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PART I.

MECHANISMS COF INHIBITED AIR
OXIDATION OF OLEFINS



INTRODUCTION

The inhibition of air oxidation has been a problem extensively studied
because of practical applications in preventing deterioration of many
different materials between the time of manufacture and consumption of the
various products,

Degpite theories advanced by various workers in the field through the
years and despite the grest number of investigations carried forward (many
of which had direct practical application) the menner in which a small
amount of a certain material in the presence of another substance prevents
attack on the latter by oxygen in the air had been and, in many cases,
8till is an uncertainty.

Since a knowledge of the mechanism by which inhibjitors or entioxidants
prevent air oxidation is of both theoretical and practical interest, this
work was carried forward, with the purpose of obtaining some knowledge of
the chemlcal reactions of inhibitors exposed to air in the presence of an
easily oxidized material,

8ince the products from the air oxidation of the inhibitor would, in
conjunction with kinetic studies also being cerried forward in these
laboratories, give evidence of the mechanism by which inhibitors act, it
was decided to attempt to isolate and identify these products,

In order to accomplish this pufpoae, a rather large amount of inhibi-
tor in the presence of tetralin, a typical olefin whose alr oxidation has
been previocusly studied, or in an inert solvent, was air oxidiged and work
leading to separation and identificastion of products from the inhibitors

was pursued,



HISTORICAL REVIEW

The firat observation of an antioxidant effect followed by use of the
antioxidant to prevent deterioration of a valuable product has been in all
probability long since buried'in‘antiquity. There has been a rather large

number of reviews writtanloe’IAQ’497’580’693’727’849’1024’1073

conserning
various aspects of oxidation inhibitors. ILe Braa580 has atiributed the
first observation of an antioxidant effect to Boyle. Moureau and
Dufraisae,va? who published the first comprehensive review of the field,
attributed the first observation of antioxidant action to Berthollet,1°6
who observed thai traces of sulfur vapor prevented the lumineascence of
phosphorus in dilute oxygen atmosphers, Other early observations were
that of Desehampazég who observed that lard containing gum bengoin or
populin did not become rancid as quickly as ordinary lard, and that of
Chevroulzos who observed that oak wood retards the drying of linseed oil.
In splte of these and other observations, the existence, much less
the importance, of antloxidsnts, in both practical and theoretical aspects,
was not widely recognized until Moureau snd Dufreisse,’2’ in 1922, began to
publish observations on antioxygena.loc Their entry into the field occurred
October 21, 1917 during World War I, when in an effort to prevent acrolein
polymerization, they added pyrogallol, another easily oxidizable substance,
to the acrolein and found that oxygen absorption was inhibited and the
acrolein did not polymerize, Following the war they continued to carry
forward investigations of antioxident substances and their properties.
Recognizing that the formation of organic peroxides was sssociated with

oxidative degradation, they postulated that antioxidants react with organic
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peroxides, causing their decomposition while the antioxidant was regener-
ated, They slso cbserved a close relationship between oxidation catalysis
and inhibition and that in some cases this positive or negative catalysis
depends on pH and substrate.

The practical success of Moureau and Dufraisaevz7 in preventing
polymerization of acrolein snd their theories concerning antioxidants
spurred the efforts of other workers to make both practical and theoreti-
cal contributions to this field. The rubber industry was vitally inter-
ested and was the first140 to institute active research in the field, The
petroleum industry, food processors, paint industry and others soon
followed and the work has been increasing in an evergrowing flood to the
pregent time,

Cne of the notable events of practleal importance was in 1929 when
Egloff and coworkeraBoS published the first description of gssoline anti-
oxidants, followed later by quelitative data concerning the effect of a
large number of antloxidants on the length of the induction period before
306

gum formation occurred in the gasoline, In the years thet followed,
aromatic amines, phenolic and aminopheholic compounds were the only known
effeqtive gas antioxidants.807 These were used along with copper deacti-
vators such as the condensation product of salicylaldehyde and primary
amino compounds. These compounds form complexes with traces of copper ilon
which often contaminate substances and the complex formation prevents
deleterious effects which would occur should the copper be allowed to
catalyze air oxidation of the gasoline,

Workers in vegetable and animal fats and oils were also concerned with

antioxidants, Theirs was a two-fold interest since they recognized the



existence of naturally occurring oxidation inhibitors which they desired to
identify and evaluate and they were alsc interested in more effeetive anti-
oxidants, After Oloott and Emaison's777 work with naturally occurring
vitanmin E and the establishment of its structure by Ferholz,”4 Golumb1c386
in 1943 was able to show that vegetable oils contained tocopberol (vitamin
E) which oxidized rapidly to tocoquinone and then more slowly to chroman-
5,6-quincne, It was shown later that ¥-tocopherol gives the same qui-
none.loa4 It was during the slower oxidation that organoleptic rancidity
ocourred and before peroxide concentration ineoreased rapidly, Thus the
difference in stability of vegetable and enimal fats was explained since
animal fats contain very little vitamin E, Since there is an optimum con-
centration of tocopherol for maximum inhibition C 7779 the fact that addi-
tion of tocopherol to vegetsble oil had no beneficial effect, whereas the
opposite is true with animal fats, 1s thus expleined,

In addition to vitamins C and E, other naturally occurring substsnces
or their derivatives have been fruitful sources of highly efficient anti-
oxidants., Gossypol was obtained from cottonseed and described by
Hattillésl in 1931. In 194]1 Sabalitschka and Boehm898 firat patented the
alkyl esters of gallic acid as antioxidants end Boehm and Williamsi<8
described the properties of propyl gallate in 1943, Nordihydroguaisretic
acid obtained from creosote bush was described by Lundberg, et al. in

1944.626 Those most recently reported were noroonidendraneBBB from western

hemlock trees reported in 1947 and aca-catechin®®

from a bush native to
India reported in 1951.
Although the results of the investigations to find efficient anti-

oxidants and of the determination of how and where to use them have been



quite successful, the theories so far advanced to explain antioxidant
action have not been ablevto explain all the facts or forecast with any
certainty the results to be expeeted from a given antioxidant in a given
system, However these theories have proved of value in being a guide to
further study. The theory of Moureau and Dufraiase727 that the organio
peroxides formed by autoxidation of the substrate are decomposed by the
antioxidants with a regeneration of the antioxident soon came into question
because it began to be recognized that the antioxidant was oxidized during
the inhibition perioed, 4lso, if there wes regeneration of the antioxidant,
the inhibition period should be infinitely long, which was not the case,

In 1929, Alyea and Baekstrom22 concluded from their kinetic atudies that
autoxidation was a chain reection and that antloxidants interrupted the
oxidation chain and were themselves oxidized in the process, They were
noncommittal about the actual mechanism, referring to energy chains, but
not specifying how the energy was transmitted, A modification of the
Moureau and Dufraissce theury727 had also been suggested., Since it had been
recognized from the beginning that an inhibitor must be an easily oxidized
substance and it was now recognized that the inhibitor was oxidized during
the inhibition period, it was suggested that the inhibitor reduced the

262,681

organic peroxides formed, Largely on the basis of kinetic evi-

dan0922’73’1161 this idea is not now widely accepted, slthough kinetio

evidence has recently been imputed by Shelton and co—worker3933’934 to

imply that amines (and carbon black) do not break oxidation chains, but
destroy peroxlde and are probably different than phenols in rubber, How-

568

ever, Kuzminskii showed that 2-naphthylphenylemine does not destroy

rubber peroxide at 80° under a nitrogen atmosphere, He reports, on the



other hand, that di-p-hydroxyphenylamine, p-hydroxyphenyl-2-naphthylamine
and trihydroxybenzene react with stable rubber peroxides. He feels this
effect may occur but is not the primsry cause of inhibition. He states

that a good inhibitor should be a substence that gives up mobile hydrogen to
peroxide radicals, thus bresking the chain and that it is necessary that

the produet from the inhibitor muat be stsble and must not be a chain

transfer agent. Also as recently as 1948, Micha3119685

suggested a sort of
oyclie mechanism where peroxide oxidizes hydroquinone to semiquinone and
then reverses the process in some cyclic mechanism so that the peroxide is
so short-lived in this cycle that it has no chance to breek down and induce
the slower irreversible reactions which result in the oxidation of the
fatty acid substrate, This would seem to be substantially a reproposal of
the old theory of Moureau and Dufraisgg;vav
Other material of theoretiesl interest has been the evaluation of
oxidation~reduction potentials of quinhydrone-type compounds and the criti-
ecal oxidation potentials of other antioxidants which do not go to an oxida-
tion product by an easily reversible process., After data of this type was
obteined, an attempt was made to correlate the data with the efficlency of

133,326,620,693 The potentials of

antioxidant action of various compounds.
the best inhibitors were between 0.6 and 0.8 volts, although some compounds
in this range were not good inhibitors, This beingithe case, oxidation-
reduction potentials could not be relied on to evaluaste a substance as an
inhibitor, although theoreticslly this should have been the case since the
eagse with which an electron can be removed should be related to the eszse

with which the antioxidant can be oxidized, The fact that quinols, which

are usually good inhibitors, form a semiquinone reversibly on oxidation



led to the suggestion that phenolic oxidation proseeds in two steps,222+326s

686 the first a reversible step and the seaond not usually 30.222
The effect of structure has been of importance in attempts to explain
antioxidant sotivity. In 1934, Oleott’!” showed that polyhydroxybensenes
were good antioxidants, but thst hexahydroxybenzene exhibited no antlioxi-
dant action in spite of being easily oxidized. This is illustrative that
mere ease of hydrogen removal is no guarantee of an effeective antioxidant,

However, because many good inhibltors do have labile hydrogens, there
8till existe an impression that ease of hydrogen removal is a necessity in
a good inhibitor in order that peroxy radicals may abstract the hydrogen,
thus breaking the chain, provided the product from the inhibitor is
stable.’®® The studies of Murphy, et gl. -% with phenothiazine deriva-
tives is enother case in point, They found that the first oxidation prod-
uct of phenothiazine was phenothiazine-5-oxide which is almost as efficient
an inhibitor as the first compound, This will form phenothiazine-5-dioxide
on further oxidation end is no longer a good antloxident, although there is
8till hydrogen available on the nitrogen atom, Substitution of alkyl
radicaele for the hydrogen impair the antioxidant properties of the originel
compound although the N-pctadeoyl and N-benzyl derivatives are nearly as
efficient, |

Other authors have studied the effect of varying substituents on var-
jous phenols and aromatic amines on antioxidant efficiency, as well as
structure of hydrocarbons acting as antioxidanta.112’133’568’620’882’883’953

Substituents releasing electrons to the aromatic ring enhance anticxidant

activity.



Recently Campbell and Coppinger181 reported that 2,6-di-t-butyle-p-
eresol formed l-methyl-l-~t-butoxy-3,5-di-t-butyleyclohexadienone-~4 when di-
i-butylperoxide was decomposed in its presence and proposed that two ROpe

with the same phenol should give the same type compound, Cook223

objected
to this as a general mechanism of antioxidant action on the basis that he
had obtained a dimerization product, 3,3!,5,5'-tetra-t-butyl-i,4'-dihydroxy-
diphenylethane, on oxidation of the phenol with FbOy or Hp0p, He mentions
that this product was still a fairly efficient antioxidant, He eites other
like products isolated by other workers in an attempt to show the generalli~
ty of dimer formation. Moore and Waters704 also report isolating the same
product in small yleld from a free radical oxidation reaction., However,

Bickel and Koojmanllgb

isolated the suggested peroxide derived from the
phenol and (CHg)pC(CN)O* in 1953. This would mean that two peroxy radicals
react with the phenol as compared to the one which would be necessary from
Cook's dimerization product, if the dimer oxidized no further, In the case
of Cook's product, it does go to 3,3',5,5'-tetra-t-butylatilbene~;,, -
guinone, which would require that three radicals react with each phenocl
molecule, Kinetic evidence on stoichiometry ig in order.

135

Two authors other than Boozer and Hammond have suggested complex

formation is related to antioxidant effect. Jacquemain and Berger496
postulated that "positive catalysis" occurs at low (inhibitor) concentra-
tion becsuse the inhibitor is associated with reacting substance,while at
high concentration the association occurs mostly between molecules of

inhibitor, thus explaining the antioxidant property of phenol at high con-

centration and its oxidizing properties at low concentration. Chamberlain
193,1114

and Walsh postulate that there is a complex formed in the ges phase
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between the inhibitor and the radical chain carriers since they observed a
correlation between antiknock effect and the influence of side chaina on
the electronic properties of aromatic rings. Those substituents which re-
leased electrons to the rings promoted antiknock effect,

Another problem of theoretical and also practical interest is that of
synergism, Lea575 states that true inhibitors are usually oxidized while
synergists enhance the activity of phenolic antioxidants. Many substances
are synergists of another substance and no general theory has yet been
applied, However, ascorbic acid is widely used and Calkins and Matt111180
proposed that the antioxidant quinone was reduced by the synergist and the
semiquinone then oxidized to quinone by the activated peroxide which was

reduced in the process, Golumbi0387

found that benzoquinone and «~toco-
quinone were good antioxidants if phosphoric acid were present and stated
these compounds were reduced to the hydroquinone form by the fat substrate
since a biological assay showed vitamin E activity upon addition to & fat
of o(~tocoquinone and phosphorie acid, Le Bras579 found that phenyl-2-
naphthylsmine and mercaptobenzoimidazole were synergists. He proposed that
the amine stopped reaction cheins, since it decreased oxygen absorption and
that the other compound, which had slight effect on the oxygen absorption
rate, deactivated the peroxides formed,

In protecting meterial from oxidation not only are antioxidants and
synergists used but also substances which form insetive complexes with pro-
oxidant metals. This is particularly true in lubricants., Very complex
substances are used which not only perform one or asll antioxidant functlons
but also impart other desirable properties as well, Such substances are

262 68

various sulfides, complex thiophosphoric acids, - and othera, Such a
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vast amount of work has been done in the field in the last ten years alone
that it is staggering. These and other substances have been listed in the
following table, 4An effort has been made to make as complete s literature
survey as possible of the work done in the lest ten years. Much of the
material was read only as found in Chemical Abstracts., No doubt there are
omissions and errors since there are go many references. A few patents
were not included since they could not be relocated by patent number in
Chemical Abstracts. Others were not included which seemed to be very
similar to other patents previously noted. The abstracts were searched
page by page from January through September 1954, No doubt pertinent ine
formation has been overlooked, It is hoped that the compilation might
prove serviceable, Where no designation is made in the table concerning
the use of the antloxidant, none was indicated in the abstract,

From the previous discussion of theoretical investigations, it will be
cbgerved that little is known of the reaction products obtained from the
air oxidation of antloxidants in a simple substrate, Most investigations
have ignored this possibility of gaining an insight into the mechanism of
inhibitor setion, It is for this reason that the following work has been

carried forward,



Table 1

Antioxidant literature survey

Type Antioxident for A% Ref,
R® ¢ ¢d e o gg gh gi

Aromatic hydroxy compounds
A, Catechol derivatives

Monobenzyleatechol X t 941

p~$-Butylcatechol X X X Amines or inorganie 336, 454
hydroxides - 349 870, 941

aAccompanying substances or synergists and their references.
bElastomers.

®Gasoline and fuels.

dCarctene and vitamins,

€Lubricating and mineral oils,

fPaint oils.

€Edible oils and fats and derivatives,

hFeods and flavors,

1Soaps and waxes.

JMiseellaneous.,

ct



Table 1 (cont.)

Type Antioxidant for A Ref.,
R L P E F S ¥
Catechol X X X X X 51, 54
112, 128
130, 454
501, 528
577, 591
592, 624
730, T4,
746, 909
781, 983
1029, 1036
1110
Acetone-pyrocatechol
eond, prod, 592
Hexylcatechol X X X P,Sg5 isobutylene
reac, prod, - 869
Stannous salt of o- or
p~phenyleatechol X 8
Stannous catecholate X 957, 959
Phenylethelcatechols
(1,2-dihydr oxy-4~(1~
phenylethyl) benzene X 183
Aca~catechin 486
Extract of Larrea Di-
varicata bush X 814

£T



Table 1 (cont.)

Type Antioxidant for A Ref,
R_G _C L P E F 8 H
Nordihydroguaiaretic

acid (KDGA) X X X X X Amino acid - 623 56, 123
Ascorbic acid - 626, 151, 158

1135 161, 194

Ascorbie or citric 195, 215

scid - 169 239, 245

Ascorbic, citric or 248, 342

phosphorie acid - 351, 357

358 360, 378

Ascorbic acid in 379, 393

Irish Moss extract 439, 445

- 1011 520, 524

Ascorbyl palmitate 526, 537

- 380, 1159 538, 551

Citric acid and 556, 562

tartaric acid - 570, 583

260, 274, 873 603, 624

Ethylvanillate or 648, 649
benzoic acid - 944 690, 695
Methionine, asearbie 703, 709

or citric acid - 710, T2
1018 728, 735

Methionine, phenyl- 740, 74l
alamine, milk pro- 756, 828
tein hydrolysate ’

gon Sy rolysa 905, 956
NeoSp05 = 1133 982, 983
(NaPO3)¢ and Man- 1017, 1018
drellls salt - 586 1019, 1020
Oat flour - 872 1021, 1025
Phospholipid or 1026, 1028
citric acid - 116 1029, 1069



Teble 1 (econt.)

Type Antioxidant for A Ref,
R_ G € L P E P 8 ® ‘

Thiodipropionie 1079, 1087

acid - 816 1163
ddrenaline X Thhy 951
Quercitin X 438, 567

854
Quercitrin X 854
Rutin X 854
Chaleone of hesperidin X 854
Hematoxylin X X 55, 577

616
Gossypol X X X 4y, 111
468, 469

956
Dianilinogossypol X X 111, 468

469
Norconidendrin X 337, 338

703

3’3’3' ,3'-Tatrame‘bhyl-
6,6',7,7!'-tetrahydroxy-

1,1'~gpircbisindane X 167

Sesamol X 160, 703

¢t



Table 1 (cont,)

Type Antioxident for 4 ~ Ref,
R__ G € L P E F 8 H

Ethylhydrocaffeste X 1020
Dihydroguercetin

{pentahydroxyflavinone) X Citric acid - 567
Ethylprotocatechuate X 357
Esters of protocate~

chuic acid X 785
Piperonal ——

3,4(HO) 2-CgB4CHO—

caffeic acid X X 738, 1027
3,4~Dimethylesculatin X 1027
3~Isopropyl-i-methyl-

esculatin X 1027
3,4~Dimethyldaphnetin X 1027
4-Methyl-3,4-dihydro-

esculatin X 1027
4-Methylesculatin X 1027
Esculatin X 1027
Daphnetin X 1027
4~Methyldaphnetin X 1027

9T



Table 1 (cont.)

Type Antioxidant for 4 Ref.
R G ¢ L P E F S ¥
Protocatechuic acid '
((33)2‘06H3‘COGB $ ﬁzﬁ) X X X 591, 577
760

o, W Bis(hydroxyphenyl)

alkanes

(1,4-bis(3,4~dihydroxy~

phenyl) butane)
(1,5-bis(3,4~dihydroxy-
phenyl) pentane)

(1,6-bis(3,4-dihydroxy-
phenyl) hexane) X X 381, 1000
Divanillal scetone X X 500
Divanillyl acetone X X 500
Divanillylisopropancl X X 500
Divanillalisopropanocl X X 500
Diisoeugenol X 499
Isceugenol and syringie
acid X 499
Safrole 410
Isosugenol 410

Cis-isofroeugenol 410

LT



Table 1 (eont.)

Type Antioxidant for A Ref.
R_G € L P E F s W

Gusaicol X 983
Carbonyldihydroxy de-

rivative of diiso-

safrole X 936
Isosafroeugenol X 357
Cond, prod, of phenol

and eugenol X 937
Cond. pred, of eugencl

and HCHO X 937
X~Conidendrol X X 634
@ -Conidendrol X X 634
Vanillas X 829

Eugenol (1,4,3) -
103ﬂ500@3(01{)(0(3ﬁ3)_/ X 410, 1081

Dihydrocaffeiec acid X 307, 1027
Hydrocaffelc csters X 307
Methyl caffeate X 1027
Ethyl caffeate X 1027
Fropyl caffeate X 1027

81



Table 1 (cont.)

Type Antioxidant for A ' Ref,
R_ G € L P E F S M
Methyl dihydrocaffesate X 1027
Ethyl dihydrocaffeate X 1027
Propyl dihydrocaffeate X 1027
Ethyl protocatechuate X 1027
B, Pyrogallol derivatives
Pyrogallol X X X ¥ X X X X Maleic anhydride - 100, 130
593 131, 138
Ka28205 - 1133, 1134 112 3y 132
280, 351
501, 526
539, 577
€14, 648
683, 730
Tht, 781
805, 909
912, 983
1029, 1092
1027, 1097
1110
Pyrogallol-acetone
cond, prod, X 577
Caprylpyrogallol X X X X P54 isobutylene

reac, prod, - 869
Gallacetonin X 6.8

61



Table 1 {eont.)

Type Antioxidant for A Ref.
R__G L_ P E _F S8 H
Dihydropyrogallol X X 1160
Pyrogallol derivatives 113
C. Resorcinol derivatives
Hono~t-~butylresoreinol X 940
Di~t-butylrescrcinol X 940
Di-geg-amylresorcinol X 940
Resorcinol X X X X X Furfural - 487 133, 501
‘ 527, 528
781, 909
1027, 1036
1110
5-Pentadecylresorcinol X X 59
Acyl derivatives of
resorcinol 527
Alkylsted resorcineol
(2,4,6~triethyl
resoreinol) 527
D. Gellic acid derivetives
2-/ o-(o-Triacetyl)
gallyl/ phloroglucin~
olaldehyde X T45

oc



Table 1 (cont.)

Type , Antioxidant for A Ref.,
G ¢ L P E __F M
Propylgallate X X X X Ascorbic acid - U, 75
1031 78, 129
Ascorbyl palmitate 130, 158
- 657 161, 210
4dscorbyl stearate 220, 278
- 710 293, 357
g -Aminocethanocl 414, 431
bound to glycerol- 445, 517
phospharie radiecal 520, 537
- 553 560, 583
Butylated hydroxy- 584, 603
anisocle - 546 637, 702
Citric acid -~ 393 703, 722
Citric or phosphor- 729, 735
ie acid - 551, 562 756, T84
Citric or tartariec 872, 900
acid - 138 904, 905
Lecithin - 1094 983, 896
(NaPO3)g and Man- 1021, 1022
drell's salt - 1028, 1020
586 1029, 1032
Oleic acid - 76 1069, 1163
Butylgallate X X X X OCitric acid - 137, 55, 130
574 616, 1032
Citric or phosphor-
jc acid ~ 562
Methylgallate X 158, 896
Amylgallate X 158

£



Table 1 (cont.)

Type Antioxidant for A Ref,
R G ¢ L P E F S M
Ethylgallate X X X X X Ascorbic acid - 42, 55
1031 158, 161

Citric acid - 393 330, 351
Citric or phosphor- 576, 577

ic aeid ~ 562 578, 616
Citric or tartarie 786, 896
acid - 138 1020, 1021
1027, 1032
1033, 1070
1163
(5’6,7,5 ' ,6' ,7' ~Hexa~
hydroxy-3,3,3',3'=
tetramethylbis-1,1'~
spirchydrindene)
gallic acid X 577
Egtera of above X 577
Gallic acid X X 158, 328
624, 722
T4ty ThS
828, 896
897, 955
983, 1011
Hexylgallate X X 158, 1032
Decylgallate X X 158, 1072

Laurylgallate X X Citric acid - 638 983

44



Table 1 (cont.)

