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1. INTRODUCTION

Problems of the tautomerism of organic compounds are
at present of interest to many research workers l. Even
in the most familiar type of tautomerism (keto-enol tauto-
merism) there are little-studied relationships and pheno-
mena, in particular the tautomerism of phenolic compounds.
These transformations aroused the interest of research
workers at an early date, but the systematic study of this
interesting phenomenon was made possible only by the
development of modern physical methods for studying
organic compounds.

In keto-enol tautomeric transformations of organic com-
pounds , the tautomerism of hydroxyaromatic compounds
occupies a special place, since the phenomenon is accom-
panied by breakdown of the aromatic bond system. The
present paper summarises results concerning the actual
phenomenon of tautomerism in the phenol series, and also
some reactions of substituted phenols (for example, salt
formation), as a result of which equilibrium is established
between the aromatic (phenolic) and quinonoid or quinolidef

t We apply the term "quinolide", as distinct from "quinonoid"
in the description of bond systems, to cyclohexadienones in which
the carbon atom in the ortho- or />ara-position relative to the car-
bonyl group is joined by ordinary (not double) bonds to two substi-
tuents.
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(cyclohexadienone) bond systems. This review does not
deal with the reactions of phenols in which substances with
a quinolide structure are obtained merely as intermediates
or are formed irreversibly by the action of electrophilic
and radical reagents on substituted phenols. Reactions of
the last type (phenol-dienone bond rearrangement) were
reviewed in detail earlier 2. Since we shall restrict our-
selves to the regular features of equilibrium transforma-
tions in the phenol series, we shall naturally not consider
processes associated with the phenomenon of mesomerism
in phenolic compounds, since this is of independent interest.

2. TAUTOMERISM OF PHENOLS

The possibility of tautomeric transformation of phenols
into compounds with an ortho- or para -quinolide bond sys-
tem (cyclohexadienones)

OH O OH Ο

l·
Ο 0=0-

(i) (ID

is usually regarded3»4 as a specific case of keto-enol tau-
tomerism. Support for this view is provided by certain
features which the phenomena have in common. A phenol
molecule containing a hydroxyl group and a bond of aro-
matic type (with electron content very close to that of a
double bond) should be converted into an alicyclic car-
bonyl compound. In reality, however, this does not take
place in the simplest phenols, since the equilibrium is dis-
placed completely towards the phenolic (enol) form. This
is in fact the chief characteristic of the phenol ^ cyclo-
hexadienone tautomerism which we are considering. More-
over, if it is assumed that the conversion of phenol into the
cyclohexadienone with the para -quinolide structure (Π) is
energetically more favourable, phenol-dienone tautomer-
ism, unlike keto-enol tautomerism, will not have the
characteristic of a triad tautomeric transformation. Thus
its mechanism should differ slightly from that of ordinary
keto-enol tautomerism. Unfortunately, the question of
the mechanism of phenol-dienone tautomerism remains
open. Its mechanism should apparently be close to that of
electrophilic substitution, which in the phenol series has
characteristic features5 associated with the intermediate
formation of dienone systems of types (I) or (Π). According
to the mechanism at present accepted for electrophilic sub-
stitution in the phenol series (see for example Nenitzescu e)
the first stage in the substitution is the formation of the
benzonium ion (ΠΙ), which is readily stabilised by the re-
moval of a proton from the hydroxyl group with the forma-
tion of an intermediate neutral quinolide compound (IV),
which rapidly isomerises into a substituted phenol. Thus
for most monohydric phenols the formation of cyclohexa-
dienone structures is possible only at the moment of reac-
tion under the influence of an electrophilic reagentfc:

Obviously, if it is assumed that X = H, we shall be
dealing with the typical keto-enol tautomerism of phenol
itself. Analogous considerations can be applied to the
ortho -quinolide tautomer. In these transformations, how-
ever, the exact mechanism of the transformation of the
dienone (IV) into the phenol has not been studied; this is
directly related to the tautomerism of phenols. The
question of the mechanism of phenol-dienone tautomerism
is of considerable practical importance, since examples7"9

have been described (without reference to mechanism) of
the irreversible transformation of certain para -quinolide
compounds of type (IV) into the corresponding phenols§.
Moreover, even where phenol-dienone tautomerism is pos-
sible (for example, anthrol^ anthrone) almost no discus-
sion of the mechanism of these transformations has been
published.

Thus all the characteristic features of phenol-dienone
tautomerism are related to the extreme stability of the
phenolic (enol) form. This stability is extremely regular,
despite the fact that comparison of the two bond systems

=o \C=C-OH ,

shows that the formation of the carbonyl group is energeti-
cally much more favourable (by 18.6 kcal mole" 1 ) u than
that of the enol group. The possibility of partial enolisa-
tion arises, however, even in acetoacetic ester, chiefly as
a result of the gain in the energy of de localisation with
another carbonyl group. In the phenol-cyclohexadienone
system which we are considering, however, the gain in
resonance energy (the energy of aromatic de localisation,
which for benzene amounts to ~ 36 kcal mole"1 12>13) is
much greater than the energy required for enolisation of
the carbonyl group, so that the aromatic bond system be-
comes the most favoured. Thus the simplest phenols exist
in only one form and there is no possibility of tautomerism
in these compounds. This conclusion is confirmed by
all the chemical and physical properties of the simplest
phenols. It thus becomes evident that the manifestation of
phenol-dienone tautomerism is possible only when there
are additional factors leading in some way to a decrease
in the difference between the energies of enolisation and
aromatic conjugation. The most important such factors
are the following.

