20) 1.563518
Dioxane® 100740 101.3760 (106) y
p-Methoxybenzyl methyl g1-834 225,578 ~(20) 1.531720
p-Methylbenzyl methyl 755 - - 1.501320
éfNiﬂfobenzylrﬁéihyi m.p. 27 26-27 (20) 1.5604420

# The Matheson Co.s

%% Eastman Kodak Co.j

s#3 Carbide and Carbon Chem. Co.j

#x%% Dow Chem. Co.

&
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Benzyl phényl ether was prepared by a modification of the procedﬁre
given by Huston and Eldridge (114) in their synthesis of benzyl 2,6-
dichlorophenyl ether. Small piesces of sodium (3 moles) were allowed to
react with methyl slcohol (one liter) until all the metal had been consumed.
Phenol (2.5 moles) was next added, and the solution was refluxed for thirty
minutes. Benzyl chloride (Smmoles) wes added to the cooled solution with
vigerous stirring. After standiqg overnight followed py'refluxing for four
hours, the mixture was filtered and t he excess methyl alecohol was distilled
from the filtrate at atmospheric pressure. The remaining ligquid was dis-
tilled at reduced pressure, whereupon the product distilling at 133-154°
at 6 mm. immediately crjstallized in the receiver (m.p., 39°). The yield
was relatively luw--about‘so%. ‘The pure ether haed a very slight arematic
odor which graduaily was replaced by a pheﬁblic odor after storage for
several months,

Benzyl chloride or & substituted benzyl chloride was used in every
oase except the preparation of p-methylbenzyl methyl ether, for which
p-methylbenzyl bremide (Eastman Kodek Co. reagent) was used. p-Methoxy-
benzyl chloride was ocbtained frem the chleremethylation of anisole by the
procedure of Quelet and Allard (lfé). A mixture of anisole (400 g.) and
formalin (350 g.) was saturated with hydrogen chloride at 0° in less than
two hours, treated with ice, water, and cold 10% sodium carbonate solution
in that order, and finally washed repeatedly with cold water. After dry-
ing briefly over sodium sulfate, the p-methoxybenzyl chloride wes used
without separation from the anisole or by-products.

Benzaldehyde diethyl acetal was prepared by a modification of the

method of Claisen (43). Benzaldehyde (330 g.), absolute ethyl aleochol
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(385 g.), ethyl orthoformate (500 g.) end smmonium chloride (7 g.) were
mixed together end refluxed for ten mingtes. Since the oder of benzalde-
hyde was still strong at the end of this time, a drop of concentrated
hydrochloric acid was added. After standing two hours, the solution was
neutralized with potassium hydrexide and extracﬁed with water and sodium
carbonate solution. After drying over sodium carbonate, the solution was
distilled end the product collected in the range 105 to 107° at 15 mm.
The yield was about 45%, less than half of that reported by Claisen.

‘The purification method generally applicable was the following;
peroxide- and aldehyde-containing ethers were treated with strong potas-
sium iodide solution repeatedly until the aqueous layer was no longer
discolored, then with cold spdium bisulfite solution, and finally 10%
sodium carbonate solution. The ether was dried overnight over sodium
carbonate before distilling.

Dioxane, because of its complete miscibility with water, could not
be purified in this way; instead, it was gllowed to stand over activated
alumina, which removed mbst’gf"the peroxides and aldehydes. (Activated
elumina was likewise found capable of removing all the hydroperoxides and
90% of the aldehydes from a sample of benzyl methyl ether containing
originally 0.03 mole of each.) The dioxane from the alumina freatment wes
then refluxed with metallic sodium, a procedure similarly used for anisole
and later even bis-&*mmthylbenzyl) ether.

Except in the case of styrene oxide, which was purified only by dis-
tillation, those ethers which were not purified by these methods were used
as received from the syntheses outlined previously. Distillations through
e simple Claisen head were found to suffice and in fact to be preferable

to distillations through the Todd ecolumn, especially for the less stable
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ethers, which underwent partial decompositien upon prolonged heating. The
use of & nitrogen atmosphere was found to be unnecessary feor those ethers

which had been sufficiently purified before the distillation.

Results

The procedure for running ﬁhe oxidatieons has already been given. To
test the apparatus, the first ether exemined was dibenzyl ether, which wes
run at 30°, using 0,01 mole % benzoyl peroxide as initiater. From this,"
it was found that the acid content remained very low and practically con-
 stant, that neither the aldehyde nor the peroxide content was directly
proportional to the oxygen absorption, and that the rate of oxidation at
30° was too low for purposes of compering dibenzyl ether with other ethers.
Only the beginning of the steady state was reached. The initial rate
seemed sufficiently constent to suggest that this stage of the oxidation
could be handled by kinetics if the data were reproducible. A second run
using dibenzyl ether showed essentially the same results, indicating that
a kinetic approach at least was not formidable. For the present, it was
decided to test the apparatus on dioxane, another ether known to peroxi-
dize readily.

The results obtained with dioxane, n-butyl ether, and especially
paraldehyde indicated that the apparatus could not be satisfactorily ap-
plied to low=boiling ethers without further modifications, consisting at
least of devising means for removing ether vapors from the cycling oxygen,
perhaps by using a cold trap or possibly by simply slowing the operation
of the pump. Similer difficulties of "screening” volatile materials from
oxygen led Cooper and Melville (48) to‘use decanal instead of lower-

boiling aldehydes in their study of aldehyde autoxidation. That the
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presence of these vapors was deleterious was shown vividly by the blackened
appearance of mercury in the pump, valves, manometers, and burette. Al-
though the oxygen absorption date were thus invalidated, the peroxide and
carbonyl data obtained in the dioxane oxidation were useful in showing an
apparent meximum in the carbonyl content (Figure 2). A maximum was not
found with other ethers.

Now that the apparatus had been shown to be applicable primarily to
compounds having lew vapor pressures, the'benzyl ethers seemed admirably
suited to this investigation. For a kinetiec study, dibenzyl ether seemed
especially good not only because its oxidation preducts were well known
but also because the peint of probable oxidative attack was limited to the
ot-hydrogen atoms. The removal of the hydrogen atom from this position had
been assumed, for a working hypothesis, to be the rate;conﬁrolling‘step.
To test this, the best mode of attack seemed to be to determine the effect
of structure on the oxidation rate by comparing the oxidation rates for =a
number of theseéompoundso For the purposes of these comparisons, the
ethers were oxidized at 50° in the presence of 0.01% benzoyl peroxide
initiator.

The effects of changing the alkyl groups in benzyl alkyl ethers are
shown in Figure 3 (straight-chain) and Figure 4 (branched-chain). In the
latter, benzyl ethyl ether is included for comparison. These data are
summarized in Table II. In general, the hypotheSiS’was supported as evi-
denced by an increased oxidation rate for compounds in which there was an
increased electron density on the ocarbon.

Another method of varying the electron density on the otcarbon is by
the use of ring substituents. Ideally suited to this purpose seemed to

be the derivatives of benzyl phenyl ether. When the parent ecompound,
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FIGURE 3

AUTOXIDATION OF STRAIGHT-CHAIN ALKYL BENZYL ETHERS
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FIGURE b

AUTCXIDATION OF BRANCHED-CHAIN ALKYL BENZYL ETHERS
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TABLE II

OXIDATION RATES OF ALKYL BENZYL ETHERS AT 50°

Alkyl Benzyl Ether | : Sﬁeady rate x 107
v (moles Op/mele ether/sec.)

Methyl 3.92

Ethyl 4.58

n-Propyl 1.2

iso~Propyl 3.51

n~Butyl _ 0.372
tert-Butyl 16*

. . 1;,

* The last 90% of the run proceeded at a constant rate 6# 2,34 .
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benzyl phenyl ether, could not be induced to oxidize, this course of atteck
was abandoned in faver of para-substituted benzyl methyl ethers. Figure 5
and Teble III presént thé results of these experiments. For every substi;
tuted ether, the steady rate was lower than for the unsubstituted ether.
This phenemenon is discussed in more detail later (see "Discussion®).

Most of the rates for these and subsequent tables ﬁere determined by
the "least squares™ method, which finds the most probable slope of &
straight line through a set of points. If the data plotted on an oversize
graph were found net to approximate a straight line, a reasonable straight
line was drewn through the points, and its slope was determined from the
graph,

The effects of otsubstituents were investigated using two compounds:
bis-(xt-methylbenzyl) ether and benzaldehyde diethyl acetal. The expscta-
tions that the former would oxidize rapidly owing to thg high electron
density did not materialize. In fact, bis-(at-methylbenzyl) ether could
nof be induced to oxidize at all, Under more dréStic conditions, 100°,
decomposition occurred without the formationrof peroxides or appreciable
carbonyl compounds. A mbreﬁ?igorbus purification, including distilling
over sodium, still prcdncgdién ether which would not exidize.