Type Antioxidant far A Ref .
G L P _E F 8 M

Octylgallate X X Citric acid - 393 158, 562
722, 849
1065, 1069
1070, 1072
Cetylgallate X X 41, 158
562, 1072

1096
Dodecylgallate X X X X Citric ascid - 393 41, 158
(HaP03) end Han- 345, 562
drell's salt - 586 722, 849
1021, 1065
1069, 1072
1096, 1159

1163
Tetradecylgallate X X 722, 1065
Hexadecylgallate X 562, 722
Octadecylgallate X 722
Digallic acid X 243

Glycerol monogallate
dipalmitate X 119
Glycerol monogallate

monostearate X 119
Morpholonium gallate X 552

£C



Table 1 (cont,)

Type

Antioxidant for

L

P

E

F

{2

A Ref,

Low molecular weight
gallie acid esters

Trishydroxymethyl-
methylammoniuvm gallate

Galliec acid salts

Isobutyl gallate

Iscamyl gallate

Oleylgallate

k4

Benzoic, fumarie, = 107, 112
tartaric, citrie, 414, 1067
phosphorie and
ascorbic acids -

416

Lecithin and

tocopherols - 413

552

Ethanolamide

H,NCH(CH3 )CH20H

HQHG(CB ?(Cﬁzﬁﬁ)z

HgHCHgGIrizOH

(CoHg5) 2N(CHCHA0H)

HH(CBQCIizRHZ)CHQCHQOH
) NCH,CHoOH

3(05263205)3 - 552

Citric acid - 139 786, 896
Citrie, tartaric or 901
phosphorie acid -
562
Tartaric acid - 795

Citrie or phosphor- 1163
ic acid - 562

e



Table 1 (cont.)

Type Antioxidant for 4 Ref,
R 6 ¢ L P E F S ¥
Myristylgallate X 41
Dodecylprotocatechoste X 41
oA -Resorcylate X 43
Isopropyl gellate X 786
Gallanilide X 44,
E, Hydroguinone derivatives
Tolu and chloro deriva-
tives of hydroquinone X 1101, 1110
Ethylhydrogquinone X 955
Propylhydroquinone X 955
Honomethyl ether of
hydroguinone X X Vitemin B complex
~ 404 7%, 937
Monobenzyl ether of
hydroquinone X X X X 184, 209
404, 895
Acetate of hydroquinone X JAVA
Methylnaphthylhydro-
quinone X 315

g2



Table 1 (eont.)

Type Antioxidant for A Ref,
R_G € L P E F S8 M
Hydroquinone X X X X X X X Amino acid - 623 51, 74
Citric acid - 574, 100, 112

Methionine, ascor- 130, 131
bic aeid, leucine, 133, 158
trypsin hydroly~- 170, 185
sate of beef serum 238, 343
globulin - 214 351, 360

Phosphoric acid - 395, 417
179 434, 454

485, A0
501, 526
562, 528
573, 5T
606, 624
634, 683
703, 740
Thd, Th5
781, 805
833, 864
900, 901
903, 904
905, 909
912, 923
934, 955
982, 983
1021, 1027
1029, 1036
1044, 1097
1101, 1107
1110, 1151
1163

9c



Table 1 (cont.)

Type Antioxident for & Ref.
L P E _F S W
Toluhydroquinone X X NasS5,05 - 1133 133
Trimethylhydroquinone X 133
1,4-Naphthohydroquinone X 133
Butylated hydroquinone
monoalkyl ether and
hydrogquinone Citric and ascorbic
acids, HaP0 42
ethyl ac;d phos-
phate or triethyl
phosphate - 558
Quinhydrone b4 1036
Honoethyl ether of
hydroqguinone T4
Thymolhydroquinone X 901
Dimethyl ether of
hydroquinone X 1110
Polyhydroquinones X 1110
3,4-Bis(2,5~-dihydr oxy-
phenyl) hexane 526
2-Igoamylhydroquinone 526
Alkyltocol ) ¢ 653

L



Table 1 (cont,)

Type ’ Antioxidant for A Ref.
R_G ¢ L P E F S8 M
Bis/bis(2-hydroxyethyl)
aminomethyl/ hydro-
quinoneoxalate X X X X 282
2,5-Bis/bis(2-hydroxy-
isopropyl) amino-
methyl/ hydroquinone X X X X 282
2-Nethyl-3-phytyl-1,4-
naphthohydroquinone X X 908
Di-t~-butylhydroquinone X 454
Butylated hydroquinone
monoalkyl ether and
propylgallate X X Citric acid, phos-
phoric acid,
ascorbic acid,
ethyl acid phos-
phate - 85
Isocoumarone X 653
Hydr oxycoumarone X 653
g-Tocopherol X X X Lecithin - 171 469, 601
s 999
7 ~Tocopherol X X X X Citric acid - 872 469, 601
Lecithin - 171 703, 864

999

14



Table 1 (cont.)

Type Antioxidant for A Ref,
G _C L P E F S8 H
Tocopherol X X X X Amino acid - 623 48, 249
Ascorbic acid ¢ p- 287, 435
aminobenzoic acid 445, 489
Ascorbyl monoester 606, 653
of fat acids and 741, 822
phospholipids - 864, 939
860 1112, 1132
Citric acid - 217
Citric and melonic
acid -~ 49
Lecithin - 538, 956
Lecithin or phos-
phoric acid - 858
<« ~Tocopherol X X X X Ascorbic acid - 709 32, 112
Ascorbic acid, 116, 123
threonine, trypto- 288, 315
phan - 214 406, 468
Ascorbyl monoester 469, 537
of a fatty acid - 540, 601
859 604, 703
Lecithin - 171, 312 864, 983
Leucine, tryptophan 999, 1029
or asccarbate - 1151

1028

(NaPOq)¢ and Man-
drell's salt - 586
1,4-Naphthohydro-
quinone -~ 387a

6z



Table 1 (cont.,)

Type Antioxidant for 4 Ref,
G L P E _F
Phosphoriec zcid -
710
Vitamin B complex -
205
« -Tocopherol with
phytyl chain replaced ,
by methyl X 617
Diresorcinyltocol X 617
3 ~Tocopherol
(8-methyltocol) X 80, 601
615, 864
999
5-hydr oxycoumaran 973
2,4,6,7-Tetramethyl-3-
ethyl-5-hydroxycoumaran 973
Subst, chroman 973
% ~Tocopherol phosphate 467
Di- a-tocopherol X 848
6-Hydroxychroman deriva-
tives 489
X a78

o-Alkyl-p-alkoxyphenols

014



Table 1 (cont.)

Type

c

Antioxidant for
E

L

P

F

s

M

Ref.

6-ﬁyar03y-2 ,2 ,5 ,7’8-
pentamethylchroman

7-Methoxy~3-(3"-methoxy-
4'-phenylmethoxy)
benzilidinechromasnone

Alkyleromaticdiethers
{o=t-butyl-p-methoxy-
phenylbutyl ether)

p-Hydroxycoumarsans
(2,2-dimethyl 6=t~
butyl-5-hydroxy-
coumaran) X

p-Hydroxychrorans
(2,2-dimethyl =6~
bydr oxychroman) X

3-t-Butyl-4-hydroxy-
anisole

2-t~Alkyl-i-alkoxy-
phenol

2-t-Butyl-4~hydroxy-
anisole

Citriec and malonie
acids - 577

382,

291,

Tht,

987

382

562

883

291

Te



Table 1 (eont.)

Type Antioxidant for A Ref,
G__C L P E F_ 8 M

&0

———

Cond, prod. of subst,
p-hydroxyanisole and
mono=t~butyl-p-erescl X 938

Quinone derivatives

Chroman-5,6-quincne b ¢ 653
1,4~Naphthoguinone X NayS,05 - 1133
2-Nitrophenanthrene-

quinone X 1036
4-Ritrophenanthrene-

quinone X 1036
24 7-Dinitrophenan~

threnequinone X 1036
Vitamin K X 315
Tetrahydropolycyclic-

uinones

?Aa,5,8,8a—tetrahydro—

1,4-naphthoquinone) X 922, 923
48,5,8,8a-Tetrahydro-

1,4-naphthoquinone X 124

6-Methyl-4a,5,8,8a~
tetrahydro-1,4-
naphthoquinone X 124

49



Table 1 (cont.)

Type ’ ' Antioxidant for A Ret,
R__ G € L P E F S W

5,5-Dimethyl—-4a,5,8,8a-
tetrabydro-1,4-
naphthoguinone X 124

5-Methyl-4a,5,8,8a~
tetrahydro-l,}-

naphthoguinone X 124
tetrahydro-1,4~
naphthoguinone X 124

G, Miscellanecus phenolie
compounds

Caleium, sodium or
aluminum lauryl
phenoxide X Diethyl, dibutyl,
diamyl, tartraetes;
octyl or amyl lae-
tate; triamyl

citrate - 530
Magnesium or sodium
cetyl phenoxide X L
Calcium dismyl phen-
oxide X n

@ ~Naphthyl, phenyl-p-
aminophenol X 561

€e



Table 1 {cont.)

Type

R

G

C

&ntioxidant for

L

P

E

F

Ref,

1,5~-Dihydroxynaphtha-
lene

2 y4=Dimethyl=6=t~
octylphenol

Calcium cetylphenate

Salicylic acid alkyl
esters (calcium salt)

Sulfonamido-phenol or
naphthol
{5-(p-toluenesulfon-

amido)-l-naphthol)

1-/{p~4-morpholinyl-
phenyl) methyl/-2-
naphthol

5,8-Dihydro-1,2 (or

1,4)-dihydr oxy~
naphthalene

.

Tertiary alkyl
phenol sulfides -
333

576,

627,

33,

361,

577

628
264,

332

362

370

422

801

e



Table 1 (econt,)

Type Antioxidant for A Ref,
G ¢ L P E F S M
Polyhydrie phenols X X X X X Reac, prod, of 795
olefin snd phos-
rhorus sulfide -
869
HOArN=NArOH X 808
Morpholinomethyl-P -
naphthol b4 82
Bis(piperidinomethyl)-
p~t-amylphenol X 82
Alkylated phencl X X X X X Metsl aliphatice 112, 327
polyearboxylate - 629, 885
322 1008, 1093
Phenol branch chain
alkyl ethers X X X 994, 1121
Alkenyl subst, poly~
hydroxybenzene mono-
ether 372
Alkylated sslicylic
acid X Amino phenols,

phenylemine, di-
phenylamine, naph-
thylamines,
phenylenediamines
- 1122

ge



Table 1 (cont.)

Type Antioxidant for 4 Ref,
A R g L P E F S ¥
p-Hydroxybenzoie acid X &mino phenols,
phenylamine, di-
phenylamine,
naphthylamines,
rhenylenediamines
- 1122
Diisobutyl-B ,@ -hy-
droxynaphthoie acid X "
Stannous salts of
cardanol X 797, 1116
i1n7
2,4-Dimethyl=6-t~
butylphenol X X Alkylated suceinie 509, 629
acid or monocar- 885, 1042
boxyliec acid with
activating group
« or § to COH -
1162
N,Nt-dibutylphenyl-
enediamine - 1115
2,4-Bis(p-tolylsulfon-
amido) phenol X 1081
o-(p-Tolylsulfonamido)
phenol X 1081
p~(2-Naphthylsulfon-
amido) phenol X 1081

9¢



Table 1 {cont.)

~Type Antioxidant for A Ref.
R _G_¢C L P E F 8 H®

p-(p-Tolylsulfonamido)

phenol X 1081

5-(p-Tolylsulfonamido)-

1-naphthol X 1081

Rege, prod, of alkyl-

ated aromatic hydroxy

comp, and aldehyde~

ammonia comp, X - 789

Vapilline (3,4,1)_

163300633(011)0@/ X 108

Coumarin and hydroxy

derivatives X X 292, 108
532

Salicylaldoxime X 955

« -Naphthol X X X X 112, 131
133, 346
351, 614
%6, T8l
909, 912
1029

8 Baphthol X X X X 112, 133
344, 345
485, 632
781, 909

LE



Table 1 {cont.)

Type ' Antioxidant for A Ref.
R__ G ¢ L P E F S8 W
Thymol X X 410, 632
781
Chloromethylphenols X 985
1-41kyl ethers of
naphthols X X 988, 1123
Phenol X X 33, 280
1110
Dilsopropylsalicylic
acid (zine or zinc-
calcium salts) X 1095
Fhenol S
(isopropyleresol) b ¢ 170
Copper phenclate X 1143
p-Hydroxydiphenyl phenol I 417

Cond. prod, of p-
cresol and t-olefins

or alcchols X 986
2-t-butyl-4-methylphenol X 629
2,4~Dimethylphenol X 629
Phloroglueinol X X X 593, Ti4

909

8¢



Table 1 (eont,)

Type Antloxidsnt for 4 Ref,
L__P E F M
Aromatie p-hydroxymono-
basic acid
(propyl-, butyl- and
benzylhydroxybenzo-
ates{
(p-hydroxybenzoic acid) X Aliphatic hydroxy- 897
polybasic acid
(tartarie, citrie,
malic) - 813
Pieric acid X 909
Trierescl X 909
p-Nitro-p-cresol X 909
Kamala dye X Citric and tartaric
acids - 274
Maleic acid, hydro-
guinone, oleic
acid - 833
Tumeric dye ) ¢ 833
Cresol X 37
o=t-Butylphenol X 377
2,4-Di-t-butylphenol X 377
2,6-Di-t-butylphenol X 1009

6¢



Teble 1 (cont.)

Type Antiexidant for A Ref,
R_ 6 ¢ L P E F_ 8
2 ,6~Di-t-butyl-p=cresol
(ionol X X X b4 X X X 52, &7
219, 253
345, 457
512, 530
562, 584
634, 639
703, 756
782, 822
845, 924
925, 934
975, 1008
1025
Butylated hydroxy-
anisole X X X Acids, hydroquinone, 97, 190
leeithin, thiodi- 25}, 292
propionic acid - 345, 431
560 439, 551
Citric acid - 260, 583, 603
900 €07, 634
(NaPO3)¢ and Man- 637, 638
drell's salt - 735, ‘756
189, 586, 703 894, 1028
Propylgallste and 1094, 1163
eitric acid - 190,
292, 546
Propylgallate,
cltric acid end
lecithin ~ 293
Polyalkylbenzylphenols X 845

oY



Table 1 (cont.)

Type

c

Antioxidant for
E

L

P

F

-

Ref,

2,21,3,3'-Tetrahydroxy-
biphenyls
(5,5'~dimethyl-2,2'~
3,3'-tetrahydroxybi-
phenyl, also the
5,5'-dipropyl and the
5,5'-diamyl

Bis(2-hydroxy-3,5-di-
methylphenyl) butane

Bis(4-hydroxy-2,5-di-
methylphenyl) butane

9-Alkylhydroxyphenyl—
alksnes

hydroxy alcchols with
phenols

244=-Dihydroxybenzalde~
hyde

p-Methoxyphenol

Cond, prod. of hetero-
cyelichydroxyaromatic
compds, and aldehyde
and nitrogen compd,

X

X PéS5 jasobutylene

36, 194

147

124

133

767



Table 1 (cont,)

Type Antioxidant for A Ref,
R G c L P E _F ] M

Bis(2-hydroxy-2-t-
butyl-5-methylphenyl)
furylmethane X X X 1001

Bis(2-hydroxy-5-t~
butylphenyl) furyl-
methane X X X 1001

3 ’3' ’5 ,5 ' -Tetraalkyl-
4 44V =dihydroxybiphenyl X 255

N=(hydroxyaryl) pyr-
roles
(N-(p-hydr oxyphenyl)~-
2,5-dimethylpyrrole) X X X X 1091

4=-Alkylphenylsallicyl~
ate X 997

Cond, prod. of poly-~
hydric phenol with
vinyl aromatiec compd, X 125

Nitrated hydrogenated
cardanol 252

Nitrogen-contg. deriva-
tive of 3-pentadecyl-
phenol 429

Antimonyl derivative of
polyhydrie phenocls X X X 480



Teble 1 (cont,)

Type Antioxidant for A Ref.
R G C L P E ) S M
NMelilotin X 538
Phenylmethylguaethol X 538
2-Alkyl-4~methylphenol X 545

Metel salts of alkyl-
sulfoalkenylphenol
(varium diamyl-(2,3-

epithio-2-methyl-

mropyl) phenoxide) X 710
2-t-Butyl-4{-methoxy-
phenol X X 112, 883

2, 4-Dimethyl-6-%-
octylphenol X 256

Diamyl (sulfomethallyl)
phenol or barium salt X 769

Barium salt of paraf-
fin wax methallyl-
phenol X 769

Reac, prod, of oC -

ethylhexanole and 2,4-

and, or 2,5-dimethyl-

phenol X 433

p-Cresol X 1124

€7



Table 1 (cont,)

Type Antioxidant for A Ref,
R__G €6 L P E F 8

14

1-{p-Hydroxyphenyl)~
2,5-dimethylpyrroli-
dine X 204

1-(p~hydr oxyphenyl)~
2,5-dimethyl-3-
pyrroline X 204

Mono-t~butylmethyl-
phenol X 345, 346

©-BOCgH I’GH :NCH AHHSHQOH X X X X 257

Cond, prod, of poly-
hydric phenols and
polyhydriec alechols X X X X X 126

2,2-Bis(4-hydroxyphenyl)
I opane X X X X X X 1055

Reac, mrod. of phenols

with terpenes as

nuclear substituents ) ¢ 542, 544
758

Hydrogenated 2,6~di-t-
butyl-4-methylphenol X X 1145

3,4-Bis(m,p-dihydroxy-
phenyl )-p-hexane 1026

Alkylated cresylic
acids X 958



Table 1 (cont.)

Type &ntioxidant for A Ref,
R G c L P E F s

-,

&=

Reaec, prod. of butyl-
p-cresol with an
aldehyde
(bis(2-hydroxy-3~
butyl-5-methylphenyl)
methane) X 1003

2,6-Bis(4~hydroxy-2-
methyl=-5-isopropyl-
benzoyl) hexestrol Hydroquinone - 740

Diamylphenol X X 639

1-Hydroxynaphthalene
alkanoic acids 168

Reac, prod. of phenol-
aldehyde resins with

o/, B~alkyleneoxides X 401

Alkylated hydroxy~
phenylmethyl or ethyl
ether, p-dihydric-
phenols or alkylgallic

acid esters X Citriec gnd tartar-
ic acid - 636
244 ,6-Trimethylphenocl X 1042
Bis(hydroxyalkoxy-

phenyl) alkanes X X X X X 1164

§7



Table 1 (cont.)

Type Antioxidant for 4 Ref,
R_G C L P E__F

b

ta
iR

Reac., prod, of phenols
and salts of fatty
acids
( « =naphthol and stan-

nous stearate) X X 1l

Sn or Sb salts of

phenolaldehyde or

phenolketone reac,

prods, X 12

6,6'-Methylene~bis(2-
iscbornyl-4-methyl-
phenol) X X X X X 758, 1086

2,6-Bis—(4~hydroxy-3-
methylbenzyl)-p-cresol X 527

2,6-Big~(4-hydroxy-2-
methyl-5-isopropyl-
benzyl)-p-eresol X 527

Mixture of 4,6~dimethyl-
ol-g~cresol and p-
crescl X 527

2,3-Bis—(p-hydroxy-
phenyl)-2-butene X 527

2,3-Big=(4~hydroxy-3-
methylphenyl) butane X 527

9Y



Table 1 (cont,)

Type

Antioxidant for 4 Ref,
G C L P E F 3 ¥

2,2-Bis=(4~hydroxy-5-
methylpbenyl) propane

2,5-Dihydroxyphenyldi-
methylearbinol

2,4-Bis-(2,5=-dihydroxy~
phenyl)—4~methyl-2~
pentens

Mercaptols and phenols
(2,2-bis{p-hydroxy-
phenyl) mropane)

Aliphatic aldehyde and
ronocalkyl-p-cresol

Olefin alkylated cre-
sylic ecid and alkyl
halide

1-(2,5-Dimethoxy-
phenyl)~2-bromopr opane

1,4-Bis-(2,5-dimethoxy-
phenyl)-2,3-dimethyl-
butane

1,4-Bis-(2,5-dihydr oxy=
phenyl)-2,3-dimethyl-
butane (also tetra-
acetate)

X

X

X 183

630

23

543

X 936

A



Table 1 (cont.)

Type Antioxidant for A Ref,
R_ G € 1L P E F S H

3,4-Bis-(2,5-dimethoxy~

rhenyl) hexane X 936
3,4-Bis-(2,5-dihydroxy~

vhenyl) hexane (also

tetraacetate) ) 4 936
1-Ethyl=-1-(p~hydroxy-

phenyl)-2-methyl~6-

indanol X 936
Tin complexes of phenols X 14
p-Uetylphenol X X 1107
Eenthylphenol X X 1107
2,2 t ,3 ,3 "'Biphenyl"

tetrol X 209
5,5'-Diacetyl-3,3'-di-

nmethoxy-2,2'-biphenol X 209
6,6'-Dihydroxy-5,5"'~

dimethoxy-3,3!-bi-

phenyldicarboxaldehyde X 209
5,5!'-Diethyl-3,3!~di-

methoxy-2,2'~biphenocl X 209

5,5'-Diethyl-2,2',3,3'-
biphenyltetrol X 209

87



Table 1 (cont,)

Type Antioxidant for A Ref,
R__G € L P E F _S M

3,3'-Dimethoxy-2,2",5-

5'~biphenyltetrol X 209
5 ,5 '-ﬁimthyl-z ’2 ! ’3 ’3 te

biphenyltetrol X Citric secid - 209
2,6-Di-t-butyl-i=-

butylphenol X 1120
Butylated polyhydroxy-

phenol X 96
p-t-Amylphenol X 96
2,6-Dichlorophencl

indophenol X Thd,

Di- and polyhydrie

phenols with hydroxyl

in the ¢ and p

position X Thd

Cond, prod. of olefins
and acid oils from

cracked naphtha X 1099
Bis-(3-g-butyl-5-

methyl-2~-hydroxy-

phenyl) methane X 934

Methylenedi~2-naphthol
(wsC) X 87

67



Table 1 {cont.)

Type  Antioxidant for A Ref.
R G € L P E _F __S

et

jam

D

,21-Methylenebis—(4~-
methyl-6-t-butyl-
phenol)(No. 2,2,4,6) X X g7, 756

2- or 3-Isobutyl-i-
methoxyphenol X 1069

1,2-Dialkoxybenzenes X 457

Aroxyepoxyslkanes
(1,2-epoxy~-3-phenoxy~
propane) X 235

Alkylated phenol-
aldehyde condensate
and metal salts X 647, 972

Reac, prod. of conju-
gated diolefin and
polyhydric phenol X 34

p-Alkoxyphenols
(2-t~butyl-4{-methoxy-
phenol) X X Mercaptoalkanoic
acid (2-mercapto-
ethanoic acid) -
1166

Polyaralkylated phenols X 533

Alkyl derivatives of
p-alkoxyphenols X 880

0%



Table 1 {cont.)

Type Antioxidant for ’ Y Ref.
R_ G _€ L P E F S M

Cond. prod., of 2-t-
butyl-4~-methylphenol
with acetone
(2,2'-bis~{2-hydroxy-
3-t-butyl-S-methyl-
rhenyl) propane) X 1165

dralkylated hydroxybi-
phenyl
(2-hydroxy=3-(X -
methylbenzyl) bi-

phenyl) X 89
3,4-(HO) 2G6HBCO2R X T4
2,6-Dialkyl-4-alkoxy-

prhenols X X X 881
p~-Nonylphenol X X 1161
© and p-Dodecylphenols X X _ 1161
6=t-Butyl-m-cresol X X 1161
2,3-Bis(hydroxybenzyl)

butane X 806
Aralkylated bisphenols X X X X X 534

Cond. rrod. of ketone
and dihydroxydiphenyl-
propanes b 4 X 1167

16



Table 1 (cont.)

