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I. INTRODUCTION

Antioxidants play a very important part in many chemical
industries in protecting petroleum products, rubber, foodstuffs,
resins, fats, oils, soaps, and a variety of chemicals from atmos-
pheric oxidation during their manufacture, storage, and use.
Phenolic compounds comprise one of the important groups of anti-
oxidants and within this group are the hindered phenols, many of
which are very efficient oxidation inhibitors. Hindered phetols
are monohydric phenols whose two ortho-positions are occupied by
tertiary butyl or larger groups thus hindering the phenolic proper-
ties of the compound. They are insoluble (132) in aqueous or
alcoholic alkali solutions and will not respond to most of the
conventional tests and reactions of phenols,

This study was concerned with this class of compounds and
especially with 2,6-di-tert-butyl-L-methylphenol or 2,6-di-tert-
butyl-p-cresol (hereafter designated DBPC) and its use as an anti-
oxidant in petroleum oils. It was hoped that by investigating the
mechanism of the oxidation, a further insight into the effect of the
substituent groups would be attained with the aim that such infor-
mation might lead to the synthesis of still more effective anti-
oxidants.,

Section II is & review of the literature covering general
information on hindered phenols, their preparation, detection,
gseparation, purification, properties, and uses. Many references

which explain or orfer theories of oxidation reactions are listed.
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Thou:h they do not always pertain directly to hindered phenol, they
may point the way towards a possible explanation of the mechanism
of the oxidation of these hindered phenols. The literature
covering the development of reactions and reaction conditions which
lead to the formation of trialkylated phenols has been reviewed
to 1937 by Dreyer, et al. (36).

The details of the investijation of the oxidation of DBPC
and the findings are given in Section III. Considerable auxiliary
work was done in connection with this study but was not included
here if it did not deal directly with the final procedures used.

Section IV is a discussion of the experimental data collected
and the limitations of the work. A brief summary of the entire
investigation is found in Section V.

Some suggestions and recommendations for further study are
presented in Section VI and perhaps the most valuable contribution
of this work is the aid it can give to continued work on this

studye.
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II. HEVIEN OF THE LITEHATURE
A., (Qenaral

An extensive literature swrvey was undertaken to collaect
information on hindered phenols in gensral and on DBPC in
particular., It was oftentimes difficult to declde Just what to
include and what not to include. The underlying philosophy has
been to include all lil&riture concerned with DHPC anc its use as
an antioxidant in petrolsum oils and also such literature as might
give information on very closely related phenols or might suggest
ideas for the separation, purification and identification of phenols
and their oxidation products, fer the meghanism of the oxidation
of the hindered phenols, mncd for further research. The information
on patents and lrom foreign language books amd periodicals was
obtained for the most part from Cheuical AbLstracts.

Zuidema (157) called the inwestigations of Moureu and
Dufraisse (87) in 1926 the "pioneer work" on antioxidants. Since
then & trimendous amount of @ffort has been put forth to try to
understaind the effectiveness of certain types of compounds amd to
find new &nd better oxidatlon inhibitors.

Occasionally the stability of certain natural pstrolsum
products wareé noted even though the reasons for their stability was
a mystery. For exasple, Razumov (95) noted that cracked gasolines
from Ekhabi crude oll exhibited exceptional astabllity. It was later

found to contain natural inhibitors responsible for this marked
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stability., MNenohydric phenols, in Ir_hich ortio- and para-cre#sol®s and
1,3,5-, 1,2,4-, and 1,4,2-xylenole were identified, were found among
these natural inhibitors. Larsen and co-workers (66) came to a like
conclusion after studying the oxidation characteristics of pure
hydrocarbons. They found that polynuclear aromatics were most
stable probably due to formation of inhibitors on oxidation and
decided that the stability of a lulricating oil wes not due to the
basic hydrocarbon but to the natural inhibi:ors it contained, (This
article gave some of the datails of the analytical work involved

in the study, i.#., methods of determining mcidity, saponifialble
material, carbonyl values, alcchols, peroxides, &tc.).

The lack of reactivity of hindered phenols led miany investi-
gators %o believe that these compounds were phenolic ethers rather
than free phenols., dtillson, Smwyer, aand Hunt (139) described the
preparation of some of these substances and presented cvidence
Yo indicate the presence of the hydroxyl group in one of them,
namely, OBFC, However, McNab, #ilson, and Winning (7L) claimed that
subatantially ths same set of conditions gave tert-butyl-2-tert=butyl-
L-methylphenyl ether. McKinley (73) on the other hand, upheld
dtillson's results by beiag unsuccessful in attempting to synthesize
the ether and then by & comparison of dersities, refractive indices,
and infrared spectra was able to prove that the compound was truly a
phenol smd not an ether. Kunc, st al., (54) gave additiomal physical
evidence that this substance wus & phanocl. The lack of reactivity

of the hydroxyl group is dum to the steric hinderance while the lack
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of ring activity may also ba due in part to tha insolubility of the
substance and to the fact that the thrse active positions of the
beénzene ring are substituted.

After Stillson, et al., (139) showed these polyalkylphenols to
be strongly hindered and to undergo the usual phenol reactions only
sluggishly, if at all, Whitaker (153) underteok to determime if this
decreased activity would be manifest in the catalytic hydrogenation
of these compounds and found that it was,

Some intereating work has bezn done involving the ultraviolet
absorption spesctra of phenola, Stendstrom and co-workers (107,108)
as early as 1925 demonstrated that the shift of the phenol spectra
induced by the addition of sodium hydroxide was due to the formation
of tha phenolate ion and from their data determined a dissoclation
constant for phenol, Lemon (67) reported the ultraviolet spectra
of 22 phenolic compounds &nd noted that in every case the addition
of alkali caused a shift of the absorption band towards the visible,
Coggenshall (25) was able to classify phenols as hindered (both
ortho-positions occupied by large groups, Siuch as, ths tart-butyl
grouf,, partially hindered (one ortho-position occupied by a large
group, the other by a small group or umsubstituted), and unhindersd
(tha ortho-positions sither umsubstituted or occupied by small
groups) as a result of the shift of the hydroxyl absorption band
attendznt orn the formation of the hydrogen-kond in solution. Ortho-
group@ of fer steric hinderance to hydrogen bondim:. Thia confirms

the postulated chemical behavior of hindered phenola. The same type
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of hinderance which influences hydrogen bonding is effective in
hindering intermolecular association effects which influence the
ultraviolet absorption spectra of the phenols. The hindered phenols
show very little spectral change between sxamination in paraffin

and in polar solvents such as ethyl alcohol while large changes are
found in the case of partially hindered and unhindered phenola.

The differences havie been interprated as due to the different degrees
of proximity possible between the hydroxyl group of the phenol and
the polar groups of the solvent. In view of these facts Coggeshall
and Glessner (26) made a study of the ultraviolet spectra of substi-
tuted phenols in alcoholic solutioms containing sodium hydroxide.
They first verified previous work that the spectral ahift was due

to the formation of the phenolate ion. They then found that
unhindered phenols gave evidance of complets jonization in Q.1

molar sodium hydrcxide. Partislly hindered phenols were only
partially lonized at this concentiration btut completely ionized at
CeS5 molar sodium }lx_‘;fdroz:_l.de. The hindered phenols were not completely
ionized even in 5.0 molar solution, This led to the conclusion

that the process of ioniwation was the remult of direct collision

or of a small distance of approach between the phenolic hydroxyl
group aad other moleculas or ions. Tharefore, shielding of the
hydroxyl group such &s that offered by large ,roups in the ortho-
positions was effective in reducing tha ionmization. Thus, a method
for determining the acidity of various phenols was devalopsd amnd
important information pertinent to tiw comsigeration of tha

ionization process provided.
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Murray (89) made use of the uliraviolet spectra to determine
the total phenol content of gadelines with an ultraviolet spectro-
photometer by working with the 290 milliiicron band and an empirical
extinction coefficient of ZLe

ik number of references are of interest at this point which tend
to show the development of the use of phenolic compounds, efipecially
the hindered phenols, as oxidation inhiliitors in oils and petroleum
products, Haslam and Fr¥8lich (50) in 1927 in one of the earlier
articles on the oxidation of mineral oils discusses the mechaniam
of the reaction and the use of negative catalysts without mentioning
the hindered phenol type., However, their conclusions may very well
apply to this type., They stated that the antioxidant added may bes
(1) oxidized and thus lose its protective power, (2) evaporated
directly without being subject to oxidation, (3) subject to both (1)
and (2), or (L) lessened in activity as a result of reactions caused
by heat, i.e., intramolecular condensalion or polymerization in the
catalyst itself or between the oil and the catalyst. Also a
possibility is the fact that a positive catalyst may be formed in
the system., Morris and Riemenschnaider (86) show the wide variety
of types of sublstances that exist in the siudy of the antioxidant
properties of a number of phenclic and other compounds, Thay liat
the order of activity of different typeas of compounds. In 19L1,
Fenske, et al., (L1) discussed the oxidation of lubricating oils
and the [actors influencing the oxidation with mo more than just