"The slow oxidation of benzaldehyde diethyl acetal ﬁgy be due to the
retardetion effected by ethyl alcohol, one of the reactiaﬁ products. The
freshly distilled compound had & pleasant odor not at all resembling
benzaldehyde; but, soon after the oxidation had begun, the aldehyde odor
was apparent.

The study of styrene oxide oxidation was underteken not so much frem

an electronic consideration of this special type of benzyl ether as from
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TABLE III

OXIDATION RATES OF PARA-SUBSTITUTED BENZYL METHYL BTHERS AT 50°

para Substituent ~ Steady rate x 107
(moles Op/mole ether/sec.)
Hydrogen 3.92
Methoxy 1.89
Chloro 2.94
Methyl 2.83

Nitro ' 0
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a desire to see how epoxides behaved. " No rate data wereavailable in the
literature. WAlthough both the peroxide and carbonyl methods were inappli-
cable, the oxygen absorption curve was satisfactory. This curve together
with that of benzaldehyde diethyl acetal_is shown in Figure 6. Tetralin
ané dibenzyl ether are included for comparison. These data also appear‘in
Table IV.

Unfortunately, tetralin did not serve well for comparison; under the
rather mild conditions used for ether oxidation, tetralin oxidized very
slowly and did not reach the "steady state.” Even the steady-state rates
are apparently not easily duplicated by different investigators. For ex-
emple, Woodward and Mesrobian (241) found the rate at 50° to be 4.09 moles
0o/liter/sec. x 10~® (or about 5.6 moles Oz/mole hydrecarben/sec. x 10=7);
Bamford and Dewar (10), however, found the rate at 45° to be 5.97 moles 0/
liter/sec. x 1077 (about 0.81 meles O,/mole hydrocarbon/sec. x 10~7). The
temperature difference of 5° camnet pessibly be responsible fof such &
difference in observed rates.

For the reasons cited previously, the ether most extensively studied
was dibenzyl ether. First, in order to determine the activation energy,
the oxidations were run at seferal_temperatures. Figure 7 and Table V
summarize these data. As evident from Figure 8, plotting log rate versus

% x 10° gave a straight line, as it should according to the eguatien

log k = - AE }-xlos-rI
2,30R \T

which is a logarithmic form of the Arrhenius equation. The use of rates

instead of rate constants is justifiable so long as the coneentrations

of oxygen and ether remain essentially constant. Using the least squares



4.0

FIGURE 6

AUTQXIDATION OF COMPOUNDS EELATED TO BENZYL ETHERS
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TABLE IV

OXIDATION RATES OF COMPOUNDS RELATED TO BENZYL ETHERS AT 50°

—

Comp ound Initial rate x 107 ‘
: (moles Os/mole ether/sec.)
Bis-(ct-methylbenzyl) ether 0
Benzaldehyde diethyl acetal 0.13
Styrene oxide 1.3*
Tetralin™* 0.164

* Steady rate

**¥ For comparison



FIGURE 7

AUTOXIDATION OF DIBENZYL ETHER
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TABLE V

OXIDATION RATES OF DIBENZYL ETHER

comrsz

o

Temperature, °¢c Initial rate x 107
(moles Oz/mole ether/sec.)

30 0.150
40 0.453
50 "1.08
éO 1.70

70 ’ 6.70




DIBENZYL ETHER. ARRHENIUS EQUATION.

FIGURE 8
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method (end omitting the rate at 60°), the slope was found to be -4.06,

From this,

'slope of line = - 8B - _4.06

Energy of activation = (4.06)(2.30)(R)

1]

17.8 keal./mole

In the discussion which follows this experimental section, it will
be shown that the various possible mechanisms when treated by kinetios
yield mathematical expressions diffefing pringigally in powers of the
ether concentration, ioe.-CRH)n. To-gtudy the effects of concentration,
the first problem was one of finding a suitable solvent. Gisser (96, 190),
in his study of the autoxidation of saturated sliphatic diesters, used di-
ethyl adipate, which oxidized slowly compared to the branched-chain esters
studied. For this present work, however, it sgémed preferable to use a
solvent which did not itself undergo oxidation; the number of extraneous
reactions thus ceuld be held to 'a minimum.

Three solvents were investigated--anisole, nitrobenzene, and acetic
acid--none of which absorbs oxygen under the experimental conditions.
‘Nitrobenzense, which had not previcusly been used as a solvent in autoxida-
tion reactions, was shown to retard the reaction semewhat but not enmough
to make the oxygen absorption immeasurable. Acetic acid exerted a slight
acceleratory effect. The most promising solvent was anisole, which Gibbs
(93) found to be inert even to ozone. Bartlett and Nozeki (15) showed

that anisole acted like ™normal" aromatic compounds in the benzoyl peroxide
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decomposition. That enisole did not retard isepropyl ether oxidation was
reported by Katsuno (119). Anisole, of course, shares these properties
with many other phenyl ethers; but & final consideration leading to its
adoption as the solvent for this work was the ease of purification: re-
fluxing with sodium followed’by»a facile distillation at atmespherie
pressure sufficed. To insure easily measurable rates of'0xyéen absorption,
the solutions of dibenzyl ether in anisole were run at 70°. The absorption
curves are given in Figure 9. ngte date are listed in Table VI, The two
plots of data which most nearly gave a straight line are shown in Figures
10 end 11. While the first treats the hydroperoxide concentration as &
constant and the second dees not, both plets indicate that the termination
is accomplished by the interaction of peroxyl and ether radicals. The
mathematical details are given in the "Discussien.”

The relative inecrease in rate with dilution (observe the negative
slopes in Figures 10 and 11) indicated an increasing chain length, sug-
gesting in turn the’pdssibili%y"of e wall-términation step. To investi-
gate this wall effect further, the dibenzyl ether oxidatiens were run in
the presence of Pyrex glass wool and silica gel. The Pyrex wool was
cleaned with acetone, washed thoroughly with water, treated next with
dilute nitric acid, and finally washed reyeatedly with distilled water.
After it had been dried at 110° for two days, the Pyrex wool showed e
marked alkeline reaction when placed in water containing e little phenol-
phthalein., 1In spite of this, & run was made using 15 g. ef the Pyrex
wool for a mole of the ether. Table VII shows that the rate of this
oxidation was gquite low. To make certain that the effect was definitely

due to the surface extent and not to the basic nature of the surface, a
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TABLE VI
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OXIDATION RATES OF DIBENZYL ETHER IN ANISOLE AT 70°

Mole Fractien of
Dibenzyl Ether

Steady rate x 107
(moles Oz/mole ether/sec.)

0.0498
0.0800
0.183
0.227

0.282

2 050

2.1

1.17

1.0

0.678

fl

|

e,
r—— s
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TABLE VII

OXIDATION RATES OF CATALYZED AND INHIBITED DIBENZYL ETHER AT 50°

Additive and

Concentration Initial rate x 107 Stead rate x 10
(mole %) (moles Og/mole ether/sec.) (moles Ozﬁ!ylole ether/sec.)

Iron metal (powder), 2% 1.5 4.1

Mercury metal, 2% 0.02

Manganese acetate, 0.02%* 2.25 32.8

Silica gel, 50 g./mole 0.08

'i’y’rex glass wool, 15 g./mole 0.03

Pyrex glass weol, 15 g./mdle, 0.372

_ + acetic acid, 5%
e

* No initietor
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little acetic acid was added. Unexpectedly, the rate increased consider-
ably, although it still remained low. An ascidic surface was next tried
using silica gel (Davison Chemical Corp., 200-mesh), treated in the same
way as the Pyrex wool. In a concentration of 50 g./mole ether, the silica
get produced & very low rate (see Table VII),

The rates of various other catalyzed and inhibited benzyl ether oxida-
tions are also given in Table VII. Curves showing the effects of iron
metal ("Iron by Hydrogen," Reagent grade, Merck & Co., Inc.), mercury, and
manganous acetate tetrahyq?éte (c. P., J. T. Baker Chemical Co.) are given
in Figure 12. Mercury completely inhibited the uninitiated oxidatien and
retarded the benzoyl peroxide-initiated reaction. In both resctions, the
mercury recovered still possessed a bright metallic luster. A very rapid
peroxidation did eccur when the ether-mercury mixture was permitted to
stand in bright sunlight at room temperature, 27°. The mercury was oxi-
dized under these conditions.

The peroxide and carbonyl detemminatiens made on mest of the ethers
weore of little value becauserthe rates of’qugen absorption as indicated
by the sum of these determinations were invariably higher than those actu-
ally found. This phenomenon will be discussed in more detail later. The
most impertant infeormation obtained from these analyses was that the per-
oxide concentrations did not pass through maxima durihg the oxidations
even though in scme cases the reaction was extended beyond the "steady
state.”