Type Antioxident for 4 Ref,
R_ 6 € L P B F S H

phenols X 237
Gond, prod. of phenols

with aromstic dicle-~

fins X 773
t-Butyl-p~methoxyphenol X 127
Dihydroxybiphenyl

compds, X 508
Coumarin X 1027
6~Hydroxy—i-methyl-

coumsrin X 1027
T-Hydr oxy~4-methyl=-

coumarin X 1027
7-Bydroxycoumarin X 1027
5,7-Dihydroxy-4-methyl-

counarin X 1027

Nitrogen compounds
4, Amino phenol derivatives

Bis(morpholinomethyls-
anilinomethylphenol X 443

(44



Table 1 (cont.)

Type Antioxidant for A Ref,
¢ ¢ L P E F S ¥
Morpholinomethyl~bia-
anilinomethylphenol X 443
1-/{p-Dimethylamino-
phenyl) methyl/-2-
naphthol 422
2-Amino-5-hydroxy-
tolusne X Amines or inorgsnic
hydroxides - 349
p-Benzylaminophenol X " 1101
4-Butylaminophenol X X Tripinens trithio- 512
phosphite and di-
salicylylidenepro-
pylenediamine -
810
2-Nercapto-i~
methylthiazole and
disalicylylidene~
propylenediamine -
810
Metol X 430, 912
Cond, prod, of slde-
hyde, polyamine and
a hydroxy wax-subst.,
aromatic carboxylic
acid X X 767

£9



Table 1 (cont,)

Type

c

Antioxidant for

L

P

E

F

S

Ref,

hyde, polyamine and
hydroxyeromatic compd, X

Cond, prod, of aromatic
amines and aliphatic
ketones condensed with
phenol and BCHO X

A-Aminopentadecyl-

rhencl X X

Cond, prod, of dimethyl-
aniline, HCHO and
phenols

Di-subst, aminomethyl-
dihydroxybenzene
(2,5-bis(diethylamino~

methyl) hydroquinone,
2-morpholinomethyl~

4-methoxyphenol) X

Celeium salt of reac,
rod. of p-(tetra~-
methylbutyl) phenol,
aniline and HCHO

3'=Amino~4'-hydroxy-
flavonol

768

492

251

205

971

525

k4]



Teble 1 (eont.)

Type Antioxidant for A Ref,
R_ 6 C L P EB F 8 M

2=-Amino-3~hydroxyben-

zoiec acid or alkyl

esters X Citric aeid, phos-
phorie acid, phos-
pholipids, ethyl-
enediaminetetra~
acetic gcid and its
salts - 776

1-Hydroxy-4-geg-butyl-
amino-5,6,7,8~tetra-
hydronaphthalene X X 1056

N-gee~-butyl-N-methyl-

1-hydroxy-4-amino-

5,6,7,8-tetrahydro-

naphthalene X X 1056

Hydr oxyarylamine
(B-(p-hydroxyphenyl)-
p-phenylenediamine)
(4=hydroxy~1-naphthyl~
amine)
(5-butylamino-1-
naphthol-p~-butyl-
aminophenol)
(p-isobutylamino~
phenol) X X X X Esters of thiogly-
colic acid - 451

p-Hydroxydiphenylamine X 756

14



Table 1 (cont,)

Type Antioxidant for A Ref,
R C L P B F S M
N-butyl-p-aminophenol X X X X Benzyltrimethyl-
ammonium butoxide
- 206
Esters of thiogly-
colic scid -~ 451
1-Hydroxy-4-geg~butyl-
amino~5,8-dihydro-
naphthalene ) 4 1056
N-gubst, aminophenols 1098
4~-Aminocardanel X 148, 1119
Isopropyl-p-aminophencl 899
o-Aminophenol X 303
m-Aminophenol X 303
Aminomethylphenols
(3,3'—61811?1‘5’5"‘
bis(dimethylamino-
methyl)=4,4'~bi-
phenol) X 836
N-(4~hydroxybenzyl)~-p~
aminophenol 1059

N~(2~-hydroxy-5-methyl-
benzyl) aminophenol

1059

9¢



Table 1 (cont,)

Type Antioxidant for e Ref .
R G ¢ L P E F S8 H -

N-(/~Aminobenzyl)-p-

aminophencl X 1059
N-alkyl-p-aminophenol X 892
o-Hydr oxy-R-CH: MR ! -OH

(e 283a
Butyl-p-aminophencl X | 926, 1015
1,5-Aminonaphthol X 16
2-(Dimrethylemino-

methyl)-4-aminophenol X 811
8-Hydroxyquinoline X 955

Aminophencls, phenyl-

amine, diphenylamine,

naphthylamines,

phenylenediamines X X X Alkylated salicylic 112, 207
acid, p-hydroxy-
benzoic, diiso-

butyl-g ,8 -
hydroxynaphthoic
- 1122
Primery or secondary
aminophenol*HI or HBr b ¢ 697

Bengyl-p-aminophenol X X 591, 592

LS



Table 1 (cont.)

Type Antioxidant for 4 Ref,
G __¢C L P__E F ] M
Dimethylaminomethyl-
tridecylphenol X 659
p-Aminophenel X 335, 395
417, 501
B, émine derivatives
N-phenyl-2-naphthyl-
amine X X X X Mercaptobenzoimid-— 7, 16
azole - 59 238, 241
344, 395
417, 434
539, 561
569, 634
658, 695
867, 895
934, 1107
Terpenylarylamine
cond, prod, with an
aldehyde 921
Terpenylarylamine
cond, prod., with
ketone 921
Aldol-a ~naphthylamine
petrolatum and di-
phenylamine 696
RR'N-R®*-CO~-R™ 275

89



Table 1 (cont.)

Type

C

Antioxidant for

L

P

E

F

8

M

Ref,

Cond, prod. of ethyl
or amyl aniline and
formaldehyde and hy-
droxyaromatic compd,

GOBd. n‘OdO Of di&myl"
amine and acid szlde-
hyde

N,N-dimethyl-p-phenyl-
azoaniline

Imines from cond, of go-
hydroxyaromatic alde-
hyde and primary
slkylamine

Imines from cond. of o~
hydroxyaromatic alde-
hyde and primary
alkanolamine

Metal kelates of above
two

&r -NH-Ar~OCH,~CR :CHy
(4=methallyloxydi-
phenylamine)

S5-Phenylamino-2,2-di-
methyl-2,3~dihydro-
bengofuran

352

352

406

198

198

47

368

368

64



Table 1 (cont.)

Type Antioxidant for A Ref.
G_C L P E _F 8 ¥
Diphenylamine X X X Vitanmin B complex 16, 335
- 404, 336, 346
395, 417
632, 658
694, 805
847, 1088
1107
Subst, diphenylamine
(alkyl group on one
nucleus and amine
group on the other)
(4'-4-amyl-2,4-di-
aminodiphenylamine) X X X X X Dimethylamino- 376, 458
methylalkyl phenol
- 310
Ar-NH-arylene-N'-
(R)SOo-aryl X X X X X 800
2-Amino=5-hydroxybi-
phenyl X 554
R-N(X)-R'-F(4)R
(4 = hydroxyslkyl
R! = arylene nucleus) 799
CR
/
Aryl-NH
\cnzcat 1CH, 369

09



Table 1 (cont,)

Type Antioxidant for Ref,
R__ G L _P E __F M

-y Oy

(x = ¢,N,8,8-8,0,P,41,

B, 4s, Sb, 0~P-0
or 0=-41-0 X 165

Dp-Aminobenzoic acid 914
ArRH=-Ar ' =0-Y ~CO0X X 424,
Di-2-naphthyl-p-

phenylenediamine X X 16, 395
Aniline X 335
N-alkylanilines X 335
Ethanolamine X X 469, 617

844

Alkyl-gubat, amino-

arylhydroxide X 469, 844
Triethanolamine X 741, 1163
Benzylphenylamine X X 336, 1125
Tetramethyldiaminodi-

phenylmethane X AT

19



Table 1 (cont.)

Type Antioxidant for 4 Ref,
R G c_ 1 P E F S M

Digminodiphenyimethane - X 47
Alkyl-subst. aryloxy

and srylthioxy amines X 659
Phenylhydrazine X 1101
A ~Phenyl- {-methyl- ’
hydrazine X 1101
Rege, prod, of ali-

phatic ketone and

aminofluorene or

aminobenzofuran or

aminocarbagzole X 491
Cond. prod., of alde-

hyde and polyalkyline-

polyamine X 787
Alkylene-subst, aryl-

amine X X X X 415, 476

950
N,N'-diphenylbenzidine X Secondary aromatic
amine - 751

5-Anilinoindene X M
Arylaminocerylidine

carbonate X 1090

29



Table 1 (econt,)

Type Antioxidant for A Ref,
¢ _L P E F S M
Mixture of alkylated
diarylamine and prod.
of cond, of conjugated
diolefin with diaryl~
amine X X 388, 389
951
N,R'-dicycloaliphatic~
p-phenylenediamine X X X 233, 234
Triethylenetetranine 867
p~-FPhenylenedismine X X Vitamin B complex 238, 263
- 404 163, 175
430
N,N'-dibutyl—p-
prhenylenediamine Cycloolefin ~ 1170 1015
2 y4~Dimethyl=b=t-
butylphenel -~ 1115
3-Methyallyl-4~meth-
allyloxydiphenylamine 373
Cycloalkyloxydiaryl-
amine 1082
4-Cyclohexyloxydi~
phenylamine 1082
N-(4-hexyloxyphenyl)-
2-naphthylamine 1082

€9



Table 1 (econt.)

Type Antioxidant for A Ref',
R__ 6 © L P E F 8 H®
« ~Naphthylamine X 16, 912
Ammoniumeminosulfonic
acids X 16
m-Disminoanisole X 16

Reac, prod, of aromatic
amines end 3-retencl X X 523

Hydroxyalkyl-subst,
N,H'~-diarylarylene~

diamines X 793
Methylanthranilate X 1081
Rsac. pI‘Od. O.f N,N'-

diarylarylenediamine

and olefin oxide X 1083
4~Aminomethylacet~

anilide X 1127
m~ or p-Aminocacet-

anilide X 1127
3-Diethylaminocacet-

anilide X 1127
Diphenylhydrazine X 912

¢ ~Naphthylamine X 781

79



Table 1 (cont.)

“Type

)

Antioxidant for
c L P _E F S

s

Ref.

1,2-Dihydroguinoline

and diarylamines
(2,2,4=trimethyl-l,2-
dihydroquinoline and
diphenylamine) X

p-Toluidine

Arylaminoaryloxyali-
phatic acids X

amine and alkynes X

Aniline

Mixture of t-alkyl-
amines or alkylol-
amines and alksli or
alkaline earth oil
sol. sulfonic acids
and "furfural bottoms"

p,p'-Diaminodiphenyl-
methane
2,4~Tolylenediamine

N,N!-di-2-naphthyl-p-
phenylenediamine X

X Guanidine and
quinine - 979

280,

33,
909

417,

374
781

1084

952
280

247

417

417

639

$9



Table 1 (cont.)

Type Antioxidant for A Ref,
R _G G L P E F 8 M
g-~ and p-Ditolylamine X 417
N-phenyl-l~naphthyl-
amine X X X b ¢ 417, 658
695, 998
1107, 1142
N,N'-diphenylethylene=~
diamine X 417
2,4~Diaminodiphenyl-
amine X 417

Cond. prod, of aniline
and acetaldehyde X 417

Cond, prod. of aniline
and acetone X 417

Cond, prod. of diphenyl-
amine snd acetone or
glycolic aldehyde, gly-~
oxal, reducing sugars,
hydroxyaldehydes and

amino acid esters X 417
Naphthylamine and aldel X X 241, 47
565
(Aminomethyl)(acyl-

amido) thiazoles X X 149

99



Table 1 (eont.)

Type Antioxidant for Ref,
G ¢ L P E F

Cond, prod. of mrimery

aminoindan with a

ketone 375
HN:C(NHR)R! X X 6
N,N'-diphenyl-p~-

phenylenediamine X 21, 321

583, 700
1142

Methylaniline 321
Dimethylaniline 3
Ethylaniline 321
Benzylaniline 321
Dibenzylaniline 321
o=, B~ and p-Nitro-

aniline X 909
Benzidine X 182, 340
Alkyl=-subst, aryloxy-

or arylmercapto-t-

amines X 661
Barium dimethylamino-

methyltridecylphencl X 661

L9



Teble 1 (cont,)

Type

Antioxidant feor A Ref,
6 ¢ L P E F S M

Acetaldehyde and o -
naphthylamine

2,2,4-Trimethyl~6-
phenyl-l,2-dihydro-
quineline

Heptylated dimethyl-
amine

Dimethylacridan

N,N'-dialkyl-p-
rhenylenediamine

=H06HA-X-66HAH=
(X i3 pera to N= and
is N,0,P,A1,B,48,5b,
S or no more than 2
carbons)

Aromatic amine fat
gcld metal complex

HN:C(NHR )SOH

o

565
X 7, 114
934
7
7
X X X 892, 1105
1125
X Alkylated succinic
acid or monocar-
boxylic acid with
activating group
Kk or Fto COH =
1162 ¢ 2
X 1147
X 1063

89



Table 1 (econt.)

Type Antioxidant for 4 Ref,
R G c L P _E__F

[
1

Reac, prod. of alde-

hydes and eromatic

amines

(N,N'~diethyl-p,p'~

diaminodiphenyl-

methane) X X X 62

Reac, prod, of 3~
retenocl and p-
phenylenediemine X X 522

Reac, mrod, of 3-
retenol and benzi-~
dine X X 522

Beteaine osagons or
salts or esters X 929, 931

Betaine hydrazone or
salts or esters X 929

Betaine hydrazide or
salts or esters X 929, 931

Betaine amide or salts
or esters X 929, 931

o- or p-HOC B~
(CH3) ,NCgH,/CH X 216

Isopropoxydiphenylamine X 340

69



Table 1 (cont.)

Type Antioxidant for A Ref,
G c L P _E F 5 M

Unsat, t~aliphatic

amine (octa, decenyl,

dimethylamine X 63
RC(sMR")C(:NR")R

(R = alkyl

R? = gubst, aromastic) X 1154
p-Dimethylamineaniline X 340
p,p'-Diaminodiphenyl-

sulfons X 340
Ethyl-p-aminobenzoate X 340
Guanidine-hydrochloride X 340
Dimethylglyoxime X 340
(GH3)2G(SHZ)CB20H X 340
Isatin X 340
Benzotriazole X 340
Azoxybenzene X 340
Benzoxazole X 340
N,H'-disalicylidene-

1,2-propanediamine X 1128

872



Table 1 (eont.)

Type

C

Antioxidant for
L_

P

E

F

S

Bef,

Cond, prod, of aniline
and styrene and ali-~
rhatic ketone
(2,2,4=trimethyl-6(1-

phenylisopropyl)~
1,2~-dihydroquinoline)

Cond, prod. of amines
with Nesubst, amino-
aromatic aldehyde

Reac, prod, of the re-
ductive alkylation of
isobutylenemethyl
ketone

Gond. prod. of acetone
and aniline

Cond, prod. of tris(2-
aminoethyl) smine and
@ ~diketones or hy-
droxymethylene ketones

Pentaerythritol tetra-
mine with £ -diketones
and @ -hydroxymethyl-
ene ketones
(tetra{acetylacetone)

pentaerythrityl-
tetremine)

390, 535

1126

199

980

418

812



Table 1 (econt.)

Type Antioxidant for A Ref.
R_G6 C L P E F_ 8 U

5-Pyrazolone deriva-
tives X X LTl

Cond, prod, of H-di=-

methylaniline and

HCHO and benzylben~

zoate X 965

R=-Amino=-2-alkyl-N,N'=
diaryl-l,3-propane-
diamine 505

eL

Bis(diethylamino~
phenyl) methane X Alkylmaleic acid =

549
Dodecyl acid ortho-

phosphate - 549

Bis(isoamylaminophenyl)
methane X "

Bis(diamylaminophenyl)
methane X "

Bis(dimethylamino-
phenyl) methane

Hydroxyarylalkylamine X

692
599

Lo T - T . B

CH40+COCgHN: PSC1



Table 1 {cont,)

Type Antioxidant for Ref,
G L P E P S M

C1C¢H yLE 1 X 599
(GHB) 266331% K1 X 599
3,4-Benzopyrene 893
p-Methylaminoazo-

benzene 893
p-Aminoazobenzene 893
Bis(4~phenylamino-

phenyl) carbonate 1085
Bis(4~(2-naphthyl-

amino) phenyl)

carbonate 1085
Cond, prod, of bengz-

aldehyde, dimethyl-

amine and HCHO X 968

methylamine and

benzaldehyde X 968
Cond, prod, of di-

methylemine and 2,3~

dimethoxybenzaldehyde X 968



Table 1 (cont.)

Type Antioxidant for A Ref,
R_G6 € L P E F 3 H

condo p'eéa Of 2,4-
xylidine, N,H-di-

methylaniline and HCHO X 967
Reac. prod, of S0,

with an amine X 1052
t-Aminopolycarboxylic

gcids and salts X 261
Alkyl-subst, emines 142
Alkylthienylketimine

(N-phenyl-2-thienyl-

methylketimine) X 427, 428

Prod, of reductive al-

kylation of p~phenyl-

enediamine with a

nixture of acetone

and methylethyl ketone X . 479

Alkanedione dloximes
(3-methyl-2,i~pentane-
dione dioximeye X

Glucosanmine X 403
N,N'~diisopropyl-p-

rhenylenediamine and
ketones X 1104

kA



Table 1 (cont,)

Type Antioxidant for Y Ref,
R G c L P _E __F S M

Tetraalkall, ammonium

or amine salt of

ethylenediaminetetra~

acetic acid X 868

Cond, prod, of halo-
alkylthiophene and

arylamines
(H~(2-thenyl) aryl-~
amines) X 667
FPhenylethanolamine X 99/,

Reac. prod. of pheno-

thiazine, dimethyl-

aniline and HCHO

neutralized with

eyclohexylamine X 963

Mixture of hydrazine
derivatives and ali-
phatic acids X 39

Reac, mrod. of aldehyde
and ammonia ) 203

Cond, prod, of o-
hydroxyaromatic alde-
hyde and aziridine X 202

1-(p-Hydroxyphenyl) 4,4~
dimethylpiperidine X 911

L



Table 1 {econt.)

Type

| Lo

C

Antioxidant for

L

P

E

F

Ref.

N-/(triflucromethyl)

phenyl/~2-naphthylamine

Aliphatic ketone-
aromatic amine cond,
prod, mixed with 1,3~
(2-benzothiazolylthio~
methyl) urea

Cond, prod, of acetone
and diphenylamine and
hydroquinone

Subst, ethanolamines

Dialkyleminomethyl-
phenols
(Diamylaminomethyl-

cardanol)

Ureides

Monooxallic acid salt
of N,N'-di-gec~butyl-
p~phenylenediamine

Thiuronium base and
phosphorous acids
(Dodecylthiuronium

salt of heptadecyl-
hydr oxyphenylmethyl-
phosphonic acid)

X

482,

975

423

448

851

483

688

9L



Table 1 (cont.)

Type Antioxidant for A Ref,

B
[

s

¢ L P E_F 8

o~Phenylenediamine X 772

Trimethyldihydroquino-
line polymer X 998

Stannous complexes of

primary, secondary or

tertiary aromatic

amines X 15

4-Cyclohexylaminodi-
prhenylamine X PV

2,4-Bis(cyclohexyl-
amino) diphenylamine X v,

6,7-Dichloro-9-(1'~d-
sorbityl) isoalloxa-
zine 459

Hydrogenated quinoline X X X X X X Aminophenol or
other antioxi-
dants - 507

p-{Mono~ and di~-
hydroxyalkyl)) amino-
benzoates X 402

Hydroxy- and amino-
subst, diphenylamine X 114

Cyclohexylamine X 1016

L



Table 1 (eont,)

Type Antioxidant for A Ref,
R G C L P E F__8

4

p-Subst, p-phenylene-
diamine X 114

Organic acid salt of 1-
salieylideneaminoguani-
dine X 118

N-phenyl-Nt-cyclohexyl- :
p~phenylenediamine X L4009

1-(p-Aminophenyl) hexa-
methyleneimines X 830

Mxture of N,N'-di-geo-
butyl-p~-phenylenedi-
amine, N,N'-disalicyl-
idene-1,2-diaminopro-

pane and copper
naphthenate X 782

Aralkyl~subst, 1,2-
dihydro-2,2-dialkyl-
quinoline X 490

N~(thienylalkyl) aryl-
amines X 662

N-isobutyl-N'!'-gec-
butyl-p~phenylene-
diamine X X 1106

Dinaphthylamine X 658

8L



Table 1 (cont,)

Type Antioxidant fer A Ref,
R G ¢ L P E F _ 8 M

N,N'-di-gee-butyl-p-

phenylenediamine X X Butylmercaptan and 512, 934
other mercaptans 1016
- 451

N,N'-bis(2,5-diamino-

phenyl)=p-benzo-~

quinone diimine X 50

N,N'wdi-p-tolyl-2-
amino=S-methyl-p-

benzoquinone diimine )4 . 50
N-nitrosodiphenylamine X X 890
Ketone-diarylamine

condensates X X 640, 641

642, 643

Metal sslt of a mono-

amide of 2,5-endo-

ethylene © 354 cyclo-

hexene-1,6-dicarboxylic

acid , X 698

Quaternary ammonium
alkoxide
(Benzyltrimethyl-
ammonium butoxide) X N-butyl-p-smino-
phenol - 206

Versene b4 1163



Table 1 (cont.)

Type Antioxidant for Ref,
L P E F S M

1,.-Bis(geg-butylamino)-

5,6,7,8=-tetrahydro-

naphthalene X 1056
Urea=-casein reac, prod. 412
Aliphatic ketone and

diarylamine condensate

and alkylated benzene 759
‘Anthraquinone diamine

derivative X 1163
1,4&1”1110’2,3’5,6"

tetramethylbenzene

and its alkylated and

acetylated derivatives X 237
2-Thiocyanato=4,6-di-

amino=-g-~triazine 874
N,N'-dialkyl-m-phenyl-

enedlamine X 510
RHNC6H NO

(R = alkyl or aralkyl) X 355
N-aryltetrahydro-

quinoline X 276
Procaine X 143

08



Table 1 (cont.)

Type Antioxident for A Ref,
R_G € L P E F S8 H

p-Subst, arylamino~

2,2,4=trialkyl-1,2-

dihydroquinoline X X X X X 803
Cinchona alkalolds X 21

€. Guanidine derivatives

Dieyanocdiamide X 470
1-Salicylalamino-

guanidine X X X X 213
Biguanide X p~%-Amylphenyl- 226

phosphate - 225

Biguanide-p-t-amyl-

phenylphosphate X 225
Phenylbiguanide X 22/
Phenylbiguanide hydro-

chloride X 224
Ethylolguanylurea X X 311

Re&c. mod. Of tz'j.‘_

phenylguanide, N-
dimethylaniline and
HCHO X 962

o-Tolylbiguanide X 1163

18



Table 1 (cont.)

Type Antioxidant for A Ref,
R_ G € L P E F S M
Subst, biguanide salts
of mercaptobenzo-
thiazole X 226
D, 4mino seids
Hethionine )4 Gallic ester and 6.9
an ester of ben-
zoic, fumerie,
tartoric, or
citric acid - 415
Tocopherol, hydro-
quinone or NDGA
- 623
Threonine #
Glycine ¥ X o 939
H3P04 and hydroxy-
polyoxyalkylene
ester of fatty
acid - 564

HBPOA and a poly-
alkyleneoxide de-
rivative of =
fatty acid pasrtial
ester of a poly-
hydrie aleohol or
anhydride - 564

HqP0, and sorbitan
%at%y acid ester

- 564

<8



Table 1 (eont.)