mentioning antioxidants. However, about the same time, Olcott (92)
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reported that any acidic inhibitor will promote the action of any
phariolic inhibitor and that combinitions of the two are often
advantageous. A patent to Stevens and Gruse in 1940 (117) was one
of the first to relate to the use of 2,L,6-trislkylated phenols
where at least one of the ortho-substituents contain three or

more carbon atoms to inhibit oxidational deterioration of materials
such as motor fuels. Kluge and Knowles (59) describe the preparation
of 2,6-di-tertebutyl-li-chlorophinol which when present in an A.5.T.M.
turbine oil oxidation test required 1120 hours Lo reach a neutral-
ization number of two compared to 75 hours for the untreated oil,
Kroger (63) studied a large numbsr of antioxidants including
aromatic hydroxy compounds in lubricating oil and tried to draw some
conclusions of effectivenesa versus .molec;iar makeup and structure,
He found no correlation betwesn the effectiveness of a compound

and its molecular size, boilimg point, molecular rafraction, di-
electric constant, dipole moment, or parachor. A study was made

by Hosermald, Hoatson, and Chenicek (99) in 1950 of a number of
methyl- and butyl-substituted phenols as gasoline stabilizers

and the effects on stabilizing potency of the number of substituents
and their sise, configuration, and poaition. The potency of the
phenol as a stabilizer increased with increased number of sub-
miituents but the sige of the suvstituent had little effect. rtho-
substitution was most effective and tae tertiarty butyl group gave
the best results. According to their study 2,L4-di-methyl-b6-tert-
butylphenol was the beat stabllizer teatad. Their paper guve physical

properties and methods of preparation with literature references for
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about 35 subatituted phenolsa. Kitchen, Albert, and Smith (58)
investigated a number of di- and trimlkyl-substituted phenols as
antioxidants for synthetic rubber. They concluded that the 2,4~
dialkylphenols and the 2,l4,6-trialkylpheanols which have the methyl
group in the para-position are more effective than similiar and
isomeric compounds with larger para or mota substituents.

Ihase investijations have shown that the class of compounds
known as hindered phenols are truly phenols and not ethers, that
they are effective and important antioxidants, and that perhaps,
with increased knowledge of the effect of substituents, better

antioxidants can L& produced.
B. Preparation of {indered- Phenols

The preparation of hindered phenols has been studied by a
number of investigators mamd several differant methods have been
developad for their production. Many of thesa methoids have evolved
from schemes originally devised to produce mono- and dialkylated
phenole. Ipatie{f, Pines, and Friedman (53) reported the pre-
paration of some alkylated phongls in 193t by reacting phenol with
iscbutene and diisobutene with amd without scission of the C-C
linkage. A friedsl-Crafis typs of reaction waas reporied by Olin
(93) for tha alkylation of phenol, dihydroxy phenols such as
resorcincl, cresol, naphthol, stc.. Catalysts such ms aluminum
chloride, iron, aluminum, or zinc were and were not used. Details
were given for the reaction of secondary and tertimry alkyl halides

with phemnol in Lie presence of iron rust, Mavity (81) describes
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the alkylation of phenolic compounds by a4 modified Friedel-Crafts!
catalyst. The method of preparing the catalyst and detalls for
the preparation of amylphenol were given.

Various alcohols have been used with phenols io form alkylated
products. The information on this method of producing substituted
shenols was meager but it is highly probable that only the mono-
derivatives were produced. Beamer (9) prepared a tert-butylphenol
by reacting tert—butyl alcohol with phenol in tha presence of concen-—
trated sulfuric acid and belew 15° C. Dow Chemical Company (34)
reported a mimilar rmesaction and removed thét water as rapidly a&s it
was formed by vaporization. Suitable stable dehydration and
conden#ztion cutalysts were listed and inmcluded the acid=activated
blpachini; earths "Retrol" and "Tonsil®, c.oncent.ratud sulfuric acid,
ferric chloride, zinc chloride, and sulfonic &cids. Another
reaction of this type wius described by Read (96).

The early study of the preparation of certain dialkyl phenols
was due &8 much to their use as germicides amd antiseptics as to
their use as antioxidants., 4 patent was issued to Moyle and Van
Duzes in 1940 (88) for a method of miking dislkylphenols such as
2,ethyl-5-gec-amylphenol and Z-tert—-butyl-S-propylphenocl for use
as gormicidal compounds. Carpenter (19) described the preparation
of substituted phenols, such as 2-msthyl-3-isopropylphienol, which
wares used as antiseptics and antioxidants for soaps,

48 was mentioned above, Warious methods have been reported tor

introducing alkyl groups con to the nucleus of phenol., The hindered
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phenol, 2-6=fi-tert-butylphenol, was produced by Stillson and
Sawyer (138) by the treatment of a p-halophenol with isobutylene
in the presence of a catalyst and the removal of the halogen from
the reaction product with an alkali metal in anhydrous ammonia.
They mentioned the use of the product as an antioxicant in lubri-
cating oils. Stevens and KcKinley (124) produced dialkylphenols by
alkylating a mixture of meta- and para-cresols with a tertiary
olefin such as isobutylene. The preparation of 3-methyl-l-tert-
butylphenol, used as an antioxidant for petroleum products and in
the synthesis of thymol, was accomplisned by Stevens and Bowman
(114) from meta-cresol and isobutylene.

Some of the early antioxidant mixtures were produced and used
effectively without knowing exactly what the specific compounds ware
which were responsible for the inhibition of oxidation. dtevens
and Gruse (115) in 1937 prepared a mixture which served as an
antioxidant by treatimg m cracked petroleun distillate with a
mixture of a phenol such as cresylic acid and sulfuric acid and
separating the product. They did not report the identity of this
product and it is presumed it was not known. These two investi-
gators (116) in 19LO cited the preparation of a reaction product
of a phenol and the hydrocarbon constituents normally found in
cracked zasolines which inhibited the oxidation and gum formation
in gasolines on exposure to air and light. Dryer (35) produced an
iddition product for gasolines by effecting the reaction of a phanol

such #s a lignite-tar fraction with an olefin such as isobutylene
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in the presences of sulfuric acid contxining a small amount of boric
acid &t 120° F. In these three instances, the nature of the final
product could hardly be stipulated exactly since the reaction
mixture was probably guite complex, However, it is plausible to
aszume that alkylated phenols were formed and were the oxidation
inhibitors.

Twur'ning now to the davelopment of methods which produced the
trialkylsted phenols, the one which involved the use of sulfuric
acid aa the catalyst and an alkylating agent such as isobutylans
sgams Lo have received the most widespread attention. The mono-
alkylphenols were first produced (46) but work was soon progressing
on the production of trialkyl derivatives. Some of the various

modifications of this scheme follow. The basic reaction is of tha

type:s
OH OH
C(CH,)
+ CH3C = CH, L%, 33+CH39=CH
1
CH CH
CH3 3 CH3 3
p-cresol isobutylene
(CHa) =C OH
C
373 C(CHy)
102 s
CH3

2,6=-di-tert-butyl-p-cresol
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Stevens and Gruse (121) in 19L1 received a patent for this same
reaction. Later, Stevens, with Hickels (129) and again, with
Gruse (122) reported further medificationm. Feinrich (151)
described the development of suitable conditlens of tumperaturs,
pressure, amd catalyst concentration to obtain good ylelds of
trislkylated phenols, including WiPC, by using a commercial mets-
and para-cresol cut of coal tar acids and continuously separating
the dibutylcrescls by distillation. With Loew, Feinrich (152)
cited an arrangement of a paratus and a process for bringing
phenol, in the presence of sulf uric acid or ethyl suliute, into
contict with a tertiary olefin and removing tha acids and acid-
forming compounds by washing with a dilute alkali above 45 “ C
and under superatmospheric pressurss telow 125 pounds per square
inch gauge. Stillson, Sawyer, amd Hunt (139) have an #xcellant
papar on the details of the preparation of DBPC and other tri-
alkylated phenols including data on yields. Various other tri-
substituted phenols have been produced (119,120,136,137) from uhis
basic roaction.

Starting with a monohydroxy-phenolic compound such as para-
hydroxybiphanyl and heating it in & mixture of 1sobutylena and a
sclution of &an alkali metal sulfate or ammonium sulfate in
sulfuric acid, Stevens and Nickels (128) produced alkylated phenolic
compounds such as DBPC. Patentsa to Kluge and Knowles (59) who
descriied the alkylation of p-chlorophenol to form 2,6-di-tert-
butyl=b-chlorcphenol and to Htevens and Gruse (118) who obtained

dialkylcyclohexylphenols by condensaticn of & dialkylphernol with

ﬁ@{@é&ﬂ&iwﬁﬁmwcs LIBRARY
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a carbocyclic compound further imdicates the wide range of types of
compounds used to prepare antioxidants,

One other catalymt which hns been successfully used recently
in the alkylation of phwnols with agents such as isouvutylene is
tetraphosphoric acid. arvin and Hunn (5) in 1947 used it to make
a mono=-alkylphenol and 5tillson (133) has given the details for
producing [BPC from p-crescl and isobutylene employing tetra-
phosphoric acid.