Tﬁo runs were made with air instead of oxygen, but the rates remained

essentially the same.
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DISCUSSION

Radical Chains and the Activation Energy

There can be little doubt that ether autoxidation is a free-radical
chain reactien. Certainly the effectiveneés of benzoyl peroxide, a free-
radical initiator, and manganous acetate, a knovm catalyst for free-
radical oxidations, would have been much less if the reactions had feollowed
a non-radical course. The low activation energy, 17.8 keal., also supports
belief in a chain reaction., It is unfortunate that the»activation energies
for oxidations of other benzyl ethers are not available; but, even in the
case of the extensively studied aliphatic ethers, activation energies are
available for only one, isopropyl ether. In the temperature range 10 to
50°, the activation energy was reported to be 12.5 keal. (152); in the
vapor phase at 560 to 400%, it was found to be 22 kcal. (40). The low
activation energy for the liquid-phase oxidation is a definite indieation
of a long chain reaction, despite suggestions to the combrary by Neimen
and co-investigators (159) ig thgir interpretations of the weak inhibitery
effects of common anbioxidants in isopropyl ether. Ethyl ether oxidation

is also believed to be a long chain reaction (182).

Kinetics
The initiation step in ether autoxidation may be assumed to be the

hemolytic o-hydroperoxide decomposition. Letting R-= RﬁHORZ

ROOH X8> RO+ + -OH (a)
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The hydroxyl and alkoxyl radicals then interact with the substrate to pro-
duce ether radicals as follews:
. !
RH 4+ °OH —— R* + HOH (i)
The propagation, or long chain reaction, invelves both absorption of oxy-

gen and regeneration of Rez

ko N
Re + 0y —> ROO- (i1)
ROO- + RH ——» ROCH + R- (iii)

The termination reactions may involve many different combinations.
Considering that the ease of ether oxidation requires an ease of radical
formetion (or hydrogen etom abstraction) and that the reactivity of the
radical produced is inverse to the ease of radical formation (17), the
ether radicals must be present in concentrations larger than those‘ordinarily
encountered in hydrocarbon sxidations. This was reported by Bastwood and
Hinshelwood'(sl) for vapor-phase oxidation of ethers.'vTerminations invelv-
ing these must then be possible and should not be overlooked.

Because even the highly stabilized triphenylmethyl radicals react
readily with oxygen, the reactions of R. with oxygen should oceur rapidly;
-congequently, the peroxyl radicals thus produced must represent most of
the radiecal concentration,

From these considerations, the fellowing termination reactions seem
most probables

o kg o
ROO> + +OH ——> ROH + Oy , (iv)

kg
ROO. + Rs —> ROOR (v)
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k
6 ,
2R00: ——> ROOR + Op (vi)
To these must be added surface termination reactions, for it was shown
that both Pyrex wool and silica gel retard the oxidation. Letting "S"

represent the surface,

k
7 ) .
ROO- + S ——> Products (vii)
- kg
R® + § —> Products , (viii)

Reactions (iv), (v), and (vi), if they were wall reactions, would be
kineticelly indistinguisheble from the homogeneous reactions.

The other most probable wall reactions,

<OH + S —Products
and

2-0H 4 E —= Products

may be the ones actually respensible for the observed low rate; but, since
these are destructions of an initiater, the apparent order of the overall
reaction would not change.

From the termination reactions, eertain mathemst ical expressions may
be derived in the following way. When oxygen is absorbed at a constant

rate, that is,
~4(0,)/at = a constant

the long-chain cycle represented by equations (ii) end (iii) proceeds at
e constant rate. Under these conditions, both -d(R.)/dt and -d(R00-)/dt
are assumed equal to zero; furthermore, the rate of initiatien is equal

to the rate of termination.
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When equation (iv) is the termination step,

initiation = termination

k) (RH)(<0H) = kq(RO0-)(-0H) (ix)
(R00+) = EL(xH) ()
4

d(R00:) = 0= 1, (R-)(0g) - kg(ROO-)(RE) - kg(ROO*)(-OH)

kz(R-)(0s) = k3(R00-)(RH) + k4(ROO-)(-0H) (x1)

When the chain length is great, the termination rate ocecurring in

equation (xi) mey be neglected (17):

ko(R°)(02) = kgz(ROO-)(RH) (xii)

thus

- dégZ) = kz(Re)(Oz) % k3(ROO-)(RH) (xiii)

Substitubing into this equation the value of (ROO-) from equation (x),

_ 3(0p) & kykz (mm)2 (xiv)
dt kg

The other termination reactions were treated similarly, and the results
are listed in Table VIII.

Plotting the data eccording te the rate equgtions in Table VIII gave
most nearly a straight line for rate vs. (RH)% (see Figure 10). The re-
sults were a little better still when (rate)%'was plotted ageinst (RHﬁ%

(see Figure 11). For Figure 10 it was assumed thet the hydroperoxide
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TABLE VIII

OXIDATION RATES ACCORDING TO TERMINATION MECHANISMS

Equation Termination Reaction -d(02)

3t
(iv) ROO- + <OH _1211{.15.& (RE)2
n
. g 1
(v) ROO: + R [—ﬁ-—z—ﬁk ]1;51‘ (ROOH)(OZ)] (RH)=.
£
(vi) 2R00° ksrgg (ROOH)] (RE)
(vii) ROO- + S kg (ROOH) + E%‘-;-& (ROOE) (RH)
(viii) R + 8 Xa%2 (room)(0y)

kg
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concentration remained constant in the equation derived for reaction (v):
5 2
- d(Qz = [k ]ték:fi (ROOH)(Qz)} (RH)Z

This, of course, is not a valid‘as§umpt10n but was usqd because the actual
concentration was not knewn. In fact, it is much more reasonable to assume
that all of the absorbed oxygen appears as the hydroperoxide, for this is
known to be true for a number of different types of compounds. Ritchie

and co-workers (191) found that in the autoxidation of methyl dehydro-
abietate at 80° the hydroperoxide is the exclusive product until about

30% of the ester has reacted. Williamson (238) reported that 98% of the
absorbed oxygen appeared as peroxides in the gutoxidation of methyl
linoleate. Sully (209) found that in the oxidetion of tetralin and
ethylbenzene even at 100° all of the absorbed oxygen forms hydroperoxides.
Robertson and Waters (195) verified these rq;ults for tetralin, and George
and Robertson (92) stated furthermore that 90% of the oxygen uptake in the
steady state still produces hydroperoxides. If, then, it is assumed that
all of the absorbed oxygen appears as the hydroperoxide, the hydroperoxide

concentration is proportional to the oxidation rate,
(ROOH) o 3(02)
dt

30

i

(ROOH)? = kb3 [gi;ggg_l]

where k' is the proportionality constant. Substituting this wvalue of

1 |
(ROOH)Z into the equation gives
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where k :[Ml °
kg

The Effects of Structure on Reactivity

The rate-determining step in a series of feactions will be the slowegt
reaction. Starting with a radical-freg’ether,wthe rate of oxidation will
depend upon the rate of initiatioen. As the reaction progresses, the rela-
tive amounts of initiator needed become less and less until, at the steady
state, the initiator needs tO'funqish radica;s only to replace those
destroyed by terminations. During this steady state, the oxidation rate

should depend upon one of the steps of the long-chain c¢ycle, that is, either

Re + 02———>R00‘
or

ROG- + RH —> ROOH + R-

Because reactions between radicals and’bkygen occur readily, the first
reaction usually is considered less important than the second as the rate-
determining step. The ease of hydrogen-atom abstraction will depend upen
the availability of electrons around the ocecarbon. Iﬁ the general benzyl

ather structure

H:C:H

N\ /

N\
A,
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the o-carbon electron density may be varied in two ways: the R', R'', and
R'*t' groups may be changed from R' = R'* = R*'! = H to three alkyl groups;
and the para-R groups may be changed from H to either an electron-donor or
an electron-acceptor group.

The first type of change showed in general that increasing the electron
density around the o-carbon atem increases the oxidizability, thus support-
ing ot-hydrogen abstractien as the rate-determining step. This finding is
in agreement with that'Chamberlain end Walsh (40) for the vepor-phase oxi-
dation of isopropyl ether. The order of decreasing oxidizability is terts
butyl P> ethyl) methyl)d isopropyl) n-propyly n-butyl. The reason for the
relatively slow oxidation of benzyl isoprepyl ether is not known. Oxida-
tions of the alkyl groups are also possible and should occur to a limited
extent. The two most susceptible to attack would be isepropyl and ethyl,
and the two most resistant would be methyl and tert.-butyl. |

For the second method of varying electron demsities, the basic struc-
ture chosen was again methyl benzyl ether. The decreasing order of reac-
tivity found was p-H) (p-Cl and p-CHz)> p-CHz0)) p-NOy; the para-substituted
ether in every case reacted more slowly than the unsubstituted ether. The
expected order of reactivity, according to Hammett's group constants, was
p-CH50)> p-CHz) p-E> p-C1) p-N0p.

