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GENERAL INTRODUCTION

The research reported in this thesis on the chemical
reduction of trimethyl gallic acid, (XLVI), is part of a
larger project concerned with the nuclear hydrogenation of

polyhydric phenols which is being carried out in the lab-
oratories of the Division of Industrial and Cellulose Chemistry.
Others (147, 148, 149) have worked on the catalytic hydro-
genation of pyrogallol and gallic acid (XLV) and have suc-
cessfully isolated some of the stereoisomers of the cyclo-
hexane analogs of these aromatic compounds. the object of

the present work is to study the chemical reduction of gallic

acid (XLV) and trimethyl gallic acid (XLVI) by means of sodium

and isoamyl alcohol.

Complex polyhydric phenols are more or less readily
available from the lignin portion of hard or soft wood or
from bark. In Canada, where large quantities of lignin and
bark are available as waste products from the forest industries,
the production of useful chemicals from these materials might
become of considerable economic importance. The study of the
chemistry of the simpler polyhydric phenols might, therefore,

open up important ways in which lignin and pbark could be

utilized.

The presence of an abundant supply of hydro-electric power

in this country makes possible an economical production of

alkali metals, which can be used as chemical reducing agents



either alone or in amalgams. Furthermore, electrolytic re-
duction with high overvoltage cathodee (copper, lead, mercury,
zinc, tin and cadmium) resembles reductions by chemicasl agents
(1). The chemical reduction of the above polyhydric phenols,
therefore, would indicate under what conditions electrolytic
reduction of more complex naturally occurring phenols might

be succeessful.

The nuclear reduction of these polyhydric phenols present
problems which have held the attention of chemists for some
time. Some of these problems are the mechanisr of nuclear
reduction, the structure of the reduced products, and the con-
ditions under which hydrogenolysis of carbon-oxyzen bonds could
be minimized, It was one of the aims of this research, to
determine under what conditions the reduction of the benzene
ring of trimethyl gallic acid, (XLVI), could be accomplisheéd
while keeping hydrogenolysis of the bond between the ring carbon

and the ether (or hydroxyl) oxygen 2t a minimum,



HISTORICAL INTRODUCTION

Chemical Reduction of the Benzenoid Nucleus

Chemical reducing agents include all the hydrogen liberat-
ing combinations such as sodium in alcohol, sodium in 1liquid
ammonia, zinc and tin in neutral, acid or basic media, zinc,
sodium, and aluminum amalgams, as well as soluble lower valency
metal salts suclh as vanadous, chromous and titanous chlorides.
As a matter of fact, however, most chemical reductions of the

benzenoid nucleus have been carried out with the alkali metals

(1).

The tollowing generalizatione may be made concerning the

effectiveness of chemical reducing agents:

(1) 8Simple olefizs are not reducible,

(2) The presence of an aryl, carboxyl or ethylene
group conjugated witk, or in some cases cumulated with, the
unsaturation is essential for reduction tc occur, although
their presence does not make reduction certain,

(3) The acetylenes are reduced by some reagents,
especially by sodium in 1liquid ammonia. The prcducte are

generally olefins since olefins are not further reduced by

this means.

In general, benzene and toluene are not attacked by

alkali metals., No metal salt is obtained when the hydrocarbons

are treated with sodium or lithium in inert solvents, and no

reduction takes place with sodium and alcohol (1), Wooster



and Godfrey (2) have, however, found that when a solution of
toluene and sodium in 1liquid ammonia is treated with water,
far less than the theoretical amount of hydrogen ig evolved
and a highly unsaturated compound is obtained., A recent
patent (3) in extension of this work, describes the prepar-
ation of 1, 4 dihydrobenzene and 1,4 dihydrotoluene by re-
ducing the hydrocarbons with sodium in liquid ammonia in the
presence of a hydrolytic agent such as methyl alcohol, 1In
similar fashion Birch (4) succeesfully reduced m~- and p-
xylene and p-cymene to the correeponding 2,5 dihydro deriv-
atives (I and II).

CHy
CH(MC)z
I II
Calcium ammonia, Ce (NH3)6, made by passing ammonia

vapours over metallic calcium, is a powerful reducing agent
for aromatic compounds. It will reduce benzene and its homo-
logs at room temperatures to cyclohexene derivatives, in yields
as high as 90 percent. With alkylbenzenes, the double bond of
the cyclohexene is linked to the same carbon atom as the alkyl

group (5,6). The ammonia complexes of lithium strontium and

barium can also be used (7) but they are much less effective.

Hydriodic acid and red phosphorous may be used to reduce

most arome tic hydrocarbons; frequently a mixture of products



is obtained, and the reduction can be made complete if a
sufficiently high temperature is used. Other methods of

reduction are generally preferable (1).

The aromatic hydrocarbons are not as a rule reduced by
zinc and acid, but Breteau (8) has reported the reduction
of phenanthrene with zinc activated by palladium chloride,
in hydrochloric acid solution, The tetrahydro derivative
was obtained, regardless of the amount of reducing agent
used, and no dihydro or hexahydro-phenanthrene could be isol-
ated. This reduction may possibly be a case of catalytic
hydrogenation, in which the palladium functioned as catalyst
and the hydrogen wag generated by interaction of the zinc

and hydrochloric acid.

Substitution of one or more of the hydrogen atoms of
the bengene ring by hydroxyl or carboxyl groups rendere the
products more susceptible to reduction by chemical agents (1).
Willstatter and his students (9) studied the reduction of
terephthalic acid (III) by pure sodium amalgam, The course
of this reduction is markedly affected by the hydrogen-ion
concentration of the medium; at a pH of 10 to 12 nuclear

reduction occure and a mixture of the 1,4-dihydro (IV) and

1,2,3,4-tetrahydro acids (V) is obtained.
fOaH H_ CoOoH HyCOOH

QOH H®COOH H COOH

III IV v



When, on the other hand, the pH is maintained at 9 to 9.8 by
the use of buffers, nuclear reduction ceases to be the main
reaction and instead, one ot the carboxyl groups is attacked,

with the formation of p - toluic acid.

CH3

OoH
VI
Similar results have been obtained with benzoic acid (10).
Reduction by sodium amalgam in alkaline solution yields a

tetrahydro acid, whereas reduction in acid medium forms

benzyl alicohol,

The chemical reduction of phenols preceaea the aiscovery
of catalytic hydrogenation and initially met with only in-
different success because a large variety of unpredioctable
products resulted. In many cases, dehydroxylation without
nuclear reduction occurs, while in others, dehydroxylation

and nuclear reduction take place simultaneously.

In some cases, the reduction of the aromatic ring is
accomplished without cleavage of the hydroxyl group. Thus
Merling (11) reduced 1,3 dihydroxy benzene (VII) in small
yields to a mixture of cyclohexane - 1,3 dione (VIII) and

the tautomeric enoluéllncyclohexene 1-0l1-3one by means of

sodium amalgam (IX).



P G
OM OH
—
oH H
- B4
VII IX VIII

Wislicenus (12) claims he succeeded in completely saturating
1,3,5 trihydroxy benzene, obtavnigg the corresponding cyclo-
hexantriol in minor yields using eodium amalgam as the reduc-

ing agent.

Sodium metal and 1liquid ammonia have been employed to re-
duce sodium a and B naphthoxides (XII and XIII) (4). The interest-
ing obeservation waes made that in the absence of a proton source
such as t-amyl alcohol, very little reduction occurred but that
in the presence of this reagent good yields of the 5,3 dihydro
a naphthol (XIV) were obtained from sodium a naphthoxide and
fair yields of B tetralone (XV) from sodium § naphthnoxide.

Sodium phenoxide, however, was not reduced by these means.

ONa OH
[;;:::[:j::] [;;;:]:ijjj/ONa [:::::E;:jj] [::i::ﬂ::::1¢c>
XII III 7 XI ) §'f

The reduction of aromatic carboxylic acids, containing a
phenolic hydroxyl substituent, to the correesponding saturated
compounds was carried out successfully by Einhorn (13), Einhorn

and Willstatter (14) and Perkine and co-workers (15, 16) by



means of godium metal and e¢thanol,

Einhorn (13) and Perkins and co-workers (1f) reduced
m-hyiroxy benzoic acid (X) to the corresponding cis and trans

cyclohexanol (3) carpboxylic acids (XI).

c OOH COOH

OoH OH

X XI
cie and trans
On the otrter hand, Einhorn and Willstatter (14) ciscovered
that salicylic acid (XVI) undergoes ring fission 2s well as
nuclear reduction wifh the seme tre2tment yielding pimelic
acid (1,7 hentane dicarboxylic acid) (XVII). The compounde
studied by Perkins and co-workers (15) were the hydroxy toluic
acids. Optimum yields and eese of reduction were rencrted with

tke U-hydroxy l-methyl benzoic acides (XVIII), the reduction

products being the corresponding cis and trans l-methyl cyclo-

hexanol-4 carboxylic acids (XIX).