1. Increase in the number of hydroxyl groups in the
aromatic nucleus. Here tautomerism is possible because
the energy of aromatic delocalisation must compensate the
energy of enolisation of not one but several carbonyl groups.

2. Formation of phenoxide ions. In the equilibrium
transformation involving a phenoxide anion there is no need
to expend energy on the removal of a proton, and this natu-
rally makes the equilibrium system more labile. More-
over, the fact that the aromatic ring is always involved in
the redistribution of the negative charge in the phenoxide
ion should facilitate to a considerable extent the production
of the carbonyl form.

(Ill) (IV)

X See the earlier review2 for more details.

§ Recently, de la Mare in a private communication10 suggested
that under the conditions of acid or base catalysis the transforma-
tion of the dienone (IV) into the substituted phenol involves initially
the attachment of a proton from the solvent to the carbonyl oxygen
of the dienone, followed by the removal of a proton from the gem-
-position. The mechanism may be different, however, in a spon-
taneous transformation.
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3. Decrease in the energy of aromatic delocalisation in
the phenol ring as a result of its condensation with other
aromatic systems.

4. The introduction, into the ortko- or /wra-position of
the phenol, of groups exhibiting a marked negative conju-
gation effect. Here a decrease in the energy of aromatic
delocalisation takes place as a result of conjugation of the
ring with the group under consideration; this may lead to
a redistribution of the electron density in the molecule
with the formation of a quinonoid (but not quinolide) bond
system. This leads to the possibility of a slightly dif-
ferent tautomeric transformation of the phenol molecule,
in which an electronegative group takes part in the trans-
fer of a proton from the phenolic hydroxyl (for example,
the tautomerism of nitrosophenols).

Tautomerism in phenolic compounds arises most readily
when a phenolic aromatic ring is influenced simultaneously
by several of the above factors. Here, the tautomerism
conditions (influence of temperature and the medium) and
steric phenomena are naturally of considerable importance.
In the tautomerism of phenols the spatial factor (as in clas-
sical keto-enol tautomerism14) leads to an increase in the
stability of the keto-form and retards its rearrangement
into the phenol. A similar influence is shown to some
extent by the steric factor even in mononuclear polyhydric
phenols. For example, in the bromination of 2,6-dialkyl-
phenols in the presence of substances exhibiting proton-
-accepting properties, bromo-/)-quinolide compounds were
isolated in the individual state; these isomerised spon-
taneously into the corresponding/>-bromophenols7»8:

OH
I R ' R II R'

(C,H,),orc,H,N; H,O

OH
R | R'

Br

The lifetime of these quinolide compounds depends to a
significant extent on the steric hindrance around the car-
bonyl group, and at 20° amounts to ten days for R = R' =
= C(CH3)3, or 4 h for R = R' = CH(CH3)2; for R = R' = CH3

the bromoquinolide compounds exist only in dilute solutions
and isomerise instantly into the bromophenol when attempts
are made to isolate them. Stabilisation of a cyclohexa-
dienone structure as a result of screening of the carbonyl
group by t-butyl groups was also described by Kharasch9,
who by the recombination of 2,6-di-t-butylphenoxyl radicals
obtained a bis-p-quinolide compound which readily iso-
merised into 3,3', 5,5'-tetra-t-butyl-4,4'-dihydroxybiphenyl.

Prelog15»18 described another type of steric influence on
the stability of a cyclohexadienone having a hydrogen atom
as one of the ̂ em-substituents. By condensing cyclonona-
none with nitromalonic aldehyde followed by acidification of
the reaction mixture, he obtained the dicyclic dienone (V),
which is an isomeric keto-form of the corresponding nitro-
phenol. The dienone (V) is extremely stable and isomeri-
sation into the phenol is prevented by the rigidity of the
structure, which does not allow the formation of a double
(or in this example aromatic) bond at the head of the
dicyclic bridge, in accordance with Bredt's rule". When
the cyclic ketone is enlarged by one methylene group, how-
ever, the condensation product is converted into the nitro-
phenol on analogous treatment, and with further increase
in the dimensions of the ring the anion of the corresponding
phenol is obtained immediately in the reaction mixture:

CHt O=CH

CCHJ,-, b=o + CH-NO,-

While dealing with stabilisation of the carbonyl form by
the steric factor, we should point out that for a prolonged
period one could find in the literature the unrefuted opinion,
put forward in 1911 by Mayer18, that tautomerism was pos-
sible in 3,4-di-t-butylphenol because of the marked steric
hindrance in the o-di-t-butylbenzene system u . This
phenol was prepared in 1964, however, and it was shown
to exist only in the usual phenolic form80.

The influence of the steric effect is also seen in the for-
mation of salts by phenols showing steric hindranceT; some
authors21»22 on the basis of the chemical properties, have
assigned the quinolide structure (VI) to these compounds in
the solid state. In solution, these metal derivatives have
been assigned23»24 the structure of a levelled (ambident)
ion. Treatment of these solutions with alkyl halides leads
to the attachment of the alkyl residue to the phenol in the
para -position. The quantity of C-isomer depends on the
steric hindrance created by the orth.o-a.lkyl groups and the
magnitude of the entering alkyl group:

R'

(VI).

where Μ = Κ, Na, or Li. Analogous reactions with these
salts are undergone by benzoyl chloride25, acrylonitrile22»25,
ethylene oxide21, and a number of other compounds81.