S8ince the experimental part of this thesis is concerned with
the cxidation of DEPC, its preparation will be given in some detail.
Para-cruesol is alkylated with isobutylene. The reaction is
carried out ut almospheric pressure or slightly above and at 60-
70" C. by vaporizing the isobutylene into.a rapldly stlrred
solution of 5% Ly weight of concentrated sulfuric acid dissolved
in the cresol (m.p. 36° C)s The time of intwroducing the iso-
butylene can vary f{rom meversl hours to a few minutes depending
on the heat transfer surtuce available to remove Lhe heat of
reaction, Polymers of di- and tri-isobutylens form a side reaction,
the amount formed depends on the time of the resaction. bLkxcessive
time may yield 10-204% polymer by welght while a reaction time of 10
mimutes may give only 2-3% polymer and up to 90% product in the
alkylate, Catalysi concentration can vary within narrow limite to
get efficlent alkylation. Less than 3% by weight lowers the degree
of alkylaticn while greater than 5 tenda to produce excessive side

reactions aad l¢imE hijgh bolling point residues.
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The products wre separated by distillation. Extreme care must
be taken to remove all acidic materials from the distillavion
churge whenever one or both of the ortho-positions are occupied by
mtyl groups or larger to prevent dealkylation and loss of the
ortiso subetituents, Uibutyl cresol isomere can be separated by
distillation as they boil approximstely 20° C apart. All
impurities can be eliminated in the finzl product by a sharp
prefractionation of the cresol charge used as a starting material
t¢o make sure the para-cresol is notl contaminated vy any of the

mweta isowmer,

C. Propertisas of the Hindered Phenols

The physical properties of the hindered phenols are quite
similar Lo those of ordinary phenol® when compared on the basis
of equal molecular weights., UBPC is a white crystalline solid
inscluble in water, It is soluble in petroleum ether and wost
organic solvents as are the orddinnry phenols. Pure DBPC freeses
at 70° C, boils at 265" v unuer (%U mm or mercury pressure and hams
a specific gravity of l.0L8 (20°/4°). The commercisl product
has & flash point of 127° G. 4 Koppers Company, Inc., bulletin
(60) summarizes other properties of DIPC and Purdee and Weinrich
(94) have published pertinent physical data including methods for
caleuluting such properties as thermal conductivity, heat of
vaporisation, specific heat, and heats of resction for 60 alkylated

phenols.
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The chemical properties of the hindered phenols can best he
studied by comparison with some of the typical chemical reactions
of ordinary phenols, It has b#en mentioned that thesa substitutea
phenols are a class of compounds whose phenolic properties are
hindered sterically by the presence of tertiary butyl or larger
hydrocarbon groups in the two ortho positions. Comnsequently, their
properties preseént & muarked contrmst to those of simple phenols
such as phenol and the crescls. Table I presents such a comparison.
In some instances reactiona of DEPC are iven &g representative
of its clasms of compounds.

It must Le kept in mind that the properties of tha phenols
change in a more or less orderly mainer as the ordinary phenols,
the partially hinderad phenols, and the cumpletely hindered phenols

are considered in that sequence. For exauple,

0 H

CH3 CH3 C(CH3)3 CH3 (CH3)3cC (CH3)3
clCH3)3 cH; CHy
I II III

I is scluble in 107 MaOH while isomers II and III are not. I and
II can be dissolved in Claisen solution while IlI cannot axcept that
Lf the Claisen solution is prepared with absolute methanol III will

dissolve® to the extent of six grams per liter. If 90 parts methanol



Table I. Chemical Heactions of Hindered Phenols Compared to Other Phenols

Reaction

Ordinary Phenols

Hindered Phenols

Conditions to Achieve
Reaction

1. Sclubility in
aqueous alkali
solution

2. Solubility in
alkali in absoclute
methanol

3. Reactions with
alkali metals

L. With CHyMgI

fieadily soluble

Readily soluble

React readily with
sodium in absolute
ether

Liberation of one
equivalent of
for each active
hydrogen atom in
phenol molecule

Not soluble

é g/1 for LBPC

lmtallic sodium has
no effect on an-—
hydrous petroleum
ether or diethyl
ether solutions of
hindered phenols
aven at reflux
Ltagperatures,

L%

Sazme., (This was one
of the steps in the
proof of structure;
that hindered phenols
were true phenols and
not ethers.)

Ligquid ammonia solutions
take up one equivalent of
sodium accompanied by pre=
cipitation of the salt.
Original coampound can be
recovered by hydrolysis.
ixture of Na-K salts can
be prepared by shaking an
anhydrous diethyl ether
soluticn of hindered phenol
with Na-K alloy, a liquid
at ordinary temperatures

(139).

- r[—



Reaction

Ordinary Phenols

Hindered Phenols

Conditions to Achieve
Heaction

S. ¥ith alcoholic
ferrlc chloride
solution

6. Condensation with
aldehydes

7. Condensation
with ethylens
oxide

. With acetylene

9. LEsterification

Usually an intense
color with
practically all
hydroxy—-compounds

Headily forms
variety of
condensation
products including
varnishes, lacquers,
and synthetic resins
(Bakelite, etc.)

Forms phenoxy-ethanols

and polyethylene
glycols

Readily forms vinyl
ethera

Esters prepared
directly by action
of phenol and acid

anhydride or acyl
chlorides

Ko ccloration

No reaction

No reaction

Ko reaction

Cannot be prepared
by regular methods
due to insolubility
in aqueous and
alcoholic alkali
solutions.

Anhydrous petroleum ether
suspension of the scdium
salt formed in liquid
ammonia refluxed with
benzoyl chloride gives a
crystalline solid. Also,
treating the Na-K salt
mixture mentioned in item
(3) above with benzoyl
chloride yields a Lenzoate
identical with that obtained
from the scdium salt formed
in liquid ammonia. (139).

b



Heaction Ordinary Phenols Hindered Phenols Conditions to Achieve
Reaction
10, MNitration Nitrates easily to Forms mono-nitro
from mono-, di-, derivative in
and tri-nitro acetic acid but
derivatives tsmperature must de
depending on the kept low to prevent
phenol. iealkylation and
oxidatione
11. Hydrogenation Will hydrogenate Complete hydrogen— #ill go to a substituted
to corresponding ation to corres- cyclohexanone at temperatures
cyclohexancl ponding cyclo- of 200-250° C and pressures
relatively easlily. hexanol does not of the order of 2500 lbs
' appear feasible, per square inch using a
Raney nickel catalyst
(603153,15,4) o
12. Physiological Phencl is a violent Complete absence of

polson, has a strong
caustic action on the
skin causing the
formation of blisters,
and is easily absorbed
through the skin and
mucous membranes,

list phenols are
antiseptic.

burning action en the
skin. Ereathing vapors
is somewhat disagree-
able but has never
resulted in ill effects
even in exposures of
over a periocd of years.

Sulfuryl chloride procuces the monochloro-derivative of UBPC, the chlorice ion replacing one of the
remaining hydrogen atoms on the benzene ring,.

1-,5"{--
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and 10 pmrts of water are used the ugluuilily‘drops to 2.7 prams
per liter (132). FPhenolas with isopropyl groups in the 2,6 positions
are insoluble in dilute NaOH but scluble in Claisen solution.

It is difficult to say definitely whether the szolubility
characteristics are due to the presence of higher alkyl groups which
decreasa tha solubility in aqueous alkali solutlons genarally or to
the partial retardation of the phenolic properties by steric effectsj
both factors may be responsible. Certainly in the isomeric coupounds
I and II tha degree of alkali insclubility appears to be grsatly
influenced by the position of the tertiary butyl group relative to
the hydroxyl zroupe

Tertiary anyl szroups in the two ortho-posmitions render the
hindered phenol immune to the action of alcoholic or agueous alkali,
sodium in liquid amaonia, or to sodium-potassium alloy suspended in
anhydrous ether (139).

One other reaction of nindersd phenols hms recelveid considerable
ittention. Under the influence of alkylation type catalysis such as
aluminium chloride, tetraphosphoric ascid, sulfuric acid, and alkyl
esters of sulfuric acid, alkylated phanols can Le dealkylatad to
produce olefins, phenols, and various byproducts (3,31,85,124,125,
126,1:7,124,135), This property is made use of to separate mixtures
having cloasely related boiling points by first alkylatiing, then
fractionating the alkylated preoducts, and finally dealkylating to
recover the original substances (2,113,123). Smith (104) studied the

transfer of some tertiary alkyl radicals from a subttituted phenol
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to a hydrocarbon by refluxing p-tert-butylphenol with Lenzene in
the presence of aluminum chloride and recovering tert-butylbenzene
and phenol.

Preliminary dats incicate that DBPC has a low order of toxicity.
Its use in foodstuffs and related materials has not been ayproved by
the United Staves Department of Agriculture unless such approval
has been recently granted.

These properties characterize this class of comgpounds called
hindered phenols and show how steric hinderance effects the resctions

characteristic of the hydroxyl grcup of phenols,

D. Detection, Separation, Purification, -and Identification

A literature survey on a topic as broad ws this must of
necessity be incomplete. Most of the knowledga required to set up
a scheme to analyze the products of & chemical reaction can be
obtained from standard reference and text books in the field of
qualitative and quantitative analysis. No attemplt has been made to
include thia type of infurmation here but rather to locate and record
specialized processes and techiiinues which have been developed and
which may b+ nmodified amnd adapted to wse on the analysis of the
producte of the oxidation of a hindered phenol.