The Reductive Cleavage of Phenol Tthers

The well known oxidative changes which phenols, especially
polyhydric phenols, undergo in alkaline as well 2¢c in ~cidic
media, make the protection of the phenolic hydrcxyl group of
prime importance in many reactions. Thie ooject may be ac-

complished by the established techniques of acylaticn and

etherification., Such protection is especially necessary in



the chemical reduction of polyhydric phenols, in some of which
irreversible changes may take place under alkaline conditions
before chemical reduction has had the opportunity to proceed
to any extent., Furthermore, etherification does not greatly
alter the electronegative character of the molecule, accord-
ing to Lucas' table of electronegativities (141). A study of
the phenol ether reveals the behaviour of the compound under
conditions in which a labile phenolic hydrogen is not involved.
The behaviour of phenol ethers under reducing conditions is,
therefore, an integral part of the study of the chemical re-

duction of phenols.

Alkali metal, either alone or with an alcohol, is an
efficient means of cleaving phenol ether linkages although
no apparent reduction of the aromatic ring takes place. Durand
(17) first noticed the effect of sodium wire on diethyl ether
and the formation of sodium ethoxide and hydrogen. Diisoamyl
ether behaves similarly, but with great rapidity at the boiling
point, the metal being molten, Anisole, phenetole, veratrole,
ethyl benzyl ether, all reacted rapidly at elevated temperatures,
but a greai deal of carbonization resulted with diphenyl ether.
Potassium-godium alloy reacted more vigorously than sodium alone

and proved especielly useful where it was desirable to maintain

lower temperatures.

In general, ether cleavage takes place as follows:-

1

RORY + Na RONa + R
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The free radical R1

may couple and will do so if aromatic,
but if aliphatic (other than methyl) it may also undergo

disproportionation.

Schorigin (18) treated a series of mixed ethers with
sodium metal, and reasoned that the more firmly a radical
is bound with the oxygen, the greater would be the yield of
the corresponding phenolate or alcoholate. 1In this way, he
arrived a2t the following sequence in which the radicals are

arranged in increasing bond strength with oxygen:
benzyl, ethyl, isoamyl, pf-naphthyl, a-naphthyl, phenyl

Thise order is the same as that representing the relative
firmness of attachment of the radicals to nitrogen, sulphur

and carbon as determined by other workers.

Luttringhaus and Saat (19) considered the cleavage of
the central methoxy group in pyrogallol trimethyl ether, with
gsodium and ethanol, as unusual, since in normal ether cleavage
the oxygen—phenyl link remains intact, Semmler (20) similarly
obtained m-~methoxybenzoic acid (XXI) in the sodium and ethanol

reduction of trimethyl gallic acid (XX):

COOH COOH

OCHS

CHQ OCH3

XX XXI
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Thie type of fission, however, soon loses its novelty when
reference is made to the action of other dissolving metal

reducing agents, as will be seen later.

Standing alone in splendid isolation is the claim by
Einhorn (21) that he succeedea in saturating the benzenoid
nucleus of 3,5 dimethoxy benzoic acid with sodium and amyl

alconol without causing ether cleavage.

The action of alkali metals in liquid ammonia has produced
very interesting results., Freudenberg, Lautsch and Piagolo (22)
found that potassium metal in liquid ammonia acts on methoxy
benzene derivatives merely as 8 demethylating agent, and Birch
(23) confirmed this observation when he substituted sodium as
the alkali metal, Wooster (2),however, reduced a number of
compounds containing an isolated benzene ring when he added
a small amount of methanol to a solution of sodium and liquid
ammonia. He concluded that dihydro derivatives were formed,
although thie was proven definitely only for benzene itself,
Birch (4, 23, 24) also succeeded in reducing anisole, a series
of alkyl monomethoxybenzenes, simple and substituted dimethoxy-
benzenes, as well as pyrogallol trimethyl ether. 1In general,
the products obtained as primary intermediates were the dihydro

derivatives of these phenol ethers. Examples of some of the

reactions studied by Birch are shown in Figure 1,



Q
< HX -
XXIII XXIV
XXIX
CH,
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Figure 1 - The Reduction of Phenol Ethers with Sodium
in Liquid Ammonia (4,23,24).
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In summarizing these results Birch proposed (4) the
following rule: "If a benzene ring bearing methoxyl and alkyl
groups (or the ends of a saturated ring) is written in the
Dewar formulae, in which the bridgehead is not occupied by
a methoxyl group, the chief product will correspond to the
formula bearing the least number of substituents at the
bridgehead", For disubztituted anisoles, the rule is stated
somewhat differently: "Reduoticn will tena to be initiated
(a) in an unoccupied position (b) o=, m= rather than p- to
an alkyl or methoxyl group, the latter having the greater

deactivating effect in both cases",

Birch (24) also studied the apparent resistance to ether
fission of substituted o-, m- and p~ dimethoxy benzenes and
concluded from his results that the activating influence in
decreasing order is as follows:- o-methoxyl, m-methoxyl,
hydrogen, o-methyl, m-methyl, p-methyl, p-methoxyl. 1In con-
sidering any phenol ether ROR? in which R is aryl and R1 is
alkyl fission takes place and Rl i removed most readily

when the alkyl nature of R1 is reduced by substituting Rl

with an aryl radical. The ease of removal of Rl is then
the order CH-Ph, CH -
found to be in 2 20001170337 n~CsH,, 180

03H7. Thus in distinction to nuclesr reduction of polyalkoxy
benzenes, when extended reaction does cleave the oxygen-aryl
link, the reductive cleavage without nuclesr reduction in-

variably causes fission of the oxygen-alkyl link.
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A similar fiesion of the methylene dioxy group in piperonal
was observed by Papa and Schwenk (25) to yield mainly m-
cresol. Raney's 2luminium-nickel alloy was used in con-

junction with alkali,

Theories of the Chemical Reduction of Phenols

and Phenol Ethers

General Theories of Chemical Reduction

Any general mechanism proposed to explain the chemical
reduction of unsaturated carbon-carbon linkages must satiefy
several conditions., It must account for tke bimolecular
products sometimes encountered, for the mixture of 1,4 -
and 1,2 dihydro products obtained from conjugated dienes,
for the trans reduction of acetylenes, and for the influence
of activating groups. 8everal theories fulfilling most of
these requirements have been proposed; they differ ohiefly
in attributing the reduction to the acdition of "nascent”

hydrogen atoms (or sodium atoms) or to the addition of

electrons and poeitive ions (1),

The oldest theory is that of Baeyer (26) who considered
that the dissolving metal reacted with the solvent to liberate
hydrogen atoms, and that these "nascent" hydrogen atoms then
reacted with the organic compound before they could combine
with each other to form molecular hydrogen. The esolvent

according to thie theory would have & direct role in the

reaction,
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Until recent years the theory of "nascent" hydrogen
was widely accepted and is still used by many authors.
Willstatter and his co-workers (27) have, however, rejected
this "nascent" hydrogen mechanism as the result of a care-
ful study ot the course of reductions by sodium amalgam,
They showed that it was possible to obtain yields of re-
duced product as high as ninety percent (based on sodium),
and considered that this would be impossible if hydrogen
atoms were the actual reducing agent. They also showed
that the ability of sodium amalgam to react with water with
the liberation of hydrogen, and its activity in reducing
double bonds are not parallel properties. It is possible
to prepare a sodium amalgam which does not react appreciably
with water, and yet shows a high degree of efficiency in
reducing a compound such as terephthalic acid. These facts
led Willstatter to: propose that sodium amalgam reductions
occur by the addition of metallic sodium to the double bond,
followed by hydrolysis by the solvent. 1In this case the

solvent takes no direct part in the fundamental reaction,

2Na , C(H-CH - CHC_H
O H CHmCHOGH, + > Y65 605
Na Na

If it is postulated further that the two sodium atoms add

not simultaneously but consecutively, it is possible by this
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mechanism to account for the dimolecular pinacol-like
products that are frequently obtained, especially in the
reduction of unsaturated ketones by alkali metals; and for
the mixture of 1,2 and 1,4 dihydro products formed in the

reduction of diene acids by sodium amalgam.