As already noted, increase in the number of hydroxyl
groups in the aromatic nucleus, as a result of a decrease
in the difference between the stabilisation energies of the
keto- and enol forms26, should favour tautomerism and
this should be reflected in the properties and reactivity of
polyhydric phenols. The individual existence of the keto-
-form should then be possible even when the influence of
the steric effect is smaller. For example, the antibiotic
gliorosein (VII), according to chemical and spectroscopic
data, is an isomeric keto-form of the corresponding sub-
stituted hydroquinone (VIII), into which it can be readily
converted in the presence of basic substances " :

OH

The formation of a similar diketo-form was also observed
in the addition of hydrogen bromide to 2,6-dimethoxyquin-
one28. An analogous ketone (DC) was also obtained20»30 in

f Ια 2,6-di-t-alkylphenols the screening of the phenolic hydroxyl
is so great that these phenols do not dissolve in alcoholic solutions
of alkalis and do not form salts under ordinary conditions. Salts
of these phenols can be formed only by treating them with alkali
metals in benzene or liquid ammonia.
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the biphenyl series by the addition of hydrogen chloride to
the diquinone (X). This Ketone could not be enolised,
however, since on recrystallisation it decomposes to the
original components:

CH,0
ο

/' OCH,

\ / \
II II

ο ο
(Χ)

Here we see a general property of the keto-forms of sub-
stituted hydroquinones, whose stabilisation into quinonoid
compounds with the removal of a molecule of an inorganic
substance takes place more readily than the transformation
into i someric hydroquinones. This character i s t ic has
been most extensively studied for compounds of the naph-
thalene s e r i e s (see p . 823).

A large amount of mater ia l on the chemical propert ies
and reactivity of polyhydric phenols indicates the possi-
bility that many of these compounds react in a tautomeric
keto-form. Thus resorcinol, like α/3-dicarbonyl com-
pounds, is readily reduced by sodium amalgam to cyclo-
hexane-l ,3-dione 3 1 .

The behaviour of phenols, containing different numbers
of hydroxyl groups, in their reactions with ammonia is
also character i s t ic . The replacement of the phenolic
hydroxyl group in a monohydric phenol by an amino-group
takes place with difficulty and under very severe conditions
(350-450°, 50-60 atm), whereas with resorcinol this reaction
takes place fairly readily at ~ 200°,3 2 and phloroglucinol is
converted almost quantitatively into 5-aminoresorcinol (XI)
at room temperature in alcoholic ammonia solution 3 3» 3 4 .
These reactions evidently take place toy the same mech-
anism as the action of ammonia on carbonyl compounds
capable of undergoing prototropic t rans format ions 3 5 .

Finally, the reaction of phloroglucinol with hydroxyl-
amine is extremely specific. As early as 1886, Bayer 3 6 ,
in a study of this reaction, isolated a compound to which he
assigned the s t ructure of the cyclic tr ioxime (XII). Much
later (1956) the s t ructure ot this substance was confirmed
by spectroscopic methods 3 7 . Its infrared spectra show
bands corresponding to the absorption of the - C = N group
(1653 c m " 1 ) , and the ultraviolet spectrum does not contain
the maximum due to aromatic absorption.

Unusual behaviour is shown by phloroglucinol and r e s o r -
c i n o l 3 8 " 4 5 on alkylation bv alkyl halides in aqueous alkali.
Thus methylation by methyl iodide in the presence of potassium
hydroxide gives a mixture of O- and C-methyl derivatives,
and with an excess of methyl iodide the hexamethyl deriva-
tive (ΧΠΙ) can be obtained from phloroglucinol 4 0 " 4 4 > 4 β " 4 8 . A
more detailed study * of this reaction for the example of
2,4,6-trihydroxyacetophenone showed that the composition
of the mixture of final products depends to a marked extent
on the concentration of alkali in the solution. This r e a c -
tion resembles the alkylation of metallic derivatives of
acetoacetic e s te r . Chlorination 5 0 » 5 1 and bromination 5 2 » 5 3

of phloroglucinol with an excess of halogenating agent also
gives analogous hexahalogeno-derivatives:

NOH ο
MM .ι

(XI)

On the other hand, there are reactions in which phloro-
glucinol behaves as a typical phenol: it gives the triacetate
with acetyl chloride, and it is methylated by diazomethane
with the formation of the trimethyl ether54»85.

Thus the chemical properties of polyhydric phenols, in
particular phloroglucinol, indicate that the compounds may
react in both the keto- and enol forms. Tautomerism in
phloroglucinol has not been observed directly, however.
The Raman56, ultraviolet, and infrared37 spectra indicate
that phloroglucinol consists exclusively of trihydroxybenzene
both in solution and in the solid state. Naturally, here it
might be assumed that phloroglucinol contains in equilibrium
extremely small quantities of the keto-form, which are not
detected by the methods used. It is more probable, how-
ever, that the dual reactivity of phloroglucinol is due to the
tautomeric transformation of its anion, since all the re-
actions confirming the existence of the keto-form of phloro-
glucinol generally take place in the presence of bases. The
existence of the phloroglucinyl oxide anion in the tauto-
meric keto-form can now be taken as proved, so that the
question of the tautomerism of phloroglucinol reduces to
the tautomerism of its anion; the most stable keto-form
should be the doubly-charged phloroglucinyl oxide anion:

OH

OH

Ο
II

/ \

H Η

According to a number of authors5 7"6 1, evidence for this
is provided by the appearance of a maximum in the 250 nm
region, characteristic of para-quinolide compounds, in the
ultraviolet spectrum of an alkaline solution of phloroglu-
cinol. Formation of this structure is also indicated by the
sharp increase in the second dissociation constant of
phloroglucinol compared with other polyhydric phenols
(Table 1).