ﬁeviations from this order_agree with the findings of Pausacker (172),
who found that the phenylhydrazones of meta- and para-substituted benzalde-
hydes always oxidize more slowly than the unsubstltuted compound, and
Bogert and Davidson (26), who found that anisaldehyde and piperonal both
oxidize much more slowly than unsubstituted benzeldehyde. Lucchi (137)

reported similar results for anisaldehyde, but the meta- and ortho-

methoiybenzaldehydes oxidized faster than benzaldehyde. More recently,
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Walling and McElhill (220) studied the autoxidation of benzaldehyde and
substituted benzaldehydes by a series of competitive reactions using as a
solvent acetic anhydride, which reacted with the perbenzoic acid formed.
Under these conditions, the substituents gave a general agreement with
‘Hammett's equation.

Jaffe (117) assumed that the frequent deviations of free-radical reac-
tions from the Hemmett equation were due to the greater difficulty in eb-
‘taining rate constents,

A different view has been expressed concerning the decomposition of
benzoyl peroxide. Wieland and Rasuwajew (235) found that the decomposi-
tion of an unsymmetrical dibenzeyl peroxide (i,e;, one containing an
unsubstituted and a ggzgfsubstituted benzoyl group) in benzemne gives
biphenyl and a para-substituted benzoic acid, showing that decarboxyla-
tion occurred preponderantly in the unsubstituted benzoate radical.
Leffler (134) interpreted this as supporting the free-radical point of
view in which the intermediate radicals may be resonance-stabilized.

For the Efnitrdbenzoate and'gfmethoxybenzoate'radicals,'the follewing

forms were Suggesfed:

0- 0
€=0 %‘0+
v
] =
\l/ i
ON\ /N\
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For soms reason, Leffler failed to give resonance structures in whieh the
free electron participated.

The same types of resonance structures may exist in the case of the

ether radicals; but resonance strucbures involving the free electron are
undoubtedly important also. In general, these are the following:

Rt ‘Rl Rl
I | !
0 0- 0 0
HsC- Hs(;} H:(;J‘ i
H
i
R R R ‘R
The para substituents may also participates:
R' Rt R"
] A 1
0 0 0
Hs Hs H:C
I i
: | i
] /N J O\
CHgz ‘0 0 c o-

The ease of hydrogen-atom abstraction should not be altered appreci-
ably by the resonance of the molecule and should follew Hemmett's equation.

Since the rate of reaction is measured by the rate of oxygen absorption, it

must be concluded that the rate-determining step can be dependent upon
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resonance stabilization of the ether radical. In other words, either

Re + Og —=ROO*
or

ROO* + RH ——ROOH + R-

can determine the observed rate. This effect would not have been manifest
in the study of alkyl benzyl ethers because practically the same resonance
structures for radicals existed regardless of the nature of the alkyl group.
Further suppert for thé‘existence of resonance-stabilized radicals comes
from the previous'COnclusion that the mest probable termination reaction is
ROO° + R+ In the usual autoxidation system, the concentration of R+ is
assumed too low for this reaction to be important.

The two principal methods of varying the electron density around the
o-carbon atem have now been discussed. A third'mgthod used only superfici-
ally in this work was by having substituents on the e-carbon atom. The
first compound of this type investigated weas bis-(aumgthjlbénzyl) ether.

As described in the “Experimenﬁal" section, not even a rigorous purifica-
tion would yiseld an oxidizable compound . To a lesser degree, this sort

of behavior has been noted before, Frank and Blackham (82) found that in
the vapor-phase oxidation of some branched-chain aliphatic hydrocarbens

the attack is preferentially at primary and secondary carbon-hydrogen
bonds. This, they supposed, was due to a steric effect., Wibaut and Strang
(234) similarly interpreted the slower autoxidation of liquid iseoctane
compared to n-octane at 110°. Both Mhrpby and Ravner (15&) and Gisser

(96) found a similar effect for liquid esters when the tertiary carbon-

hydrogen bond is adjacent to the carbeoxyl group, but Gisser attributed
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the reduction in reaction rate to an inductive effect of the ester group.
On the other hend, Sharp, Patton, and Whitcamb (202) found the hydroper-
oxide of diisopropyl ketone is easily formed and stable enough to isolate.

If oxidation had occurred to a slight extent, the oxidatien of bis-
(e~methylbenzyl) ether could have been conducted at several temperatures
and the entropy of activation could heave been calculated. A comparison
of this with the activatioh‘gntropy of dibenzyl ether should show a dif-
ference dependent upon the magnitude of the steric effect.

Benzaldehyde diethyl acetal (which could be called ot-gthoxybenzyl
ethyl ether) is another cempound which did not act as predicted. An in-
crease in the resonance possibilities may account for part of the lower
rate; however, it seems more reasonable to propose that this reaction is
an exaggeratéd example of the retardation effected by the accumulation of

oxidation products.

The Effects of the Solvent

‘Anisole was chosen as a solvent because of its extreme inertness to
Oxidizing substances, As a sleént, it should'participate only to a very
limited extent in transferring radical chains; consequently, the effects
produced were truly those of dilution. The relative increase in oxida-
tion rate with dilution is indicative of increasing chain lengths. This,
in turn, is indicative of & decreased chain-termination rate. The ten-~
dency for radical-radical interactions should be roughly proportional %o
the ether concentration and should not, therefore, be strongly decreased
by dilution. The most likely cause for the decrease must then bs the
effective shielding of the wall from radical impact. This result is in

agreement with the wall effects described previeusly and suggests
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furthermore that the reaction between R00: and R+ is a surface reaction.

The retardation effected by nitrobenzene is probably due to interac-
tion of solvent molecules with free radicals (see p. 29). The slight
acceleration brought about by acetic acid is less easily expleined. It
is possible that the effect is similar to that found for dilute acidified
solutions of ethers in water for which very long chain reactions were
operative»(ss)° The net result would be a relative increase in radieal
concentration. It has been demonstrated that cobalt-catalyzed reactiens
in acetic acid and 90% formic acid proceed beyond the hydroperoxide or

aldehyde stage to the acid (112, 144).

Catalysis

The ability of manganous acetate to initiate the free-radical reac-
tion in dibenzyl ether containing less than 2 milliequivalents of peroxide
per mole is an indication that the catalyst strengly acceleraées the
hydroperoxide decompesition. In this type of catalysis, the reactions

are probably either

M++ 4+ ROOH— M*t+t4 RO~ + +OH
or

M*t*+ + ROOH — M¥*+*t 4+ RO. ¢ OH™

- The latter isbmore likely considering the stability of the ions and radi-
ocals produced.

‘Mercury was found to be an inhibitor in the dark and a catalyst in
the light in the benzoyl peroxide—initiatedjuxidation'of benzyl ether.
This catalytic activity may be related to the ability of photosensitized

mercury to dehydregenate ethers {53) and to catalyze the vapor-phase
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oxidation of aldehydes (143) but differs from this in that the metal is
strongly attacked in the oxidizing system.

The catalytic activity of powdered iron is not so easily explained.
One explanation is that traces of an iron salt accelerate the hydroperoxide

decomposition. Waters' mechanism, too, is a possibility:
M+ (electron source) + Oy —=>M:0-0*

A clarification of this could be brought about by investiéating the ef-
fects of oxygen pressure on the oxidation rate for the iron-catalyzed

reaction.

Suggestions for Future Work

Soﬁé effort should be made to determine to what extent steric factors
affect oxidation rates. Fér this purpose, both o-substituted and ertho-
substituted benzyl ethers could be studied. Examples of the former are
benzhydryl methyl ether, (CgHg),CHOCHg, and cmethylbenzyl methyl ether.
An example of the latter is;zié-dimethylbanzy; methyl ether. Unfortunately,
compounds of the latter type are not readily available and probably ﬁould
not be easy to prepare. The methyl ethers are suggested because of their
ease of preparation and purification and because of the resistance of the
methyl group toward attack. i

‘Solution studies should be continued using larger Yolumes of the 501;;
tion to meke the rates more easily measurable. Acetic acid could prove
gquite useful as solvent end should be further imvestigated.

Now that the general utility of the Dornte-type apparatus for study-

ing ether autoxidation has been shown, improvementé in the apparatus are

advisable and should be directed toward the application of an automatic
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recording device which would permit operating the apparatus continuously
over at least a twenty—four‘houf:peribd.