Type Antioxidant for A ‘ Ref,
G c L P E F ] M

Phenylalanine Gallic egter and

an ester of ben-

zoic, Tumerie,

tartaric, or

eitric acid - 415

Tocopherol, hydro-

quincne or NDGA

- 623
Arginine "
Tryptophan "
Tyrosine "
Butyltyrosine or
alanine "
lLeucine Tocopherol, hydro-

quinone or NDGA

- 623
Norvaline "
Cysteine X X X J 57, 766

822

Isoleucine X " 340
FProline X " 577

Valine

£8



Table 1 (cont.)

Type Antioxidant for A Ref',
R_G C L P E F 8§ ¥
Glutamic acid Tocopherol, hydro-
quinone or NDGA
- 623
Asparagine #
Norleucine »
4lanine "

K-(hydroxyaryl) aspar-
tic acid diesters

(diethyl-N-(p~hy-

droxyphenyl) aspar-

tam X 341
Amino acids X Xz 20, 915
Polyethylenepoly-

aminoacid compds, 105
ispartic acid X X 340, 555
Aminocacetic scid

glycocol X Na,PyOy - 555
p-Hydroxyphenylglycine X 895
Thyroxine X /7
Cystine X X Water and Vitamin 766

B complex - 404

78



Table 1 (eont.)

Type Antioxidant for 4 Ref,
G ¢ L P E F S ¥
Glutathione X 822
Sulfur and nitrogen
gompoundg
A, Thiocsemicarbazide
derivatives
Phenylcarbazide X X 164
Diphenylearbagide X X 164
o-Tolylcarbazide X X 164
l-FPhenylsemicarbazide X 1101
B, Vitamin B
Vitemin B complex X X = ~Tocopherol - 405 1030
Thiamine (By) X X 365, 1064
C, Urea derivatives
" Thiourea I X X Sulfanilamide or 501, 683
sulfaguanidine and 726
Vitamin B complex
- 404
Thiouracil Wiater and Vitamin B

complex = AO4

e8



Table 1 (cont.)

Type Antioxidsnt for Ref,
G ¢ L P E F S5 W

Reging from bis(alkoxy-

methyl) ureas and

polyhydroxyalkylamines X 166
Msthylene blue and urea X 683
N,N-bis(p-dimethyl-

aminophenyl) thiourea 449
R-phenyl=N'-{p-di-

methylaminophenyl)

thiourea 449
N-phenyl-N!-p-hydroxy-

phenylthiourea 449
N,N'-bis( p-hydroxy-

phenyl) thiourea 449
N,N'-diphenylthiourea 449
o~Fhenylenethiourea 449, 450
N,N-bis(p~hydroxy-

phenyl) urea 449
N-phenyl-N!-p-hydroxy-

phenylurea 449

1,3-Bis(p-dimethyl-
aminophenyl) thiourea

450

98



Table 1 {cont.)

Type &ntioxidant for 4 Ref,
R__G G L P E_F

-t

v
| i

1,3-Diphenylthioures X 450

Sulfur, sslenium and

tellurive compound

A, Dithiocarbasmate deriva-
tives

RR ' NCSoNHoRR
(prefersbly piperazine
dithiocarbamste) X X 101

Zinc pentamethylenedi-
thiocarbamate X Dicetyl sulfide -
265

Benzyldibutyldithio-
carbamate X 886

Butyldibutyldithio~
carbamate X 886

Alkaline earth salt of

monothiocarbamic acid,

dithiocarbamic acid,

or thiophosphocarbamic

acid X 886

Diisocamylammonium di-
isoamyldithiocarbamate X 102

L3



Table 1 (cont.)

Type Intioxidant for A Ret.
¢ ¢ L P B F S8 ¥
Sodium diethyldithio-
carbamate b4 X X 795, 955
1066, 1067
K~cycloalkenyl car-
bamate
{ethyleyclohexenyl
carbemate)
(eyclohexenylisocy-
anate X 918
N'~digubstituted thio-
carbamyl sulfenamides X 804
Sulfolanylcarbamate n7
Ethyl (2,2'~dihydroxy-
isopropyl) carbamate X 453
Cyelic urethan corre-
gponding to above X 453
Sodium dialkyldithio-
carbamates 295
Betal dithiocarbam-
ates and other anti-~
oxidants 96

Nickle dibutyldithio-
carbamate

819

88



Table 1 {cont.)

Type Antioxidant for A Ref,
R__G € L P E F__8

165

B, Sulfide, selenide and
telluride compounds

Diethylsulfide X 1014
Dimethylsulfide X 1014

Diethercarboxylic acid ,
alkarylsulfide X 838

Diethercarboxylic acid
alkarylselenide X a38

Diethercarboxylic acid
alkaryltelluride X 838

2,4~Dialkyldiphenyl~
monosulfide (alkaline
earth salt) X 229

Metal salts of phenyl-
sulfides
(magnesium salt of t-
amylhydr oxyphenyl-
sulfide) X 680, 701

754

Lokt ~Di=t-butyl- (or

bydt=-diamyl-) 2,2'=

dlaminodiphenyldi-

sulfide 353



Table 1 (cont,):

Type Antioxidant for A Ref,
B G ¢ L P E F 8 M

—

R-S-R
(dioetyl, octyl, decyl,
dodecyl, cetyl, cetyl
propyl, ete.) Organic g compd .

Ether of sulfur, selen-
ium or tellurium
{cetylethylsulfide) Organo-inorgeniec
acid (ealcium-
cetyl phosphate)
- 264,

Sulfopyridine X 914
Hydroxysulfathiazole X 914
Mets)l salts of alkylated

hydroxyarylsulfides

(Se or Te X 839

Sulfides of alkylated
aryloxy carboxylic

acid X 840
Di-/-morpholine mono-

sulfide X 81
Dialkylmonohydric-

phenolsulfides X 88

Cetylselenide X 266

06



Table 1 (cont.)

Type

R

G

c

intiexlidant for
E

L

P

F

S

3

4 Ref,

Cobalt di{2-t-amyl-i-

hydroxyphenyl) sulfide X

Calcium salt of reac,
prod. of butene and
phenol and FCl, re-
acted with ricinoleic
acid followed by reac,
with sulfur

Organic mono, di or
polysulfide
(dicetylsulfide)

Sulfurized phenolie
xanthates

Mercaptobenzothiazole
and dimcrpholine-
polysulfide

Thio di-fat acids
(@ -dithiodipropionic
and its eaters di-
ethyl, dioctyl and
dilauryl)

Zinc pentamethyl-
ene dithiocarba-
mate - 265

Zinc salt of org.
dithiocarbamic
acid - 265

583,
778

320

961

186

663

e3

596

T6



Table 1 {cont.)

Type Antioxidant for 4 Ref,
R__G ¢ L P E _F _ S ¥

Cetyltelluride X 266
Bis(ehlorocetyl) .

selenide X 266
Bis(hydroxycetyl)

gselenide X 266
Dodecyldiselenide X 266

Reac, prod. of multi-
valent metsl salis of
alkylated aromatic
hydrocarbon with
acidic functional

groups and H,S X 843
Sulfurigzed cardinol
ethers X 788
Calcium salt of i-
alkylhydroxyphenyl-
gulfides X Isoalkyl ester of 687
salicylic acid -
334
Sulfurized menthenes or
menthadienes X 550
Sulfurized cardinol X 660

Dimethyldithiocoxamide . X 1128

26



Tgble 1 (cont.)

Type Antioxidant for A Ref,
R_ G ¢ L P E _F S8 W

Alkylated hydroxyaryl

or mercaptoaryl sul-

fides Sulfurized oleiec
: easters - 715

Tin or triphenyltin or

benzyltrimethyl-

ammonium salts of

sulfurized unsat,

carboxylie acid X 508

-G
(T = oxygen, sulfur,
selenium or ‘
tellurium
Z = H, R, onium base
or metal
X = halogen, CK, SCN) X X X X 690

Sulfuriged oleyl ester
of oxalic acid X 875

Metal salts of branched
alkylphenclsulfides X X 677, 992

Sulfurized phenolic
esters contg. halogen X 601

£6



Table 1 {econt.)

Type Antioxidant for A Ref,
c L _ P E F S8 H

£33
| L]

- —e: o v

Reac, prod. of dislkyl-
phenols and dialkyle
enilines with S,Cly or

SC1
(2—§ydroxy-3 o5=di=t~
amyl-4'-diethylamino-
diphenyldisulfide) X X X 227

Reac., mrod, of sulfur,
phosphorus or phos-
phorus sulfide with
metal salts of phenols

or sromatic mercaptans X 990
Alkylhydr oxyphenyldi-

alkylaminorhenyl-

sulfides

(2-hydroxy-3,5-di-t-

amyl-4'=diethylamino-

disulfide) X X X X 25
2,8-Dihydroxydibenzo-

thiophene and t-amyl

derivative X 855
Dialkyl monoselenide X 267
Dihexyl selenide X 267
Dibengyl monoselenide X 267
Disllyl selenide X 267

Y6



Table 1 (cont.)

Type Antioxidant for A Ref,
R & ¢ L P E F_ S8 H
Dialkyl monotelluride X 267
Dicetyl telluride X 267
Dilauryl telluride X 267
Dipsraffin telluride X 267
(Amylmercapto) succinic
acid X 340
2-Hercaptobenzoxazole X 340
Phenothioxin X 340
Mercapto derivatives of
dehydroabietic acid X X X 825
P =Mercaptopropionic
acid ) ¢ X X X X Alkylated hydroxy- 396
anisole and
citric gcid - 398
Alkylated hydroxy-
anisole, tartarie
acid, eitric acid,
glycerol, lecithin
and ethyltyrosine
- 399
(CHBN:NNH)ZS X 646

Alkylsulfenamides X 452

G6



Table 1 (cont.)

Type Antioxidant for A Ref,
R G c L P E F S

e

2,3-Dimercaptopropanocl X 45, 46

Thiocamides ‘
(thioacetamide) X 472

Cond, prod., of alde-

hyde, pclyamine and

hydroxyasromatic compd.

with PpSg, or S5C1a,

or s’ or Sclz, or

P013 and SyClp X X 768

Organie sulfhydryl

compd, and a sulfide

contg, an unsubst,

amino group and 1%

water X L07

Cyclic mercaptens X 58la

Tri-3-thienyltrithio-
g-formate X 152

Glyoxal-t-butylcresol
cond, prods. and PZS5
or sulfur chloride X 1002

Dibenzodimethylthiuran
disulfide X X 1071

B =Alkylthiocalkanone X X X 1053



Table 1 {eont,)

Type Antioxidant for A Hef,

Y
=

G__ ¢ L P E F__S
O

z@»—s,;—@-z
R R!

(2 = CH(R,)(MR X)
i= hydré’ml géﬁ% or
an organie or in-
organic scid
radical)
n=11% 4 X X 298

Hy8 and FH,HS and oxy-
gen contg, compds,
(ketones, esters,
acids, lsophorone
type fractions) X 2

Bis(ketoalkyl) sulfide X X X 200
Polymers of thiophene X 503

Halogenated t-alkyl sul-
fides and polysulfides X 299

Metal salta of aliphatic
seleno- or telluromer-

captans X 1006, 1007
Esters of thiophenethiol X 153

Bis(isooctylphenol)
sulfide X 969

L6



Table 1 {cont,)

Type Antioxidant for A Ref,
R__G € L P E F 8

Reac, prod, of metal
alkyl xanthate with
amine salt of organie
thiophosphoric or
thiophosphorus acid X 670

Aliphatic sulfide-
sulfur and sulfide-
selenium compds, X 177

Didodeeyl or diocta-

decyl esters of thlo-

rropiocnates X 397
Aliphatic diselenides X 268

2-Hydr oxy=3-t-alkyl-
S5-methylbenzyl-t-

alkyl sulfides X 548
Dithiooxalodiamides
and thicacetamides 588

Aliphatic thioethers
of hydroquinone X 757

Tetraalkyl- (aryl or

aralkyl-) thiuramdi-

sulfide ) S | A1, 752
1068

86



Table 1 (cont.)

Type Antioxidant for 4 Ref,
G __C L P E F S5 M :
Tetramethylthiuram
disulfide X X 1065, 1066
1067, 107
Sulfurized aliphatie
borates X 876
liercaptobenzothioxyl
disulfide 978
Secondary and ter-
tiary mercaptans and
sulfides X 93
Phenothiagine and
derivatives X Diarylamine - 61 60, 539
Phenolsulfide - 13 734, 907
954, 974
Dialkylpolysulfides X 633
4=(2,2-Dimethylpro~
pyl)=1,2-di thio~i~
cyclopentene-3~thione X 1004
4-Methyl-5-t-butyl-
1,2-dithia-4-cyclo-
pentene~3-thione X 1004
Alkyl derivative of
thiophene and thio-
phene by-product tar X 621

66



Table 1 (cont.)

Type Antioxidant for Ref,
¢ L P E _F S M

Reac, prod. of thio-

phenes or alkylthio-

phenes with chlorin-

ated paraffin waxes X 842
3-Thienylpolysulfides X 155
Dicarboxylic acid ester

selenide or diselenide X 178
Subst, sulfur hydra-

zides

(RNHRH(X)R!

X = 302, SO S08 or
1,l1-Dicarboalkoxydi-

heptadecyl selenides X 1005

NH HS and unsat.
cyclic kétones and
FCl: o FOC1 X 3
5 3

Thiocether esters 242
Dialkylatedcresol

sulfides 10
Mercaptoacetanilide

derivatives 1136
3-Thienylthiocalcohol X 154

001



Table 1 (cont.)

Type Antioxidant for A Ref,
R__G C L P E F S ¥

(Triflucromethyl)

phenothiaszine X X 976
3-Isopropoxypheno-

thiazine X X 976
Benzophenothiazine

carbonitrile X X 976
Bis{4-t-butyl-g-cresol)

sulfide X X 639
Mixture of phenyl sul-

fide and Sby04 X 11

Metsal salts of sulfo-
nated ether of hydro-
genated cardancl X 1118

¢ -A1kylmercapto
ketones, aldehydes or
acids X X 1060

Di-t-alkylpolysulfides X 300

Reac. prod. of bicyclice

terpenes, P sulfides

and alkylated phenols

or alcohols and sulfur

chlorides X 1045

Penicillin X 289

o1



Table 1 (cont.)

Type

j=

Antioxidant for

L

P

E

F

s

M

Ref',

§ -Alkyl and asrylthio-
alkanones

Cond. prod, of arylsul-
fonic halide and alka-
11 metal mercaptide

Lyl ' =Thiobis(6-t-
butyl-p-cresol)
(Santowhite)

(Carboxymethylthio)
succinic acid

Cond, prod. of alde-
hyde or ketone with
polyamine and P sul-
fide, S hallde or S

1,2-Bis(ethylsulfinyl)
ethane

Sulfides of 3,6-di-
alkyl-subst. phenols
(Thio-bis(3-methyl-6-
t-dodecylphenol

g ,3 '~Thiodipropionic
acid

2,2'-Diaminodialkyl-
sulfides

1051

506

87

318

1058

90

1163

159

20T



Table 1 {cont,)

Type Antioxidant for A Ref.

R G C L P E F 8 M

5=Hitro-2-thiophene-

carboxamides 1153
Diamylmercaptodimethyl

ether X 705
Bensothiazole X 340
Sulfanilsmide X 207
Phenoselenazine X 907
Phenotellurasine X 907
Barium salts of sulfur-

ized alkylphenols X 853
Mercaptopyrimidine X 1011, 1046
Unsat, ethers of ﬂ

cyclic sulfides 591
Zinc isopropyl xanthate X 668

Sulfoxide and sulfone

type deriva?ivas

Dodecylselenoxide X 266
Dodecylselenone X 266
Phenylethyl sulfone X 329

€01



Tabl’ 1 (GGBt-)

Type Antioxidant for A Ref,
R_ G ¢ L P E _F S M

— o o

Hydrocarbon-subst,
thiacyclopentane-~ :
1,1-dioxide 716

Hydrocarbon-subst,
thiacyclopentene-
1,1-dioxide 716

Monochlorc sulfones
(3-chloro-2,4-di ,
methylsulfolens) 719

Stannous bis(p-hydroxy-
phenyl) sulfoxide X 9

Subst., ethers of sulfo-
lanes and sulfolenes 720

Ethyl-2-(ethylthio)-
ethylsulfoxide X X X X 1058

Ethyl-2-(ethylthio)-
ethylsulfone X X X X 1058

Ethyl-2-(ethylsulfonyl)-
ethylsulfoxide X X X X . 1058

P -Mercaptoketone and

unsat, sulfoxide or

sulfone = (3 ~thiaketo-

sulfoxides or sulfones ) 4 I 1057

Y01



Table 1 {cont.)

Type Antioxidant for
R G ¢ L P _E F S |

Ref,

4lkgline earth salts of
hydrocarbonsulfonie

acid and organophos-

phorie aeid X

Arylamincarylsulfonyl-
amides
(p-anilincbenzenesul-

fonylpiperidine)

A. Thiophosphoric acid
type compounds

Reac, prod. of bicy-
clicterpene and P.
mixed with alkylphenol
or aloohol and SCl,
and CaC0q X

Monocyclicterpenes and

sulfur, then F;S3 or

PyS; or organic-subst.

thiophosphoric acid X

Tetraphenol ester of
thiophosphoric acid X

(RO)(R*O)P(:S)SCu X

753

802

815

246, 541

561
678

SOT



Table 1 (eont,)

Type Antioxidant fer ‘ A Ref,
B_G G L P E F_S ¥

Heavy metal salt (bar-

ium preferable) of

dicapryl ester of di-

thiophosphoric aeid X 229

Zinc sslts of diamyl-
dithiophosphate X 229

Wax-gubst, diaryl di-
thiophosphorie acids

or salts X 231
Bis(dihydroabietyl)

dithiophosphsate X 230
Bis(tetrahydroabietyl)

dithiophosphate X 230

Reac, prod, of dioleyl _
ketone and PoSg X 706

Maltivalent metal salts
of alkyl-subst, thio-

phosphoriec acid X 350, 913
Reac, mrod, of terpene
with P235 X Ester of organie
acid and wax-subst,
hydroxyaromatic
eompd, - 354
Long chain alcohols
and long chain

fatty acids - 28

901



Table 1 (cont.)

Type Mntioxidant for Ref,
R_G 6 L P E F S M

Reac, prod, of sulfur-

ized oleyl ketone with

PS5 X 790
Complex dithiophos-

phorio acid eaters X 232
Alkylated hydroxyaro-

matic carboxylic acid

and PoSg X 367
Barium or tin salt of

cardanyl thiophosphate X 713
Cardanyl ester of thio-

phoaphoriec acid X n3
P»Sg turpentine conden-

sage and alkylphenols X 655, 656
S/SP(:8)(0CeH Cglly 7~P) o/ X 989
S/5P(18) (0CgHy ) Me=4) 5/, X 989
Metal salt of reac,

prod, of phoasphorous

sulfide and oxygen-

contg., wax X 739
Cis-9-cctadecen-1-0l

LOT



Table 1 (cont.)

Type Antioxidant for A Ref .
R_ G ¢ L P E F_S ¥ ~
Pinene and P8y X Ester of organic 103, 460
acid and wax-subst,
hydroxysromatic
aaﬁpdo m 354

Diaryl sulfides (Se or

Te) of slkyl-subst,

diaryl dithiophos-

phorie scid or salt X 841

Reac, prod. of oxidized
petroleum wax and P,Sg X 365

¥etsl sslts of reac,

prod, of olefin and

sulfur halide reacted

with aromatic compd,

followed by phosphor-

us and sulfur X Wool fat and sperm
oll - 991

P or ch and unsat,
giglic ketgne X 392

Reaco wﬁ. Qf mtal

alkylxanthate and

metal thiophosphite

or thiophosphate

compds, X X 669

P sulfide and unsat,
t-emine X 67

80T



Table 1 {cont,)

Type

i)

G

c

Antioxident for

L

P

E

F

S

Ref,

Reac, prod. of PS5
and sulfurized unsat,
acyclic ketone

Calcium salt of di-
octyl=t~octylhydroxy-
phenylmethyldithio-
phosphate

Metsl salts of phospho-
sulfurized cond. prod,
of a mercaptan and a
carbonyl prod.,

RO),PS, (S5)8, P(CR
((s 27l :)Sn )z
Selenophosphates

Metal salts of reae.

prod, of P sulfides
and organic amines
or esters

Barium salts of reac,
prod, of P235 and
high molecular weight
ketone

Dislkyldithiophosphor-
ic acid-formaldehyde
cond, prods,

66,

463,

o1

993

654

891

436

41

478

465

60T



Table 1 {eont.)

Type intioxidant for “Ref.,
L P E F S

Calcium salts of aro-

matic methylene de-~

rivative of thiophos-

phoric acid X 691
RQ&O, rod, of PzSS

and olefin X X X X 64, 66
Unsat, diesters of di-

thiophosphoric acid X 40
P,S; and phenclsulfonic

czd 679

phatic nitrile and P

sulfide X 65
Triesters of dithio-

phosphoric acid X 464
S-alkoxymethyl-0,0'-

dialkyldithiophos~

phates L66
S-aminoalkyldithio-

phosphoric acid tri-

esters 466
[('30)2P§73P X X 673
[(RO)ZE273P X X 673

ott



Table 1 (cont,)

Type

R

G

4

Antioxidant for
E

L

P

F

S

=

Ref,

and alkenylphos~
;hate, thiophosphate
or phosphite esters

S~hydroxybenzyl-0,0~
dialkyldithiophos~
pharie scid triesters

Ether aleohol of cello-
solve-type and PoS
and HNOy = arganodz-
thiophosphorie acid
disulfide

P sulfide and hydro-
carbon and zinc dithio-
¢arbamate or guanidine
earbonste

Esters of dithiophos-
phoric aclid contg,
terpene radicals

PbS and ester of une
saé. polyhydrie
alcohols

Disulfide derivatives
of organo-gubst, thio-
ogphoric acids

( £(ROOC) R'0/,P(:9)8 ,)

228

513

461

70

675

1341



Table 1 {cont.)

Type Antioxidant for A Ref,
R G ¢ L P _E F S ] :

Thialdine salt of
organic thiophosphoric
acids X 674

Metal salt of st or

P 37 reacting with sat,

afiphatie aloohol ard

sulfurized unsat, ali-

phatie alechol X 689

P sulfide and a polymer

of an ester of o, B~

ungat, dicarboxylie

acld or a co-polymer of

the ester with vinyl

ester or vinyl aromatic

hydrocarbon X 69

S~(sulfurized terpene)
dithiophosphoric acid
triesters X 462

Bicyclic terpsne and
P235 and S X 91

A, Phosphite esters

Cetyltolylphosphite b 4 408

(444



Table 1 (cont.)

Type Antioxidant for Ref.
R__G ¢ L P E F S M ’

Tri-trialkasnolamine

phosphite X 271
Tri-triethsnolamine

phesphite X 271
Triethancldiethylamine

phosphite X 271
Ditolyl monotriethanol-

amine phosphite X 271
Reac, prod. of hydroxy

ester or acid with

PO13 X 827
Thiodiglycol phosphite X 595
RO(P)OR'(OR™) X 473
Triphenyl phosphite X 473, 639

888

Tri-g-~tolyl phosphite X 473
Tri- -naphthyl phos-

phite X A13
Tri-p-phenoxyphenyl

phosphite X 473
Monododecyl phosphite X 809

144



Table 1 (cont.)