Finally, the existence of the doubly-charged phloroglu-
cinyl oxide anion in the keto-form was proved most con-
vincingly by proton magnetic resonance 6 3 . The PMR
spectrum of aqueous phloroglucinol solution shows a single
maximum corresponding to aromatic protons (τ = 3.95),
which is displaced slightly when one mole of alkali is added
(τ = 3.98). The addition of a second mole, however, pro-
duces sharp changes in the spectrum: the maximum due to
the aromatic protons disappears, with the production of two
new peaks; one of these ( τ = 4.97) corresponds to protons
associated with an alkene double bond, and the other (τ =
= 7.00) corresponds to the protons of a methylene group.
The chemical shift of the observed peaks is insensitive to
change in concentration and temperature. These observa-
tions indicate the existence of a doubly-charged anion in the
form of an alicyclic isomer, and according to the infrared

TABLE 1. Dissociation constants of
polyhydroxyphenols β

Phenol 10* Jt.

(XII)

Phloroglocinol
Pyrogallol
Resorcinol
Pyrocatechol
Hydroquinone

3.56
9.67
0.71
0.75
0,12

I0uK,

1320.00
2.30
4.78
0.84
0.91
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spectra6 3 this structure is preserved in the disodium salt
of phloroglucinol in the solid state. It thus follows that
un-ionised phloroglucinol and singly-charged and doubly-
-charged ionic forms are present in equilibrium, and pure
tautomerism between two forms of the doubly-charged anion
is not observed. The formation of the doubly-charged
phloroglucinyl oxide anion is apparently accompanied by
simultaneous rearrangement of the aromatic bond system
into a dienone system; this is extremely characteristic of
the ionisation of certain substituted phenols (see p. 828).

As a result of the introduction of another hydroxyl group
into the aromatic ring, 1,2,3,4-tetrahydroxybenzene can
exist in two individual isomeric forms84»65. Under appro-
priate conditions the isomers can be converted into one
another, but there is no reversible equilibrium between
them. Here the stability of the keto-form is influenced
not only by the above energetic features, but also by intra-
molecular hydrogen bonds formed as a result of the favour-
able mutual arrangement of the hydroxyl and keto-groups
(see p. 822).

OH
,OH

Y
OH

The above published data indicate that in the mononuclear
phenol series (mono-, di-, and poly-hydric), actual tauto-
merism, as a mobile equilibrium, does not exist. This
state of affairs is not preserved, however, on going to the
hydroxyl derivatives of polycondensed aromatic systems.
Even in naphthols the symmetrical character of the 7r-elec-
tron cloud is disturbed, and this naturally leads to a de-
crease in the aromaticity of the phenolic ring. Approxi-
mate quantum-mechanical calculation shows that the 1-2
bonds of naphthalene are closer to double bonds than the
bonds in benzene, and also that the 1,2,3,4-system of naph-
thalene is similar to some extent to the buta-l,3-diene sys-
tem and to an even greater extent to the 1,4-diphenylbuta-
-1,3-diene system66. Thus the energy used in enolisation
is compensated to a smaller extent by the energy of aromatic
delocalisation in the naphthol series than in mononuclear
hydroxyaromatic compounds. As a result, in the naph-
thalene series, even the monohydric hydroxyl derivatives
exhibit the properties of the tautomeric keto-form in their
chemical reactions. Thus )3-naphthol is readily reduced
to S-tetralone67»68, undergoes bromination with the forma-
tion of derivatives of the keto-form with ^em-substituents
in the α-position69, etc. As in phloroglucinol, however,
tautomerism is not observed directly in the naphthols. In
monohydric phenols tautomerism becomes possible only
when the phenol ring is condensed with two aromatic nuclei.
Thus in unsubstituted anthracene the energy of aromatic
delocalisation is slightly greater than the sum of the energy
of conjugation of two isolated aromatic rings7 0, but when a
hydroxyl group is introduced into the meso-position of
anthracene, this excess delocalisation energy cannot com-
pletely compensate the enolisation energy. As a result,
9-hydroxyanthracene (anthrol) is able to undergo rever-
sible conversion into the corresponding ketone (anthrone)
in which the two isolated aromatic rings are conjugated

with the car bony 1 group, leading to an even greater in-
crease in the stability of the keto-form:

OH

y\/\/\

Thus the appearance of tautomerism in a phenolic com-
pound indicates a decrease in the aromaticity of the ring
attached to the hydroxyl group. This is readily seen on
going from phenol to other monohydroxy-derivatives of
polycondensed aromatic compounds. The more extensive
the polynuclear aromatic system, the greater the proba-
bility of conversion of the enol form into the keto-form,
and the greater the stability of the keto-form. Thus the
keto-form of hydroxynaphthacene (XIV) shows only a slight
tendency to undergo enolisation, and the phenolic form of
the pentacenes (XV) is unknown4:

Η Η

Χ/
Η Η Η Η

Χ/ν

Ο
(XIV)

ο
(XV)

ό
(XVI)

An attempt to bring about the isomerisation of (XV) in
the usual way by heating in concentrated sodium hydroxide
was unsuccessful. The isomer of hydroxynaphthacene —
benzanthrol (XVI) — however, exists in both forms, which
can be readily separated71.