Willstatter's theory has received considerable support
from the studies that have been made in the last two decades
on the addition of alkali metals to olefins in inert media.

In general, it is true that those olefins such as cyclohexene,
which cannot add sodium or other alkali metals, cannot be
reduced by dissolving metal combinations. Olefins that
readily add sodium, such as styrene, stilbene, tetrasphenyl-
ethylene, etc,, are reducible by dissolving metals. Wooster
and Smith (28) have also shown that alkali organic compounds
are intermediates in the reduction of many substances, such

ae naphthalene, by sodium in liquid ammonia,

However, it does not follow from these experimental
facts that the theories of "nascent" hydrogen reduction and
of reduction by the addition of the metal atom are necessarily
mutually‘éxclusive. It may bpe that each mechanism might be
valid to explain the reduction of specific classes of com-
pounde, Geib and Harteck (29) have shown that in the gaseous
state hydrogen atoms are capable of reducing venzene. Birch
(4) points out that metallic iron catalyses the reaction

OH e > H:H and tohat the reduction of 6-methoxy tetralin
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and sodium E naphthoxide by sodium in 1iquid ammonia was
inhibited by the presence of a little finely divided metal,
This inhibition mey be due merely to the preferential com-
bination of sodium with ammonia - a reaction also catalyzed

by iron, but since this reaction also produces "naecent"
hydrogen the state of the latter must be important. It is
inferred that the metallic iron iﬁcreases the rate of com-
bination of hydrogen atoms to molecular hydrogen so much that
the rate of reduction by hydrogen atoms is overtaken and
suppressed. Several other objections have been raised against
Willstatter's theory. Huckel (30) considered that it is
reasonable to assume the mechanism of reduction by dissolving
metals to be the same for all the metals used - sodium, aluminum
zinc, calcium, etc,, = and that it seems unlikely that a poly-
valent atom such as calcium could add to the 1,4 positione

of naphthalene, for example. Yet naphthalene is reduced to
the 1,4 dihydro derivative by both sodium and calcium in
liquid ammonia., Huckel has further emphasized the fact that
organic-alkali compounds like disodium naphthalene and calcium
naphthalene do not have a covalent bond between the metal and
the carbon atom, but are in reality salts, Hence in the form-
ation of these substances from the metal and the hydrocarbon,
only electrons need to be transferred from the former t- the
latter. Wilson (31) and Isaacs and Wilson (32) have shown that

the electrolytic reduction of conjugated acids such as sorbic
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acid by high overvoltage electrodes (mercury, lead) seems to
take the same course as reduction by sodium and sodium amelgam,
and may well proceed by the same mechanism. In which case,

01 course, the reduction cannot involve acddition of metal

atoms to the double bond,

Several investigators have proposed an ionic mechaniem
to account for }eduction by chemical reducing agents. Conant
and his etudents (33, 34) suggested that the reduction of
maleic acid by soluble reducing salts coneists of the step-
wvise addition of two electrons and two hydrogen ions to the

oxygen atoms at the ends of the conjugated chain followed by

irreversible ketonization.

0] OH 0]

Q ' I
CH~C~OH . CH=C~0H CH,~C~OH
I + 26 + 2H ——> | —_— [
CH-C-0H CH¥F~OH CH2~3~OH

0 oH 0

Similar theories have been put forward by Michaelis and
Schubert (35) who considered that reduction consisted in
the consecutive addition of two electrons, followed by two

protons; and by Prins (36) who suggested that a proton-
electron complex first added to the unsaturated linkage,

and that this step was followed either oy dimerization or

by addition of a gecond proton—-electron complex.

The ionic theory put forward by Burton and Ingold (27)

can be elaborated to cover practically all types of reduction
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by chemical reducing agents. In brief, this theory assumes
that the double bond polarizes in the reaction medium. For
polarization to occur, at least one carbon atom of tnhe double
bond must be attachea to a strongly electron-attracting group
(aryl, carboxyl), so that this atom can provide a seat for a
negative charge. The polarized molecule then aads a proton
from the solution, forming a positive tragment which can
stabilize itself by acquiring two electrons from the metal
surface, or from the reducing salt, followed by another proton.
If the tragment acqQuires but one electron instead of two, a
free radical will be tormed which can stabilize itself by
dimerization, It will be seen that this theory can be adapted
to explain the mixture of 1,4 and 1,2 dihydro products some-
times obtained from conjugated compounds, for the intermediate
positive fragment can unaergo an allylic rearrangement to a
tautomeric form. If it is assumed that a sodium ion can be
added in place of a proton when the reaction 1s carried out

by sodium in 1liquid ammonia, then this mechanism will also
explain the formation of disodium naphthalene as an inter-

mediate in the reduction of naphthalene under these ccnditions.
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H H., H H Y HHE, 1le ©=H
RC::CR™ — RC:CR! =—— RC:cR! — RC:CRL
(1) H H
open sextet l
H H,
RCH:CR
2e (2) 1
RCH:CR
R H H
HH, H HEH,
RC:CR- —«—— RC:CR
HH (3y He

Consideration of stage (1) shows that this conception
of the process offers an immediate explanation of the well-
known fact that the only olefinic acids which are reducible
by metals in aqueous media are the a,f unsaturated scids.
The possession of this structure is but one 0ot the ways in
which an olefinic substance can satisfy the more general
theoretical ragiirement that for facile reduction at least
one ethenoid carbon atom must be attached to an electron-
aink., The electron-sink may be either an electron-attractor,
(Carbonyl, carboxyl, phenyl, etc.) the permanent state of
polarization of which confers on the adjoining carbon atom
an affinity for a negative charge, or a polarisibility of
the carbon atom. It is necessary to envisage the operation
of both the inductive and tautomeric effect, At the con-
clusion of stage (2) negative hydrogen, in effect H+2e, has
been added to the double bond. There is now a close analogy

with the halogen additions to olefin linkages; for just as in
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these additions unstable positive halogen first unites, leav-

ing the ordinary halide ion to combine later, so unstable

negative hydrogen is first added on, leaving the ordinary

poeitive hydrogen to add subsequently.

Tne merits of this theory are twofold. First, it provides
an explanation for reduction of unsaturated linkages in a
manner consistent with their behaviour to other adaends,
susceptible in many cases to closer study; and second, it
provides a working theory indicating what the reguirements

for successful reduction of multiple caroon to carbon bonds

are,

The Mechanisms of the Chemicel Reduction of Fhenol

and Phenol Ethers

Sodium in liquid ammonia behaves as a solution of metal
cations and solvated electrons in equilibrium with metal atoms
(38) and might therefore be expected to provide & suitable en-
vironment for chemical reduction. Nevertheless, reduction in
liquid ammonia of isolated benzene rings requires a ready source
of protons, e.g. water or alcohol., This observation has been
interpreted as in favour of adonting the "nascent" hydrogen
theory of chemical reduction of isolated benzene rinzes., Xarh-
thelene, on the other hand, reducee by the aidition of two
electrons to form a bivalent anion capable of adding two protone,
Rirch (4) states that the -reater resonance in an isolated benzere

ring renders the croduction of such an anion difficult., Actually
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the energy of resonance stabilization is greater for naphthalene
(75Kcal per mole) than for benzene (39Kcal per mole), although
it is true that the resonant energy associated with a possible
resonating unsaturated bond must be less in naphthalene (15
positions) than it is in benzene (6 positions). On this basis
it may be said that any one of the napthalene bondes would be
more likely to polarize and underzo reduction by addition than
those in benzene. The greater resistance to polarization in
the benzene ring might thus require a simple proton as addend.
Following the same trend, the sodium a and g naphthoxides may
be reduced in the presence of an alcohol by sodium and liquid
ammonia, but sodium phenoxide cannot be reduced by chemical
reducing agents, Sodium a-naphthoate, however, was readily
reduced in the absence of alcohol probably because the carboxyl
ion is capable of taking up electrons by an electromeric

mechanism despite its negative charge (4).