Some unreacted pherncl will probably be present at the end of
any oxidation experiment therefor. some temts fer them are listed,
Also, since in further work along Lhis line, the hindersd phenol
will actually be oxidized in an oil, schemes will have to be

devised to meparate oxidation products from hydrocarton mixtures.
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Hence, any information which may be _of assistance in thiz operation
is recorded,

It has been noted in the discussion of the properties of tha
indered phenol that they do not undergo many of the normal phenclic
reactions. Therefore, many of the tests listed in stendard reference

and text books for phenols cannot be used with this class of compounds.
Ho reviow could be found which discussed the limitations of standard
phénel tesls as [ar as hindered phenols were concerngd., However,
two color tests have been developed which are sensitive to the
presance of alkyl substituted phenols. Stillsen, et al. (139)
reported a spot test which detected as little as one part of 2,4,6-
tri-tert-butyl-phenol in 8,500 parts of alcoholic solution. A few
crystals or ona drop of the mample are placed in a "spot" plate mnd
dissolved in m few drops of 9%k ethyl alcohol. & drop of 2% phos-
phomolytdic acid solution is mdded, followad Ly two drops of
concentrated ammonium hydroxide molution. & deep blue color
developed if any phsnol or a hinderad phenel is present.

Alkyl substituted phenols used as antioxidants in lubricating
oils are detected by means of a second phosphomolybdic acid method
reported by Snyder and Clark (105). The procedure is a combination
of extraction and color development. Two to five gramm of the oll
is treated in a separatory funiiel with four milliliters of phespho-
molybdic mcid reagent (1.2 gramm in 100 milliliters of ammonium
hydroxide), then eiyht milliliters of a mixture of 2% milliliters of
concentratad ammonium hydroxice, >0 milliliters of ethylene glycol,

and 50 milliliters of n~amyl alcohol, are added. Aftar vigorous:
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shaking, the layers are allowed to separate (two milliliters of
saturated potassium chloride helps here). A portion of the lower
layer is poured into & one centimeter absorption cell and the
absorption at 700 millimicrons measured after exactly 10 mimutes.
The blank color is obtained from a similar non-treated base oil.
Different base oils zive different blank colors and different
phenols vary in color sensitivity. Therefore, for accurate results
it is necessary to operate wlth a ccmparable base stock mnd know the
identity of the phencl being sought.

Ware (1L45,1.6,147,148) has published considerable data on
detection of phenols and perhaps some of the tests given could be
developed for use with hindered phenols. Eeliable and muick methods
for analyzing the various distillates recovered in the fractional
distillations involved in the production of the tert-butyl derivatives
of cresols huve veen developed by Stevens amd Nickels (130). Freezing
points and cloud points of various binary mixturea (some of wnich
include DEPC) are described. Friedel and Pierce (L2) carried out a
qualitative and quantitative analysis on a carbon disulfide solution
of som# mlkyl phenols and henol by m#ans of infrared spectrometry.
Deviations from Beer's law was found to b& practically zero. Again
there are possibilities that these melhods may Le modified to apply
to the analysis of mixtures containing hindered phenols.

Hydro ;en peroxide sclutions have been used in soms Lnsitinces as
a reagent for phenols (52,1L47).

Assuming that when a hindered phenol acte as an antioxidant in
inhibiting the decompozition of a turbine oll or other lubricating

oil, the phenol itself is oxidized, then, in the i{inal analysis,
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the oil will contain various oxidation products plus some of Lhe
unoxidized phenol. To study the mechanism of the oxidation of the
hindered phenol it will be necessary to isolute and identify the
various oxidation products. One of the most promising methods

for recovering the unreacted antioxidant and oxidation products
from petroleum oils and then for separating oxidation products
involves the use of chromatographic techniques.

%illiams (156) has written an excellent book on the intro-
duction to chromatography., Background material can be gotten from
other sources (20,37,45,51,68,69). Mair and co-workers (76,78,79)
have done considerable work on the determination of the amount of
aromatic hydrocarbons in gasoline, They percolated the mixture
through a silica gel column and tollowed the change in the nature of
the percolate ®y measuring the refractive index of successive samples
leaving the bottom of the column. By a modification of the above
they determined the aromatic and mono-olefin hydrocarbons and extended
the technique to higher boiling hydrocartons such as kerosene. Conrad
(27) developed a rapid chromatographic method for determining
aromatics in hydrocarbon mixtures in the gasoline-kerosene range
by usinag a combination of silica jgel separation and ultraviolet-
stimu'ated fluorescence. The ratio of the length of the flourescent
band to the length of the entire sample determined the aromatic
cortent. Dineen, et ml. (33) used the silica gel teckmique to
examine the naphtha derived from shale cill.

A paper by Mair (77) summarized the work done over a 15 year

period on the use of adsorptisen as & precess for separating and
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analyzing hydrocarbons. He enumerated the applications of adeorption
technique as follows:

1. separation of aromitics from paraffins and cyclo-

paraffins.

2. separation of mononuclear from polynuclear

aromatics.

3. separation of olefins from paralfins, cycloparaffins,

and arcmatics.

. separation of paraffins from cycloparaffins.

5 @eparatlion of individual nembers in parafiln,
‘cycloparalfin, and alkylbenzene classes from
esuch other,
6., separation of polar non~hydrocarbons such as
oxygen, sulfur, and nitrogen compounds from
hydrocartons.
Adsorption procedures can le &pplied to lew molecular weight
fractions of petroleum like gasoline and to high molecular weight
fractions such as oils and lubricants, Mair's summary includes
discuzeion of apparstus and materials, and examples of the
application of the process,.

Lipkin and co-workers (70) modified the procedurs of Mair
and Forziati (78) to make it applicable to higher boiling point
petroleun fractions. Mills (83) used an adsorption column the top
half of which was silica gel =and the lower half clay to rapidly
determine the amount of aromatics in cil. The o¢ll was ‘issolved

in n-pentane.



Willjams (155) used activated alumina and petroleua spirits
(bep. range L0O-60" C) to separate the oxidation products from a
medium turbine oil that suddenly deposited a mludge after nine years
of uss, No individual oxidation products were identified. "The use
of chromatographic colurms two inches in diameter and six fewt long
filled with various adsorbents such as activated silica to examine
used lubricating oils from internal combustion engines was reportad
by Lahiri and Mardles (65)e

The litermture containg & nu.er of references to the removal
of phenols from hydrocarion products. Stainer (106) extracted
phanol and "other acids" from tar oils and othe&r hydrocsruon oils
with an organic base inmmoluble in the oil., Roos and Schwamberger
(98) dephenolized liguicd hydrocarbons by treating them with mnother
liquid hydrocarbon such a# crude benzene amd an aqueeus solution of
a salt such as pyridine suwifate. The galt is readily soluble in
phesncls but insoludle in the hydrocarbon. Therefore, on separating
the layers, phenols will be in the water layer.

Aquecus mmmonia whose density had been inereased by addition
of some salts lika litidum nitrate, calcium nitrate, or sodium
chloride was used by ¥err and fellow workers (57) to smtract phenols
from oila, tars, etc.. The two layers were sspara.ed, the ammonia
removed, and the phenols recovered. Still (131) used as solvants,
amoonium salts and ammonis addition compounds which are liguid at
ordinary room temperaturss, Lo extract phenols from hydrocarbomn olls.

Farbenind (3¢) performed the smse task Ly means of an aqueous alcoholic
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(70% methyl alcohol) solution. The extracts were treated with
suitable organic liquids, An almost pure phenol was separated Ly
distillation, MNewton (91) reported & method for completely removing
phenols from cracked gasolines so as to prevent their acting as
natural oxidation inhititors hence influencing the induction period
of the gasoline in control testa. They were made into azo-dyes and
separated into an agueous layer.

Kozacik and Sachanen (61) outlined a procedure for separating
oxygen—~containing materials, such as water-soluble organlc acids or
salts, oil=acluble organic acids and salts, and unsaponifiable
orpanic oxygen-containing ccmpounds frem oxidized petroleum fract-
ions. The oxidized petroleum fraction wae treated with about two
volimss of 10{ sodium hydroxide solution for 3% hours at approxi-
mately 100° C. The reaction mixture separated into an aqueous layer
&nd an olly layer. After separating, the agueous layer was acidified
with 18% hydrochloric acid and the organic acids liberateds The
water-insoluble acids were sepirated as a layer and dried by binary
distillation with benzene. The water-soluble acid layer was
neutralized, evaporated to dryness, and the residue extracted with a
hot 90& ethyl- 10% methyl alcohol solution. The sodium sdl te of the
water-soluble organic acids ware then obtained from the sxtract. The
oily layer containing unsaponifiable oxygen compounds and unoxidiged
hydrocarbons was extracted with acetonitrile (or liquid sulfur dioxide
or phenol) to separate the acetonitrile-soluble axygen compoupnds from

the hydrocarbons. The acetonitrile was remeved by distillation.
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The ylelds of the varlous {ractions were given. No individual
substances from the vurious fractions were identified,

During the period 1947 to 1951 some patents were issued for
the purification of alkylphenols, The methods developed involve
either special distillation techniques (6,17) or recrystallization
procedures (30,100,1L3). Purities to $9 mole-percent were claimed
by Davidson's recrystallization scheme (30). Also, during this
period Nametkin and co=workers (90) published data on the identi-
fication of 154 phenols in the form of amides and anilidea of
phenoxyacetic aclds.