Of the above possible tautomeric transformations, the
tautomerism of anthrol has been most studied. This is at
present perhaps the simplest monohydroxyaromatic com-
pound for which two isomeric forms are known to exist in
equilibrium. As early as 1911, Mayer18 found that the
anthrol-anthrone equilibrium can exist in the absence of
catalysts. A more detailed study72 showed that in alco-
hol, 9-anthrone is enolised to the extent of only 11.5%.
Slow cooling leads to crystallisation of the non-enolised
product, but on rapid cooling the mixture contains crystals
of 9-anthrol. The two forms are distinguished by their
chemical properties. The keto-form shows a relatively
low activity in the absence of catalysts bringing about
enolisation. Heating in 10% sodium hydroxide for 10 min
in a current of nitrogen with subsequent acidification leads
to complete enolisation of anthrone. The reverse isomeri-
sation takes place, however, when the resulting 9-anthrol
is dissolved in ether, alcohol, or dioxan73. Alkylation of
9-anthrone by benzyl chloride in the presence of alkali
gives 10,10-dibenzyl-9-anthrone. Hydrolysis of 9-benzyl-
-10-benzyloxyanthracene by treatment with hydrochloric
acid leads to rapid isomerisation of the resulting 10-benzyl-
-9-anthrol into the corresponding anthrone74. Kinetic
studies of the isomerisation of anthrol into anthrone showed
that this reaction is of first order, the activation energy
and rate of isomerisation depending to a marked extent on
the solvent75.

On going to poly hydroxy-derivatives of condensed hydro-
carbons, all the above features are shown even more clearly,
and the possibility of tautomeric transformations arises in
dihydroxynaphthalenes containing both hydroxyl groups in the
same ring, particularly if on formation of the keto-form the
carbonyl groups are further stabilised by conjugation with
the other aromatic ring. These changes were studied in
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most detail by Thomson4»76"80. 1,4-Dihydroxynaphthalene
(R = H) and l,4-dihydroxy-2-methylnaphthalene (R = CH3)
on fusion (~ 200°) form equilibrium mixtures containing 10%
of the diketo-forms (XVIII):76'81'82

OH

OH

(XVII)

\ / \ / \ HII
ο

(XVIII)

Under ordinary conditions, however, both the dienol (XVII)
and the diketone (XVIII) are stable compounds, and equili-
brium between them does not exist. According to Braude's
data 8 3, in the titration of the hydroquinone (X VII) with cerium
sulphate in petroleum ether solution at 130°, the titre de-
creases gradually to a definite limit. Tautomeric equili-
brium is evidently established under these conditions also.
The reverse conversion of the diketone (XVIII) into the
dienol (XVII) takes place when the diketone is dissolved in
cold alkali and the resulting solution is acidified. Spectro-
scopic studies76 showed that under ordinary conditions the
diketone (XVIII) undergoes no structural changes in solution
or in the solid state.

In the anthracene series the ability of 1,4-dihydroxy-
-derivatives to undergo conversion into the diketo-form is
even greater, and this is naturally associated with a further
decrease in the aromaticity of the phenolic ring. Thus on
fusion (210°) 1,4-dihydroxyanthracene (XX) is converted in
50% yield into the corresponding i,2,3,4-tetrahydro-l,4-
-diketoanthracene (XK):7 8

OH

•Η

(XX)

Here the diketone is more stable than the dienol. The
diketone can be converted into the dienol by dissolving in
dilute alkali. Analogous properties are shown by 1,4-di-
hydroxy-9,10-diphenylanthracene84. The equilibrium
9,10-dihydroxyanthracene-anthraquinol system is also
well known85.

The stability of the diketo-forms of the 1,4-dihydroxy-
-derivatives of polycondensed compounds which we have
considered increases appreciably when hydroxyl groups are
introduced into the α-position of a neighbouring aromatic
ring. This increased stability is due to the production of
an intramolecular hydrogen bond in the keto-form as a result
of the favourable spatial arrangement of the hydroxyl and
carbonyl groups. In these compounds, the energy of aro-
matic delocalisation compensates not only the energy of
enolisation of the two carbonyl groups, but also the addi-
tional energy of rupture of the hydrogen bond, and this should
naturally decrease the stability of the enol form and dis-
place the equilibrium (relative to the 1,4-dihydroxy-deri-
vatives) towards the diketone'β»86 (see Table 2). The
representatives of this series which have been most studied

TABLE 2. Influence of the number of hydroxyl groups on tauto-
meric equilibrium in the naphthol series.

Formula of
phenol

OH

OH
I CH,

OH OH

Keto-fofm
Conditions of tautomeric

equilibrium

Composition
of tautomeric.

mixture
(% ketoform)

exists only as the phenol, bnt in a number of reactions
exhibits the properties of the keto-form

/

ΛΛ/'

γ
OH

in the molten state;
200-210°

in the molten state;
190-200°

in the molten state;
200-210°

1. in the molten state;
200-210°

2. boiling in acidic
aqueous solution

in the molten state;
200-210°

10.5

exists almost entirely in the
keto-form

R.f».

are 1,2,5-trihydroxynaphthalene (α-hydrojuglone) and its
2-methyl homologue76»771*

The isomers (XXI) and (ΧΧΠ) may exist in the equili-
brium state in aqueous solution. The structures of both
substances have been confirmed by spectroscopic data76»87.