The reduction of the benzene ring in both benzene and the
phenol ethers takes place with the introduction of hydrogen
atoms a,8 to each other. According to Birch (4) the polarization
of the benzene nucleus takes place as followe either when express-

ed in terms of an ionic mechanism or in terms of the Dewar formula:-
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On the assumption of anionoid addition (or electron addition)
it was found possible to correlate the orientation influence
of alkoxyl and alkyl groups with those observed for other

anionoid reagents. Sartoretto and Sowa (39) by a comparison
of the effect of substituents on the direction of cleavage of
diphenyl ethers by sodium in ligquid ammonia, showed that de-
activation was produced in increasing measure as follows:

O-CH3< p--('JH3 < p--OGH3

from these results, and from the known inductive effect of

and activation by O-OCH3. It is evident

alkyl groups, that these will tend to prevent additior of an
anionoid reagent in the substituted position or para to it,
s0 that the bridge of the Dewar formula corresponding to the
principal reduction product will end on the carbon atom bear-
ing the least number of alkyl groups. In the methoxy alkyl
benzene series the unshared electrons of the ether oxygen
tend to repress anionoid addition to the carbon atom joined
to the methoxyl and in the position para to it. Thue the
ortho-methoxy isomer alone is activating, and the Dewar
formula having a methoxyl on the bridgehead must be left out
of any consideration of the probable principal products in
the reduction. These considerations are summarigzed in the

rule proposed by Birch which has already been stated.

In the absence of alcohol, or other proton source,
godium and liquid ammonia causes fission of the monomethoxy

and dimethoxy benzenes to yield monophenolic compounds. 1In
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mixed aryl alkyl ethers it is evident that the ability of
the aryl group to act as an electron-sink will lead to in-
creased charge stability of the aryl group and thus to the
cleavage of the oxygen-alkyl bond., The order of activating
influence of these phenol ethers is o-methoxyl> m-methoxyl>
hydrogen) o-methyl) m-methyl)»p-methyly'p-methoxyl. These
rTesults are in harmony with those obtained from the cleavage
of diphenyl ethers (39, 40). 1In the cleavage of RORl

(R,Rl = aryl) for example the one which is favoured by the
oxygen in fission appears to be determined by the relative
substitutions of the aryl ions (R,Rl respectively) - rather
than the phenoxide ions, and the substituents have the order
of activating influence noted above, Tnhis must, therefore,
express the relative effects of the groups on the stability
of a negative charge on a ring carbon atom or an oxygen atom
attached to it. The significance of this conclusion, especially
the stabilizing effect of the o-methoxyl, hae already been
discussed in connection with ring reduction., One added con-
sideration governs the fission of substituted benzene rings
also bearing 3,4 methylene dioxy groups. If the suostituent
on the one position has an inductive effect (e.g. CH3) the
meta positions will become electron deficient and thus react
with an anionoid reagent; if the l-substituent, however, is
electron accepting through a mesomeric effect (e.z. CUOH,CHO)

the para position will become electron poor and be susceptible
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to cleavage. In fact 3,4 methylenedioxy toluene does give

p-cresol as product ana piperonal does yield m-cresol (24).

The fact that in the presence of alcohol, phenol ethers
torm a,® dihydro compounds as intermediates seems to tavour
Birch's concept of the primary addition of two electrons
followed by proton absorption.at the extremities of the
Dewar bridge. On the other hand, Ingold's theory would
attribute the a,® addition of hydrogen to the type of polar-
isibility exhibited, in the casge under discussion - 1,4 ,
because as is already known, the anionic charge, the location
of which controls the final proton, ies stabilized terminally.
The fact thet in the absence of a proton source cleavage of
the phenol ether can be explained most satisfactorily by the
primary addition of one electron does not exclude the pos-
sibility of initial proton addition in the saturation of
multiple carbon to carbon bonds. In both variations of the
ionic mechanism, the net effect, expressed as a two stage
reaction,is the primary acdaition of a negative hydrogen analogous

to other additions to multiple carbon to carbon bonds.

The sodium ana ethanol c leavage of pyrogallol trimethyl
ether (41, 42) splits off the central methoxy group to give
resorcinol dimethyl ether, Semmler (20) obtained m-methoxy
pengoic acid as his principal product from the sodium and
absolute ethanol reduction of trimethyl gallic acid. Luttring-

naus and Saaf (19) point out that in poththese cases of reductive
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cleavage it is the aryl-oxygen bond that is severed rather

than the oxygen-methyl bond as is the case with alkali metals
alone or alkali hydroxides in some solvent. They suggest that
the reaction proceeds through the primary addition of sodium

to the aromatic ring followed by subsequent cleavage of sodium
methylate and rearomatization according to the following example

of pyrogallol trimethyl ether:

Y

CH,0 oC Hy C H,0N\__~*0cH;

OCH3

According to the authors, the accumulation of methoxy groups
accompanied as it is by an increased mesomeric effect, makes
possible the metal addition to the aromatic ring. It is probable
that this reaction is more easily explicable by the theory
developed by Birch (4) which does not rely on the improbable
addition of sodium to an isolated benzene ring. Tne presence

of the two other methoxy groups will through a mesomeric effect
active.te the cleavage of the central methoxy group. Tne fiesion

will stop here because the intluence of meta is less activating

than that of ortho methoxy groups.

Keto-Enol Tautomerism

The reduction of phenol ethers with dissolving metals
presents the possibility of obtaining, as primary ilatermediates,

the dihydro and tetrahydro phenyl ethers, Upon hydrolysis with
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mineral acid the latter would yield unsaturated and saturated
ketonic derivadives. It, therefore, becomes necessary to con-
sider the general conditions under which keto-enol tautomerism
would exist and the properties 0! tne tautomers. Such a

study might also show how productis derivable from enols are

produced.

Extensive studies of the halogenation of ketones by
Lapworth (43), Dawson ana co-workers (i to 4%7) Hughes and
watson (48) and others, have established that the character-
istic replacement by balogens of the a hydrogen atom in carbonyl
- compounds involves a preliminary change of the compound to its
enolic form as follows: -

R OH

RJRoCHC = 0 ===—==RC = CR,R,

The mechanism of enolization, as well as other related
prototropic changes, nas been discussed in terms of the
electronic theory of valency by Lowry (49), Ingold Snoppee
ana Thorpe (50), Baker (5l1), Watson (H2), and more recently

by Arndt and Martius (95), Hammett (b4), and Remick (59).

Remick (»5) and Hammett (%) in summarizing the concepts
ot the English Scnool oiler tne tollowing mechanism as being

in accord with all known facts concerning the acid catalyzed

reaction: -



ROOGH3 + HA ———> R=C=0H' . A (a)
CH
3
Ro=GHY + A" ==—=> R-0-CH + HA (b)
Cgﬂ 8H,
2
H
R-C0
-§~ H + Br2 — 3  R=C=0 + HBr (c)
6 CH_Br
Ho 2

The first step (a) should be instantaneous because it involves
the reaction of a primary acid with a primary base. Tnhe second
step (b) will be slow because the formation of a C = ¢ bond
furnicehes insufficient driving force to break both the C = HE
and C = O bonds., The third step (c) willpresumably be more
rapid since the rupture of the double bond ie facilitated by
the tautomeric effect of the hydroxyl group and by the fact
that the "ionic bond energy" ot @-Br (the bond being formed)
is 294 whereas that of Br Br' (the bond being broken) ie only
236 Kcal, The proton is probably eliminated subsequently to
form HBr, snother exothermic step. Thus the second step is
rate-controlling, The tautomeric displacements indicated are
aided by the free positive pole on the cataly ging proton. The
coordination of A~ with the hydrogen atom of the methyl group

gives the necessary added increment of driving force to make

the step successful,

Hammett (5%) holds that the base catalyzed reaction

proceede as follows:~
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T — .

- r -
H30780H5 + B —— HBC-‘C:: ==== CH, + BH* (A)
-l '6 — L 19 : _
i B 9 -
Li—I}C--C-CH2 + Brz-———»:CHj- CHZBr + Br (B)

Strictly speaking, the halogenation of a ketone is not catalyzed
by bases and is not, therefore, subject to general basic catalysis,
because the strict definition of a catalyst is & subetance that
accelerates a reaction without entering into the final products.

Reaction (A) followed by (B) converts the cAatalyzing pase to its

conjugate acid.

An extensive investigation of the keto-enol tautomerism of
the B diketones and p-ketonic esters (e.g. acetylacetone, ethyl
acetoacetate) by K.H, Meyer, Knorr and others showed that these
substances exhibit this type of isomerism with great clearness.
In the case of acetone ar enolide has never been demonstrated
although Freer (56 to 61) has attributed an enolic structure to
certain metallic derivatives and the presence of enolide ir

alkaline solutions has been inferred from the nature ot its

oxidation products (62 to 64). The f-diketones and g-ketonic

eaters on the other hand, are normally equilibrium mixtures
ot the ketonic and enolic forms and the relative amounte of

each have been determined by both physical and chemical measure-

ments. Moreover, in a number of instances, the individual taut-
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omerides have been isolated in the pure state (6 to 6¢().