This secilon could be expanded considerably if many standard
techniques familiar to the analytical chemist for analyzing the
type of mixtures enccuntered in this problem were included. However,
these methods are generally known or readily available and so will

not be reviewed here,

E, Uses of the Hindered Phenocls

The outstanding use of hindered phenols and especially LBPC is
as an antioxidant. Some of the mono- and dialkylphenols have
propertiss which made them of value 28 insecticides, germicides, and
antiseptics (886,96) but the trisubstituted derivatives are important
primarily for their oxidation-inhibitory characteristics,

The effectiveness of alkylated phenols as amtioxidants for
lubricating oils, stemm turbine oils, and othsr petroleum producta

has been recorded (35,11k,:19,120,136,1537,138)., For the
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stabilization of certain specialty oils, such as transformer oil, as
well as other petroleum oils the phunolic compounds may be wsed In
admixture wiih such other compounds a8 aromatic amines, metallic
phenates amd alcoholates and substituted aminophenols (15,16,32,75,
U1, 1k2),

UBPC has been shown to be an excellent antioxidamt for lubri-
cuting olls as it retards the formation of aclds and other dagrad-
ation producte which can corrode metal bearings., It does not increase
the rate af sludge formation nor doas it have any detrimental effects
on the desirsd phyalcal properties of tha oil. Since it 1s soluble
fn il but insoluble in water or caustic sclutions, Lt will remain
In molution in the oil during service,

The addition of DEPC to gamcline inhibits the oxication of
cartain substances which, whan oxidised, fora gums and color-imparing
bodies which are not desirable,

Pyrethrin-containing i.sectlcides have a marked temdency to
dmcompose on exposure to alr and light with a resultant decrease in
insecticidal value of the substance., UOFC stabilizes these insecti-
cides thus insuring their potency (103).

Basson und Zimmer (149) describe an instrument labricant with
desirable properties whose recommended composition includes 0,5%
IBPC. It also serves as an effective stabilizer and antioxidant
for the symtheatic Bubricating flulds prepared from the esters of
aliphatic acids.

A gmall amount af DHFC im an effective antiskinning agent far

oleoresinous paints and varnishes used in baking [inishes. Studies
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have alsc ashewn that it is one of the most affegtive of the alky-
lated phenols as a stabilizer and antloxidant for vinyl ethar
polymers,

LEMC 45 useful as an antloxidant in white rublers since it
causes little or no discoloration even after prolonged exposure to
heat, light and air. This property has sugsested its use as a
stabilizer of such materials as cellulosic plastic compositions,
plasticizers used with polyvinyl compounds, animal fate and oils,

ané wezetable oils,

F, The Eechanism of Oxidation Reactions

There is little evidence in the literature as to just how
monohydric phencls retard, and in some instances, inhibit almost
completely, the autexi-ation of olefinic c¢ils and other techni-
cally important substances. It is not known for sure whether or
not they are destroyed by the oxidation reaction which takes place
in their presence though available information indicutes this w ve
the case., Most textbooks state that phenols are easily oxidiged,
that the oxidaticn products are complex, and that extensive de-
gradation of the molecule takes place. The observed effect is the
development ol colored products. sven pure phenols develop color
on long exposure to air at room temperatura.

The stabllity of the benzene ring is known from the fact that
side chains attached throygh a carbun atom o the ring can usually

be deswoyed down o Lthls carbon atom which is converted Lo thes
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carboxyl group (-COOH) without affecting the ring. Oxidizable
groups in side chains undergo rmiormal oxidation prior Lo dastruction
of the chain itself. Haphthalene behaves towards oxidizing agents
as 1f, at any one time, one ring was more susceptible to attack than
the other. Therefors, on vigorous oxidation with potassium permane
ganate or with air and a catalyst, naphthalene is oxidized to
phthalic acid. Similarly, beta-naphthol and permanganate or

peroxyacetic acid form o-carboxycinnamic acid.

COOH
vigorous [OT COOH

naphthalene phthalic acid

OH COOH
vigorous [OT !

beta-naphthol o-carbocycinnamic acid

Howevar, the oxidation of the arocmatic nucleus can be carried out
under proper conditions even with benzene, as evidenced by a

comuercial method of producing maleic acid.
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COOH
) He
= |l + COp
V205, heat HC
N cooH
benzene maleic acid

Further indications of the ease of oxidation of phancls are
noted by Bachman (7) in that oxidation with resultant destruction
of the aromatic character of the molecule and formation of complex
byproducts often accempany tromine substitution of phenols unless
considersble care was exercised in the control of comditions,.

According to Beilstsin (10) an oxidation experiment involving
phenol and potassium permanganate in alkaline solution and at zero
degrees centigrade yiclded mesotartaric acid, oxalic acid and

carbon dioxidm.

I COCH
HCOH COOH
I + ! + 002
HC<OH COCH
“SCouH
phenol mesotartaric acid oxalic acid

(wavy line indicates points of ring rupture)
gitbe (L3) made an extensive study of the affect of sunlipht

on phenolic compounds and wrote of the reaction of ozone with phenols
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Dmy osone was, in general, nol very reactive but wus much more so
in the presence of traces of moisture. Vith dry pure substances
the reaction was greatly influenced Ly temperature. At room
temperature, the firet product formed was quinone and possilly sowne
hydroquinone as indicated Ly the discoloration. As the reaction
procceded an osonide was wndoubtedly formed. This was indicated
y the coplous evolution of carbon dioxide and the formation of
giyoxalie acid, a reaction analogous to tho reaking down of the
triosonide of bensone as demonstrated by Harries and Veiss (L7).

0
",bi‘ 3
03 .- ' foao
® +3 H0 ————= '+ 20C02¢ LHp
gt=2=0
1
~ !
¥
triozonide of benzene glyoxal

When ozone reacted with dry phenol, the water which seemed neceasary
to the breaking down of the trioronide and which also accelerated
the reaction, wan produced during the formation of the quinone as

follows:
o]
Il
+ 2 [0 —_— (j, + Hx0
Il
0

phenol quinone

OH



Bl

¥ith molst phenol, the same reactlion products were produced, hydro-
quinone 'n larger quantities than quinone, Whether it is the di-
ozotilde of quinone or the triozonide of hydrogquinone that breaks
down according to the follewing roactionsi

H
8 c=20
-~ ~. e
03\ ;D(03 2

= Loog + 2002 + 2H0

| 0
3
o £=0
03 < a2 2C0, + 2Hy0
7S j H,0 - coop . ev2 ¥ R
<
]
03

triozonide of hydrogquinone

has not been determ ned. Later researches (56) have added the
following informatlon that the oxidation of phenol with osone L
not & chain reactlon, that the presence of sulfuric acid incresses
the oxidation and that manganous sulfate catalyzes the reaction.

A geries of experiments were made oxidisging alkyl benzenos
and tertiary hydrocarbons with gaseous oxygen (109,110,111,112).
Aldehydes and acids were formed with the methylbenzenes and ketones
with other starting materials.

B8eseken and co-workers (11,12,13) made one of the early
careful studies of the oxidation of a number of phenols with

peroxyacetic acide With ordimary phenol, ring rupture was observed
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when the oxidation was directed to the ortho-carbon atom and para—
quincne formed when oxldation was direcled to the para-carbvon atom,

In the firet case, muconic acid was formed,

OH
@ ___[Ql___-_ HOOC-CH=CH-CH=CH-COOH

phenol muconic acid

OH

=0
p-cuinone

phenol
The p-quinone reacted with unoxidized phenol to form phenoquinone.
It was noted that, as byproducts, some reducing agente, probably
glyoxalic acid and maleic acid were formed. It was postulated
that when the {irst reaction occﬁrred, le¢s, attack at the carbon
atom with the hydroxyl group and the adjacent ortho-carbon atom,
the muconic acid was produced via o-quincne. The oxidation of
catechol resulted in muconic acid, carbon dioxide and some fumaric
acide Hydroquinone formed quinhydrone and, if the mixture set for
10 days, some fumaric acid. However, p-quinone could not be formed
from para-substituted phenols and the reaction was studied as a
method of producing beta-substituted muconic acids. Oxidation of
p=bromophencl yielded 3-bromomuconic acid and 3=bromoel, S-dihydrogy-

miconic acid,
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Br OH OH
— o HOOC -cn-é _CH=CH-COOH + HOOC~CH=C ~CH -CH-COOH

p-bromophenol 3-bromomuconic acid 3-bromo-li, 5-dihydroxy-
muconic acid

Tha p-chloropiwncl gave a similar reaction except that the lactons
of the dihydroxy acid was isolated instead of the acid., It is
intaresting to note the passage from arcmatic to a&liphatic compounds
in these resctions. - Other rsactiions wers studisd. Ho reastion took
place with 2,4~dibromophenol or 2,k,6~tribromophencle.