‘The development of the apparafus to handle low-boiling compounds would
be valuable not only to ether autoxidation studies but also to any other
studies where low-boiling compounds interfere with the measurement of
either the absorption or the evolution of a gas in this type of system.
There are several possible methods by which this mey be done. The use of
a cold tfap is one, but this has the disadvantage of removing from feac-
tien a portion of the reactant liquid. A highly efficient condenser-~-
perhaps one through whi;h a very cold_liquid is eirculated--would return
at least part of the liquid to the reactor. If the rate of return were
sufficiently low so that the temperature of the reaction were not appreci-
ably altered, this method'would'be‘bgtter than the previous. ZEither of
these two methods would be more successful if it was applied aleng wifh
a 1oﬁer rate of oxygen circulation. Probably a rate of flow of even one-
tenth of that used in this.work would be sufficient to maintain saturation.
Owing to the mechanical difficulties of constructing such a system, the
use of a pressure system would be less satisfactory than either of the
previous two methods.

‘Improvements in analyses must be made. Until the rates of formatiOn‘
of at least some of the products, especially hydroperoxides, are known,
the usefulness of any kinetic treatment of date will be impaired. That
the oxygen'uptake frequently is less than the apparent increase in the
products of oxidetion has been neted before. This was observed by Larsen,
Thorpe, and Armfield (131) and especially by Mitchell and Shelten (151),

who for example analytically found 2.57% of oxygen as oxygenated products
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of 5-phenyl-2-pentené after 5.5 hours sutoxidation at 80°, whereas the oxy-
gen uptake had amounted te only 0.93%!

Egerton, Everett, and Minkoff (63) have recently shown that‘the smount
of iodine liberated from an acidified iodide solution by an alkyl hydroper-
oxide is dependent not only on time end the type and amount of catalyst but
also on the hydrogen peroxi@e concentration. Adding hydrogen peroxide
greatly increases (in one case by 100%) the amount of iodine liberated
over that liberated by the compounds individually.

The carbonyl methed gives erroneous results probably because of the
oxidation of hydroxylamine by the hydrogen pérpxide.

“So very little is known about the mechanism of decamposition of ether
hydroperoxides that studies of this type would add immensely to the under-
standing of the emtoxidation of ethers. Decompositions éarried out in an
oxygen-free inert solvent and atmosphere sheuld show definitely if termina-
tion reactions producing oxygen (e.g., 2R00+—> ROOR + Op) are important.
Decompositions in the presence of molecules which would add free alkoxyl
and hydroxyl radicels should prove whether the postulated fission actually
oceurs.

For these studies, pure ether hydroperoxides must be prepared. Two
fairly stabie compounds are tetrahydrofuran o-hydroperoxide (see p. 7)
end 2-(5,6-dihydro-2H pyrenyl) hydroperoxide (see p. 43), both of which
should be simple to iselate and purify. Phthalan, which forms a peroxide
readily, may also form & stable hydroperoxide. In preparing «,&-dimethyl-
benzyl hydroperoxide, the use of an alkaline (pH = 10.5) oil-in-water
emulsion (5) and the use of an ammonia-oxygen mixture (46) have both been

successful in inereasing the yields of the hydroperoxides in
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isopropylbenzene oxidation. Similar procedures could possibly lead to a
good preparetive method for ether hydroperoxides.

The oxidation of unsymmetrical dibenzyl ethers, for example

@ CH20CHj @ OCHz

under relatively harsh conditiens, such as in the presénce of cobalt .
aceﬁate end acetic acid, should indicate the rate-determining step in
subs’cituted‘ethers° If the «-hydrogen atom of the substituted benzyl
group is harder to remove because of the resonance within the molecule,
the products would consist of benzaldehyde {or benzoic acid) and p-
methoxybenzyl alecohol. If the ol-hydrogen atom is easily removed but
the radical-oxygenvinteraétion occurs slowly, the products should be

preponderantly anisaldehyde (or anisic acid) and benzyl alcohol.



SUMMARY

Evidence obtained by studying the oxygen absorption of fifteen dif-

ferent benzyl ethers, especially dibenzyl ether, points toward the fellow-:

ing mechanism of reaction.

k
Tnitiation: ROOH ——> RO+ + -OH

ky
RH + .0 ——= R+ + HOH
k

2
Propagation: "R* + O ——— ROO-

k
ROO- + RH ———§4> ROCH + R-

k,
Terminetion: ROO- + R- -——éa- ROOR

The rate of oxygen absorption predicted from a mathematieal treatment of

this meehanism is

- -d—g—gz-)- = k(ROCH)E( 0, )%(RH )&

L , . . ,
where k = (kakzks/k4)2. When the assumption is made that the absorbed

oxygen appears as the hydroperoxide, then

[ < e obamt

Excellent agreement of this equation with experimental results was obtained.
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From the high oxidation rate and the low activation energy, the reac-
tions are believed to be very long chain reactions in which the rates are
dependent upon both hydrogen atom abstraction and radical-oxygen interac-

tion.



BIBLIOGRAPHY
(1) Abrashamson, E. W., and Linschitz, H., Anal. Chem., 24, 1355
(1952). .
(2) Acree, F., end Haller, H. L., J. Am. Chem. Soc., 65, 1652 (1943).

(3) Allen, G. A., Kentro, D. L., and Gunning, H. E., J. An. Chem.
Sec., 72, 3588 (1950).

(4) Anderson, B., and Nylen, P., Acta Chem. Scand., 8, 1077 (1949).

(5) Armstrong, G. P., Hall, R. H., and Quin, D. €., Nature, 164,
834 (1949).

(6) Aurelius, J. E., Herlong, E. 8., and Nitardy, F. W., J. Am.
Pharm. Assoc., 26, 45 (1937); C. A., 31, 2357 (1937).

(7) Backstrom, H. L., J. Am. Chem. Soc., 49, 1460 (1927).
(8) Basyer, A., and Villiger, V., Ber., 33, 1569 (1900).
(9) Bailey, W. G., and Roy, A., J. Sec. Chem. Ind., 65, 421 (1946).

(16) Bamford, €. H., and Dewar, M. J. S., Proc. Roy. Soc. (London),
A198, 252 (1949).

(11) Bancroft, W. D., and Murphy, N. F., J. Phys. Chem., 39 377
(1935).

(12) Barb, W. G., Baxendale, J. H., George, P., and Hargrave, K. R.,
Trans. Faraday Soc., 47, 462 (1951).

(13) Barnett, B., and Vaughan, W. E., J. Phys. Coll. Chem., 51, 942
(1947).

(14) Bartlett, P. D., Hammond, G. S., and Kwart, H., Disc. Faraday
‘Soc., 2, 342 (1947).

(15) Bartlett, P. P., and Nozaki, K., J. Am. Chem. Soc., 69, 2299
(1947).

(16) Bateman, L., Bolland, J. L., and Gee, G., Trans. Faraday Soc.,
47, 274 (1951).

(17) Bateman, L., Gee, G., Morris, A. L., and Watsen, W. F., Disc.
Faraday Seoc., 10, 250 (1951).



(18)
(19)

(20)
(21)
(22)
(25)

(24)
(25)

(26)

(27)
(28)
(29)

(30)
(31)

(82)

(33)
(34)

(85)

101

Bateman, L., and Hughes, H., Disc. Faraday Soc., 10, 313 (1951).

Bawn, C. E. H., Pennington, A. A., and Tipper, C. F. H., Disc.
Faradey Seoc., 10, 282 (1951).

"Beilsteins Handbuch der Orgenischen Chemie,” 4th Ed., 2nd Supp.,
Springer-Verlag, Berlin, 1944.

Bell, E. R., Raley, J. H., Rust, F. F., Seubold, F. H., and
Vaughen, W. E., Disc. Faraday Soc., 10, 242 (1951).

Beller, H. (to General Aniline & Film Corp.). U. 8. 2,484,330,
Oct. 11, 1949; C. A., 44, 9474 (1950).

Berthelot, M. P. B., Bull., sec. chim., 36, 72 (1881); Interchem.
Rev., 8, 67 (1949).

Bickel, A. F., and Waters, W. A., J. Chem. Soc., 1764 (1950).

Boehm, E., and Williams, R., Quart. J. Pharm. Pharmecol., 17,
171 (1944); Interchem. Rev., 8, 69 (1949); C. A., 39, 779 T1945).

Bogert, M. T., and Davidson, D., Am. Perfumer, 24, 587 (1929),
Chem. Zent., I, 2323 (1930).

Bolland, J. L., Quart. Rev., 3, 20 (1949).
Bolland, J. L., and Gee, G., Trans. Faraday Soc., 42, 236 (1946).

Bolland, J. L., and ten Have, P., Disc. Faraday Soc., 2 252
(1947).

Booser, BE. R., and Fenske, M. R., Ind. Eng. Chen., 44 1850
(1952).

Bordner, C. A. (to B. I. du Pont de Nemours & Co.). U. S.
2,489,260, Nov. 29, 1949; C. A., 44, 1543 (1950).

Bremmer, J. C., and Jones, D. G. (to Imperial Chemical Industries
ltd.). Brit. 608,539, Sept. 16, 1948; U. S. 2,453,890, Nov. 16,
19485 C. A., 43, 2224 (1949).