Type Antioxidant for A Ref,
R _G 6 L P E F 8 ¥ ;
Monobutylmonooetyl
phosphite X 809
Reac, prod. of dialkyl
phosphites and
quinones X X 571

Mixed anhydrides of
organo-gsubst, rhos-
phorus acids and

carboxylic acids X &7l
Flg and cyclohexanols f 29
Fluoroalksnephospho-

nates 120

Mono or dialkyl esters
of phosphonic acid ar
polymers X 481

halogenated quincnes
and trialkyl phos-

phites 572
FCl3 4 CHCHOHCOH or

its esters or salis X 30
Benszenephosphonous acid X 809

Aryl polyphosphites X X 755

7t



Table 1 (cont.)

Type Antioxidant for Ref,
R_G ¢ L P E_F
Organic phosphites and
halogen compds, X 254
HCHO and heterocyeclic
amine and hydroxyaro-
matic and 1,
(wax hydroxybenzyl-
morpholine and PCls) X X 768
B. Fhosphate esters
Chleroresoreinol
phosphate X 595
Biguanide-p-t-amyl-
phenyl phosphate 224
Sodium-p-t-amyl phos-
phate 224
(04119) BPOA 340
Monophenyl phosphate 809
Fructose-6 phoaphate X 765
Organic selsno phos-
phate
(triamylseleno phos~
phate X 1113
Didodeayl phosphate 809

o1t



Table 1 {cont.)

Type Antioxidant for 4 Ref.,
R_G ¢ L P E F S W

Neutral unsat. primery

aliphatic amine salt

of 3-methylbutyl-2-

ethylhexyl-g-phos-

phorie acid X 964,

Honobutylmonodecyl |

phosphate X 809

%Lorol® phosphate ) 4 809

O
@c-nacazmﬁz X 809
Phytic acid X 809
€. Phosphatides
Lecithin (C ) X X X X ) 4 259, 274
42884 FOgN 323, 445

495, 521
604, 606
703, 809
862, &R
99, 1094

Phospholipids X X Ascorbic monoesters 1151

;2 fatty acids -
1

Cephelin X X 730, 809

91t



Tsble 1 (eont.,)

Type Antioxidant for F 1 Bef,
R__G6 ¢ L P E F S M

——

Prod, of leeithin and
sulfur X 610

Prod, of cephelin and
sulfur X 610

Reac, prod, of cephelin
and 2-nitro-l-butancl X 1077

Phosphatides treated
with ammonia X 749

Lecithin and conc,

ammonia or corn oil

phogsrhatide and conec,

ammonia X 175, 176

Phogphatides of soy-
bean, corn and peanut

olls X 270
Phosphatidic acids from

phosphatidyl cholines X 270
Cadmium ppt. lecithin X 316

Wheat germ phosphatides X 826

LTT



Table 1 (cont,)

Type : Antioxidant for 4 Ref,
‘ R G € L P E F S M
Or ¢ _com d

PhNHAS(OCH,Ph) > X 92
1,5-Bis(dimethyl- .

arsenylpentane) X _ 600
Diamylarsenic oxide or

sulfide or disulfide X 600
Triphenyl srsenite X 474
Ras(CH),0 X 1074

Organoborn compounds

328(03') or RB(OB')Z ) 4 597

Wax phenyl borates X 301
Dienols

Diencls X 100

Reductive acid X 1034

Vitamin C and tri-
methylamine X Lecithin - 277

Glyconoascorbic aeid X 920

81t



Table 1 (cont.)

Type Antioxident for 4 Ref.

R _G&6 ¢ L P E F S _H

Ascorbic acid X X X X X Citric ascid - 631, 27, 35
887 42, 57

Ethanolamine 79, 180

Heterocyelic oxy- 195, 236

gen compd. and 328, 330

P-NH, COCH 394, 456

Metaphosphorie acid, 518, 555

polybasic acids 551, 646

moncbasic sat, 649, 723

fatty acids; sro- T4, 47
matic carboxylic 48, 763
acids and mineral 822, 831
acids hydroxy 850, 939
acids and chlor- 1011, 1032
ine-gsubst, acetic 1067, 1013
acids (succinic 11031, 1102
maliec citric 1103, 1115
acid) and sugars 1146, 1150
(sucrose frue- 1168

tose and glucose),

thioures and non-

dialyzable group

of natural prods,.

in citrus fruits

= LB8
NaCl and NapSy05

+ S0y - 504
EDGA - 1135
Sodium ascorbate

and sucrose and

nipegin - 281

6Tt



Table 1 (cont,)

Type Antioxidant for 1 Ret .,
R_ 6 C L P E F 8 W

———

Sucrose - 43
Quinone

Tocopherol end
hemoglobin, ver-
gene - 1130

Zine chloride - 71

Fatty acid monester of

d-ascorbic acid X X ~Tocopherol 414, 731
o -Tocopherol 860, 863
(Vitamin E) or its 859, 1023
jsomers and ana- 1139

logues and phos-~

pholipids ~ 860
Benzoiec, fumerie,

tartarie or citric

acid - 416
Phospholipids
Fatty acid monoester
of d-isoascorbic acid
(d-iscascorbyl pelmi-
tate) X ) 4 445, 455
741, U2
860, 862
956, 1023
1139, 114
Asoorbic acid and hy-
droxyeoumaran X 653

d-Glueoascorbic acid ) 4 824, 1076

02T



Table 1 (cont.)

Type Antioxidant for A Ref,
R G c L P E F S M

Esteres of ascorbic aeid:

Lawrate X 731, 1140
Myristate X 731, 1140
Stearate X X 709, 730
1140
Caproate X 1140
9,10-Dihydroxy-
stearate X 1140
1-Ascorbyl palmitate X X X X L4, 649
723, 1
s 1140
1151, 1159
l-Ascorbic acid X X X Ethanolamine - 763 78, 824
P-Aminobenzoic 919, 920
acid and caffeie 1033, 1034
acid - 764 1076, 1092
p-Aminobenzoic 1137, 1150
acid and gallic
acid - 764
d-Isocascorbic acid X X X 314, 824
943, 1033
1076, 1102

1168, 1169

x4 1



Taeble 1 {(econt.)

Type Antioxident for Y | Ref.
R_G C L P E F 8 MW

d-Iscascorbyl mono-

gtearate X 455, 742

1141
d-Ascorbic acid X 920, 1137
]-Araboascorbic acid X 920
Reductone X p-Amincbenzoic acid
and tocopherol -
763

Dihydroxymaleic acid X "
d-Isoascorbyl mono-

laurate X 455, 1141
d-Iscascorbyl myristate X 455, 1141
d-Isoascorbyl caproate X 455
d-Isocascorbyl--©,i-di-

hydroxystearate X 455
d-Araboascorbiec acid 122
5,6-Diacetyl-]-

ascorbic acid X 1033

1-Gulosaccharo ascorbie
acid

1075

(441



Teble 1 (eont.)

Type Antioxidant for & Ref.
R__G ¢ L P E P S X
¢ _acid
Oxalic acid X X 683, 805
852, 1014
Phenylthioglycol-g-
carboxylic acid X 1014
¥Meleie acid X ) 4 383, 437
529
Fumaric acid X X 437, 529
Citric acid and Na
salt X X X X Gum gusisc - 817 296, 297
555, 556
587, 604
606, 683
7R3, T30
756, 1069
1129, 1163
Alkylearboxylate (or
dithiocarboxyl or
ether or a keto group
or sulfur, selenium
or tellurium analogue
of either) subst, in
tion by Group Vb X 322

Vanadyl oleyl phthalate X 348

€2t



Teble 1 (eont.)

Type Antioxidant for Ref,
R__G € L P E F S M

Dihydroxytartarie

acid or salts, esters

or smides X 1138
Dinitrotartaric acid

or salts, esters or

anides X 1138
2-Ketogluconic acid 122
Vaccenic acid X 315
Tartarie acid and

Rochelle salts X X X 296, 297

723, 730

Pyruviec acid X 340
Glycolic acid X 340
Trichleropropionic acid X 340
Tricarballylic acid X 296, 297
Sodium acetate X 978
Polyoxyethylene deriva-

tives of stesric acid X 169

Sodivm nitrilotri-
acetate X

915

et



Table 1 {cont.)

Type Antioxident for A Ref,
R__G € L P E F S N

——

Sodium ethylenebis-

(iminodiscetate) X 915
Stannous slicyeclie

carboxylates

(stannous rosinate and

stannous naphthenates) X 960
g -Stearoyloxytricar-

ballylic aeid X , 917
@ =Palmitoylosytri-

earballylic acid X a7
Dodecyl acid sulfate X 270
Hexadecyl acid sulfate X 270
Oxydialkenoic acids

(oxydiacetic acid) X 317
Tartaric acid X 683

Egters

Dimethyl maleate ) ¢ 529
Dimethyl fumerate X 529

Distearyl maleate X 529

g2t



Table 1 (econt.)

Type Antioxidant for A Ref,
R_G G L P E F S M

Dicyclohexyl tartrate X 26
Diisopropyl tartrate X 26
Dibutyl tartrate X 26
Diisoamyl tartrate X 26
Dibengyl tartrate X 26
Ethyl monobromoacetate

and lithium carbonate

and pyrogalline A X 347
Moncaliphatic citrates

(monoisopropyl

citrate X 750, 1089
Di- or trialkyl or

alkaline citrates X 1089
Polyhydric slcohol

stearate X 169
Monoisomopyl citrate X 1069
Cholesteryl oleate X 315

Alccholg
Acetylmethylearbinocl X 946

9T



Table 1 (eont,)

Type intioxidant for A " Ref.
G __C L P E _F 8 N

x-Hydroxyacetophenone X 100

~ Sorbitol X 296, 297

Mannitol X 296, 297

Vitamin A X 315, 441

42, 521

882

Vitamin A acetate X 315

Vitamin D X X lecithin -~ 277 939
Mixture of vitamins

E end A X T43

Terpineol ) ¢ 336

Geraniol X 336

Vitamin P X 736

Cond, prod. of 1-
octadecanol and

ethylene oxide 162

Dextrose X 340

Benzoin X 905

Benzyl alcohol X 805

4Lt



Table 1 (cont.)

Type Antioxidant for A Ref.

R _G C 1L P E F 38 M
Huclear-subst,
cinnamyl alcohols 19

X X X 561
f -Carotene X 441, 442
1112
1,3-Diaryl-l,3-dialkyl
cyclobutane X 1080
Polymers of indene X , 977
Co-pelymers of indene X : 977
2=Nitrofluorene X 182
2,7-Dinitrofluorene X 182
Dibiphenyleneethylene X 1158
Hexadecane X 33
Limonene X Citric acid - 290
Anthracene ) ¢ 1124

Nitrobenzene 315

get



Table 1 (cont.)

Type Antioxident for f Ref,
R G _ €6 L P E _F S H , ,

Unsat » aliph&tic

hydrocarbons X 1124
Diarylalkanes
(1-p-tolyl-1-(2-methyl-
5-sthylphenyl) ethane) X 493

Cond, prod. of aromatic
hydrocarbon and a di-
halogenated hydro-

carbon X 221
Hydrocarbons X 953
Ino anic compounds
Ferrous sulfite X 1014
Ferrous sulfide X 1014
Sulfur X X X 33, 1107
1014
Sodium thiosulfate X X X ) ¢ X X X HNeOH and sulfur 646, 683
- 676 805, 1014
1163
38.2520 “ X 1014-

Monobasic sodium
phosphate X 646

62t



Table 1 (eont.)

Type inticxidant for Ref.
L P _E

Sodivm nitrite 1031
Cyanide ion X 955
Potassium (or ammonium)

thioccyanate X 253, 272

955
Sodium pyrophosphate X 939, 1097
Phosphorous acid X 606, 1097
1129

Ammonium sulfite 646
Potassium bisulfite 646
Tetramethylammonium

bisulfite 646
Aluminum ) 4 33
Silver X 33
Iron oxide X 33
Carbon X 33
Water X 33
Stannous chloride X 871

OtT



Table 1 (cont.)

Type Antioxidant for Yy Ref,
R _6 C L P E F S ¥
Titannous chloride X 87
Cupric ion X 871
Phoasphoric acid 723, 1129
Maddrell's salt ‘ 1129
Hexa meta phosphate 1129
Hepta phosphate 1129
Pyrophosphate 1129
Potassium iodide X 17
Sulfur dioxide X X 391, 910
Potassium ferrocyanide X 272
Sodium silicate | X 1163
Hydraxylawine X X 519, 683
Migcellsneous
Montan wax X 632, 1109

Petroleum residue
asphalt X 1108

TeT



Table 1 (cont.)

Type

0]

. Antioxidant for
c L P E _F 8

Ref,

e st

Gilsonite

Manjak

Ceresin

Ratural asphalt

Fatty acld pitch
Cottonseed pitch
Stearin pitch

Wheat germ oil

Vegetable oil

Distillate of destruc-
tively distilled
ethanol extract of
redwood

Methanol extract of
oatmeal oil

Acetone extract of
oatmeal oil

O

Citric acid and
tartariec acid -
274

32,
445,

573,

608

. 862,

271,

1108
1108
1108
1108
1108
1108
1108

171

521
606

1048

590

277

1039

eet



Table 1 {eont.)

Type Antioxidant for A Ref,
R__G €6 L P E F 8 ¥
Ethanol soln, of water
extract of ostmeal X 277
Unsaponifiable acetone
extract of ocatmeal oil X 277
Oatmeal X 1037
Timothy grass bacteria
oil extracted X X X X 927, 930
Wood tars X X X 359, 614
619, 7M1
1062
Gus guaiac X X X X X X X X Monostearin or 445, 576
higher fatty alco~- 577, 583
hol or esters of 604, 606
monohydric and 615, 648
polyhydrie alco- , 703
hols and hydroxy- 741, 817
subst, smides - 905
157
Acyloxy and alkoxy
derivatives of gum
gualac X X X X X X X X " 12la
Rice bran extract X Eydroquinone - 406 798, 892

Peanut oil molecular-
ly distilled X Tht, TO

eet



Table 1 {cont.)

Type " Antioxidant for A Ref.
R_ G ¢ L P E F 8 M
Extracts of:
Soybean, ‘ X X X 11, 17
173, 783
Wheatgern, X X X 17, 172
’ 173, 783
Corngern, X 171, 172
Cottonseed, X X ¢ 172, 605
783
Cats, rye, olive,
sesame, linseed,
oiticite, and fish
liver oils (cod, tuna
and halibut) ) ¢ X ) ¢ 172
Fat acid-betaine compds. 928
Corn extract (KZO) X X 738, 1094
Oat extract (HZO) X X X 498, 738
1040, 1132
Blackstrap molaasses
methyl aslecohol extract X X 737
Tannic acid or tannin X X 243, 577
591, 592

728, 896

et



Table 1 (cont.)

Type Antioxidant for A Ref,
R__G € L P E F S M

Purified redwood tannin X X 591, 592
Sweet potatoe tamnin X 760
Coffee tannin X 760
Derivatives of amino~

triphenylacetonitriles

(3,3',3"=trichloro-

4,4' ,Anﬁtl‘iﬂ (di‘

methylamino) tri-

phenylacetonitrile) X X X 191
Cottonseed meal X X 468, 792
Wheatgerm meal X 468

Extracts of unsaponi-
fiable lipid fractions
of dog liver, lung,
kidney, spleen, adre-

. nals, nerves, red
corpuscles and serum,
also mollusk and

yeast X 92
Tunafish liver antioxi-

dant 286
A4ge Rite resin X 41

Polymers of coumarone X 977

GET



Table 1 (cont.)

Type

G

c

Antioxidant for

L

P

E

F

S

Ref.

Co-polymers of
coumerone

Hops
Fluorinated oil

Reac, prod. of ammonias,
rosin and scetons or
digecetone-aleohol or
mesityloxide

Metal derivative of
cashew nut oil

Steam distillate from
cork

Extracts of brussel
sprouts, green beans,
squasgh, Irish pota-
toes, broeceoll,
cauliflower, cabbage,
spinach, sweet pota-
toes, lettuce

Citrus fruit, parsley,
hawg, tomatoes, leeks

Water extract of beef
liver

e

X

—

o7
602
363

796

196

837

981

284

9¢T



Table 1 (eont.)

Type Mntioxidant for Iy Ref.
R_G C L P E F S ¥
Pea flour X 555
Sucrose X 555
Ether extract of oat
flom X 555
Reducible aniline dyes
(thioninetoluidine
blue, neutrsl red,
phenosafranin, nile
blue, thiosinamine-
diethyl) X 831
Human digestive enzymes
(trypsin, pepsin, and
eclarase Citric acid - 217
Hematochronme 442
Human serum albumin X 58
Bovine gerum albumin ) ¢ 58
Harvard serum protein
fraction V X 58
Dioxodisiloxane X X 197
2,4,6=Tri-t-butyl-
cyclohexanone 1144

LET



Table 1 (econt,)

Type

R

G

Antioxidant for

15]

=

Anise seed extract
Irish moss extract

Pure vanilla concen-
trate

Viobin
Rice oll extract

Extract of ground nut
oil

Palm oll antioxidants

Extraet of unripe
olive and leaves

Orgenic solvent ex-
tract of soap stock

Seeds, grains, legumes,
grasses, or extracts
of same

Citrus peel, citrus
pulp, and eitrus
albedo tiasues

et po

c L P E _F
X

518
1011

828
728, 828
531, 761

53
287

902

Phosphatide ~ 174

Ricotinic aeid or
amide ester or
salt - 1035

Leeithin or phos~
phoris acid - 821

geT



Table 1 (cont,)

Type Antioxidant for A Ref,
R__G € L P E F S W

Unsat, aldehydes with

5 conjugated double

bonds

{11-phenylhendeca-

pentaenal, lactaro-

violin, lyeopinal) X 1154
Cond, prod, of ali-

phatie nitrile with

aromatic amine, phenol

or bhydrocarbon X 594
Cyclohexanonebisulfite X 440
Cereals X X 521, 708
Extract of creosote

bush X 935
cocl, b ¢ 612
Protein X X 56, 498

1012

Antioxidant prepared

from milk X 949
Lactaroviolin X 1155
Wood rosin extract 1061

1,2-Dinitroso compda, X X X X 8

6¢T



Table 1 (cont.)

Type Antioxident for A : Ref,
R G € L P E F S M «
Hethyl red X ; 434
Soybean flour ' X X 308, 521
792

Chloerinated cyclic

polymers ) S ¢ X X 721
Antioxidant prepared

from whey X 948, 1050
Dow-Corning-type 200

((GBa) 51054 ,7,)

CH 1(0Si Gﬁ3 2)0=

osﬁcgi)z,) 8 X 502
Organcsilicon polymers X 984
Aqueous extract of

frozen snap beans X 144
Unsaponifiable matter

from camellia oil X 762
2,4-Di-(trichloromethyl)-

6-nitro-1,3-benzo-

dioxane X X 1134

Extract of green
chillies, garlic and
onion 273

o7t



Table 1 (cont.)

Type

| {2

Antioxidant for
L

P

E

¥

S

=

A - Ref,

Orange juice, lemon
julee, sea buckthorn
berry juice, sugar-
contg, marmalades

Trilon B, Trilon A,
Stabilisator 4,
pectin, sugsr

Suatane

Osage orange extract

Hixture of NalSO,,
Ha2603 and eitrie
acid

CI,
C,15H0,
Dry distillation fluid

from Japanese cypress
and cryptomeria

Posteriar pituitary
extract

Anterior pituitary
extract

357,

Di- or tricarboxyl-
ic acids - 215

915

915
439

31
511
511

744

T4



Table 1 (eont.)

Type Antioxident for A Ref,
B G C L P E F S M

Flantain X Tid
Tapioca flours X 744
Ginger starch X 744,
Segame oll X Tid,
Cocoanut oil X y /77
Cacac shell, cacao

powder, extract of

cacao shell, extract

of cacao powder b 4 728
Spice extracts X A1
Tenox II X 393
Safflower flour X 308
Fenugreek flour X 308
Carcl bean flour X 308
Aureomyoin ) ¢ 289
Neomycin X 289

Cream, skim milk,
fermented skim milk X 710



Table 1 {cont.)

Type Antioxidant for A Ref,
R_G_C L P E F S M

=

Sulfhydryl substance
in fruit X 117

Sodium alginate X 312

Amines and phenols
from branch chained
olefin and p-cyclic
disubst, benzene
hydrocarbon
(1-p~tolyl-1-(2-

methyl-5-cyelohexyl-

phenyl) cyclohexane) X 494
Sustane 1F X 1163
Sustane 3F ) 4 1163
2-Furfurylidenemalono-

nitrile X 432

et
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EXPERIMERTAL

Separation and Identification of Products from the Air Oxidation

Experiments

8. Tetralin (Kodak practical grade) was washed
with concentrated sulfurie acid until the acid layer showed no more red
coloration, then washed with water, dried and distilled under 15 to 30 mm,
preasure at 919.

Diphenylamine (Matheson Co., Inc,) was recrystallized five or six
times from Skelly D, M.p. was 54-55°,

Azo-bis-iscbutyronitrile was prepared by the method of Thiele and
HeuserlgAg as modified by Dox.283b The m,p. was 105-1060.

Chlorobenzene was redistilled, b,.p, 130-131°.

Methaerylonitrile was washed with slkali, dried and distilled,

p,p'-Dihydroxyasobenzene, m.p. 215-2160, was prepared by the method
of Atkinaon, et. gl‘av

Preparation of phenazine and 9,10-dihydrophenazine was ascomplished by
the method of Ria.865 The 9,10-dihydrophenazine was recrystallized from
chlorobengene af'ter decolorizing the impure material with carbon black,
The m,p, was 305-306° in a sealed tube under nitrogen, and 270° was obtain-
ed in an open tube, Literature reports 212° as the melting point, Some of
the material was heated in air and a yellow material sublimed which melted
at 169°, Phenazine melts at 169-172° acoording to the literature,

N,N!~diphenyl-p-phenylenediamine obtained from B, F. Goodrich was

purified by five reorystallizations from chlorobenzene after the carbon
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black was filtered off, H.p. was 147-149°,

N,N'~diphenylquinonediimine (benszoquinone dianil) was prepared by the
method of Pioeardsls from N,N'-diphenyl-p-phenylenediamine by chromic acid
oxidation. The product melted at 183,5° (1iterature 176-180°) after re-
erystallization from chlorcbenzene.

Quinhydrone base from N,N!'-diphenyl-p-phenylenediimine was prepared by
the method of Plecoard."*® 4 1ight chocolate brown powder, m.p. 123-127°
(1iterature 130-135°), was obtained,

Quinoneazine was prepared by the method of Willatatter and Benz.1156
The orystals were crange-red, On being heated, the crystals darkened at
157-159° and on further heating turned red again at 200-203°. The crystals
did not melt when heated to 300°, A flame test gave a sudden, rapid
darkening end a burst of flame, then slow oxidation of the residue until it
was all gone, On mixing a small amount of materiael in methylene chloride
golution with p,p'-dihydroxyasobenzene, the quinhydrone-type material was
obtained giving orystels which melted at 205° (pure material m,p. 185°),
Since the materia)l had the dark asppearance of the complex and no careful
preparstion of a 1:1 ratio had been made, it was concluded that the quinone-
azine had been prepared, (Other authors give the quinoneazine m.p. as 158°

17 gtates that there are two

(see Hunter and BarneaAsA), while Bielstein
eryatalline forms, one dark red prisms, the other dark yellow needles, The
latter mentions a darkening onm heating and explosion at 1580.)