0H30(o)cﬂacoozt
(a)
e.g. two forms

CH
CH_C=CHCOOEt

3
(o)
XLI

Bromine reacts instantaneously with the enolides but not with

the ketonic isomers.

It has been demonstrated, psrticularly by Dufraisse and
Moureu (68, 69) that a-diketones also are tautomeric sub-
stances, and these workers have isolated the individual
isomerides of phenyl benzyl, phenyl anisyl and benzyl methyl
diketones. The existence of the same phenomenon in sub-

stituted a—~-ketonic acids was indicated by the work of Schiff
(/0), Bougault and Hemmerle (1), Gault and Yeick (/2).

Gault and Weick isolated three forms of ethyl phenyl pyruvate
(the ketonic and two isomeric monoenolic forms). Further

evidence of the enoligzation ot a-ketonic acides has been obtain-

ed (48) by an investigation of the kxinetics of bromination o1
pyruvic acid.

Although keto-enol tautomerism is clearly possiple also

in Y dikxetones ana Y-ketonic acids, its existence was not

demonstrated until 1929 (48) tnrough a study of tre bromin-
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ation of levulinic acid in aqueous sclution.

CH_COCH ¢
: 3 5 HECOOH
g a

XLII

Bromine substitution occurred in positione g and & but not a.

Arndt and Martius (53) have attempted to present a tnermo-
dynamic treatment o1 the process of voluntary enolization as
one aspect of mesomerism. 7The cnange of a ketone to its enol
form involves (a) the transter ot a proton trom a place where
it is firmly held to one where it is attached more loosely,
and (b) associated witn tnis proton transter is the shiit of
a double bond from the ketonic caroonyl to form the oletinic
C=C bond. Process (&) has a negetive free energy whicn Arndt
termed the "prototropic expenditure of work", wnereas assgociat-
ed with the bond shitt is & positive free energy change and

is essentially a8 resonance energy which Arndt designates as

an enotropic ettect.

R, R
\ ' +
R,-C~H —> Ra‘? + H
|
c=0 c=0
| |
a |
Rj (a) nj
Y (o)
%1 ?1
- RA=C + H*
c-0H ¢-0

3 (c) "
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Tnis divisesion of the free energy of enolization into two
components makes it understandable why the acidity of an
enolizable compound may not be proportional to its degree

of enolization. It is true that enolization always does
increase the acidity because the proton is held in the

enol more loosely than in the keto form, but even in the
enol form the proton may be more or less firmly attached,
thus influencing the degree to which process (c) may take
place. In fact then, the acidity will be proportional to
the degree of enolization only in the limiting case where
process (c) occurs to an inappreciable extent, if at all,
Arndt in numerous examples introduced various subetituents
as Rl, R2, R3 and attempted to classify these substituents
as either increasing the acidity of the keto-encl tautomers
or as increasing the actual enolization, i.e. the bond shift
or the enotropic effect. Schwarzenbach and Felder (73) while
accepting the main principles of Arndt'e contrioution, noted
that the classification of subetituents into the two types

already mentioned, could not be substantiated in practice.

When RazBr oT CH3302 as in the substituted acetylacetones,
the enol content is reduced but the acidity is increased as
compared to acetylacetone itself., Thus the effect of sub-

stituents cannot be regarded as influencing independently

either the enotroﬁic or prototropic process. On the contrary,

4
in the above exemple it was shown that just as the acicitying
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(negative) gubstituent weakens the crrbon-nroton bond, it
also decreases the existence of C=C bond of the enol form,
The actual results show that a negative substituent de-
creases both the prototropic expenditure of work and the
enotropic effect to about the same extent. 3chwarzerbach
and Felder (73) further point out that oond energy celculations
show that the heat of enolization, due to the formation of
a conjugated system, is about -10 to -15 Kcal per mole.

If the enolizing system is itself conjugated with another
unsaturated linkage, the incieased resonance stabilization
would tend to cancel the previous small endothermic effect
and the heat of enolization would be nearly zero or perhapsc
slightly positive., Under these conditions, voluntary enol-
ization would take place. p diketones have a heat of enol-
ization which varies among different compounds from -3 to

+3 Kcal per mole,the degree of enolization varying from one

to 99 percent,

Considering now the special case of the xetonic aclids
and taking pyruvic (XLIII), acetoacetic (XLIV), and levulinic
acids (XLII) as typical examples of the a, p and ¥ types,
it requires but a simple extension of the previously discussed

electronic mechanism to account for their relative de.rees of

enolization:-



| |
HO 20-——)———2:0 HOZC—+—‘-&(}—>-—C=O H020‘>'C‘)-é | =/%
R R O
&- &,
(V) a el O
l K} P 8
XLIII XLIV XLII

In acetoacetic and levulinic acids, the efrect is ~romcted
by an a and Y-hydrogen ana oy & B and 8 hydrocen 2tor re-
gpectively. Superimposed, however, is the inductive effect
of the carboxyl group assisting the displacement of electronse
in the direction shown (52). This inductive effect causes
pyruvic acid to enolize more rapidly than acetone ana tends

powerfully toward ionization ot the a hydrogen of acetoacetic
acid and the B hydrogen of levulinic acid. This behaviour
is in harmony with the facte that (a) in ethyl acetoacetate
only the one enolide (XLIb) is known and (b) the g hydrogen

atom of levulinic acid enolizes more readily than the 6

hydrogen atom,

The tendency to enolization is undoubtedly stronger in
acetoacetic acid than in levulinic acid, prooably cecause the

a~carbon atom has a screening effect on the influence of t:ze

carboxyl group (52).

It has been repeatedly acceptea that pyruvic acid partial-

ly enolizes in golution and the same must, therefore, hold

true for the ester. The results of optical measurements (74)
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chemical reactions ¢75) and finally biochemical studies
seem to bear out this supposition., Optical studiée have
the advantage of being able to determine the properties

of molecules free from external chemical influences. On
the other hand, the relation between these optical effects
and constitutive properties must be drawn by analogy and
are not fully known, It has been pointed out in this con-
nection that Fromageot's formula for pyruvic acid is also
possible.

/0\

CH?‘_"'CH*COOR

The chemical argument is based on the fact that oxidation

of pyruvic acid with sodium chlorate and osmium yields oxalic
acid. Splitting of the methyl group is attributed to the
olefinic bond present in the enol form. The biochemical
argument rests on the observation that in certain bio-
chemical processes the hydrogen of an enolic hydroxyl xroup
is replaced by a substituent, for example, to form the phos-

phoric acid ester, These derivatives, however, are not

necesgsarily proof of the existence of an enol form, because
many non-enolizable ketones are known which undergo methylation
with diazomethane (53) to form the enol ether. The similar
formation of enol acetates from non-enolizable ketones is

also well-known (77) and their successful preparation is not

s definite proof of the existence of the enol form. 1In the
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case of methyl pyruvate Arndt was unsuccessful in prepar-
ing the corresponding enol methyl ether, thus proving that
in this case the enol form had no voluntary existence.
Phenyl pyruvic acid and 0,01 biphenylene pyruvic ester

enolize, however, to a considerable degree (77).

Arndt and co-workers (77) offer two possible explan-
ations for the absence of the enol form of methyl pyruvate;:
(a) The acidifying influence of the C(O)COOR ie definitely
stronger than the simple COOR and the methyl group of pyruvic
ester is, therefore, more strongly acidifiea than those ot
the simple acetic acid esters. Since the enol hydroxyl
group is attached to the same C—~autom as the methyl of the
ketone form, it is subject to an equal aciaifying influence
and the expenditure of work in proton transfer will be very
large owing to proton oscillation. In acetoacetic ester,
the influence of the COOR is stronger on the CH3 group of
the keto torm than on the OH of the enol torm and the proto-

tropic expenditure of work is less, the proton statistically

finding a seat on the enol oxygen. If the enol form of

pyruvic ester should exist, it woula be strongly acid, just
as the dissociation constant for oxalic acla is larger than
that for simple carboxylic acids, because the field eftect
of the strong positive carboxyl-C atoms repels protons,

(b) The electromeric efrect of the C(O)COOR is greater as

judged by its enolizing tendency, which lies between aldehydes
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and ketones. An enol bearing the C(0)COOR group has an
"improved" conjugated system compared to that of the keto
form., The resulting increase in electromeric effect of this
"improvement", however, only brings about a weak enolization.
If this enol form is conjugated with the phenyl (or the

fluorene) group enolization is greatly increased.