Othar investigators checked theme results. Wacik (lhh) i featad
tha cleavage of pherols with peroxyacetic acid in the presesnce of
salts of iron, nickel, cobalt, sodium, calcium, mercury, zinc,
copper, chromium, and manganese. Catechol gave high yields of
miconic acid, p=chlorophenol formed chlorommiconic acld, and p=-cresol
resulted in fair ylelds of methylmuconic acid. Chwala (2) found
that the oxidation of phenol with dilute hydrogen peroxide in the
prosence of ferrous sulfate gave hydroquinone and gatechol.

A pumber of interesting publications have appeared in the last
few years that have furnisned valuable information on oxidation
reactions (28,29,55,60,71,4u,102,140,120). hecording to the theories

developed for ths oxidation of o:ls by oxygen, the first step is the
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formation of an oxlde or a peroxide which then either breaks down
directly into aldehydes and acids of lower wmolecular welght or
reacts with water or other hydrocarbon molecules to form substances
containing hydroxy or keto jgroups. Cosgrove and Waters (20)
recognized autoxidation to ba homolytic chuin reactions involving

free radical thus:

EWQ' + MU' ——3= ROOH <+ °*i!
in which inhibitors (H-In) are pictured as effecting chaln reactions
in this nmanner,

RUG* <+ HeIn ——p HOOH 4 *In

*R' 4+ H-In —R'H 4 *In

whare the radical, °In, does not continue the chaln sequence but
becomes converted to stable mclecules in some other way. They hoped
to galn an insight into the role played by phenols in autoxidation
reactions by studying their behawior with benzoyl peroxide, a
typlcal radical-forming agent,

Benzoyl puraxide decosposed much more rayidly in solvents such
as m—cresol which contained mctive hydrogen than in nonioniming
solvents such as benmenm. The btenspate free radical, if left
unrescted, decomposed further liberating carbon dioixide. Cosgrove
and Waters found that the [ree radical reactsd with phenols &t a
such faster rate than that at which carbon dioxide was avolved.

In o later atudy, these same investijators oxidized a number of

phanols with hydrogen peroxide in the preosence of sulfurig acid or



acetic acid.

OH

CH3

OH

H3

OH
CH3

CH3

CH3

(18 g.)

(30.5 g)

(12.2 g)

(27.2 g)

BB~

——

——

—

—

The following were among the results given:

r12.2 g of unreacted phenol,

0.7 g of La,8-dimethyl-ha-
9b—dihydro-2(1H)-
dibenzofuranone.

1,07 g of 2,2'—dihydroxy=-5,5'-
dimethyldiphenyl.

]

-
6 g of unreacted phenole

13 g of 2,2'~dihydroxy-3,3',5,
S'atetra-methyldiphenyl.

t052 g of a compound 616H18°2’

-
6 g of unreacted phenole

1.5 g of 3,3',5,5'=tetranethyl-
Li,L*-diphenoquinone.

0.8 g of 2,6-dimethylquinone.

and some L,L'dihydroxy-3,3',5,5'~
tetra-methyldiphenyl.

-

8 g of unreacted phencl and the

derivatives 3,3',5,5'=-
tetramethyl-l,l'-di-
acetodiphenyl and the
diacetate of a diphenyl

C18“2202'
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The melting points of these compounds were given. The main reaction
praoducts were plenol dimers. Blocking the ortho-positions fuvors
para-couplinge

Morawatz (0L) made an excellent study of the effectivenass of
3 phenolic compounds and two xylene-formaldehyde condensation
products as antioxidants and establishmd several relationships
batween their oxidation imhibiting efficiency and chemieal structure.
It was found that alkyl substitution in the ortho- amd para-positions
and halogen substitution on the para-position improved the
stabilizing efficlency of phenolic antioxidants. Increased effic-
iency also remulted shan an extra hydroxyl group was introduced into
the molecule, Tha studies were made with the antioxidant added to
paraffin wax at 163° C.

When para ffin wax was subjected to oxygen at elevated tempera-
tures, ro change occuwrred for sometime. At the end of the induction
period paroxides appeared and concentration built up until fatty
acids began to form at which time the peroxide concentration dimine-
ished. This peroxide formation was used to svalumte ithe efficiency
of tha artioxidants, [OPC was found to be a very good antioxidant.

The course of tha oxidation of substituted phenols was also
discussed by Morawetz. Early investigators (87) believed that the
antioxidant reacted sith the peroxides in a suries of reactions
that destroyed the perocxlde, the anticxidant beirg regenerated.
Others (1) concluded that the inhibitors interrupted the oxidative

chain resctions and were thamselves oxidimzed in the procesa, This
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latter case has been shown to be trus by the studies of Bbeseken,
et al,, discussed previously, which showed the gourse of the
oxidation of phenols to depend on the position of the substituting
group. Flencl gave muconic meid and p-quinone. Parda-substituied
phenols gave no p-quinone, the substlituted muconic acids Leing
formed.

In some gasied whore the para-position is blocked, dimer
formation was observed (B). accarding to Feiser (39) the oxidation

of beta-npaphthol with ferric chloride procesded thuai

OH OH

OH

beta-naphthol (dimer)

The formstion of ellagic acid on oxidising gallic acid followed

a similar wmmchanism (97).



HO
OH COOH
oH OH ,
+ —_—
HO H
COOH OH

gallic acid

ellagic acid

Feiser and Feiser (LO) reported an interesting phenol oxidation.
The initial step in the attack of phenols by oxidizing agents

is the abstraction of the hydroxyl hydrogen atom with the formation
of a free radical containing univalent oxygen. Such radicals are
usually so unstable and reactive that they undergo rapid transfor-
mation to other products but certain hydroxy-derivatives of
phenanthrene form radicals of stability comparable to triphenyl-
methyl., Thanks to the investigations of Wieland, of Pummerer, and

Goldschmidt, the existence of these radicals is not a question of
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epeculation but one of proof. The oxidation of 9-chloro-lO-phénanthrol

procesds according to the following equation to form the dimer

paroxide:
OH =0- =0— 0=
2 —Pb&p 2 #
Cl Cl Cl C
9-chloro-10-phenanthrol dimer peroxide

Poassibly because the blockimg of the positions ortno and para to
the oxygen prevents a wandering of the free valence electrons to
carbon atoms and because the hijgh molecular weight retards the
velocity of assoclation, the 9-chloro-~lC-phenanthryl radical as
far more stable than the average. It does slomly polymerise to the
peroxide.

In summarizing his work on the oxidative mechanism of phenols,
Morawetz stated that the increased activity of the phemols on alky-
lation could not bta due to the oxidizability of the alkyl side
chains since Lt was known that Lertiary-butyl sice chains were not
susceptible to attack Ly oxidizing ayents and para<halogen had about
the same effect as para-alkyl. Also, Blleseken's studies as well as
Facek!s his shown that the ring of a phenol was broken bafore the

alkyl side chain was atlacked Ly the orgmnic peroxide. With mild
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oxidizimg agents, such as organic peroxides, the 2,4,6-tri-
subatituted phenols could undergo none of the oxidative reacticns
excert the dimer polymerization shevn by 9%—chloro-10O-phenanthrol
reaction. The evidence would indicatea that this was the reaction
whereby alkyl phenol antioxidants perform their function. Blocking
of the ortho- and para-positions probably prevents any undesirable
sida reactions with the direct oxicvation of the phenol body by
atmospheric oxygen. Thus, all the stabilizer is available for the
reduction of peroxides in the material ceitig protected. Unsubmti-
tuted dihydroxy phenols wera ineffective as amtioxidants but the
alkylated derivatives were excellent. The similarity of the
antioxidant characteristics of the catechol and remorcinol derivatives
is acdditional proof that o oxidation to quinones is involved in
the mechanism of the antioxidant action.

With more vigorous oxidizimg agents, alkyl substituents other
than the tertiary alkyls may be susceptible to oxidation., The mild
oxidation of DBPC with chromic acid was reported (10L). 4
crystalline compound melting at 105° G, assumed to Le the aldehyde

shown below, was obtained.

OH OH
(CH3)3C C(CH;)3 0] (CH3)5C C(CHz)4
—_—

CHB CHO
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The finest paper surveyed giving .details of the oxidative
method and separation, recovery, and identification of oxidation
products was that which reported the work of Chavanne and Bode (21)
on the oxidation of 1l,4-dimethylcyclohexane with oxygen. These
investigators found the gaseous products carbon mon- and dioxide,
methane, ethane, and hydrogen, and the liquid and solid products
formic acid, acetic acid, beta-methylvaleric acid, beta-methyl-
delta-acetylvaleric acid, 1l,L4-dimethylcyclohexan-di-ol-l,L, the
stereoisomeric 1,lLi-dimmsthylcyclohexanols-l,L4, and acetonylacetone
(sym-diacetylethane), However, it is the experimental method rather
than the results of the oxidation of 1,4~dimethylcyclohexane that
is of prime importance to this siudy of the oxidation of hindered
phenols.