Preparation of phenylazotriphenylmethane was carried out by the method
of Gomberg and Borger.BSVb In the first preparation the hydrazo compound
did not dissolve readily in alcohol as the literature indicates, so methyl-

ene chloride was used to dissolve it, On cooling, beautiful yellow crystals
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precipitated which had & m.p. of 114=116°, The literature warns that con-
glderable contamination with the hydragzo compound had little effect on the
B.p. 88 was later discovered in using this meterial., The yield was 55,72
g. The oxidation with K203 a8 Gomberg and Berger recommend was thus not
performed,

A second preperation was performed using the saeme method to prepare
the hydraso compound, The oxidation which followed was according to the

method of Cohen and Wang>>CP

using hydrogen peroxide and blcarbonate solu-
tion to obtain the azo compound., The ether solution of the azo compound
was separated, and the ether evaporated and a mixture of slecchol and
methylene chloride was used as a recrystallization solvent, The crystals
melted et 116-118°, It was noted that some were yellow and some tended to
be white and that the yellow crystals melted first, Another reorystalliza-
tion gave large clear yellow crystels and also small lighter colored ones,
R.Pe 115-118°, The yield was 59,97 g. or 48 percent, This material proved
to be contaminated with hydrazo compound, as was the first, even though the
reaction was carried on overnight, instead of five hours as recommended,
The hydrogen peroxide may have deteriorated., Further purification was
later commenced.

38

in attempt was made to use the method of Gomberg and Berger
prepare p-nitrophenylagotriphenylmethane from tritylehloride and p-nitro-
phenylhydrazine, The material which precipitated was not the hydrochloride
of the hydragzine as anticlpated, but was not very soluble in water, gave no
precipitate with silver nitrate and melted at 175-180°, Two other attempts

were made but met with no success,
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A three-necked stendard taper flask was
equipped with a stopper, a tube with smell holes on the end through which
air could bubble, and a Friedrick condenser, Suction was applied to the
top of the condenser csusing air to bubble from the gas dispersing tube
through the solution in the flask and out of the condenser., A drying tube
was placed on the end of the air inlet bubbler tube to keep moisture out of
the system, The three-necked flask was placed in a constant temperature
bath and after the reaction mixture was homogeneous, the suction applied so

that air bubbled slowly up through the solution,

Peroxide determinations were by the method of Hammond.419

subgtrate. A mixture of 200 g, of
tetralin (1,51 moles), 16,7 g. of diphenylamine (,0987 mole) and 15 g.
(+0987 mole) of azo-bis-isobutyronitrile was pleced in a 500 ml. round
bottom flask and placed in the constant temperature bath as described
above, The bath was maintained at approximately 75°, The reaction mixture
turned brown within an hour and was black within four hours of reaction
time. 4 great deal of work and time was spent in an effort to separate and
identify the reaction products, The original reaction mixture was extract-
ed with 2N sodium hydroxide, then with hydrochloric acid, Then followed
various methods of separation., OSteam distillation, distillation under re-
duced pressure, recrystalligzation, sublimation and chromatography were
employed, Infrared spectra were used in an effort to esgtablish something

of the identity of many of the chromatographic fractions, Most of the

-
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compounds were o0lly materials and no clean-cut separation was achieved by
chrometography or the other methods, with the exception of recovering the
starting materials, tetralin and diphenylamine, and the dimer, tetramethyl~
succinonitrile, from the decomposition of the initiator, Werk invelving
isolation of products from air oxidations with diphenylamine as an inhibi-
tor was later abandoned in favor of inhibitors which exhibit the property
of reacting with two peroxy radicals per molecule. From kinetie etudie3136
it appears that many inhibitors exhibit small integrel numbers (often two)
a8 stoichiometrle fastors of peroxy radicals reacting with inhibitors,
However, diphenylamine and ite methoxy derivative prove to be anomolous in
this respect showing a nonintegral stoichiometrie factor, indicating that
at least two reaction paths are probably being followed simultaneously,
This being the case, inhibitors were subsequently chosen which gave the
usual stoichiocmetric factor of two for the studies performed on reaction
products of inhibited air oxidigzed sgystems,

A second oxidation with tetralin as substrate follows, A mixture of
100 g. (.755 mole) of tetralin, 8.35 g. (.04935 mole) of diphenylamine and
7.5 g. (.04935 mole) of ago-bis-isobutyrenitrile was placed in a 500 ml,
round bottom three neck flassk and after the mixture was homogeneous the
flask was placed in the water bath which was held at 62.2°, The experimen-
tal set up had been modified from the previous run in order to try to
follow the uptake of oxygen. A4 stopper was placed in the top of the
Friedrick condenser, a stirrer was placed in the middle neck and an oxygen
delivery tube in the third neck, The oxygen delivery tube was connected to
a tube reaching to the top of an inverted two liter graduate oylinder which

was filled with oxygen. A slight pressure was meaintained on the oxygen in
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the cylinder by ralsing the leveling bulb, containing minersl oil, a small
amount above the level in the cylinder. The whole system was previously
flushed with oxygen before the reactlion was started. The effort to deter-
mine oxygen uptake was not suecessful because of a leak around the stirrer,
The accuracy of the method is also limited by the necessity of calculating
the amount of nitrogen evolved during the run., This is almost equal to the
oxygen abgorbed, as later diacovered.Azo After flve days, another 7.5 g.
(.04935 mole) of azo-bis~-isobutyronitrile was added. The reaction was
allowed to proceed for 2, days, The tetralin and tetramethylsuccinonitrile
were removed from the reaction mixture by distillation under reduced pres-
sure of 1 to 5 mm, through a four foot Oldershaw column. Because of the
difficulty previously encountered in separating tetralin and tetramethyl-
succinonitrile, it was decided to estimate the amount of the dinitrile in
the tetralin by making standard solutions of a known amount of the solid
material dissolved in a known volume of tetralin, This was done, but the
infrared spectrum of the solutions did not lend itself to any quantitative
results, The refractive index wes also disappointing., However, it was
possible to obtain a good estimate of the amount of the dinitrile present
in tetralin saturated at 25° by placing the volumetric flaske in a 25°
water bath overnight and weighing the excess orystals,

8ince only a very small crystal was obtained from Sample #2, this was
taken as being most accurate since there would be less tetralin adsorbed

on this orystal than on the others,
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Table 2
Ten ml, of tetralin snd tetramethylsuccinonitrile mixture at 25°

Beginning wt. Wt, of dinitrile Wt, of dinitrile
Sample # of dinitrile recovered digsolved
1 0.9998 g. 0.5241 g. 0.4787 g.
2 0.5006 g. 0.00017 g. 0.5004 g.
3 0.2493 g. — —
4 0.1251 g. —— ——

By this means the total amount of dinitrile accounted for in saturat-
ed tetralin solutiom and from excess crystals amounted to 5,66 g, (.0435
mole) which is 44,1 percent of the total charge of the initiator azo-bis-
isobutyronitrile, This is in substential agreement with the findings of

Bammond, Sen and Boozor421

concerning the efficiency of radicals produced
which initiate chains instead of dimerizing,

The residue from the distillation under reduced pressure was titrated
by the method of Hammond419 giving 0199 milliequivalents of peroxide per
ml, With approximately 78 ml, of solution this gives a total of 0,78
millimoles of peroxide as compared to 108 millimoles of hydroperoxide
theoretically possible, assuming 44 percent dimerization of the initiator
radicals, This low resull ralsed the possibiiity that the peroxide was so
unstable it was being destroyed during removal of the solvent,

After the peroxide determination, the residue was dissolved in Skelly
B and adsorbed on a chrowatographic column of A1203. Numerous frections

were eluted but no products were isolated and identified other than di-

phenylamine, Infrared spectra were taken in numerous cases as an aid in
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trying to differentiate and identify components in the varicolored oily
fractions. The work on diphenylamine products was subsequently abandoned

for the reasons given in the early part of this section,

A mixture was made of

84,98 g. (.755 mole)(76.8 ml.) of chlorobenzene, 8,35 g. (.04935 mole) of
divhenylamine and 7.5 g. (.04935 mole) of azo-bis-isobutyronitrile. The
homogeneous mixture was placed in the water bath which was at 62.50.
Oxygen under slight pressure was placed over the stirred reaction mixture
a8 in the previous run, After 128 hours (aprroximately 8 half lives of
the initiator) the spent gases, mostly nitrogen, from the initiator were
flushed out of the system and new oxygen was added along with another
charge of 7.5 g. (.04935 mole) of azo-bis-iscbutyronitrile,

A one ml, sample of the reaction mixture was titrated for peroxide by
the method of Hammon6419 giving .02085 milliequivalents of peroxide per ml,
of reaction mixture,

After a total time of 284 hours (156 hours and 9.8 half lives since
the last cherge of initistor) the run was stopped. Since the odor of
hydrogen cyanide had been detected previously, some of the gas sbove the
reaction mixture was passed through slightly acidifled allver nitrate
golution, 4 copious precipitate of silver cyanide was obtained,

Four one ml, samples were titrated for peroxide, The concentration
was not over ,0542 milliequivalents per ml, of reaction mixture, Assuming
no loss of solvent (76,8 ml,), this corresponds to a total of 4 milliequiva-
lents or 2 millimoles of hydroperoxide in the sclution, compared to a total
of approximetely 108 millimoles of hydroperoxide theoretically possible,
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assuming 44 percent of the initiator radicsls formed dimers as shown in the
previous experiment, This indicated that the low peroxide content was not
primarily a result of separation procedures. After considerable effort to

isolate products, the work on diphenylamine products was ceased for the

reasons previously given,

4 mixture of 15 g. (.0987 mole) of azo-bis-iscbutyronitrile and 85 g,
(.755 mole){76.8 ml,) of chlorobenzene was placed in a three-necked round
bottom flask, which was, upon dissolving the initiator, immersed in a water
bath at 62.20. Oxygen under slight pressure was maintained over the stirred
reaction mixture as in the previous experiment, The increase in the perox-
ide content was followed at intervals during the rum (144.5 hours), It was
noted that the determination of peroxide content gave results approximately
twice as great when hydrogen chloride was used along with acetic acid to
catalyse the formation of iodine from iodide ion as when no strong acid was
useds, This is assumed to be a possible indication of the presence of
peroxide and a more unstable hydroperoxide., The final reeding with hydro-
gen chloride catalyst was ,0873 milliequivalents of peroxide per ml, or
6.7, total milliequivalents based on starting volume assuming no change in
eoncentration during the run (only 3.8 ml, of solvent were unaccounted for
after the solvent was removed under vacuum)., Taking into account the
officlency of initiation®?l and assuming ell that wes formed was hydroper—
oxide, only 2.62 percent of the materisl formed stable hydroperoxide.
Assuming all the material formed was peroxide, the percentage would be 5.24.

At the end of the run the gas above the reaction mixture was drawn into
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aqueous silver nitrate, from which ailver oyanide precipitated copiously.
Attempts to 1solate other produets by fractional reorystallizations and
solvent extraotions using petroleum ether, methylene chloride, alcohol and
various solvent mixtures led to the isolation of only tetrsmethylsuecino-
nitrile and a white amorphous solid, 7The latter showed strong infrared

sbsorption at 2240, 1740 and 1680 on™! and appeared to have a spectrum

similer te polymethacrylonitrile,

A mixture of 33,55 g. (.5 mole) of methacrylonitrile, 423 g. of chlorc-
benzene and 15 g. (.0987 mole) of aso-bis-iscbutyronitrile was placed in a
one liter, three-necked round bottom flask. After dissolution of the
initiator, the flask was placed in a water bath at 62.2°, Oxygen was slow-
ly bubbled through the solution, After 74 hours the oxygern was turned off,
During the run the concentration of hydroperoxide steadily increased to
sbout ,217 milliequivalents per ml. Since about 400 ml, of solvent was
recovered on distillatlon under reduced pressure, the total concentration
of hydroperoxide was 46,8 millimoles., This concentration fell to ,169
milliequivalents per ml.‘as the reaction mixture was allowed to stend at
room temperature for a week before distillation, After distillation at
41° and 45 nm, a viscous orange residue remained which weighed 34.9 g.

Hydrogen cyenide was again detected in the gases above the reaction mixture,



A mixture of 3.75 g. (.02467
mole) of aso-bis-isobutyronitrile, 2.485 g. (.00957 mole) of N,N'-diphenyl-
p~phenylenediamine and 200 ml, of chlorobensene in a round bottom three-
necked flask equipped as in the first oxidation run was placed in a water
bath meintained at 62.2°. The light yellow solution turned brown in five
minutes and was red at the end of the run., Oxygen was bubbled through the
solution for 8 half lives of the initiator (96 hours). Cooling overnight
in the refrigerstor preduced no solid orystals so the chlorcbensene was
removed from the reaction mixture by distillation at 50 mm. and 40°, A
small amount of polymeric solid (polymethacrylonitrile) was observed on the
slde of the reaction vessel,

After the distillation the solid material in the residue was filtered
off and the remaining chlorobenzene removed by evaporation with a stream of
air, The sclid meterisl which was filtered off was extrascted with one part
methylene chloride and 40 parts Skelly D to remove the dinitrile, 4fter
the extraction, the remaining solid was reerystallized from methylene
chloride, A fraction weighing 0.35 g. gave & m.p, of 183-185° and a mixed
melting point with previously prepared N,N'~-diphenylquinonediimine (m.p.
183,5) gave a melting point of 184.5-1880. Other fractions, not quite so
pure,brought the totsl weight to 1,14 g., a yield of approximately 46
percent, The product, which one could cobserve in other fractions along
with a dark viscous material, was never separated, but seemed to decompose

on repested attempts at purification, This may not be surprising since
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Tulag1n1078 remarks that quinonimine dyes are unstable to light, acids and
slkslies. The speetra of two of the worast fractions were taken in the
ultraviolet and visible regions with a Beckman Model DU speotrophotometer,
One gave a minimum at 265 mu and a maximum at 293 mw«, the other gave a
minimum at 250 m. and & maximum at 295 m.c. These have little resemblance
to the spectra of N,N'-diphenyl-p-phenylenediimine. Another spectrum was
taken of a grey amorphous product which precipitated from all the fractions
with addition of Skelly B to the methylene chloride solutions, Minima at

300 and 340 msm and maxima at 305 and 350 m. were cbtained,

pethanol. The following solutions were made:

.000030 g./ml, of N,N'-diphenyl-p-phenylenediamine,

+00002436 g./ml. of quinhydrone,

,0000180 g,/ml, of N,N'-diphenyl-p-phenylenediimine,
The spectra in the ultraviolet and visible were observed with a Beckman
Model DU spectrophotometer, Sharp maxima were observed at 290 and 310 m.
for N,N'-diphenyl-p-phenylenediamine (see Fig, 1). Minima were at 295 and
380 mu . For the quinhydrone (Fig. 2) there was a sharp maximum at 300 mum
and a low broad one at 440 mu . A minimum was at 370 mu . Since the first
peak is nearly in the same position as for the pure amine, the optical
density of this peak gives the total concentration of the quinhydrone base
while the optical density at 440 mu, which is due to dissociated N,N'-
diphenyl-p-phenylenediimine (Fig., 3), is not as large as it should be (see
Table 3), indicating that the quinhydrone is not co;pletely dissociated in

the solution, The maxima for the N,N'-diphenyl-p-phenylenediimine was at



Fig. 1 Ultraviolet and visible spectrum of N,N'-diphenyl-p-phenylene-
‘ diamine in methanol ‘

Fig, 2 Ultrsviclet and visible spectrum of the quinhydrone of N,N'-

diphenyl-p~phenylenediamine in methanol



OPTICAL DENSITY

OPTICAL DENSITY

157

3.0
2.8

2.4

22F

2.0

o8|

0.6

T

04

T

T

0.2

N, N'- dipheny! - p- phenylenediamine
3 X 10-5¢g/ml.in methanol

L " "

ool . . . : e e——
200 240 280 320 360 400 440 480 520 560 600 640 680 720 760 800 840 880 920 960 1000

WAVELENGTH my

2.8

T

2.6
2.4
22}

2.0

0.8

0.6

04r

Quinhydrone of N, N'-dipheny!-p- phenylenediomine
2.436 X 10-5g/ml. in methanol

1 { { 1 1 Il

0.0 ]
200 240 2

h " s . . L . . L 1
80 320 360 400440 480 520 560 600 640 680 720 760 800 840 880 920 960 000
WAVELENGTH my



Fig. 3 Ultraviolet and visible spectrum of N,N'-diphenyl-p-phenylene-
diimine in methanol

Fig. 4 Ultraviolet and visible spectrum of oxidized N,N'-diphenyl-p-

phenylenediamine in chlorobenzene and tetralin solutiomn
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Table 3

Optical density from the spectrum of a known quantity of N,N'-diphenyl-p-
phenylenediimine and quinhydrone in methanol

19
Caleulated
First peak (300 ma)  1.66 1.8 x 10~ g./ml. ——
Second peak (440 mu) .51 1.8 x 107 g./al. ——
Suinhydrone
First pesk (300 me)  2.33 2,436 x 107 g./ml. 2,525 x 107 g./ul.

Seoond pesk (440 mu) .27  1.218 x 107 g./ml.  .952 x 107 g./ml.

305 ms and 440 mu, the latter a broad flat maximum (see Fig. 3). The

‘minimum is at 360 m.,

rum with that of N.N'-diphenyl-p-
A mixture of two ml, of chlorobenzene, one ml.

of tetralin, two ml, of azo-bis-iscbutyronitrile solution (.5004 g./10 ml.
or 100 mg., of initiator) and two ml, of the inhibiter (.13 g./10 ml, or
,0026 g. (107 moles) totsl inhibitor) /MN 260.33 g,/ was placed in the
reaction vessel. The rate was observed until the inhibition period was
over and then the golution was taken from the reaction vessel. The reac-
tion mixture was diluted by ten times with a 4:1 mixture of chlorobenzene
and tetrslin, meking a solution of 2 x 10~7 moles per ml, = .000052 g. per

ml, When comparing the spectrum of N,N'-diphenyl-p~-phenylenediimine in
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methanol (Fig. 3) and that of the oxidation products in tetralin and chlero-
benzene (Fig. 4), optical density reading on the first peak on the lower
wave lengths does not give reliasble results in determining the concentra-
tions of solute in solution since the maximum ahifts from 300 m» to 325 B,
The lower, broader pesk at 440 mu gives more reliable results (see Table
3). Comparing the spestra of N,N'-diphenyl-p-phenylenediimine (Fig. 3)

and its quinhydrone base (Fig, 2) which was obtained in the same solvent
(methanol), results are more ecnsistent (see Table 3), Since N,N'-di-
phenyl-p-phenylenediimine (Fig, 3) and N,N'-diphenyl-p-phenylenediamine
(Fig., 1) both have maxims at 300 mm , if the quinhydrone were completely
dissociated the concentration for the second peak (440 mm), which does

not appear in the spectra of the unoxidiged amine (Fig, 1), should be half
that obtained at the first peak (300 me). The first peak gives concen-
trations very close to that of the quinhydrone base actually present (Fig,
2), while the results on the lower peak are 22 percent lower than the aon-
centration of the N,N'-diphenyl-p-phenylenediimine present in the quinhy-
drone (ecompare Fig, 2 with Fig, 3), indiceting that part of the oxidised
form is complexed as the quinhydrone even at these dilutions (see Table

3). These results are consistent with what one might expect,

The caloulations in Table 4 were obtained by using the optical density
obtained for the quinoneimine in methanol (Fig. 3) to calculate the concen-
trations of this substance formed by air oxidation of N,N'-diphenyl-p-
phenylenediamine in the presence of initiator radicals (Fig. 4). As men-
tioned previously, the shifted peak does not give reliable results, How-
ever, the second peek gives results very close to the theoretical asmount

posaible if only quinoneimine were formed in the reaction.
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Table 4

N,N'~diphenyl-p~phenylenediamine oxidized in tetralin and chlorcbenzene

Actusl if 100%

Optical quinoneimine
deppity __ formed Celoulated
First peak (325 mu)  2.65 5.2 x 107 g./ul.  2.855 x 107 g./nl,
Seoond peak (440 m,) 1.1  5.2x107 g./al. 497 x 107 g./al.

Firgt oxidation run., A mixture of 2.05 g. (.00957 mole) of p,p'-
dihydroxyazcbenzene, 3,75 g. (.02467 mole) of ezo-bis-isobutyronitrile and

200 ml, of chlorobenzene were placed in a round bottom, three-necked flask
equipped as deseribed in the seotion on apparatus and procedures, The
material did not dissolve at room temperature so it was placed in the water
bath at 62,2°, After dissolution had appeared‘to take place, air was
slowly bubbled through the solution, The color changed a light brown to a
dark brown color. This color remained until the mixture was tsken from the
bath after 8 half lives for the initiator had passed (96 hours), The reac-
tion mixture was decanted from the flask, About one g, of a dark residue
wag left in the flask, The dark colored solution was refrigerated over-
night and filtered the next morning. A red-brown solid and a red solution
were obtained., After removing most of the chlorobenzene by distillation

at 50 mm, and 400, the remainder was removed by evaporation., 4 dark

solored solid material weighing 4.85 g. was recovered, The dark material,
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which was obtained by decanting the originel reaction mixture, proved to be
intereating. The small, dark lumps proved to have a light brown center,

The melting point of the dark outer material was 185-190°, The quinhydrone-
azine melts at 185°.434 Ingide the larger perticles were found light
brown, unreacted p,p'-dihydroxyasobenzene as indieated by the m.p. of 212-
220°. The brown material changes to bright red on heating, as does the
original starting material, This would indicate that among the products
formed was the quinoneazine which formed s molecular comple; with the un-
reacted starting material.

The s0lid material filtered from the coocled reaction mixture and the
residue after removal of chlorobenzene both gave a white solid covered with
small spheriocal deposits of orange-red oil on extraction with Skelly 4 and
methylene chloride, This material was assumed to be tetramethylsuceino-
nitrile, but was never purified and identified. The residue from one (the
nateriagl filtered from the original reaction mixture and then extracted
with solvent) was a brown solid with some orange material, The residue
from the other (the material from the chlorobenszene solution) was dark

orange or reddish-brown oil, Numerous solvent extrasctions and recrystal-

lizations were attempted, but no other product was isolated and identified,

A sample of finely divided p,p'-dihydroxyazo-

benzene was weighed out /1.538 g. (.00718 mole)/ and placed in 200 ml, of
chlorcbensene which was heated to boiling to try to dissolve the material.
Not all of the material dissolved, but the residue appeared tc be a fine
powder so the run was continued, After the temperature had dropped to 50°,
2,813 g. (.0185 mole) of azo-bis-iscbutyronitrile was added, The three-
necked flask with the mixture was placed in the constant temperature bath
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at 62,2°, Air was to be bubbled through as in the first oxidation. By
mistake, suction was applied to the bubbler and part of the solution was
lost., The run was continued, however, even when it was noted that some
water had collected in the flask from the condenser due to the high humidi-
tye At the end of 100 hours the run was stopped, There was quite a bit of
s80lid material in the flask, This was filtered off and the solution was
refrigerated, The solid material weighed 1,03 g. and conaisted of a mix=~
ture of black and brown particles., Some of the black particles were picked
out and were found to have a small amount of brown material in the center
as in the previous run, The m.p, of the black materisl was 185-1879, which
corresponds to the m.p, of the quinhydroneazine, The brown material of the
mixture was not unreacted starting materisl, but behaved on the melting
point block as did the pure quinoneazine, No melting point was observed
even on heating to 3100. Assuming the solid to be mostly reaction products
from the inhibitor, the amount unaccounted for is only ,508 g. or ,00217
mole, FPart of this probably was lost at the beginning of the rum,

The reaction mixture riltraté volume was 139 ml., By freezing in an
acetone~dry ice mixture, a small amount of material was obtained which gave
& peroxide test, It was & light yellow oil which turned red on standing in
alr, The filtrate was refrigerated for three weeks and then titrated for
peroxide, A value of ,00193 mole was obtained for the solution., By co-
incidence, this is close to the value of unaccounted-for inhibitor, How-
ever, this probably included peroxides from the initiator as well. The
filtrate was extracted with 25 percent aqueous sodium hydroxide, After
neutraligation, neither fractioﬁ gave a test for peroxide. No further work
vas done with this mixture,



The solution was

.0000204 g. per ml. of p,p'-dihydroxyazobenzene, The spectrum (see Fig. 5)
in the ultraviolet and visible was followed on a Beckman Model DU spectro-
photometer, Sharp maximas were obtained at 246 mu and 360 me A minimum

was ohperved at 270 mu .