The work of Meyer (78 to 80), Sidgewick (&1) and, more
recently, Conant and Thompson (82) on the effect of solvent
on the enolization ofiﬁ—diketones and p-keto esters has Ceen
interpreted to amend {he previous explanatione based on
electron displacement only. Their results show that the
order of solvent influence on the keto—enol equilibrium can-

not be correlated with either the dielectric constants or

relative basicities of the solvents.

Sidgewick is of the opinion that the enolic forme are

chelated, acetoacetic ester, for example, having the formula

The resonance associated with the hydrogen bond stabilizee
the enol relative to the keto form. A solvent could do thie
either by acting as a donor to the hydroxylic hydrogen atom of
the enol or by acting as an acceptor toward the atomic oxygen
Thus either the basic or aclidic properties of a

of the enol.

golvent might be called into play 8nd would in either case
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favour the ketonic form (&32),

Another influence is probably also at work. The ketonic
form is almost surely more polar than the enolic form, since
ketones have significantly larger dipole moments than alcohols
and the differences would be augmented by chelation. This
being so, the more polar solvents would associate preferential-
ly with the keto form (dipole association) and this association
would be tantamount to preferential solvation of the keto form

in the absence of other associating influences.

Grignard and Blanchon studied the enoligation of ketones
under the influence of various Grignard reagents (84, 85).
Among the ketones studied were a number of quite typical
cyclic ketones such as cyclopentanone, cyclohexanone, p-methyl
cyclohexanone, menthone, thujone, and carvone. They were abdle
to come to a number of conclusions as a result of this wcrk:-

(1) Primary organomagnesium halides induce 6 to &%
enolization; secondary organomagnesium halides 17,5 to 16%,
and tertiary organometallic compounds, about 20%.

(2) The presence of negative groups favours enolizaition,

(3) An ethylenic linkage conjugated with the enolic

double bond seems to favour formation of the encl,

In each case, the enol was isolated as the enol-acetate Dy

reaction with acetyl chloride; the ester was subsequently

hydrolyzed with aqueous oxalic acid and the predominantly ensl

product was isolated. On storage for a considerable time, the
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enol reverted to the ketone. 1In the case of cyclohexencl,
reversion to the ketone took ten hours; in that of the thujone=

enol, fifteen hours.

Kohler and Thompson (76) very strongly disputed the
claims of Grignard and Blanchon to have enolized cyclohex-
anone with isopropyl magnesium bromide, since they were unable
to duplicate the experiment. Kohler and Thompson concluded
that Grignard reagents containing secondary and tertiary
hydrocarbon residues frequently act as condensing and re-
ducing agents, but that there was no evidence to show that
Grignard reagents converted monoketones into enolates unless
hindrance to normal addition was prohibitive., Arndt and
Martius (&86) confirmed this work and stresced the inability
of simple ketones, in contrast to enols, tc add bromine in the
absence of a catalyat. It woe guggested, also, that the form-
ation of enol acetates is not charecteristic of the encl form

only, but results from some non-enolizaole ketones as well,

The alkylation of enolic oxygen atoms was carried out
by Arnav ana co-workers (&7 to 90) using diazomethane, For

example, a cyanoacetophenone yielded preaominantly trans -

methoxycinnamonitrile. gimilar results were ootaired with

ethyl acetoacetate (&3) and with methyl acetoacetic ester (83).
In both the latter cases, the presence of some hydroxyiic
solvent was found to accelerete the O—-alkylation reaction

enormously. Indeed, in the absence oi apprecisble amountis
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of methyl alcohol, for example, the yield of enol methyl
ether might be negligitle even after several days. In both
cases the ethylene oxide product was alsc formed, The chief
difference oetween the reaction of C-methyl ethyl aceto-
acetate (R=GH3) and ethyl acetoacetate (F=E) with diazomethane
was that the former yielded the ethylene oxide predominantly
(reaction A) while ethyl acetoacetate gave the enol ether as

the principal product (reaction B).

R “Hal2 OH4R
CH > =
;COCHO00C ,Hy CH,~C~CHCO00 ,H, (A)
0
R CH2N2 ECH R
H_COCHCOOC _H -» CH_C =~ €COOC H
¢ 3 275 3 25 (B)

Apparently both of these reacticns proceed competitively.

Yhen R=CH3, the acidity of the enolic hydroxyl group is reduced

and its velocity of methylation with diszomethane therefore

fails to keep pace with the rate of formation of B (S0).

Arndi and co-workers (&9) also showed trat sodium alcohol-
ate is a catalyst tnat establishes an equilibrium between the

ketone acetal on the one hand and the alkylatedenocl plus alcohol

on the other:-
|
CH, |

\ OR NaOR CH
/ 1
c - C-CR + ROH
N\ OR > ‘

|
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With non-conjugated enol ethers this equilibrium lies wholly
on the acetal side, wheress with conjugated enol ethers the
equllibrium is shifted more or less extensively toward the
enol e ther. This effect was demonstrated witcL the ethyl enol
ether of ethyl acetoacetate. 1In the case of £ methoxy cinnam-
onitrile some of the trans enol ether was changed to the cis

form (87).

Skrabal and Skrabal (91) studied the kinetics of acid
hydrolysis of enol ethers like ethyl vinyl ether, divinyl
ether, and a,a direthyl furan, In all such cases, the hydro-
lyeie rates were much faster than for ordinary ethers and
approached the order of magqitude characteristic of the

/
hydrolysie of ortho esters and acetals,

Fjader investigated (92) the oromination of certain enol

ethere and discovered that bromination was oy substitution on

the a position just as for ketones.

The Determination of Enol

One of the oldest Quantitative methods, and by most ac-
counts still one of the best, is based upon the titration of
the bromine which adds to &an enolic double bond. This method
was first proposed by Meyer (93) and has recently been revised
by Cooper and Barnes (94). The chemical reactions involved

are as follows:-
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(|)H
RCOCH,,COR “~ RC = CHCOR
q
B
L T
C’)H
RCOCHCOR w— RC - CHCOR
‘ |
Br Br Br

i HZO

RCOCHZCOR + HOBr

HOBr + HBr + 2KI —— I_ + 2XBr + H o)

e 2

I, + 2Na_s.0
2 2°2v3 —>» 2Nal + N328406

Whitmore and co-workere (95 to 97) investigzate3 the enol-
izing influence of Grignard reagents upon various ketones.
They came to the conclusion that the enolization of a ketone
by a Grignard reagent is not an inherent property of the
ketone, the amount of enolization depending upon the Grign-rd
reagent used (95) as well as upon the substitution on the
carbon atom (97)alpha to the carbonyl of the ketone. Thus
the enolization of a given ketone with various Grignard re-
agents may vary from O to nearly 100% (95). Substitution on
the B carbon atom of the ketone had no noticeable effect (97),
Substitution in the active methylene group of a g diketone
decreased the extent of pboth enolization and addition., It is
thus evident that the Grignard reaction, if adapted as & method

for measuring the degree of enolization, gives relative results
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L d

useful only for comparison in a whole series of compounds
treated with the same Grignerd reagent and under the same
conditions. Results obtained oy these means have no aosolute
meaning and cannot be compared with other methods which measure

the inherent degree of enolization,.

Seidel and co-workers (98) proposed an acidimetric enol
titration. Bohme and Fischer (99), comparing Seidel's method
with that of Meyer's/(93), found the acidimetric one inferior

’

both as to precision/and accuracy as well as oven to criticism

on theoretical grounds.

!