Briner, B., Demolis, A., and Paillard, H., J. chim. phys., 29
339 (1932), C. A., 27, 223 (1933).

Brook, J. H. T., and Matthews, J. B., Dise. Faraday Soc., 10
298 (1951)

Brown, R. L. (to Solvay Process Co.). U. 8. 2,246,569, June 24,
1941; C. A., 35, 5908 (1941),



(36)

(37)
(38)
(39)

(40)

(41)
(42)
(43)
(44)
(45)

(46)

(47)
(48)

(49)

(50)
(51)
(52)
(53)

(54)

(85)

(56)
(57)

102

Burroughs, R. H., "Studies on the Auto-oxidation of Ethers,"
M. 8. thesis, Oklahoms A. and M., College, 1950.

Cass, W. E., J. Am. Chem. Soc., 68, 1976 (1946).
Cass, W. E., J. Am. Chem. Soc., 63, 500 (1947).
Cass, W. E., J. Am. Chem, Soc., 72, 4915 (1950).

Chamberlain, G, H. N., and Walsh, A:; P., Rev. inst. franc.
petrole, 4, 301 (1949); C. A., 44, 6710 (1950).

Chemical Industries, 64, 608 (1949).

Christiansen, J. A., J. Phys. Chem., 28, 145 (1924).
Claisen, L., Ber., 40, 3903 (1907). B a
Clover, A. M., J. Am., Chem. Soc., 44, 1107 (1922). -
Clover, A. M., J. Am. Chem. Soc., 46, 419 (1924).

Conner, J. C. (to Hercules Powder Co.). U. S. 2,632,026, Mar. 17,
1953; C. A., 48, 2101 (1954). C

Cook, A. H., J. Chem. Soc., 1761, 1768, 1774 (1938).

Cooper, H. R., and Melville, H. W., J. Chem. Soc., 1984 {1951).
Crawford, E. T., and Turner, R. K. (to Carbide and Carbon Chemi-
cals Corp.). U. 8, 2,142,936, Jan. 3, 1939; C. A., 33, 2906
(1939).

Criegee, R., Angew. Chem., 62, 120 (1950).

Criegee, R., Fortschr. Chem. Forsch., 1, 508 (1950).

Cullis, €. F., Bull. soc. chim. France, 777 (1953).

Darwent, B. D., Steacie, E. W. R., and van Winckel, A, F.,
J. Chem., Phys., li’ 551 (1946).

Dasler, W., and Bauer, C. D., Ind, Eng. Chem., Anal. Ed., 18,
52 (1946). |

Deatherage, F. E., and Mattell, H. A., Ind. Eng. Chem., 31,
1425 (1939).

Demougin, M., and Landon, M., Bull. sec. chim., (5) 2, 27 (1835).

Demus, Ho, Angew. Chem., 41, 426 (1928); C. A., 22, 4821 (1928).



(58)

(59)

(60)
(61)
(62)

(63)

(64)

(65)

(66)
(67)

(68)

(69)

(70)

(1)

(72)
(73)
(74)

(75)
(76)

103

Dermer, 0. C., Wilson, P. M., Johnson, F. M., and Dermer, V. H.,
J. Am. Chem. Boc., 63, 2881 (1941).

Diehl, H., Hach, . €., Harrison, G. €., Liggett, L. M., and
Chao, T. 8., J. Science (Iowa State College), 21, 287 (1947).

Dornte, R. W., Ind. Bng. Chem., 28, 26 (1936).
Eastwood, T. A., and Hinshelwood c., Je Chem. Soc., 733 (1952).

Eckhardt, F., Wochschr. Brau., 56 338 {1939); C. A., 34 7608
(1940).

Egerton, A. C., Everett, A. J., and Minkoff, G. J., Nature, 173,
399 (1954).

Eichel, F. G., and Othmer, D. F., Ind. Eng. Chem., 41, 2623
(1949).

Eichel, F. G. (to Givaudan Corp.). U. S. 2,561,350, July 24,
1951; C. A., 46, 2577 (1952).

Eigenberger, E., J. prakt. Chem., 130, 75 (1931).

Entel, J., Ruof, C., and Howard, H., J. Am. Chem. Soc., 74,
441 (1952)

Evans, T. (to Shell Development Co.). U. S. 2,114,832, April 14,
1938; U. S. 2,180,078, U. S, 2,130,079, U. 5. 2,130 ,080, Sept. 13,
1938; C. A., 32, 4607 (1938).

Evens, T. (to Shell Develepment Co.). U. S. 2,132,017, U. S.
2,182,018, U. 8. 2,132,019, Oct. 4, 1938; C. A., 33, 173 (1939).

Evans, T. W., and Bdlund, K. R., Ind. Bng. Chem., 28, 1186
(1936). "‘

Evans, W. V., and Braithwaite, D., J. Am. Chem. Soc., 61, 898
(1939). -

Evans, W. V., and Field, E., J. Am. Chem. Soc., 58, 720 (1936),
Evens, W. V., and Field, E., J. Am. Chem. Soc., 58, 2284 (1936).

Evans, W. V., Pearson, R., and Braithweite, D., J. Am. Chenm.
Soc., 63, 2574 (1941).

Farmer, E, H., Trans. Faraday Soc., 38, 340 (1942).

Fierz-David, H. E., Chimie (Switz.), 1, 246 (1947); C. A., 42,
2228 (1948).



104

(77) Fischer, F. G., Ann., 476, 233 (1930); C. A., 24, 2106 (1930).

(78) Fisher, F. R., and Baxter, R. A., Mines Mag., 30, 447, 465 (1940);
C. A., 34, 8111 (1940).

(79) Fleming, H. W. (te Phillips Petroleum €o.). U. S. 2,471,520,
Mey 31, 1949; C. A., 43, 7603 (1949).

(80) Fordham, J. W. L., and Williams, H. L., J. Am, Chem. Soc., 72,
4465 (1950).

(81) FPranck, J., and Rabinowitsch, E., Trans. Faraday Soc., 30, 120
(1934).

(82) Frank, C. E., and Blackham, A. U., Ind. Eng. Chem., 46, 212
(1954)

(83) Frost, A. A., and Pearson, R. G., "Kinetics and Mechanisms,"
John Wiley &.Sons, Inc., New Yerk, 1953.

(84) PFryling, C. F., and Tooley, F. V., J. Am. Chem. Soc., 58, 826
(1936).

(85) Furman, N. H., and Murray, W. M., J. Am. Chem. Soc., 58, 429
(1936).

(86) Gebauer-Fuelnegg, E., and Konopatsch, G., Ind. Eng. Chem., 23,
163 (1931).

(87) Gee, G., Trans. Faraday Sec., 42, 197 (1946).

(88) George, P.,'"Advances in Catalysis,” Vol. IV, Academic Press,
Inc., New York, 1952, .

(89) George, P., Trans. Faraday Sec., 42, 210 (1946).

(90) George, P., Rideal, E., and Robertson, A., Nature, 149, 601
(1942).

(91) George, P., and Robertsen, A., Proc. Roy. Soc., 1854, 309 (1946);
Quart. Rev., 3, 20 (1949).

(92) George, P., and Robertsen, A., Trans. Faraday Soc., 42, 217, 228
(1946)

(93) Gibbs, H. D., Philippine J. Sci., 4, 133 (1910); C. A., 4, 439
(1910).

(95) Gilmen, H., "Organic Chemistry," Vol. IV, John Wiley and Sens,
Inc.,, New York, 1953.

(96) Gisser, H., "Autoxidation of the Saturated Aliphetic Diesters,"
Ph.D, thesis, Temple University, Philadelphia, 1951.



106

(97) Grieve, W., and Hey, D., J. Chem. Soc., 1797 (1934),

(98) Grimm, H., and Flemming, W. (to I. G. Farbenindustrie A.-G.).
Ger. 728,834, Dec. 7, 1942; Chem. Zent., I, 1518 (1943);
C. A., 38, 379 (1944).

(99) Haber, F., and Weiss, J., Proc. Roy. Soc. (Londen), Al47,
532 (1934),

(100) Haber, F., and Willstatter, R., Ber., 64, 2844 (1931).

(101) Hanby, W. E., and Waters, W. A., J. Chem. Soc., 1792 (1939).
(102) Hawkins, E. G. E., Quart. Rev., 4, 251 (1950).

(103) Henderson, G. M., Disc. Faraday Soc., 10, 291 (1951).

(104) Herbig, W., Chem. Ztg., 52, 243 (1928); Chem. Zent., I, 2282
(1928). — -

(105) Herrington, B. L., Chem. Eng. News, 20, 1458 (1942).
(106) Hess, K., and Frahm, H., Ber., 71B, 2627 (1938).
(107) Hetzel, K. W., Angew. Chem., 44, 388 (1951),

(108) Hilditeh, T. P., Nature, léé’ 558 (1950).