These regular features are shown even more clearly by
1,4,5,8-tetrahydroxynaphthalene, for which the conversion
into the keto-form is accompanied by the production of two
intramolecular hydrogen bonds. Accordingly, its keto-
-form (j3-hydronaphthazarin) becomes more stable and this
is naturally reflected in the properties of this compound.

t The diketone (ΧΧΠ) — jS-hydrojuglone — is present as
glucosides in walnut extracts. Under the conditions of its extrac-
tion (boiling aqueous solution) it is partly converted into the enol-
-form — a-hydrojuglone76.
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Thus 1,4,5,8-tetrahydroxynaphthalene (a-hydronaphthaza-
rin) (ΧΧΠΙ), formed by the reduction of naphthazarin, is
converted almost quantitatively under the conditions of the
reaction into the isomeric )3-hydronaphthazarin (XXIV):88

H.

ο ο
II

(Τ"
Η · '

(XXIV)

The diketo-structure of /3-hydronaphthazarin was proved
by chemical methods 7β>88. Analogous behaviour is shown
by the product of the reduction of quinizarin — leuco-
-quinizarin (l,2,3,4^tetrahydro-9,10-dihydroxy-l,4-diketo-
anthracene)88»89. The influence of the number of hydroxyl
grouos on tautomerism in the hydroxynaphthalene series is
illustrated in Table 2.

A unique place in the 1,4-dihydroxynaphthalene series is
occupied by compounds containing substituents (Hal, OH, SH,
SO3Na, etc.) capable of being removed. Here there are no
reversible tautomeric transformations between the isomers,
despite the fact that these compounds may exist in the indivi-
dual state in both keto- and phenolic forms. These phenols
are not converted into the diketones on fusion, since they
usually decompose at elevated temperatures. On the other
hand, the keto-forms, instead of enolising, are more readily
converted into a quinonoid system with'the removal of a
molecule of an inorganic substance. Typical representa-
tives of this type of compoundare the isomeric 2,3-dichloro-
- 1,4-dihydroxynaphthalene (XXV) and the dichlorodihydro-
naphthoquinone (XXVI). The latter readily loses a mole-
cule of hydrogen chloride and is converted into 2-chloro-
-1,4-naohthoquinone 7 9.

a decrease in the energy of aromatic conjugation and appre-
ciable polarisation of the hydrogen-oxygen bond in the
hydroxyl group. This facilitates the removal of hydrogen
as a proton and leads to the appearance of keto-enol tauto-
merism. These features should be shown to the greatest
extent in the nitrosophenol molecule, since the nitroso-group
exhibits the greatest negative conjugation effect. Moreover,
a distinguishing characteristic of the nitroso-group is its
ability to combine with a proton using the unshared pair of
electrons of the oxygen atom, with the formation of a
hydroxyimino-group; this in turn should lead to additional
stabilisation of the carbonyl form of the nitrosophenol as a
result of the formation of a quinonoid system of conjugated
bonds. Thus in the example which we are considering,
there is on the one hand a decrease in the energy of aro-
matic conjugation in the phenolic form as a result of the
presence of the nitroso-group and on the other hand an in-
crease in the energy of enolisation of the carbonyl group,
which is further stabilised by quinonoid conjugation. The
final result of these two factors, operating in the same
direction, is that in the nitrosophenol series the benzenoid
(phenolic) form is less favoured than its isomeric quinone
oxime form. Calculations by Jaffe94 using the molecular
orbital method showed that for 4-nitrosophenol the quino-
noid state is favoured relative to the phenolic form to the
extent of 4.6 kcal mole'1. Experimental data published up
to the present confirm that nitrosophenols exist chiefly in
the quinonoid form. As a result, nitrosophenol ?=* quinone
oxime tautomerism exhibits certain characteristic features
compared with phenol-dienone tautomerism, particularly
the marked sensitivity of the equilibrium to the medium,
and the specific influence of substituents in the benzene
ring:

OH

NO

II
/ \

U
NOH

ΟΗ

ΟΗ
(XXV)

Ο
(XXVI)

The keto-forms of these dihydroxynaphthalenes are in
turn often obtained as a result of 1,2-addition to naphtho-
quinones90"92. Certain substituted diketones of the naph-
thalene series are nevertheless able to undergo irrever-
sible enolisation — for example, (XVII) — but in these
instances the reaction in this direction always competes
with that involving elimination93. The individual proper-
ties of these compounds have been examined by Thomson 4 .

3. TAUTOMERISM OF NITROSOPHENOLS

The introduction of electronegative substituents into the
ortho- and para -positions of a phenol brings about a redis-
tribution of the electron density in the molecule, leading to

Since in ο-nitrosophenols an intramolecular hydrogen
bond is formed, inevitably producing an additional influence
on the characteristic features of the tautomeric equilibrium,
we shall consider first the tautomerism of ρ -nitrosophenols.

Facts indicating the tautomeric properties of p-nitroso-
phenol have been known for a long time. Bayer95 as early
as 1874, and later Goldsmidt98, found that />-benzoquinone
monoxime, formed by the reaction of />-benzoquinone with
hydroxylamine, is identical in all respects to ρ-nitroso-
phenol obtained by the direct nitrosylation of phenol. It
was found that in oxidation and reduction this compound be-
haves as a nitroso-compound, whereas on treatment with
hydroxylamine it gives the quinone dioxime, that is, it
reacts in the quinonoid form.