A number of wéékers (100 to 105) investigated spectro-
metric means of measuring keto-enol tautomerism. v. Auwere
(100) and Michalek and Post (101) obtained subetantial agree-
ment for several Bf-keto esters between molecular refraction
measurements and results obtained by the bromine titration
method. Hayashi (102) and Milone (103) suggested that Raman
spectra might be used for the quantitative estimation as well
ag for the qualitative detection of keto—enol eqQuilibria.
Infra-red measurements by Hilbert, Wulf, Fendricks and Liddel

(104), as further elucidated by Buswell, Rodeoush and Roy (105),
?

demonstrate how absorption spectra in this region may pe used

to detect keto—-enol tautomerism,

gince the investigations of 3aly and Desch (106) and
Hantzsch (107), the absorption of light in the ultraviolet

region has been successfully applied to the detection of the
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enolide as well as to its qQuantitative estimation. The ultra-
violet absorption spectra of cyclic diketones in particular

have been carefully studied. 1In contrast to compounds having
isolated keto groups which absorb very weakly in the ultra-
violet (loge 1 to 2’}‘max. 270 to 300 mum), cyclic B diketones are
characterized by intense absorption (loge U4 approximately,lmax.
250 to 300 mu). Substituents, dilution and acidity of the
media have been studied as factors causing the absorption
region to be shifted (108). The absorption spectra of the
cyclic B diketones are distinguishable from the a, B unsaturst-
ed ketonee in that the latter have a minor absorrtion band
characteristic of the isolated carbonyl group, »s well as an
intense absorption maximum attributed to the conjugated system
(109). Compared to cyclic P diketones, cyclic a diketones

show an absorption band shifted somewhat towards the visible
region (110), while cyclic 1,4 diketones, as expected, show

the characteristic absorption band of the isolated keto group

(111). Ultraviolet absorption, therefore, ozn serve aes a use-

ful tool for distinguishing between these different types of

carbonyl compounds.
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EXPERIMENTAL

Analytical methods

The Bromine Number Determination

A standard "bromide-bromate" method (112) wes adapted
to 50 to 75 mg. samples of less reactive unsaturated aciis: -
Five c.c. of 10% sulphuric acid saturated with potassium
bromide, and 10 c.c. of C.P. chloroform were introduced into
a 100 c.c. volumetric flask fitted with a glass stopper. The
volumetric flask was used because the lonz, narrowr neck re-
duced evaporation and spillage losses. The weigzhed sample
was introduced, the flask and contents being vigorously
gwirled. An accurately known volume of potassium bromide-
bromete solution (O0.1N, 10 c.c.) was =2d.ed from a burette,
the gides of the flask being washed down with distilled water,
The ground glass stopper was then neld firmly in place with
friction or adhesive tape and the flask and contents were

mechanically shaken for thirty minutes or whatever time wae

found necessary. Potaseium iodide (1 g.) was added and the

contents titrated with O0,05N sodium thiosulphate, usins starch

solution as an indicator. The "bromine number" was given by

the following eguation:-

Bromine Number = 0.0799 x NKBI-KBrO3 x net ml, KBr--Karo3 x 100

wt. of sample in grams
yanual shaking of the reaction mixture was found to be sufficient

tor samples containing double bonds of normal reactivity (113).
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Neutralization Equivalent

The micro method recommended by Niederl and Niederl (114)
was used and was defined as the number expressing in crams
the quantity of the acid required for the neutralization of

one liter of normal alkali,

Saponification Eguivalent

The saponification equivalent was determined on the micro
gcale by the method recommended by Schneicer (1ib) and was de-
fined as being the quantity in grams ot a compound requirea to

consume one liter of normal alkalil,

Carbonyl Groups and "Active" Hydrogen

A comprehensive discussion on the applicability of the
method is ziven by Lieff (L16). The determinations were carriead

out on the "Grignard Machine" according to the directions of

Kohler, Stone and Fusion (117).

Molecular Refraction MD

The refractive index ny was noted in an ADbé type re-

fractometer made by 2Zeiss. The density (d) was determined by

) f]
means of a small pycnometer of 0.1% c.c. capacity. From n_

and d,tne molecular refraction MD could be calculatea from the

equation of Lorentz and Lorenz;

MD = Me® n2"‘1 R 1l
T —
n +2 d

where M is the molecular weight of the compound. The cal-

culated value was obtained by the use of the atomic refractions
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determined by Auwers and Eisenlonr (118).

Percentage "knol" Form

The method developed by Meyer (93) and modified by Cooper

and Barnes (94) for 0.2 to 0,4 g. samples was adapted to a
semi-micro scale, the following reagents being required;

(1) Absolute methanol, freshly distillea from
calcium oxide.

(2) An approximately 0.1 N solution of oromine
in absolute methanol, prepared by dissolving oromine (2 g.)
in absolute methanol (2% c.c.). This solution was always
made up freshly and used immediately.

(3) An 0.05 N solution of stanaardized aqueous
sodium thiosulfate,

(4) A 10% aqueous solution of potassium ioaide.

(b) Soluble starch solution freshly made up.

(6) Diisobutylene of a practical grade, (rastman-

Kodak).

About 10 c.c. of absolute methanol was pipetted into an
Erlenmeyer flask of 125 c.c. capacity and fitted witn a ground-
in stopper. The accurately weighed sample (20 to 50 mg.) was
dissolved in the alcohol and without aelay the solution was
cooled in a brine bath to about -5°. The methyl alcoholic
bromine was added from a burette until the excess,as indicated

by the development of a yellow colour, was about 1 c.c., After

swirling the flask in order 1o effect thorough mixing, 1 to



48

2 c,c, of diisobutylene was added to absorov the excess bromine.
The time consumed in adaing vhe bromine ana aosoroing the ex-—

cess should not exceed fifteen seconds.

Five c.c., ot the aqueous potassium iodide was then addea,
the mixture was warmed with shaking to 30° and wacs allowed to
stand for five minutes, during which period the colour of
iodine appeared. After being titrated with the standard thio-
sulfate solution to a faint yelliow colour, distilled water
(50 c.c.) and soluble starch (1 c.c.) were added and the
titration was continued to the end-point. Allowance had to
be made for a slight blank which never exceeded 0.1 c.c,

Some of the results are in Taole XVIII,

% Enol = ¢,c. of N thiosulfate x mol. wt, x 100
2 x 1000 x sample weight in grams

Alkoxyl Determination

The alkoxyl content was determined on the seml-micro

scale by the method devised by Zeisel and modified by Clark (119)

and Vieoock and co-workers (120).

Elementary Analysis
carbon and hydrogen determinations were carried out on

semi-micro samples with a tecnnique oased on the Niederl and

Niederl (121) micro-nethod. The instructions of Stepanow (122)

ag described by Kamm (123) were followed in the determination

of bromine.
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Calibration of the Adams Hydrogenation Machine (124)

The Adams' machine was caliorated oy the low pressure
hyarogenation of 11.0 g, (0.095 moles) of pure maleic acid,
prepared by the hydrolysis of maleic anhydride witnh water.
A platinum oxide catalyst (0.1 g.) waes used at room temper-
ature (29°) and hydrogenation carried out at four to five
atmospheres of hydrogen pressure. The course of the hydro-

genation was followed as shown in Table I.

TABLE I

Hydrogenation of Maleic Acid

(a) (b)

Time Pressure (gauge) Pressure Corrected Pressure
mins. pounds / inch Atmcspheres Atmospheres
U 4.63 4.67%
9 58,0 4.40 4.40
14 6.3 4.15 4.15
20 46.0 4.13 4,13
33 45.6 4,10 4,10
63 45.3 4,08 4.03
90 45.1 4.07 4,08
120 45,0 4,06 4.08
150 4y 9 4.05 4,08

Note:~ (&) Conversion of gauge pressure to atmospheres, e.g.

45.0 + 4.7 = 4 06 (b) A small leak (0,24 lbs. / hr.)
14,7

which could not be traced, made it necessary to correct the

pressure (atm.). Thus corrected pressure (atm.) =

45,0 + 14.7 + 0.48 - 60.2 = 4,08 atm,
1,7 .7

A graphical representation (Figure 2) shows that hydrogen

abgorption was complete in about thirty minutes,
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The moles of hydrogen n present in any container ot
volume V liters at a modest pressure of p atmospheres, and

at an absolute temperature T is given by

n= _V, 1
= p (1)

Where R is the gas constant with a vslue of 0.0221 in liter-

atmospheres,

Inserting initial and final conditions, equation (1) becoames

nl = u‘.6_3 v (2)
0.6321(302)
and n, = 4,08 v (2)
0.0821(3%01)
but n1~n2 = 0.095 (LL)

Solving these three simultaneoue equations, the volume of the

Adams container, V, is 4,35 liters and from (1)

n = 4. 35 P (5)
0.0821(T)

Equation (5) relates the pressure (p) anad the number ot moles
(n) of hydrogen present in the Adams apparatus at any given

temperature (T°K). Thus the hydrogen apsorced in a given hydro-

genation, A n, could be readily calculated.