(109) Hillyer, J. C. (to Phillips Petroleum Co.). U. S. 2,380,524,
July 31, 1945; €. A., 39, 5465 (1945).

(110) Hoek, H., and Susemihl, W., Ber., 66, 61 (1933).

{(111) Holmaen, R. T., Lundberg, W. O., Lauer, W. M., and Burr, G. O.,
J. Am. Chem., Soc., 67, 1285 (1945).

(112) Hull, D. €. (to Eastman Kodak Co.). U. 8. 2,497,889, Feb. 21,
1950.

(113) Hunter, W., and Downing, J., J. Soc. Chem. Ind., 68, 362 (1949).

(114) Huston, R. €., and Eldridge, E. F., J. Am. Chem. Soc., 58,
2260 (1931).

(115) Ishem, R. M., end Vail, C. E., J. Am. Chem. Soc., 37, 902 (1915).
(116) Ivenov, K. I., Savinova, V. K., and Mikhailova, E. G., J. Gen,
Chem. (U. 8. 8. R.), 16, 65, 1003 (1946) (Bnglish summary);
C. A., 41, 2692 (1947).

(117) Jaffe, H. H., Chem. Rev., 53, 191 (1953),



(118)

(119)

(120)

(121)

(122)

(123)

(124)

(125)

(128)

(127)

{128)

(129)

(130)

(131)

(132)

(133)

(134)

(135)

106

Justoni, R., Atti X° congr. intern. chim., 3, 226 (1939);
C. A, 33, 9303 (1939).

Katsuno, M., J. Soe., Chem. Ind. Japan, 44 903 (1941); C. A.,‘
42, 2575 (1948).

Kehren, L., Anais fac. farm. e odontol., Univ. S&o Paulo, lO
93 (1952); C. A., 48, 1706 (1954).

Kharasch, M. 8., Fono, A., and Nudenberg, W., J. Org. Chem.,
15, 753 (1950).

Kharasch, M., 8., and Gladstone, M., J. Chem. Ed., 186, 498
(1939).

Kharaseh, M. S., Kene, S. S., and Brown, H. C., J. Am. Chem.
Soc., 63, 526 (1941). '

Kharasch, M. S., Lewis, D. W., and Reynolds, W. B., J. Am.
Chem. Soc., 65, 493 (1943).

Kharasch, M. S., Nudenberg, W., and Arimoto, F., Science, 118,
392 (1951)

King, H., J. Chem. Soc., 738 (1929).

Kleemen, W., Chem. 2tg., 26, 385 (1902); Chem. Zent., II 1197
(1902).

Kohler, E. P., Westheimer, F. H., and Tishler, M., J. Am. Chemn.
Soc., 58, 264 (1936).

Kranzfelder, A. L., and Vogt, R. R., J. Am. Chem. Soc., 60,
1714 (1938).

Landon, M., Bull., soc. chim., {5)2, 53 (1935).

Larsen, R. G., Thorpe, R. B., and Armfield, ¥. A., Ind. Eng.
Chem., 34, 183 (1942).

Lawrence, J. W., and Shelton, J. R., Ind. Eng. Chem., 42,
136 (1950).

Lederer, M., Thesis, Karlsruhe, 1950; via Miller, E., "Methoden
der Organischen Chemie,"™ 4th ®d., Vol. VIII, G. Thieme, Stutt-
gart, 19562, p. 23.

Leffler, J. E., Chem. Rev., 45, 386 (1949).

Legault, R. R., and Lewis, D. Co9 J. Am. Chem. Soc., 64, 1354
(1942).



(136)

(137)

(138)

(139)

(140)

(141)
(142)
(143)

(144)

(145)

(148)
(147)
(148)
(149)

(150)

(151)

(152)

(153)

(154)

(155)

(156)

107

Lindgren, G., Acta Chirurg. Scand., 94, Suppl. 110, 190 pp.
(1946); C. A., 40, 6757 (1946), Interchem. Rev., 8, 68 (1949).

Lucehi, E., Boll. sci. facoltd chim. ind. (Bologna), 2, 176
(1941); €. A., 37, 4293 (1943).

MacCulloch, A. F., J. Soc. Chem. Ind., 55, 964 (1936).

Maincon, M., and Chasaing, P. (to Usines de Melle). U. S.
2,481,765, Sept. 13, 1949; C. A., 44, 1532 (1950).

Men'kov, A.;, and Larionov, Zv, Org. Chem. Ind. (U. 8. S. R.),

1, 161 (1936); C. A., 30, 5361 (1936).

Matheson, M. S., J. Chem. Phys., 13, 584 (1945).
McBurney, L. F., Ind. Eng. Chem., 41, 1251 (1949).
McDowell, C. A., and Thomas, J. H., J. Chem. Soc., 2208 (1949).

McKeever, C. H. (to Rohm and Haas Co.). U. S. 2,583,112,
Jan. 22, 1952,

Merz, J. H., and Weters, W. A., Disc. Faraday Soc., 2, 179
(1947).

Merz, J. H., and Waters, W. A., J. Chem. Soc., S15 (1949).
Milas, N. A., J. Am. Chem. Soc., 53, 221 (1931).

Milas, N. A., J. Phys. Chem., 33, 1204 (1929).

Milas, N. A., Proc. Nat. Aced. Sci., 14, 844 (1928).

Mite, J., Arch. Exp. Path. Pharm., 104, 276 (1924), C. A., 19,
1163 (1925).

Mitchell, G. R., and Shelton, J. R., Ind. Eng. Chem., 45, 386
(1953).

Molodovskll, V. A., and Neiman, M. B., Zhur. Fiz. Khim., 23,
30 (1949); C. A., 43, 4085 (1949).

Monacelli, W. J., and Hennion, G. F., J. Am. Chem. Soc., 63,
1722 (1941).

Morgen, G. T., and Pickard, R. H., J. Soc. Chem. Ind., 55,
421 (1936).

Moureu, C., end Dufreisse, C., Chem. Rev., 3, 113 (1927).

Murphy, C. M., end Ravner, H., Ind. Eng. Chem., 44, 1607 (1952).



108

(157) Neender, B. V., Chem. Ztg., 336 (1902); Chem. Zent., II, 1154
(1902).

(188) Nef, J. U., Ann., 298, 274 (1897); vie Chem. Zent., I, 314 (1898).

(159) Neiman, M. B., Molodovskii, V. A., and Bogdarin, G. A., Zhur.
Fiz. Khim., 23, 281 (1949); C. A., 43, 6157 (1949).

(160) Nestle, Farbe u. Lack, 102 (1941); Chem. Zent., II, 1422 (1941);
C. A., 38, 1880 (1944)

(161) Neu, R., Angew, Chem., 45, 519-(1932).

(162) Neu, R., Pharm. Zentralhalle, 73, 653 (1932); Chem. Zent., I,
1820 (1933).

(163) Neu, R., Pharm. Zentralhalle, 75, 529 (1934); Chem. Zent., II,
3407 (1934).

(164) Nitardy, F. W. (to E. R. Squibb & Sons). U. S. 1,935,658,
Nov. 21, 1933; C. A., 28, 784 (1934).

(165) Nitardy, F. W., and Billheimer, E. C., J. Am. Pharm. Assoc.,
21, 112 (1932); C. A., 26, 4913 (1932).

(166) Nolan, H. 0., Lancet, II, 129 (1933); C. A., 27, 5480 (1933).

(167) Nozeki, K., and Bartlett, P. D., J. Am. Chem. Soc., 68, 1686
{19486).,

(168) Nolte, E., Angew. Chem., 43, 979 (1930); Chem. Zent., 11,
3825 (1930)

(169) Olson, W. T., Hipsher, H. F., Buess, C. M., Goodman, I. 4.,
Hart, I., Lamneck, J. H., and Gibbons, L. C., J. Am., Chem.
Soc., 69, 2451 (1947).

(170) Pauling, L., "The Nature of the Chemical Bond,” Cornell Uni-
versity Press, Ithaca, New York, 1948.

(171) Pauling, L., and Coryell, C. D., Proc. Nat. Acad. Sei., 22,
210 (1936).

(172) Pausacker, K. H., J. Chem. Soc., 3478 (1950).

(173) Phibbs, M. K., and Darwent, B. D., J. Chem. Phys., 18, 679
(1950).

(174) *“Physical Properties of Synthetic Organic Chemicals, Carbide
and Carbeon Chemicals Co., New York, 1953.

(175) Price, C. C., Disc. Faraday Soc., 2, 304 (1947).



109

(176) Quelet, R., and Allard, J., Bull. soc. chim., (5)3, 1794 (1936).

(177) Radulesco, G., Ann, combustible liquides, 13, 1071 (1938); C. 4.,
33, 9144 (1939).