In 1946, Zuidema (157) published a paper which presented a
mechanism of oxidation that explained the results obtained by a
numtier of previous investigations, Chavanne and Bode, above, had
not attempted to present an explanation for the oxidative mechanism
which produced the products they identified beyond postulating
that the first step in the oxidation was the formation of the

peroxide

b CHy
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Zuidemsa explained all the other produots basad on the further oxid-
ation and decompomiticn of this puroxideé, In discuassing the works
of Stephens, and Stephens and Moduta (109,110,111,112) mentioned
garlier, Zuidema explained the& products reported Ly a mechanlsm of
formation of a peroxide at the carbon atom adjacent to the ring
followed by dehydration, and further oxidation.

Larsen and co-workers (66) studied the rate of absorption of
oxygen by five classes of compounds and while thay did not analyze
for individual compounds, they did report warious functional groups
presént, Pcroxides do not constitute a major oxidation product,
although thay have shown that the peroxide co:tent rose sharply and
then fell off am the oxidaticn progressed. Zuldewma states that the
free acids, alcohol, water, carbonyl, and volatile acids reported by
Larsen, et al., can & explained as decomposition products amd further
oxidation products of peroxides arl the combined mcids explained by
condensation reactions. Larsen, et al., found, as did Chernomhukov
and Krein (22) that aromstics give condensation products which darken
the oil and praecipitate.

Zuidema concludes:

l. that the oxidation of & paralfin under conditions cumparable
to those encountered by a lubricating oll in use tends to initiate &t
& beta-~carbon atom, that of an alkylnaphthene at a carben atom in the
ring to which an &lkyl group ism attached, and that of am alkyl aromatic

at a carbon atom in an alkyl group adjacent to the ring.
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2. that the initial oxidation product is in every case
postulated to be a hydroperoxide which decomposes in one of three
mamners: by dehydriation, by reduction with the liberation of an
atom of active oxygen, or by further oxidation with the splitiing
of at least one C=C bond. Products can undergo further oxidation
or condensation. The condensation products are especially
noticable as they are usvally dark and insoluble,

This literature survey brings together the important contri-
butions of many investigators dealing with hindered phenols and

related compounds and their oxddation.
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III. EXPERILENTAL

A., Objectives

The original objective of this axperimental work was to
inveatignte the products actually formed when DHPC performed its
function as an antioxidamt in a lubricating oil under simulated
conditions oif service. The complete Indiana Oxidation Test
gqQuipment was ordered and a literaturs swvey began covering thia
test. Howaver, though the squipment was ordered well ahead of the
time the actual experimental work was to begin, it did not arriwve,
complete with accessories, until over a yesr later. Therefore, a
chanpe in objective was necessitated. It ssemed logical to assume
that when DSPC performed as an antioxidant, it itself was oxidized
or suffered soms other chemical change when this inhibitory action
took place in its presence. Consequently, it was decided to attempt
to oxidize DUBPC by some standard oxidation procedures and to, as far
as possible, separate, recover, amnd identify the products formad.
This information would temd to indicate what might be expected when
DBPC is used as an antioxident in agtual service. Continued
investigation could conceivably lead to the development of more

effective antioxidants.

B. MNateriala and Apparatus
The oxidative method which was decided upon was the amlkaline
permanganat® oxidation outlimed by Shriner amd Puson (101). Tha
DHPC was obtuimed from Koppers Company, Inc. of Pittsburgh, Pennsyl-

vania, Befora being oxidized it was recry=tallized from ethyl
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alcohol,

Only crdinary laboratory apparatus was used throughout except
for the chromatographic separations., Part of the chromatographic
columms were made up with Murck®s Alumina-Special for Chromato-
graphic Furposes, and part with Fischer Scientific Adsorption

Alumina. Commercisl pentanes were usad as the solvent and sluent.

Ce flEthod of Procedure

This section includes only that experimental Work partaining
directly to the parmanganate oxidation of DBPC and the isolation
of the oxidation products. Other work carried out during Ltha period
covared by this investi atlon gave no usable data and are not
reported,

A number of small scale preliminary oxidatioms were made to
oxperiment with separation methods., An oxidation was then made
following the procedure given by Shriner and Fuson (1C1) with all
quantities increased forty-fold. A six-liter flask was charged with
4O grams of freshly recrystallized DBPC, 160 grams of chemically
pura potassium permanganate, 3200 milliliters of water, and 19
milliliters of 8ix normml modium hydroxide mnd refluxed for five hours
and 20 minutes. 4 water vapor trap and two tared U-tubes filled with
ascarite were altached to the reflux condenser to absorb any carbon
dioxide that might excaps from the reaction wessel., An untared U-tube
of ascarite protected the tared U-tubes from any carbon dioxide from

the air. The tared U-~tubaa showed a negligible incramse in waight



49~

(0.07 grams) which would be mxpected as any carbon dioxide formad
would remain in the alkaline molution,

The alkaline reaction mixtur: was saturated with sodium
chloride and extracted with ethyl ether. The &thereal solution had
a beautiful red color and contained the alkaline and neutral
oxidation products including the unreacted phenol. This ether
solution was designated E . 7The alkaline aqueous sclution contained
the salts of any acid formed plus the oxides of manganese which
resulted from the reduction of the permanganate and any other solids,
It was filtered to remove the solids, the filtrate being clear and
water-white. This filtrate was acidified with sulfuric acid and
again ether extracted. A carbon dioxide coll}ecting train was set
up on the reaction vessel before it was acidified since if carboan di-
oxide was an oxidation product, it would be evolved when the alkaline
solution was acidifiece A water trap was put in the train ahead
of the tared U-tubes of ascarite mnd, mgain, an unlared U-tube of
ascarite kept any carbon dioxide of the air from reaching the tared
tubes. A total of 5.205 jrams of caruon dioxide was evolved as the
solution was acidifled. Checks were made to make sure no significant
part of this 5.205 grams could be due to ether evelved as the acid
was added.

The acidified msolution was then ether axtracted. This ether

solution was distilled to remove the ether mul 2-3 grams of a very
viscous, dark rec residue recovered. (In & prellminary experiment,

& send-micro distillation of the ether solution at this point gave
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about 0.3 milliliters of a liquid with'a sharp, penetrating, goaty
odor which distilled over at 110° C and had a malting point between
20 and 25° C, The accuracy of the distillmtion temperature was
guestionable, fThia resldue was dissolved in hot alcohol and a little
warm water added in an attempt to bring about a crystallisation of
goma of the material. However, when the water was added, the
material seemed to condense aor polymerize leaving a dark red gumgy
mass which becane quite hard., No further attempt was made to
identify products in this fraction. The acidic solution was concen-—
trated Ly taking small portions, 200-~300 milliliters, snd distilling
under vacuum. 7This was a tedious operaticn because of the large
amount of sodium chloride present which had been added to "salt-out"
the ether during éxtractioms, After concentrating pert of the mcid
solution, it was su gested that the solutlion Le made alkaline to
préevent loss of any volatile acid material., This was done and the
remiinder of the maiterial concentrated thus,

The ether solution, Enps from the extractlon of the original
slkaline resacticn mixture was treated with anhydrous potassium
sulfate, the hydrated sulfate [iltered off and the »ther removed
by distillation under about 300 mm of mercury. The residue weigned
201 grams,

While doing preliminary oxidatioms, considerable study had been
mace of chromatograghic separation tecimiques. A number of adsorbents
and solvents were investijated. Merck's Alumina-3pecial for Chromo-

mitographic Purposes, and commerical pentaues srsmed to be the most
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promising combination for use heres. However, the supply of the lMerck
product was nearly exhiausted and on raorder some Fischer Scientific
Adsorption Alumina was received instead. It seemed inferior to the
Merck Alumina. It was finally decided to make up one column uaing
the remainder of the lerck material and a second columm with the
Fischer product. The Merck column was 22 mm in diameter and 30.5

cm long. The Fiecher colurm was a little larger in diameter and

mat quite so long.

To make up the load for the chromatographic columns, the 20.1
grams of residue from the E, ether solution was dissolved in 500
milliliters of commercial pentanes., A resicdue remained which would
not dissolve and was filtered off, washed with pentanes, and dried.
This residue consisted of nice bright orange crystals that looked
homogeneous enough to assume that they constituted a single
substance. They weighad 1.28 grams and were designated cempound A.
They melted at 2306-240° C. The pentane solution was divided inmto
two equal portions, one loaded on the Merck column (labeled column
I and the other on the Fischar column (labeled coluen II). Figure
I shoms the two columns. Column 1 has been partially developad by
eluting with commerclal pentanes but column II had just been loaded
& few minutes prior to the tire the photographs were taken. The
layers passed down through column II weeh more rapidly than those a
cclusm I. The column II layera were difficult to ssparste as the
boundaries were not sharp go most of thas subeeguent work was done

with the products separated from columm I. The bright yellowish band
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Fige 1. Two columns loaded with equivulent commercial pentans
solutions, (a) Column I packed with Merck alumina and

(b) column II packed with Fischer icientific alumina.



B

of column I was eluted tlweugh the column, the solution was dis-
tilled, and 1,32 grams of oranga crymtals outainmad. They were
designated compound B and after recrystallization from alcohel

had a melting point of 238-2L42° C, They appeared to be the same
gubsiance as compound A. Table II shows the results of solubility

tests on compounds A and B,

Table il. Comparison of Sclubility Tests Made on Compounds A and B.