5

The solution was 2,118 x 10~ g. per ml, of quincneazine in four parts of
chlorobensene and one part tetralin, Maxima were at 335 m « and 380 muc

and a minimum was observed at 370 mm (see Fig. 6).

A mlxture of two ml, of chlorobensene, one

nl, of tetralin, two ml, of azo-bis-iscbutyronitrile solution (.5004 g./10
ml, or 100 mg. total) and two ml., of inhibitor slurry (.107 g./10 ml. or
1072 moles total inhibitor [ 214,22 g,.7) ias placed in the reaction
vessel., The rate was observed until the inhibition period was over, then
the solution was taken from the reaction vessel, The mixture was diluted
to ten times the volume by a mixture in the ratio of four ml, of chloro~
benzene to one ml, of tetralin. The concentration of the oxidised inhibi-
tor thus became 2 x 10”7 moles = ,0000428 g. per ml. The ultraviolet and
visible spectra were obtained (see Fig., 7). They corresponded to the
spectrum of the known quinoneaszine (Fig, 6), except there was a slight
shift of the maxima to 345 mu- and 390 m » with a minipum at 385 mu. The
conversion of p,p'-dihydroxyszobenzene to quinoneazine occurs in about 50

percent yleld under the conditions of a kinetic run since the optical



Fig. 5 Ultraviolet and visible spectrum of p,p'-dihydroxyazobenzene in

nmethanol

" Fig., 6 Ultraviolet and visible spectrum of N,N'-diphenylquinonesszine in

chlorobenzene snd tetralin solution

Fig., 7 Ultraviolet and visible spectrum of oxidized p,p'-dihydroxyazo-

benzene in chlorobensene and tetralin solution
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density is approximately the same for the two spectra, yet the concentra-
tion of inhibitor in the oxidation run is twice that of the known sample of

quinoneazine (see Tables 5 and 6),

First oxidation run (at 25°), 4 mixture of 100 ml, of benzene and

17.4 g+ (405 mole) of phenylazotriphenylmethane was placed in a round

bottom, three-necked flask and air was bubbled through the solution as
desoribed in the section on apparatus and procedures, The half 1ife was

561b et 25° and it was decided to run the reaction

caloulated as 47 hours
for 5 helf lives, A white precipitate was observed on dissolving the com-
pound and was probably hydrazo contaminant, It scon dissolved, Soon a
white precipitate appeared, During the run the benzene had to be replen-
ished several times and the flask went dry several times overnight, At

the end of the run the flask was dry, so the residue was extracted with
Skelly B and the extract was chromatographed on alumina, 4 number of
fractions gave a peroxide test, but most of these were solids. The residue
which remained after riltefing off the benzene reaction mixture welghed
4,62 g, and melted at 181-184°, indicating that it was ditritylperoxide.
One of the better fractions from the colurm was recrystallized, The olly
material in 1t was found to give a peroxide test while the solid did not,
After considerable recrystallization from dry ice and acetone, an infrared
gpectre of the ﬁaterial was taken, An OH frequency was observed so the
material was disgolved in Skelly A and placed over solid sodium hydroxide,
4 white finely divided material was filtered off and the Skelly A was
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Table 5

Optical density from the spectrum of a known quantity
of quinoneazine in methanol

Concentration
Opticsl density Agtual
First pesk (335 mu) 2484 2,118 x 10~ g./ml,
Second peak (380 m) 2.39 2.118 x 107 g./ul.

Table 6

P,p'~Dihydroxyazobenzene oxidized in tetralin and chlorobenzene

g
Opticel Theoretically
denaity Actual pogaible

First peak (335 mw) 2.9 2.15 x 105 g./ul. 4.28 x 107 g./al.

Second peak (380 mu) 2,27 2,02 x 10 g./ml. 4.28 x 107 g./ul.

evaporated off, Another infrared spectrum was taken, The OH frequency was
gone, A white orystalline substance began to precipitate which gave a
negligible peroxide test, The oll was not as good as that obtained in the

next run, so work was concentrated on that run,

Seoond oxidation run (at 62,3°), The procedure was the same as in the

first run, except that through a miscalculation the run went for 45 half
lives (12.6 minutes at 62,3°), The white solid filtered out of the reac-
tion mixture weighed 3,68 g, and melted at 184-186°, indicating that it was
ditritylperoxide. The solution was titrated giving a total of 05557 mole
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of peroxide in the solution, The benzene solution was distilled et reduced
pressure and the olly residue extracted with p-pentane, followed by Skelly
A snd B, methylene chloride, acetone, ether and hot benzene. The material
in p-pentane and the Skelly solvents was a light yellow oil. All the other
residues proved to be ditritylperoxide. The oily material from the p-
pentane and Skelly solvents was placed on the salumina column and chromato-
graphed, The weight of material was about 6,75 g, The second fraction

gave a good peroxide test so it was recrystallized repeatedly from s frees-
ing mixture of dry ice and aceione, Infrared spectra indicated O-H
present, s0 solid sodium hydroxide was used to precipitate the hydroperoxide
from the Skelly B sclutiom of the material. The infrared spectrum indicated
that all hydroperoxide had been removed, A white orystalline substance
began to precipitete slowly. This gave a negligible peroxide test, The
oll gave a strong test which, however, developed slowly, However, after
more crystallizations, the oll gave no more than 25 percent of the theo-

retical peroxide titer for diphenylperoxide,

run (et 62,2°), The oxidation was carried ocut as

before for 2 hours (10 half lives), Most of the benzene was gone by the
end of the run, The viscous yellow oil was extrasoted with pentane, whiech
caused the separation of a white precipitate, The Skelly B solution of the
oil was pleced over sodium hydroxide for three days. After removal of
hydroperoxide the materiel was chromatographed. None of the fractions gave
a good test for peroxide, The so0lid residue obtained on extraction of the
original reaction mixture weighed 9,28 g. and the n,p. was 109-1130. Since

this matariql does not correspond to the m,p., of ditritylperoxide, which
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should be produced in the reaction, it was assumed that lack of oxygen

caused the production of the low melting material, so the run was dis-

carded,

Fourth oxidation run (at 62,2°). A fourth run was started and handled

much &8 before, No product was obtained,
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DISCUSSION

A study of the mechanism of the air oxidation of umsaturated compounds
in the presence of inhibitors was recently instituted in these laboratories.
A typical oxidizable hydrocarbon, tetralin, was chosen for a standard sub-
strate since its oxidation has been studied and the rate of decomposition
of the derived peroxide is known, The thermal decomposition of azo-big-
isobutyronitrile in the presence of oxygen was used as a chain initiator
for the oxidation reaction. The decomposition of the initliator is not
sensitive to the presence of radicals.589 The generally accepted mechanism
of initliated air oxidation is the following372

cH Cy ky .
(1) (GHB)B-G-H=H~C-(CH3)2-——-—*-—-'* 2 (OH3)2GCH + N,

: k ON
(2) (CHy) 00N 4 0, ———> (CHi3) 00,

CN k, CN
(3) CHy00,* 4 RE——"—(CH,),COH +R*

X
(4) R 4 ,——2—Ro,°

X
(5) RO,* $ RE——4— RO § R-

k
(6) 2 302‘——————11——+unknown products.
It cannot be assumed that the rate of initiation is equal to twice the rate
of decomposition. Therefore, rate of initiation equals rate at which (2)

ogeurs or



173
(7) &y [{oHy),0007 [0, 7 = 2 akyq /AIBN/

where a is a factor which is one or less than one, By making the steady
state approximation the rate law required by the above mechanism can be

derived as follows:

P I

(&) %2 2 p /17 -0 R = 0

[ IJ is initiatoer concentration,
. .
[R:7 18 (CH3),CON concentratioen,

!

6 BT <, [0, 57 - xofT LT b xyl NI 04T - x5 T
- 2k /R0y = 0

(10) aLre/ = kzzﬁg'/"zﬁog - k3[ Re/[ 0,7 + RAMZEGZJ =0

at

If one assumes R'0O,* and RO,° have equal reactivities, then ky = k;. 7This
is probebly approximately true, Then the following is true.

(11) /Rr7 = %‘%_—;i
2

(12) R0,/ = fl.f%f:.l::z

]

= 1
) iy =2 )
(13) /[Rre7 ol e,
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(14) - féa%azi =k /R7/ 0,7 % ky/ 0p /[ R2/

(15) - 41;3 =2 akg/ 17 4 E@£§g7(akdl*1~7)%

kg

This proposed mechanism then requires that the rate of the reaction shows
(1) no dependence upon oxygen pressure, (2) half order dependence of the
rate on initiator concentration, and (3) first order dependence of the rate
on the concentration of the substrate (RH)., If one assumes the other chain
termination steps 2R*~—— Ry or Re ¢ ROy —>RO5R as being in
effect, then the rate becomes dependent on oxygen pressure, It was demon-
strated that the three conditions demanded by'th& proposed mechanism were

136

met by the systems studied, In the presence of a good inhibitor the

chain terminating step (equation 6) would be replaced by (16).
(16) In 4 nROy*——> produots.

This equation may possibly represent several steps for some inhibitors,
however, several possibilities that suggest themselves, which would lead to
different values for the stoichiometric factor p, are as follows:

(1) In the case that In is a free radical and adds to ROp* p should
egual one,

(2) If the reaction of In with ROz' gave stable free radicals which
destroyed each other by dimerization or other reactions p should
equal one,

(3) 1If the inhibitor reacted with two RO,* to give products which are

stable in the presence of the other constituents of the reaction
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mixture the p value would be two,

(4) 1If the products produced by the reaction of two RO, with In are
ungtable and react with more In to give stable preoducts, p would
equal one if a 1:1 ratio of product and inhibitor reacted.

(5) If the primary reaction of ROp* with inhibitor gave a product
which was itself an inhibitor, then higher pn values would result,
which vary according to the nature of the succeeding reactions,

In order to determine the stoichiometrie factor p, two methods of
approach are applicable. If one accurately determines the rate of initia-
tion of the reaction, then measures with a like accuracy the lifetime of an
inhibitor which is present in known concentration, one may caloulate the
number of ohains (RO5*) which each inhibitor has stopped., This is relative-
ly simple and & very good method for those inhibitors with well defined
inhibition periods, The difficulty in the method lies in determining the
efficiency of chain initiation which is obtained when an initiator under-
goes thermal decomposition, Most of the commonly used initiators do not
give & quantitative yield of two chain initiating radicals per molecule
when they undergo decomposition as implied by equation (1).420’421 There~
fore, ths rate of initlation of chalns is some fraoctional value of twice
the decomposition rate (equation 7)., From equation (15), it would appear
that by measuring the rate of nitrogen evolution from the initiator in the
abgsence of oxygen and then by measuring the rate of uptake of oxygen by the
initietor as it decomposed thermally in the presence of oxygen, one could
determine the efficlency factor (a). However, this did not prove to be the
case, probably due to the production of unstable products, since approxi-

420

metely as much oxygen was used as there was nitrogen released, This
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would give an efficiency factor of one which does not correlate with other
facta obtained by trapping the chain initiating redicals with various

421 11 of which

scavengers such as merocaptans, iodine and inhibitors,
correlate well with each other,

dnother independent method of determining the stoichiometry of the
reaction of peroxy radieals with an inhibitor is that of product analysis.,
If one carries out a cereful study of the products from the inhibition
reaction, one may infer from the products the number of chains which the
inhibitor has terminated, An important feature of the product study is the
necessity of obtaining practically a quantitative recovery, along with the
separation and identification of products, Smell amounts of a substance
isolated from a reaction mixture in smell yield is no guarantee that one
will be asble to infer the principle course of the reaction from it, 4l-
though a thorough product study is slow and time consuming, the information
gained from it can be very useful and can help a great deal in determining
the stoichiometry of the inhibitor in guestion, and may be applied to
others as well, Since one successful product analysis and assignment of
stoichiometry is also a measure of initiator efficiency, the lifetime
method previously mentioned may be used to determine the stoichiometry of
other inhibitors under the same reaction oonditicns. It 1s also possible
to check assignments of atoichiometry for various inhibitors for reason~
ableness and conslstency by comparing the results obtained with the various
inhibitors,

The attack reported in this thesis upon the problem of the stoichiome-
try of the reaotion of peroxy radicals with inhibitors is based upon produot

identification, To be successful the method requires:
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(1) Quantitative material balance,
(2) The products isclated must be related to a particular stoichiome-
try of reaction of ROp* with inhibitor in a reasonable manner,

The inhibitor first chosen for study was diphenylamine, which hss
long been known as an antioxidant, The substrate chosen was tetralin, a
compound whose air oxidation has been extensively studied, The initiator
chosen was azo-bis-isobutyronitrile, a well-known initiator whose decompo-
sition rate is not sensitive to the presence of radicals as previously
mentioned.589 4 great deal of time was spent in trying to obtain products
from the air oxidation of diphenylamine inhibited systems without suoccess.,
The only produots seperated and identified were tetralin, diphenylamine and
tetramethylsuccinonitrile, a coupling product of the radicels produced by
the decomposition of azo-bis-isobutyronitrile, By this time, kinetic evi-
dence was sufficient to establish the fact that diphenylamine exhibited a
nonintegral stoichiometry with respect to reaction with peroxy radicals,

136 For

whereas, most other good inhibitors exhibit a stoichiometry of two,
this reason further work with diphenylamine was not undertaken, During
this part of the investigation, however, a fact was esteblished which coin-
oided with the results of the work of Hammond, Sen and Boozer421 concerning
the efficiency of radical production from ago-bis-iscbutyronitrile. By
meane of radical traps (butylmercaptan, iodine and oxygen) it was estab-
lished that only 60 percent of the radicals produced in chlorobenzene solu-
tion eould be trapped, (The efficiency varies with the sclvent.) The
remainder formed the dimer which was produced after release of nitrogen

from the initiator with formation of radicals and before the radicals could

diffuse away from each other in the solvent and react with the trapping
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compounds, In one of the experiments in which the oxidation of the di-
phenylamine was initiated by peroxy radicals produced from oxygen reacting
with the aveilable radicals from the thermal decomposition of ago-bis-
isobutyronitrile, there was recovered 4/ percent of the total charge of
initiater in the form of tetramethylsuccinonitrile, This indicates that
the efficiency of radical production was 56 percent and agrees well with
the 60 percent obtained by kinetic measurements. The difference may be due
to poorer distribution of oxygen in the large scale run., 4s previously
mentioned, a knowledge of the efficiency of peroxy radical production is
necesssary in establishing the stoichiometry of resction of peroxy radicals
with inhibitora by the lifetime of inhibitor method, For this reason, the
above independent confirmation by obtaining the actual product formed by
the radicals which did not initiate chains is of importance in esteblishing
the mechanism of resction, The isolation of the dinitrile is semiquantite-
tive confirmetion of the efficiency factor ultimately assigned,

Another inhibitor chosen for study was N,N'-diphenyl-p-phenylenedi-
amine, From a large scale oxidation reaction a 46 percent yield of K,N'-
diphenylquinonediimine was isolated from the reaction mixture, with proper-
ties which identified it as the same as the compound prepared by independ-
ent synthesis, With this excellent yield, it was decided to obtain the
ultraviolet spectrum of a known sample of N,N'-diphenylquinonediimine and
compare it with the spectrum of the reaction mixture obtained under the
conditions used in the kinetics apparatus when N,N'-diphenyl-p-phenylene-
diamine was used as the inhibitor., It was thus established that 90-96
percent of the inhibitor was converted to the prodﬁot reviously isolated,

With this excellent yield, the course of the reaction must certainly be
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H H
(17) 2 Roy* 4 Arx@.mx ———>2 ROH ¢ m&@ﬂw

since the need of two ROz to abstraet the hydrogen is quite apparent, In
this way, the stoichiometric factor was assigned and the effieciency of
radical initation determined, which agreed with the results previously
obtained in the work on diphenylamine and with other workers in the labora-
tcry.ljé

It has commonly been asssumed that the rate determining step in the
‘reaction of peroxy radieals with inhiblitors is the abastraction of hydrogen
from the inhibitor, However, kinetic isotope studies did not bear this
out 420 0n the basis of the termolecular order of the reaction and the
lack of kinetic isotope effect, it was proposed that reversible complexing
first took place between a peroxy radical and the inhibitor followed by the
attack of the second peroxy radical.

Kq
(18) RO,* 4 In———wm/ROy*—Ip/

krnt
(19) R0, —Ip/ 4§ Roy® —>products.

If only a small part of the ROy redlcals are complexed, and the following
reaction ies very rapid, no isotope effect would be cbserved. Thﬁs dehydro-
genaticn can be the overall change despite the indication that abstraction
is not the first step,

Another assumption which has often been made is that a good inhibitor
must have a labile hydrogen, since it was assumed ease of hydrogen removal

was importsnt in the rate determining step, However, a case of a good
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inhibitor has recently been repurted135 which had no labile hydrogen and
other cases have been reported in which products were obtained in which one
peroxy radical abetracted hydrogen and the second gave substitution on the

benzene ring.lmb’l%’vg4

However, it might still be assumed that a com-
pound with two labile hydrogens would be expected to loge them quite easily
and thus form a dehydrogenated product exclusively, Such did not prove to
be the case upon the oxidation of p,p'~dihydroxyazobenszene, The expected
product, quinoneazine, was synthesized and its spectrum and the spectrum of
exidized p,p'-dihydroxyszobenzene were compared. In this case, only 50
percent of the starting material lost two hydrogens to form the quinone-
azine, The identity of the other product is not known. In all probability
a8 peroxy radical has been substituted at some position, In so doing, it
must deactivate the rest of the molecule with respect to further reaction
with peroxy radicels, This would be necessary or the stoichlometric factor
would not be two, as determined by the lifetime method, The inactivation
of the ring mey come from the peroxy substituent preventing further com-
plexing with peroxy radicals,

Kinetics demends that in the chaln termination of uninhibited air oxi-
dation of olefinas two peroxy radicals destroy themselves or react with
solvent and go to stable products (equetion 6é), With a tertiary R* this
reaction is hard to formulate, Since (CHB)ZQ-CN is a radical with a terti-
ary carbon it was felt that the study of the oxidation of the initiator
might prove to be rewsrding, Kinetic studies were made on the volume of

gas consumed during the oxidation of initiator in order to determine if the

following reactions were probable.
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(20) 2 CHq)CO,s ———>(CHo),C=00-C(CH,),, 4 O
3w 325 on 2RT 2

(1) 2 (933)2332’—-‘—-—9(633)20023 + GH2=g§GH + 0,
3

Since the efficiency of initiation is only 0,65 in chlorobenzene it would
be expected the total gas volume should expand from the Ny released by the
initiator if either reaction occurred, It was found that the oxygen uptake

420 A large

exceeds by a slight amount the rate of nitrogen evolution,
scale oxidation was cerried out, It was noted that a very much lower
peroxide content was cbtained than was theoretically to be expected if the
peroxides were steble, It was also noted that there was hydrogen cyanide
gas in the vapors over the reaction mixture, These same results were noted

in other runs in which inhibitors or other substrates were used, indicating

that the (633)2000H which one might assume to be formed at least to some
CN

extent was not stable, Perhaps the decomposition of the peroxide derived
from the initietor may have proceded along a path such as the following:
CH

CH

(22) CHy=0-8-0-k——>CHy-C-0* # X0-
CH CN

?

(CH3),6=0 4 ~CH———>HCN

An attempt was made to utilize sir oxidation for the preparation of
diphenylperoxide or phenylhydroperoxide, These represent a class of com-
pounds which have not yet been prepared. It would be desirable to obtain
them since they might have interesting properties. The diphenylperoxide
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might be similar to hydrazobengzene and give the benzidine rearrangement,
4Alsc 1t would probably be a good source of the phenoxy radiecel, producing
only one kind of radical in decomposition, and thus being of interest as &
chain initiator,

It was hoped that the following reaction would tske place in aromatio

solvent:
(23) PoON=N-f——@3C- § O ¢ ¥,
(24) @+ 4 0= f0,°

(25) §0,* ¢ vl $ R* ——>P0,4r + R'E
If R' = g0, this gives PO.H,

Results indicate that phenylperoxy compounds may have been produced,
However, if they were formed they decomposed at low temperature with forma-

tion of @0° which underwent coupling or aromatic substitution reactions,
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SUMMARY

l. The determination of the stoichiometry of the reasction of peroxy
radicals with inhibitors was attacked by an analysis of reaction products,
An attempt was made to obtain a quantitative materisl bslance and, from the
products isolated, establish the stoichlometry of reaction as well as the
efficiency of initiation by the initiator of the ressction, This wae
accomplished, An excellent yield of the oxidstion product of N,N'«diphenyl-
p~rhenylenediamine was obtained and through ultraviolet spectra it was
determined that N,N'-diphenyl-p-phenylenediimine was obtained in 90-96
percent yield, From this, the stoichiometry was assigned as two and the
efficiency of initiation was determined, Previous work leading to the
igolation of tetramethylsuccinonitrile from radicals which did not start
chains also was in asgreement in assigning the efficiency of chain initia-
tion, Other work with diphenylamine was without result.

2, 1t was shown that an inhibitor with labile hydrogen does not
always lose hydrogen as a principle course of reaction when attacked by
peroxy radicels. It was shown that p,p'-dihydroxyazobenzene gave the
quinoneazine in only 50 percent yield,

3. Studies of termination reactions of the uninhibited air oxidation
of olefins proved unlikely to be rewarding becsuse of the inatability of
the primary products.

4o An attempt was made to utilize air oxidation as a means of pre-

paring diphenylperoxide or phenylhydroperoxide, This proved unsuccesaful,
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PART II. REDUCTION OF NITRO COMPOUNDS
WITH TITANIUM III
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INTRODUCTION

Quantitative determination of certain organic compounds by reduction
of various rundtional groups with standard titanous chloride or sulfate
solutions has long been practiced. This method has been especially useful
in determining organic nitro compounds.