(178) Radulesco, G., Tech. ind. petrole (Science et industrie), No.
284 bis, 49 (1939); C. A., 33, 7521 (1939).

(179) Reimers, F., Arch. Pharm. Chem., 50, 159 (1943); Chem. Zent,,
II, 544 (1843 ); C. A., 38, 6495 (1944).

(180) '%elmers, F., Dansk Tids. Farm., 17, 149 (1942); C. A., 39, 695
1945)

(181) Reimers, F., Quart. J. Pharm. Pharmacol,, 18, 350 (1945); C.
A., 40, 2766 (1946).

(182) Reimers, F., Quart. J. Pharm. Pharmacol., 19, 27 (1946); C. A.,
40, 4347 (1946)

(183) Rein, H., Angew. chan.,_ég, 120 (1950).

(184) Rieche, A., Angew. Chem., 44, 895.(1931).

(185) Rieche, A., Angew. Chem., 50, 520 (1937).

(186) Rieche, A., and Koch, K., Ber., 75, 1016 (1942).

(187) Rieche, A., and Meister, R., Angew. Chem., 49, 101 (1936).

(188) Rieche, A., and Meister, R., Ber., 64, 2335 (1931).

(189) Rieche, A., and Meister, R., Ber., 72, 1933 -(1939).

(190) Rigg, M. W., and Gisser, H., J. Am. Chem. Seoc., 76, 1415 (1963).

(191) Ritchie, P. F., Sanderson, T. F., and MeBurney, L. F., J. Am.
Chem. Soc., 75, 2610 (1953)

(192) Robertson, R., J. Soc. Chem. Ind., 52, 274 {1933).
(193) Robertson, A., Nature, 162, 153 (1948).
(192) Robertson, A., and Waters, W. A., J. Chem. Soc., 492 (1947).

(195) Robertson, A., and Waters, W. A., J. Chem. Sec., 1574, 1578,
1585 (1948).

(196) Robertson, A., end Waters, W. A., Trans. Faraday Soc., 42, 201
(1946).

(197) %oblnson, M. E., Biochem. J., 18, 255 (1924); C. A., 18, 1506
1924)



(198)

(199)
(200)
(201)
(202)

(203)

(204)

(205)
(2086)

(207)
(208)

(209)

(210)
(211)
(212)
(213)
(214)
(218)

(216)

110

Schenck, G. A., Angew. Chem., 64, 12 (1952).

Schénbein, C. F., J, prakt. Chem., 52, 135 (1851); ibid., 66,
273 (1855); Interchem. Rev., 8, 66 1’949)

Schwab, G. M., "Hendbuch der Katalyse," Vol. VII (First Half),
Springer-Verlag, Vienna, 1943. p. 152,

Seubold, F. H., Rust, F. F., and Vaughan, W. B., J. Am. Chem.
Soc., 73, 18 (1951).

Sharp, D. B., Patton, L. W., and Whitcomb, S. E., J. Am. Chem.
Soc., 73, 5600 (1951).

Skellon, J. H., J. Soc. Chem. Ind., 69, 116 (1950).

Stennett, V., and Mesrobian, R. B., J. Am. Chem. Soc., 72, 4125
(1950).

Stephens, H. N., J. Am. Chem. Soc., 58, 219 (1936).
Stephenson, 0., and Waters, W. A., J. Chem. Soc., 1796»(1939).

Stevens, G., "Analytical Procedures for Glycol Ethers," Ansul
Chem., Co., Marinette, Wis., Sept. 14, 1953.

"Styrene Oxide,"™ Technical Service and Development Divn., The
Dow Chem. Co., Midland, Mich., 1952,

Sully, B. D., Trans. Faraday Soc., 42, 260 (1946).

Suvorov, B. V., Refikov, S. R., and Anuchina, I. G., Doklady
Akad. Nauk S. 8. 8. R., 88, 79 (1953); €. A., 48, 1977 {1954).

Tandberg, J., Ted. Tid., Reprint, 1938, No. 24, 4 pp.; C. A.,

32, 9503 (1938).

Tasker, C. W., and Purves, C. B., J. Am. Chem. Soc., 71, 101
(1949).

Teyler, H. F,, Mem. Proc. Manchester Lit. end Phil. -Soc., 81
15 (1936-37); C. A., 31, 6008 (1937).

Usines de Melle. Brit. 532,158, Jan. 17, 1941; C. A., 36, 594
(1942). -

Usines de Melle. Brit. 586,146, Mar. 10, 1947; C. A., 42, 4600
(1948). -

Usines de Melle. Fr. 862,928, Mar. 19, 1941; U. S. 2,496,390,
Feb. 7, 1950; C. A., 44, 5375 (1950).



(217)

(218)

(219)

(220)

(221)
(222)
(223)
(224)
(225)
(226)

(227)

(228)
(229)
(230)
(231)
(232)

(233)

(234)

(235)

(236)
(237)

(238)

111

Van Derripe, F., Green, L. W., and Schoetzow, R. E., J. Am.
Pharm. Assoc., lgﬂ 1228 (1929); C. A., Eﬁ, 1704 (1930).

ven Giffen, H. J., Pharm. Weekblad, 77, 1032 (1940); Chem.
Zent., II, 3515 (1940); C. A., 36, 5955 (1942).

Wagner, C. D., Smith, R. H., and Peters, E, D,, Anal. Chem.,
19, 976 (1934).

Walling, €., and McElhill, E. A., J. Am. Chem. Soc., 73 2927
(1951).

Walsh, A. D., J. Chem. Sec., 331 (1948).

Welsh, A. D., Trans. Faradey Soc., 42, 2-64 (1948).
Weters, W. A., Ann. Reports, 42, 130 (1945).
Waters, W. A., Disc. Faraday Soc., 2, 2é3 (1947).
Waters, W. A., J. Chem. Soc., 113 {1937).

Waters, W. A., J. Chem. Soc., 1151 (194&).

Waters, W. A., "The Chemistry of Free Radicals,” €larendon
Press, Oxferd, 1946.

Waters, W. A., Trans. Faraday Soc., 37, 770 (1941).

Waters, W. A., Trans. Faraday Soe., 42, 184 (1946).

Weters, W. A., and Wickham-Jones, 'C., J. Chem. Soc., 812 (1951).
Weiss, J., Trans. Faraday Soc., 36>, 8566 (1940)

Weiss, M. W., Interchem. Rev., 8, 63 (1949).

Whitmore, F. €., and Pedlow, G. W., J, Am. Chem. Sec., 63,
758 (1941)

Wibaut, J. P.,, and Strang, A,,, Proc. Koninkl. Nederland Akad.
Wetenschap., 5B, 102 (1951); C. A., 46, 2991 (1952).

Wielend, H., and Rasuwajew, G., Ann., 480, 157 {(1930); Chem.
Zent., II, 724 (1930).

Wieland, H., and Wingler, A., Ann., 431, 301 (1923).
Williems, E. €., J. Soc. Chem. Ind., 55, 580 (1936).

Williamson, L., J. Appl. Chem. (London), 3, 301 (1953).



112

(239) Wittig, G., and Lange, W., Ann., 536, 266 (1938).
(240) Wittig, G., and Pieper, G., Ann., 546, 172 (1941).

(241) Woodward, A. E., and Mesrobian, R. B., J. Am. Chem. Soc., 75,
6189 (1953).

(242) Wirth, K., Farbe u. Lack, 58 (1941); Farben-Ztg., 46, 547
(1941); Chem. Zent., II, 2354 (1941); C. A., 38, 1880 (1944).

(243) Yokoyama, Minoru, J. Chem. Soc. Japen, 58, 649 (1837); C. A.,
31, 7411 (1937).



BIOGRAPHY

Albert Charles Tanguary was born in Columbus, Kansas, on March 9,
1929,

He attended public schools at Wiqhita, Kensas; Joplin, Missouri;
and Baxter Springs, Kansas. Afte;.grgduatign from Baxter Springs High
School in May, 1947, he entered Kapsas_state Teachers College of Pitts-
burgbfrom which he received the Bachelor of Science degree in chemistry
in July, 1950.’ 7

On Februafy 19, 1949, he married Delores Jean Stover of Baxter
Springs, Kansas.

After entering leahoma_Agricultural and_Mechanical College in
September, 1950, he served as a graduate fellow in the Chemistry Depart-

ment. He received the Master of Science degree in May, 1952,



THESIS TITIE: THE AUTOXIDATION OF SOME LIQUID
BENZYL ETHERS

AUTHOR: AIBERT CHARIES TANQUARY

THESIS ADVISER: O. C. DERMER

The content and form have been checked and approved by
the author and thesis adviser. Changes or corrections
in the thes:.s are not made by the Graduate School office
or by any committee. ‘The coples are sent to the bindery
;just as they are approved by the author and faculty ad-
viser.

TYPIST: JEAN TANQUARY