MATRRIALS

All melting points recorded are uncorrected,

Trimethyl Gallic Acid(XLVI)

Trimethyl gallic acid was prepared by a moaification of

the procedure of Graebe ~nd .Martz (125) ;-
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Technical gallic acid monohydrate (XLV) (168 g. 0,90 mole)
was dispersed in 750 c.c, of water contzined in a one liter
three-necked flask equippea with a stirrer and two dropping
funnels, each of 300 c.c, capacity. Tne mixture was heated
to about 50° on a steam bath. Sodium hydroxide solution,

200 g, dissolved in 400 c¢c.c. of water, and dimethyl sulphate,
660 g., were added dropwise and simulfaneously over a period
of 90 minutes with constant stirring. The solution was Leated
and stirred for an additional 90 minutes. Sodium hydroxide,
60 g., dissolved in 100 c.c. of water was added to the brown
sugpension and heating and stirring wes continued until
solution became complete. The reaction mixture was cooled to
30° and made acid with concentrated hydrochloric acid. A
voluminous white precipitate separated, which when recrystal-

lized twice from ethanol and dried melted at 169°., Yield 140 -

150 g. (704). The melting point recorded for trimethyl gallic

acid (XLVI) is 167° (126).
Anal. calcd. for trimethyl gallic acid (XLvI) 01031205; ocg3 -

43,8%. Found - 43.5, 4.1 %.

Meuthner's method (126) for preparing the substance (XLVI) was

also used. This convenient procedure employed smaller quartities

of reactante but gave consistently superior yields of 89 to 92%,

m-Hydroxybengoic Acid (XLVII)

The following preparation of m-hydroxybenzoic acid differs

i{n minor particulars from that of Otfermann (127):-
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Benzoic acid, technical grade, 250 g., was diessolved by
warming with fuming sulphuric acid, 25% 803,500 g., contained
in a 2-1liter round bottom bull-necked flask. At 200° dis-

coloration to a deep red color occurred, the solution being

kept at 200 = 10° for 90 minutes. After this period, a sample
of the reaction solution was completely soluble in water and
sulfonation was considered to ve complete. The bulk of tke
mixture was then cooled in a brine bath 2nd was poured into

an ice-water mixture (1 liter). The clear agueous solution
was poured into 2 liters of concentrated aqueoue sodium chloride
(37.5%) and crystallization began immediately. After stand-
ing 2t 10° for one hour, the mixture wae filtered, the residue
washed with saturated sodium chloride (400 c.c.) and dried at
100° for twelve hours. The yield of sodium m-sulfobenzoic
acid varied between 400 and 424 g. (88 tc 92%) for the first
crop. A small second crop, obtained by allowing the mother
liquor to cool for a longer period, raised the yiela almost

to the theoretical value.

godium m-sulfobenzoic acid (150 g.) was stirred into a
mush witkh 100 c.c. of aqueous caustic soda containing 40 .

of the base, and the mixture was heated on tre steam bath with

30 g. of sodium hydroxide pellets. The cooled, solidified

mass was ground in & mortar and added to a mixture o: sodium

hydroxide, (5 8., and potassium hydroxide, 75 g£., kept just

| above the point of fueion. The mixture wae stirred at 210-220°



for two hours, after which time the cooled melt was dissolved
in 400 c.c. of water, and the solution made acid with con-
centrated hydrochloric acid. A copioue precipitate of m-
hydroxybenzoic acid (XLVII) was obtained. The aqueous mix-
ture was cooled to 10 to 15° prior to filtration and recryetal-
lization of the crude material (93 g.) from water gave 75 g.
(81%) of a white product melting at 16 - 197°., Huntress and
Mulliken (128) report the melting point of m-hydroxybenzoic
acid (XLVII) to be 200°,

Diazomethane

The method of Arndt was used (129), Nitrosomethylurea,
12 g., was gradually added to ether, 100 c.c., and 30 c.c. of
40 percent potassium hydroxide solution contained in a 500 c.c.
Erlenmeyer flask. The ethereal solution containing the diazo-

methane was decanted and dried over potassium hydroxide pellets

for four hours prior to use.

p—-Bromphenacyl Bromide

p—-Bromphenacyl bromide wae prepared by Langley's mettrod

(130) by the bromination of p-bromacetorhenone.

Isoamyl Alcohol

The Eastman Yodak technical grade wae fractionated through
8 sméll column and the fraction boiling at 170 - 122° wxas re-

tained, A grade supplied Dby Hoskin Scientific Specialties wos

purified in a similar manner,



Sodium Metal

The sample used was Merck's reagent grade.

Preparation of Cis Cyclohexanol-2? Carboxylic Acid (XI)

m-Hydroxycenzoic acid (XLVII), 29 g., or 0.21 moles was
dissolved in 200 c.c. of stock ethanol; sodium hydroxide nellets
(17.5 g., reagent grade) and water (25 c.c.) were added to make
a total volume of 235 c.c. The solution was poured intc a amall

Parr bomb and 4 g. of Raney nickel were added.
TABLE II

Catalytic Hydrogenation of m-Eydroxy Benzoic Acid (XLVII)

Time Temp. Pressure N Moles (&)
Mins, °X. p.s.1. Hy Jemarks
0 294 2000 1.49 (a)
10 392 3100 1,74 =0, 22
15 4oz 3000 1.67
25 4ol 2650 1,45
45 3973 2350 1.32
70 ho3 2100 1.09
110 417 1925 1,01 heat off
730 308 1200 0.%5

(a) N calculated from the formula N= f p and f is read from

T°K
the calibration chart for the Parr pomb in whickh f is plotted

against the volume of charge.

Total hydrogen absorbed = 1,49 - 0.85 = 0.64 moles.

theory = 0.6% moles.

The Raney nickel was removed by filtrstion from the solution

and glowed very vigorously when dry. The filtr=ate v=s reduced to
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half volume by evaporating under reduced pressure on the steam
bath and was acidified with concentrated hydrochloric acid.
Precipitated salt was removed and the filtrate again reduced
to half volume before more sodium chloride was removed by fil-
tration. The reaction mixture was then brought to dryness at
reduced pressure. In this condition no crystallization occurred
and the material remained as a syrup even when seeded with an
authentic sample of cis-cyclohexanol-3 carboxylic acid or when
dissolved in such normally good crystallizing enlvents Aas ethyl
acetate or diethyl ether. The syrup, dissolved in 100 c.c. of
ten percent sodium hydroxide, was then extracted once with ether,
The alkaline solution was acidified with concentrated hydro-
chloric acid saturated with ammonium sulfate and was extracted
about five times with ether. The ethereal solution was dried
over anhydrous magnesium sulfate, the etlher removed at reduced
pressure, whereupon the whole mass solidified, This solid mass
was then taken up in 50 c.c. of hot ethyl acetate and allowed
to cool spontaneously to room temperature and finally wae kept
at 10°. Practically pure ¢cis cyclohexanol-3 carboxylic acid .
(XI) separated as white crystals, m.p. 130 to 132°, The yield
was 14.5 g. or about 50% of theory. XI is reported to melt at
131 - 132° (16).

Anal, Caled, for C;H303: O, 58.3; H, 8.3; neutralization

equivalent, 144,0 Found: C, Hh8.4, 3.5, H, 8.6, 8.4%b; neutral-

igation equivalent, 42,6, 143.8.



56

The mother liquor from the cis-acid was taken down to
drynese and the residue eventually solidified, although attempts
at recrystallization from any of the common solvents failed.
Weight 7 g. or about 25% of theory. Boiling this solid under
reflux with 15 c.c. of constant-poiling hydrobromic acid vield-
ed exclusively trans 3-bromo cyclohexane carboxylic acid with
the correct m.p. 167° (16), showing that the parent suobstance
was mainly trans 3-hydroxy cyclohexane cerboxylic acid. This
bromine substitution, of course, may have caused some inveregion

of any cis-acid present.

p-Bromphenacyl Ester of cis 3-Hyaroxy Cyclohexane Carpoxylic

Acid (XI)

Cis 3-hydroxy cyclohexane carovoxylic acid (m.p. 131 to
132°, 0.1 g.) was added to water (0.5 c.c.) ani was neutralized
carefully with ten percent sodium hydroxide solution. Cne c.c.

of stock ethanol was acdded together with 0.2> g. °of p-bromo-

phenacyl bromide. The mixture was heated on the stesr ocath at

retlux temperature for one and one half hours, before beirn:

allowed to cool spontaneously to room temperature, orecipitat-

ine white flocculent crvatnale, The mass was triturated with
g w 3

2 c.c. of 50 percent aqueous alcohol snd after recoverv, wac

recrystallized from * 10 4 c¢.c. of stock ethsnnl, Yield 0.15 -,

m.p. 176°.

A second crop of 0.05 g. ®3s obtained from the filtrate
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(total yield €%%). Both the firet and second crops were re-
crystallized from ethanol and melted sharply at 136°., The
product was dri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>