Titanous ion (titanium I1I) is able to lose only one electron to an
oxidizing agent, forming titanium IV in the process. It has been dis-
covered that certain oxidizing agents are able to react only if two elec-
trons at a time are obtained from the reducing agent, while other oxidising
agents are sble to react only if one electron is obtained from the reducing
agent, There are some oxidizing egents which can resct both ways at the
same time,

Most commonly used reducing agents for the nitro group, such as zino,
iron, tin, stannous chloride, or hydrogen sulfide, are oapable of reducing
the nitro group with two electrons at s time, Since the oxygen requires
two electrons to reach its normal reduced state, a nitroso compound, the
question arises whether two electrons are necessary before a reaction will
ocour, Since titanium III, which can lose only one electron per ion, is a
good reducing agent for nitro compounds, the manner in which the oxygen is
reduced becomes of interest, By observing the kinetlcs of the reaction
between titanium III and a nitro compound, the order of the reaction can be
obtained, If it is firast order in titanium III ion end nitro compound, it
is implied that oxygen of the nitro group will react by accepting one elec-
tron at a time in the slow step of the reaction, If the order is first in

nitro compound and second order in titanium III, then the oxygen of the
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nitro group will react only if two electrons are available in the slow step

of the reaction, It was the purpose of this work to find which occurred,
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HISTORICAL REVIEW

Use of titanous chloride and titanous sulfate sz analytical reagents
in the determination of organiec compounds containing funotional groups whieh
are subject to reduction has long been known and applied, A monograph3 on
the subject appeared as early as 1918, Titenous chloride reduction is
often applied in the determination of organic compounds containing aso,
hydrazo or nitro groups.9
It has been observed that certain oxidizing agents will react only if
two electrons are obtained from the reducing agent at the same time, others
will react only if one electron 1s obtained at a time, and still others

2,6,8

will react both ways at once, These conclusions were in opposition to

those of Hichaeliaa and wuisslz

who had proposed "the mrineciple of compul-
sory univalent oxidation" about the same time the previous observations

were made, Remick7 was able to extend a further explanation of the observed
facts and showed that the principle of compulsory univalent oxidatlion did
not hold true in all cases,

Most commonly used redusing agents for the nitro group are such sub-
stances as zinc, iron, tin, stannous chloride, or hydrogen sulfide, These
materials are capable of supplying two electrons at once to the oxygen of
the nitre group. On the other hand, titanium III can only give up one
electron per ion on reducing a nitro group, forming titanium IV in the
pmceaas; Since each oxygen of the nitro group requires two electrons, the
question arises as to whether or not the oxygen attacked will accept only

one electron in the slow step of the reaction with titanium III or if two

are necessary. After the first oxygen is removed, the resulting nitroso
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compound is reduced more rapidly than the nitro compound, so it will not
affect the kinetic order of the reactants., If iwo electrons are essential
before the oxygen will react in the slow step, then the reaction would be

second order in titanium III; if only one electron is needed, it should be
first order with respect to the reductant,

This work was commenced in the fall of 1950, in order to determine
whether a one electron trensfer ocourred or two eleotron tranafer was
essential in the slow step of the reduction of organic nitro compounds,
For ten years prior to this time, interest in titanous reactions had been
largely confined to analytical studies, However, since this time Johnson
and Winateinl have reported a kinetic study of the reduction of sodium
anthraguinone-2~sulfonate by titanous ion and Hinshelwood and oo—workera5

have published a paper on the reduction by titanous chloride of nitroben-

zene and its derivatives which bears directly on the work reported here,
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EXPERIMENT AL

Preparation of Equipment and Standard Solutions

A nitrogen purificetion train was constructed in order to maintain a
nitrogen atmosphere over the titanous sulfate solution. The nitrogen from
the tank was led through two bottles of alkaline pyrogallol to sbsorb any
oxygen which might conteminate the nitrogen. The gas was then washed with
concentrated sulfurle acid to remove weter vspor and then passed through
Drierite and sodium calcium hydrate in a drying tower, Appropriate traps
were used to prevent mixing or loss of the solutions in the train., After
passing through the drying tower, the nitrogen was led into the storage
bottle for the titanous sulfate solution and also into the top of an auto-
matic burette, so that the nitrogen stmosphere could be maintained while
the burette filled with titanous sﬁlfate solution from the storage bottle,
In order to maintain a constant nitrogen pressure on the system, the gas
was also led from the top of the drying tower into the bottom of a bottle
with a small amount of mercury in it, When the pressure became too high,
the nitrogen escaped by bubbling out through the meroury and a small posi-
tive pressure was maintained on the rest of the system, Arrangements were
also made so that it purified nitrogen to bubble through solutions whioch
were being titrated, thus exeluding the air,

»_solution by the method of Vogelld

Sixty ml. of commercial titanous sulfate solution (20 percent solution
obtained from La Motte Chem. Products Co., Baltimore, Md,) was placed in
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200 ml, of 1:3 sulfuric acild solution and boiled for two to three minutes,
After cooling, the solution was diluted to two liters with carbon dioxide
free water, The air in the storage bottle was displeced by nitrogen and
the sclution, which was approximately .0156 mole per liter, was then placed

in the tank,

. Ereparation of 0,1 N ceric sulfate solution’

To 28 ml. of concentrated sulfuric acid in 500 ml. of water was added
52,8 g. of ceric bisulfate (G. Fred. Smith, Columbus, Ohio). On solution,

the mixture was diluted to one liter,

Standardizetion of ceric sulfate sclution was accomplished by using
argsenious oxide as a primary standard with ferroin indicator,14 The iodine
monochloride catalyst was prepared according to the method of Swift and
Gregawy.lo The ceric sulfate solution was ,0775 N, Later a more dilute
solution was also prepared, which was ,0153 N, by taking a volume of the

above solution and diluting with four volumes of water,

Standardization of titanous sulfate solution was performed by adding
9 ml. of ferric chloride solution (aprroximately .577 M) to a flask which
was then flushed out with nitrogen, The titanous sulfate was added rapidly
and the ferroin indicator was added, The reduced iron (ferrous) was then
titrated with the standard ceric sulfate solution, the end point changing

sharply from a pink to a greenish-yellow color. The normality of the



titanous sulfate was ,0138 N,

A solution of g-nitrobenzoic acid (m.p. 147.5°, cbserved 145-147°) was
prepared by dissolving 3.3416 g. in two liters of water, The solution was
approximately ,01 M (or ,06 N) in reference to reduction by titanous sul-
fate,

A second solution was prepered which was ,0023 M (,0138 N) in g-nitro-
benzolie acid and ,025 M in sodium sulfate, This solution was prepared by
taking 38,33 ml, of the 01 M g-nitrobensoic acid solution prepared above,
adding 3.55 g, of sodium sulfate and diluting to one liter,

eration of the

Two round bottom, standard taper flasks of 200 ml, capacity were
joined by two tubes, One tube of 15 mm, size was sealed to the bottoms of
the flasks and was curved upwsrd between the flasks, having the form of an
inverted "U®, In this way a solution could be placed in elther or both
flasks without mixing, until the flask was tipped to pour it in. Just
below the joint another smaller tube was run between the two flasks, so the
air pregsure in each would be the same during mixing., Each flask wasa
stoppered with a stopper which had a stopcock on the end, so that air could
be evacuated or flushed out with nitrogen or carbon dioxide and then the
atmosphere could be excluded, Samples could be withdrawn from either flask
by syringe without contamination with oxygen., 4 capillary tube was sealed
in the flask near the top and led to the bottom of each flask, 4 short

piece of 6/16 inch tubing was sealed to the top of the capillary and was
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atoppered with small sample bottle caps. The syringe was pushed through
the rubber cap, filled, teken out and the ssmple adjusted to 10 ml. capaci-
ty. The sample was then delivered into ferric chloride solution to quench

the reaction and the analysis was begun.

Preliminary Kinetic Measurements

Run #1 (Anvestigats

Fifty ml. of ,0023 M (,0138 N) ge-nitrobenzoic acid and .025 M sodium
sulfate mixture were added to 50 ml, of ,0138 N titanous sulfate solution,
Both solutions were previously cooled to 20.9°,  After stirring well in
the volumetric flask, the mixture was again placed in the constant tempera-~
ture bath at 20,9°, Ten ml. samples were pipetted out at 10 minute inter-
vals and added to an excess of ferric chloride solution, The amount of
titanous ion still present was determined by titrating the ferrous iron
formed when the reaction mixture was added to the ferric chloeride, thus
guenching the titanous sulfate reduetion of g~-nitrobenzoic acid., The
ferrous chloride was titrated with 0775 N ceric sulfate using ferroin as
indicator. The color change was from pink to greenlish-yellow,

S8ince this run appeared to have an initial induction period and the
reaction was only about 30 percent complete in 80 minutes, it was decided
to try a higher temperature, On plotting the data, it appeared that the
reaction was nearer second order than any other, However, there was con-
giderable scatter in the points and the line curved off from that for a true

second order plot,



The same procedure was used as in Run #1 with the exception that the
water bath was maintained at 24,8° and the normslity of titanous sulfate
solution had now fallen to ,01208 N, During the latter part of the run
samples were taken every 20 minutes instead of every 10 minutes, It was
noted that the end point faded rapidly in the titrations with ceric sulfate
using ferroin as indiceator, the change being a rapid change from greenish-
yellow to yellow, Titration was to the first change noted,

On plotting the data as a second order plot a ocurve was obtained quite
gimilar to that of Run #1, with the exception that there appeared to have
been an extremely rapid reaction between the time of mixing and the first
sample, where previously an induction period was observed., Contamination

by air was considered probable with oxygen reacting with titanous ion.

The same procedure was used as before, except the normality of the
titanous sulfate was ,0051 N, Mixing of the solution toock one minute snd a

sample was taken after two minutes,

The same procedures were used, The normelity of the titanous sulfate
solution was ,01206 N, Upon plotting the data from Runs 3 to 6, the same
general results were cbtained, The reaction between time of mixing and the
taking of the first sample (usually 2 minutes from the beginning of the

reaction) was much faster than the reaetion which followed, The order
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approached that of a bimolecular reaction, However, scattering of points

on the curve was quite noticeable,

Runs #7-10 (investigation of the effects of oxvgen in the air)

The normality of titanous sulfate solution was the same as in Runs 4
to 6, However, the concentration of solution of g-nitrobensoic acid was
decreased to ,000767 M in the acid and ,00833 M in sodium sulfete. The
last two runs were commenced by putting dry ice in the reaction flasks so
that carbon dioxide was generated and air excluded, Upon plotting the data
of these runs, the same general results were observed as befcre, The dry
ice eliminated some of the initial fast reaction and the points on the
curves still scattered, It was decided to construct a new reaction flask
from which it would be possible to exsclude sir during the run, even while

extracting samples for titration, (See prepsration of reaction flask.)

Run #11 (No reaction occurred,)

4 solution (100 ml.) of ,0023 ¥ in g-nitrobenzoic acid and 025 M in
godium sulfate was placed in one side of the resetion flask and 100 ml, of
.0138 N titanous sulfate was placed in the‘other.. Evacuation was attempted
but the pressure equalizing tube between the flasks was not yet in place so
the solution in the second flask began to be pulled over into the first
flask, Evacuation was ceased and dry ice was dropped in each flask inatead.
After the carbon dioxide had swept the air out of the flasks the stopcocks
were closed, After mixing, the flask was placed in the 24,6° eonatant
temperature bath, Sampling occurred at intervals during the day, No reac-

tion to speak of occurred during the day. After six more days at roem
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temperature, no reaction had yet occurred, so the reaction mixture was
placed in a 55° constant temperature bath for two deys with the same re-
sults,

These results were disturbing, so an attempt was made to isolate the

products of the reaction of the same mixture as used above in the presence

of air. No definite results were obtained.

With the surprising results of Run #11, it was decided to inorease the
caneentration‘of reactants, to use the higher constant temperature bath
(55°) and to edd chloride ion to the mixture to see if this would catslyse
the reaction, since titanous chloride is normally used in analytical pro-
cedures and the chloride ion often entera into the mechanisms of reaction
when present,

In one side of the resction vessel wes placed 100 ml. of a solution
0059 ¥ (,0356 N) in gﬁnitrcbensbio acid and 064 M in scdium sulfate., In
the other side was placed 1,17 g. of sodium chloride and 100 ml, of ,0356 N
titanous sulfate. The flasks had been flushed out previously with carbon
dioxide generated from dry ice andsafter the solutions were added, more dry
ice was dropped in to maintein the carbon dioxide atmosphere, After the
carbon dioxide had been generated, the stopcocks were closed to execlude the
air and the reaction vessel was placed in the 55° constant temperature bath.
After the solutions hed reached 55°, they were mixed together end a 10 ml,
sample was removed and anslyszed for titanous ion., The reaction was quite

rapid, The purple color due to titanous ion was not discernible within the
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first hour, Another difficulty was now encountered in the end point in the
titrations to determine titanous ion, Where previous end points were
changes from a clear greenlsh-yellow to a clear yellow color, the end point
now appeared to be a dark yellow as if a brown or black or some opaque sub-
stance was also produced, For this resson, the end point was hard to read

and the titrations were in error.

Run #13 was conducted in the same way as Run #12, with the exception

that no sodium chloride was added. Agein the reaction was quite rapid with
the purple color of the titanous ion diseppearing in about 10 minutes., The
end point of the titration to determine titanous ion gave the same diffi-
culty as in Run #12,

Run #14 was conducted in the same way as Run #13 with the exception
that the temperature was maintained at 24.6° instead of 55°, The purple
color of the titanous ion disappeared after the first half-hour, After the
first titration of the first sample, difficulty was encountered in detect-

ing the end point as in the last two rums,

Run #15 was carried out with the same concentration of reactants and

the same temperature as Run #1/ except the 100 ml. of titanous sulfate had
decreased in concentration to ,0261 N, The first 10 ml, sample was taken

by syringe one minute after mixing and was added to 5 ml, of 577 M ferrie
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chloride, Following this, 10 ml, of concentrated orthophosphoric acid was
added, and then 2 drops of sodium diphenylamine sulfonate indicator was
dropped in., A very sharp end point wes obtained with this and all other
samples teaken during the run. The color change was frem colorless to
purple, A blank was run to determine the error due to the added indicator,

Run #16 was carried out in the same menner and under the same condi-
tiona as Run #15 and results were similar except that practice in the ti-
tration gave more accurate data,

Upon plotting the data from Runs #14, 15 and 16, it was noted that
there was a steady improvement in the accuracy of the data, in thet the
scattering of points became much less. The data for Run #16 gave almost a
smooth curve, Similar results were obtained as previously, The curves
indicated that the overall reaction was not truly second order., A first
order plot for titanous lon gave a slightly curved line, while with the

data from Run #16 a second order plot appeared to be possibly a straight

line,

In one side of the reasction flask was placed 100 ml. of a aolution
00078 M in g-nitrobenzoic acid and .0083 M in sodium sulfate., In the
other side was placed 100 ml., of ,0261 N titanous sulfate, the air in the
resction flask having been expelled by carbon dioxide from dry ice, After
the solutions had reached the temperature (24,6°) of the constant tempera-
ture bath, they were mixed and samples were teken at intervals for titra-
tion. If the g-nitrobenzoic scid were completely reduced, the normality of
the reaction mixture should be ,01075 N in titanous ion. After 114 hours
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the normelity was not less than ,01125 N, indicating that no side reaction
of any consequence was occwrring. The reaction was essentlally complete
within 6 hours,

Since the details of the way in which the experiments were run has
been presented previously, only a compilation of the essential data from
the various runs which followed the solving of experimental difficulties is
here presented, A gample of the data from one of the runs is included as
follows:

Beginning concentration of the reaction mixture for run #21,

Titanous sulfate 0178 N
Sulfuric acid . 696 N
g-Nitrobenzole acid 0356 N (,0059 M)
Sodium sulfate 032 M

Table 7

Data from run #21

N of titanous sulfate

m # L‘., DAY !
1l 1 min. 30 sec, 0115
2 6 » 20 ¢ 0089
3 15 » 20 ¢ 0046
4 20 ®» 05 W 0037
5 26 " .0025
6 32 % 50 .0019
7 37 " 0014
8 L " 10 n «0013
9 H " 55 n .0008

10 60 * 10 ™ .0005
11 70 * 0003
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Table 8 which follows gives the data concerning the initisl concentra-
tion of reactants in the mixture for each run, Constant ionic strength wasa
meintained below Run #27 with the exception of Rums #32 and 33, except for
changes due to change in concentration of titanous ion. Those runs marked
with an asterisk proved to be too fast for accurate measurement, the reac-
tion being 35 percent or more completed when the first sample was taken a

minute to a minute and one~half sfter mixing,

Table 8

Initial concentration of the reaction mixtures

N af titanw N of hydro~ N of gpnitro- | qf sodium

15 0131 1.54 0178 .032
16 0131 1.54 0178 032
7 0131 1.54 .0023 «004
18% .0178 696 <178 .032
19% 0178 696 .089 «032
20% 0178 696 «0445 «032
21 .0178 696 0356 032
22 .0232 «905 .0356 032
3% +0089 o348 »0356 032
24 0178 696 0356 .032
25 »0089 o348 0178 032
26 0154 603 0237 ——
28 0226 <905 +0356 032
29*% +0226 oh52 .0356 «258
30% - 0226 o226 «0356 371
32% #0178 o452 «0356 «159
33+ ,0178 218 +0356 27
3 .0089 905 0356 +032
35+ +0089 o452 .0356 «258
36% .0089 0226 0356 371
Repeat 32% .0178 o452 .0356 258

" 33w .0178 .226 0356 37
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Table & (cont,)

N of titan- N of hydro- N of g-nitro- M of sodium
Rup # ous don  genion  benzolo seid __ sulfate
37 .0189 .226 .0178 3N
38 .0189 905 0178 .032
39 .0189 o452 .0178 258
40 +0169 905 .0178 .032

The concentrastion of various reactants in the above table were

varied in a systematie¢ way in an endeavor to learn the kinetic order of the

various resctants,
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DISCUSSION

Upon the compilation of the data, efforts were made to interpret the
results so that the essentiality of a one or two electron transfer in the
slow step from titanous to nitro compound might be determined. Since many
of the reactions were quite rapid, it was decided to plot the concentra~
tions against time on very large graph paper and determine the initial
slopes., Results from this effort were very unsatisfactory until it was
realized that many resctions were over 35 percent completed by the time the
first sample was taken, The data from these runs were rejected and the
initial slopes of the remaining runs compared, However, they were not as
accurate as could be desired. It wes again determined to try some first
order plots of log titanous ion versus time,

If one has two reactsnts (one in large excess) and the rate of dis-

appearance is followed, then the rate equation

(1) 33 = x/ 0 7"/ 87" becones

(2) E%A = k'[pAb7m (since /B/™ is essentially constant),
Integrating, if n = 1 (first order in 4), one obtains

(3) =2.303 log 4 = k't $ constant,

If log A is plotted againat time and a straight line is cbtained, the re-
actant A is first order in the slow step of the reaction. If one ignores
the calculated starting concentration of titanous ion (which is always
higher than the line through the other points, thus indicating the titer of

titanous ion is reduced, probably by oxygen which is not completely flushed
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out of the flask), on plotting the data from four different runs good
straight lines were cbtained for each run, indicating that the order for
titanous ion was firat order. In other werds, that the slow step of the
reaction involves only one titsnous ion, thus establishing the faot that
the nitro group will accept only one electron at a time,

From the first order curves for titanous lon the following was ob-

tained,

Table 9

Slopes and first order constants for titsnous ion
obtained from first order curves

Run # _ 8lope First order constant (k')

22 - 0146 .0337
28 - ,0158 .0364
31 - ,0188 +0433
34 - 0218 0503

Similar first order plots could not be made for the g-nitrobenzole
acid since every series in which the concentration had been varied in the
rresence of such an excess of titanous ion that the titanous concentration
was esgentially constant the gpeed of the reaction had been such as to
meke the date obtained of no value.

However, upon establishing the fact that the reaction was first order
in titanous ion, it now became possible to check whether g-nitrobenzoic
ecid was also first order, If both reactants are near the same concentra-

tion, so that both vary during the reaction, the following equation applies:
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(4) t ={{q = 1) log % L § gf% -b) logb -x

where 2 and b are initial concentrations and x is the decrease in concentra-

tion after time t, If cne plots log % : x against t, then a straight line

will be obtained if the reaction is bimolecular, being first order in a end

b, The slope of the curve will be from which k can be caleulated,

kia = b

On plotting the data from 14 runs as suggested above, good straight lines
were cbtained with good fits to the points in every case except one, Thus
the postulate that g-nitrobenzoic acid is also first order in the reaction
is confirmed, The slope of each line was taken and the bimolecular constant
caloulated from

5) sl =.TL29:L k'—‘——Z-n%QL.—T.
(5) slops k(a - b) - slope (a - b

The data from theae caloulations are compiled in Table 10,

Another point of interest is the role which hydrogen ion plays in the
reaction, It is easlily observable that an increase in hydrogen ion concen-
tration slows down the rate of reastion, However, of a number of runs in
whieh hydrogen ion was varied only two were slow encugh so that the dats
wag good enough to compare. Since the rate of reaction decreases with
increase of hydrogen ion concentration, the rate must be inversely propor-
tional to some power of the hydrogen ion concentration, Since the bimolec-
ular rate constant, as previously determined, varies with hydrogen ion
concentration, it should be able teo be corrected to & true specific rate
conatant by dividing the bimolecular rate constant by the hydrogen ion con-

centration raised to the appropriate power. For the results, mee Table 11,
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Table 10

Bimolecular constants® and necessary
data for their caleulation

Run # Slope (a =) Bimole constant
15 - L0149 - 0047 3.29 x 10%
16 - 0194 - 0047 2.53 x 10%
2 - .0203 - 0178 6.38 x 10°
22 - .01206 - 0124 1.542 x 104
24 - .0183 - 0178 7.08 x 10°
25 - 0246 - .0089 1,052 x 10*
26 . - 01206 - .0083 2.31 x 10%
27 + .0052 } .0054 8.21 x 10
28 - 0110 - .0130 1.615 x 104
31 - .0150 - 0178 8.63 x 10°
34 - .02025 - 0267 4+27 x 10°
38 . 4.00L46 ¢ .0011 1.432 x 10°
39 $ .002125 4 0011 9.85 x 10°
40 - 00079 = .0009 3.24 x 10°

®In this case, the concentrations have been left in terms of normal-
ity so the bimolecular constant contains these dimensions,
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Table 11

Calculations pertaining to the order of hydrogen ion

Variation of the bimolecular constent

Run #38 Run_#39
. 1432 x10°  9.85 x 107
Y7 .905 K 452 N
Zﬁ% 1.583 x 10°  2.18 x 10°
AR .82 .206
1552 176 x 16° 478 x 10°
Table 12

with ionie strength

Run # Ani7 k ZH%/ A
28 .905 1.615 x 10* 1.97 x 104 1.6242
3 905 8,63 x 1 1.05 x 1 1.6217
34 .905 427 x 1036 5.2 x 1 1.5554,
38 905 1.432 x 1 1.75 x 102 1.6303
14-0 -905 3024 x 10 3095 x 10 106153
22 905 1.542 x 10% 1.87 x 10% 1.6326
27 905 8,21 x 104 1.00 x 10° 1.6326
21 696 6.38 x 103 1.317 x 104 1.3087
24 696 7.08 x 10> 1.46 x 104 1.3087
15 1.54 3.29 x 104 1.388 x 104 2,6203
16 1.54 2.53 x 104 1.068 x 104 2,6203
25 348 1.052 x 324 8,76 x 103 7693
26 603 2.31x1 6.36 x 104 1.1677
29 452 9,85 x 105 4483 x 108 1.7533
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The results shown in Teble 11 are disappointing, since no assignment
can be made as to the order for hydrogen ion,

An effort was also made to determine what effeot varying the ioniec
strength had on the ioaotion rate (see Table 12 sbove), but results were
not enlightening, The reaction constant k was divided by the square of the
hydrogen ion concentration (since Hinshelwood and co-workers”® found the
rate inversely proportional to hydrogen ion concentration) and the ionie
strength was ualcﬁlated for the mixture, Examination for any trends proved
unfruitful,
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SUMMARY

1. 4n lnvestigation was made concerning whether a nitro compound can
be reduced by a one electron step or whether it must have two eleotrons in
the rate determining step to be reduced, It has been shown in this investi-
gation that titanous ion, which can releese only one electron per ion
exhibits first order kinetics in the reduction of nitre compounds, There-
fore, a nitro compound may be reduced by a one eleotron transfer in the
rate determining step,

2. It has further been shown that the resction is bimolecular with
respect to titanous ion and nitro compound.

3. Although it is easily observed that the rate of the reaction de-
creages with increased hydrogen ion conoentration, the exact dependence of
the rate on hydrogen ion was not determined.

4o 4n unsuccessful attempt was made to discover the effect of changes

in ionic strength upon the rate of the reaction.
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