Solvent Compound A Compound B

Water Insoluble Insoluble

5% NaOH Insoluble Inscoluble

5& HC1 Insoluble ~ Insoluble

Conce Hp30) Soluble, reactien Soluble, reacts like
took place leaving compound &

thie solution a desp
bright red color

Sirupy B,POI‘ Insaluble Insoluble

This is further evidence that the two compounds are the same
substance.

After consideration of the original hindered phenol and the
color, smolubility tests, and melting points of A and B, it was
suggested that they might be 2,6~di-tert-butyl-l,i-bensogquinone.
Therefore, compound A wis refluxed with hydroxylumine in pyridine
sclution, a test which snould form an oxime with & quinone. The

reaction proceeded slowly., {he solution was Tiltered while hot,
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diluted with hot water until molution just became cloudy, and
allowed to cool. A good yleld of crystals resulted. Thay were
filwered off, recrystallized from alcohol, and dried. They

melted at 153-154° C. Howevar, sodium fusions and subsequent
qualitative tests (23) feiled to indicate the presence of nitrogen.
Therefore, ome ¢ould mot conclude that an oxime was foraed.
Compound B reacted sim!iliarly.

Compound B gkve a positive test with phenylhydragzine indicating
the presence of the carvonyl group. An attempt was made to prepare
a derivative of compound B sccording to McElvain (72) but using
phenylhydrazine instead of nitrophenylhydraszine. Jlacial acetic
fcid wus added to catalyze the reaction. The reaction proceeded
smoothly and a nice yield of light yellow crystals recovered.

They were recrystallized froa alcohol. The procedure was repmsated
using compound A4 with similiar results. The derivatives appeared
to be identicml. The melting point of th# cocmpound A derivative
was 206=208° C, of the compound B derivative, 225-227, of m mixture
of the two, 2:8-211°s, Compound A wo.ld be lesa pure than B because
of the mamner in which it wus recowvered.

Ho Surther time was available for continuad investigation when
thia point was rsached. Therefore a halt had to te called at
this incomplete stage. (Approximately a ysar of laboratory and
library work had been done which was related directly or indirectly
to this problem veform the major pmrt of the work reported in this

thesis was started.) Hoewsver, compound B was sent to the Dulood
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Chemical Laboratoriea, St. Louls, Missouri, for microanalysis.

The following analysis

was obtained:

ltem 1st Sample 2nd Sample Average
% carbon 82,86 82.97 82.92
% hydrogen 10.5k 10.72 10.63
4 oxygen (by diff.) 6.60 6.31 6.46
Molecular weight 392 394 393



IV. DI3CUSSION OF EIFERIMENTAL RESULIS

These facts result from this investigation:

1. The DBPC was oxidized in the alkaline permanganate solution.

2. Whaa 4O grams of DBPC was oxidized, there was formed 5.205
grams of carbon dioxide. This indlcated extensive degradaticn of the
molecule,

3. A chromalographic separation of the residue recoversd from
the mther extraction of the original alkaline reaction mixture
indicated that there were a nuuber of oxidation products, i.a. thare
were a number of distinct layers visible on the chromatographic
colum:t.

L. &8 a result of the above chromatographic separation, a
product (designated compourd -3, assuming A and B are the same)
believed to & quite pure was obtained. It reacued with hydroxyl-
amine hydrochloride, thou;h the resultant derivative gmve no nitrogen
qualitative test, and with phenylhydrazine. Compound A=B was inscl-
uble in water, 5% sodium hydroxide, 5 % hydrochloric acid, sirupy
phosphoric acid, but wasm soluble im concentrated sulfuric acid.
dicromnalysis showed that it averaged 82.92% carbon, 10.63% hydrogen,
6.L6% oxygen and had a molecular weight of 393.

Ye Other exidation products were indicated by the fact that
after the water solution resulting from the ethmr extraction of tha
original alkalime reaction mixture was acidified and asain ether
extracied, both the etheresal solution and the water layer had other

materials present. The ethereal solution was distilled and when an



o

attempt wus made to recover crystals from the resldue, the mass
seened to condense or polymerise. (At this point in a preliminary
experinent, a semimicro-distillation of the residue after removal of
the ether yielded a small amcunt of a substance which hacd a sharp,
penetruting, goaty odor, a melting point betwesn 20 and 25° C, and
a distillation temperature of about 110°.) The water layer, when
vacuum distilled, indicated the presence of oxidation producta by
odor.

Therefore, two definite oxidation products wera olbtained,
namely, carbon dioxide and compound A-H, many others were foraed,
and considerable degradation of the UHPC molecile occurred.

Speculation as to what might hsve happened to the LEHPC molecule
when it was subjected to an alksline permanganate oxidation leads
to thea conclusion that a large number of oxidation products were
produced. BBeseken and co-workers (11,12,13) have shown that with
peroxyacetic acid, phenols suffered ring rupture with the formation
of muconic acid and that with the para-positlicn open, a 1,4 quinone
could e formad., Under the mores vigorius oxidiszing conditions of
the hot alkaline permanganate solution, it is not inconceivable that
one, two, and even all three of the doubls bonds in the ring may have
been attasked and perhaps the methyl group in the para-position as
well, ‘The following equations indicate some of the possible reactions.

(Mavy line represents point of possible ring rupture.)
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The possibility of polymerization and condensation exists and when
attampting to theorime on the identity of compound a-H, the above
quinone may condense with & molecule of the unreacted phenol to

give & molecule like



C(CHy)3 C(CH3)3 C(CH3)3 C(CHy)3
H
HO OCH3 + 0-@; O —» HO -C= =0

6(CHy)5 b(ers)s C(CHy)4 (CH3)3

for which curbon = 2,464, oxygen = 7.58%, hydrogen = 9.95% and
for which the molecular weight is L22. These values arm fairly close
to those cbitained by the Dulood laboratorye

Another poasibility as to the natwure of compound A-B is
suggested by Feiser mnd Feiser's (LO) discussion of the oxidation
of 9-chloro-l0-phenantirol. If the first step in the oxidation of
DBPC is the abstraction of the hydroxyl hydrogen, the frme radical
formmd could ue expected to be guite stable because the blocking of
the ortho- and para=positions prevents the wandering of free valence
electrons and the relatively high molecular weight would somewhat
retard the velocity of mssoclation. Therefore, it could slowly

polymerize to the Jdimor peroxide according to the equation

o ¢(CH3)3  G(CH3)3
(CH3)5C C(CH3)3
° ——= CH -0 ~0- CH3 4+ H20

CHy (CHy) 3 c(cHs)s
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for which carbon = 42,195, oxygen = 7.314, hydrogen = 10.50# and

the molecular weight = L30, These percentages still more closely
apuroximiate those obtained by the Duliood labioratory and the reaction
looks feasible. Tnis dimer peroxide might account for the way
compound #hi-H reacted with hydroxylauine hydrochloride and pheiyl-
hydrazine. These two substances may have been oxidized by the
peroxide with the liberation of nitrogen, hence, no positive test
would be possible when the reaction products were fused with sodium
and tested nualitatively for nitrogzen.

Reaction (5) plus further oxidation of some of the products of
reactions (1) through (4) could mccount for the carbon dloxide
recovered. Those acids which have two hydrogen atoms on the alpha
carbon atom repleced by the very negative oxygen ought to be especially
suscaeptible to decarboxylation.

The use of chromatographic methods for Eeparating complex
mixtures was especially encouraging., Further work with adsorbents

and solvents may make this technique still more effective,
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V. SUMMARY

In this thesis a quite complete survey of the literature
concerned with hindered phenols nas Leen given. An oxidation of a
typical hindered phenol was accomplished by an alkaline permanganate
method and a scheme developed for isolating and recovering some of
the oxidation products. Included thermin was the application of
chromavographic techniques. Carbon dioxide was one of the products
of tha oxidation. A Fecond product was separated and partially
identified and argument presented in an attempt to explain its
possible structure.

It is hoped that the groundwork has been laid which will aid in
a systematic continuation of the investigabioh of this problem. Once
a workiable procedure has hbeen formulated a number of additional
oxidations can be made and the results correlated to thros new
light on the mechanism of the oxidation of these compounds. This

information may su;gest the smythesis of improved antioxidants,
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V1. RECOMMENDATIONS FOX FURTHER STUDY

This study has mhown where the methods could bLe improved to
be more effectivms It 15 recomsended that in future work,
- considerably larger quantities of the phenol be oxidized to insure
suf'ficient amounts of the oxidation products so that they may be
identified Ly ordinary macrochemical methods. A half & kilogram, or
even more, may be ufed. Large chromatographic columns co:ld Le
made to handle portions of the separations, Their effectiveness
could be increased by using a large column for Lhe crude mixture
and collecting fractions which could te further purified by passing
tham through smaller secondary columns,

An attempt should be made to keep material weighit balances
to account for the total phenol in the oxidations products.

Finally, the paper of Chavanne and Hode (21) should be
carefully studied as & guide to methods for separaving and identify-

img the producta form#éd in the oxddation.
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