These data indicated the possibility of the reversible
inter conversion of p -nitrosophenol and />-benzoquinone
monoxime. The first attempts to investigate the regular
features of this transformation were undertaken using
chemical methods9 7"1 0 5 but no definite conclusions could be
reached. The results obtained merely indicated the exis-
tence of a tautomeric equilibrium between the phenolic and
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quinonoid forms. Thus it was shown that the phenolic
form of nitrosophenols is converted into the quinonoid form
by heating in the presence of acids 1 0 0,1 0 5 or by acidifying
their alkaline solutions 1 0 6. The two isomeric forms of the
nitrosophenols give identical silver salts, which on treat-
ment with methyl iodide give the methyl ethers of the
benzoquinone oximes 102. An analogous product is formed
by the reaction of nitrosophenols with methyl sulphate in
alkaline medium102. On the other hand, an attempt, using
/>-nitrophenylhydrazine, to determine the concentration of
the quinonoid isomer in the products of the nitrosylation of
phenol was unsuccessful, since all the nitrosophenol was
converted into the corresponding />-nitrophenylhydrazone102.
The reaction with diazomethane was found to be more suit-
able; diazomethane reacts with nitrosophenol in ether
solution to give two products: glyoxime i\W-di-4-methoxy-
phenyl ether and benzoquinone 4-oxime O-methyl ether1 0 4.
The results obtained could not be used, however, to deter-
mine the ratio of the tautomeric forms of the nitrosophenol.
By 1920-1932 the opinion had been formed, on the basis of
the above properties, that nitrosophenols exist chief ly in the
phenolic form in the crystalline state and in inert solvents.
Thus chemical methods proved unsuitable for the determi-
nation of the composition of tautomeric mixtures of nitroso-
phenols. The solution of these problems was made possible
only by the application of spectroscopic methods, which
without disturbing the equilibrium in the system, allowed
its qualitative composition to be determined unambiguously
and some information on its quantitative composition to be
given.

The absorption spectrum of the products of the nitro-
sylation of phenols was first obtained by Hartley107. By
comparing the spectrum of the products of the nitrosylation
of phenol with the spectrum of />-nitrosoaniline, he estab-
lished that the chief component of the mixture in ether solu-
tion is the quinonoid form. Baly108, who repeated these
studies, however, put forward the opposite opinion. This
problem was later studied by Anderson109. By studying the
absorption spectra of p-nitrosophenol in ether solution and
comparing the results obtained with the spectra of the
methyl ethers of the two isomeric forms of p-nitrosophenol,
he showed that under these conditions the equilibrium mix-
ture consists of approximately 70% quinone oxime and 30%
nitrosophenol. Analogous results were obtained for solu-
tions of nitrosophenol in dioxan, chloroform, and absolute
alcohol. The most recent studies 110 of the infrared spec-
tra of dilute solutions of p-nitrosophenol in carbon tetra-
chloride confirmed these data. When ultraviolet spectro-
scopy was applied to the study of the tautomerism of 2- and
3-substituted nitrosophenols, determination of the position
of the maximum characteristic of the pure nitroso-form was
found to be very difficult, since the equilibrium is generally
displaced towards the quinonoid form and the more intense
band due to the latter masks the band due to the nitroso-
-form. In this connection, the correctness of the inter-
pretation of spectroscopic data in the determination of the
characteristic features of the tautomerism of substituted
nitrosophenols has been discussed99»109)111»112.

The further development of spectroscopic methods has
made it possible to return to this question and to solve the
problem of determining the changes in the absorption spec-
tra of the phenolic and quinonoid forms of nitrosophenols,
irrespective of the number and nature of substituents 1 1 3.
In particular, detailed study of the spectroscopic properties
of the products of the nitrosylation of phenol led a group of
French workers 1 1 3" 1 1 7 to recognise the existence of a three-
-component mixture in the tautomerism of nitrosophenols:

the nitrosophenol, the quinone oxime, and an intermediate
ionised form — the ambident ionj:

OH

NO

ο-
ι

NO

/ \

\ /
II

N O -

11
\/

II
N O Η

Thus in the tautomerism of nitrosophenols, as in keto-enol
tautomerism1, the two forms first give up a proton with
the formation of the same anion in each instance.

The use of spectroscopic methods has made it possible
to establish the dependence of the equilibrium in a nitroso-
phenol-quinone oxime system on the nature of the solvent,
the pH of the medium, and the position and nature of the
substituents. In an aqueous medium, the above system of
reversible transformations is considerably simplified and
usually consists of two components. Moreover, under
these conditions the tautomeric systems are extremely
sensitive to changes in the pH of the medium only in the
range from 3 to 7, and are independent of pH outside this
range1 1 2. This phenomenon is associated with the ionisa-
tion of the two tautomers. In a strongly acidic medium
(pH < 3), the ionisation should be suppressed, leading to a
displacement of the equilibrium in one direction and the
existence of only one neutral form, exhibiting the lowest
acidity. In a strongly acidic medium this will in fact be
the quinone oxime form. Similarly, in an alkaline medium
(pH > 7) the un-ionised forms do not exist and in accord-
ance with the total ionisation the intensity of the absorption
becomes almost constant112.

In a study of the ultraviolet spectra of aqueous solutions
of unsubstituted ρ -nitrosophenol, the presence of two com-
ponents (ionic and quinone oxime forms) in the system was
confirmed by the existence of an isosbestic pointU 9. These
spectra were also used to calculate the dissociation con-
stant of the oxime form (pK = 6.21 ± 0.03); this quantity
was also determined by conductimetric and potentiometric
titration119.

In neutral solvents, nitrosophenols exist in all three
equilibrium forms, the quantity of ionic form increasing
sharply with increase in the polarity of the solvent (ether,
alcohol, water). The quantity of nitroso-form decreases
and the proportion of oxime form increases in the same
order1 1 5.

The introduction of alkyl substituents in the 2-position of
the aromatic nucleus also increases the displacement of
the entire system towards the quinonoid form. Thus in
alcoholic solution, />-nitrosophenol and 3-methyl-4-nitroso-
phenol give maxima corresponding to all three forms (nitroso-
phenol, oxime, and ionic) with the oxime form predominat-
ing, whereas the introduction of alkyl substituents in the

t The ̂ -nitrosophenol-quinone oxime tautomeric mixture was
recently analysed by paper chromatography118. On the basis of
the agreement between the calculated and experimental Ru values

. — - 1 ], it was assumed that the tautomeric mixture
1RF \j

consists chfefly of nitrosophenol together with a small percentage
of the oxime. No allowance was made, however, for the exist-
ence of the anionic form or for the exceptionally marked depend-
ence of this equilibrium on the nature of the medium.

/ r
\Ru - og^.
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2-position leads to the disappearance or sharp decrease in
the quantity of the nitroso-form in the equilibrium sys-
tem m . Increase in the steric hindrance at the hydroxyl
group, created by branched alkyl substituents, produces a
completely quinonoid system — alcoholic solutions of these
compounds contain only the oxime form115. This relation-
ship has been studied in most detail by Finch120 for 2,6-di-
alkylnitrosophenols where Alk = CH3, C2H5, CH(CH3)2, or
C(CH3)3. The opposite relationship is observed when the
alkyl substituents are introduced into the 3,5-positions of
the nitrosophenol. In this instance there is an increase
in the proportion of the phenolic form in the tautomeric
equilibrium in the order Alk = CH3, C2H5, CH(CH3)2, and
C(CH3)3. Branched substituents in the 3,5-positions appa-
rently create additional steric hindrance to the conversion
of the nitroso-form into the oxime form, and this naturally
leads to an increase in the proportion of the benzenoid
form120.

An analogous relationship is observed for the halogeno-
-derivatives of nitrosophenols. Thus the introduction of
halogen into the 2-position of the aromatic nucleus dis-
places the equilibrium towards the oxime form11β. An
alcoholic solution of 2,6-dichlorobenzoquinone oxime con
tains only the oxime form with a small quantity of the
ionised form. The same is observed for the correspond-
ing bromo-derivatives m . The introduction of halogen
into the 3-position, however, leads to a decrease in the
proportion of the quinone oxime form in the equilibrium115

A unique position among halogeno-derivatives of
p-nitrosophenols is occupied by 3-fluoro-4-nitrosophenol.
This phenol cannot be converted into the isomeric 3-fluoro-
benzoquinone oxime. When its alkaline solution is heated
and then acidified, the nitroso-form is precipitated un-
changed106. This phenol also exists only in the nitroso-
-form in acidic and neutral media, irrespective of the
nature of the solvent121. Spectroscopic studies106 of
3-fluoro-4-nitrosophenol indicate extensive polarisation of
the nitroso-group, leading to the formation of a partly bi-
polar structure, which by interaction of the fields may form
a characteristic five-membered ring. With this bipolar
structure, the oxygen atom of the nitroso-group is appa-
rently unable to combine with a proton from the medium:

The regular features of the tautomeric equilibrium are
not altered significantly on going from p-nitrosophenol to
4-nitrosonaphth-l-ol. With this also, the oxime form pre-
dominates in polar solvents 1 2 2, the ionic form predominates
in alkaline medium123, and the oxime form predominates in
the solid state 1 2 4.

Tautomerism is also shown by the alkylmercury deriva-
tives of p-nitrosophenols. In a study of the infrared spec-
tra of these compounds, Nesmeyanov and Kravtsov125 found
that the intensity of the band due to the nitroso-group shows
a definite relationship to the nature of the solvent and is
independent of the concentration of substance. Since the
infrared spectra indicate that in the solid state the alkyl-
mercury derivatives of nitrosophenols have the quinone
oxime structure, the observed phenomenon must be due to

the existence of a tautomeric equilibrium with the inter-
mediate formation of a common anion:

OHgR

II 1 =
NO

o-

gR

NO NO-
II

NOHgR

This feature is also shown by nitrosophenols with substi-
tuents in the ring, the introduction of alkyl substituents in
the 2-position leading to a decrease in the concentration of
the nitroso-form of the alkylmercury derivative in the
solution.

An interesting feature is that interconversion of the iso-
mers is also possible for the O-acetyl derivatives of nitroso-
phenols. For example, O-acetylnitrosophenol is converted
quantitatively into the more stable O-acetylbenzoquinone
oxime on recrystallisation u e .

Among other nitrosophenol derivatives, the possibility
of tautomerism is observed in the products of the conden-
sation of nitrosophenols with the oximes of certain nitriles;
the 4-nitrosophenol derivative exists chiefly in the phenolic
form, whereas the l-nitrosonaphth-2-ol derivative exists
in the quinonoid form1 2 6:

C=N-0 OH

NO

—OH

Ν

OH

The regular features of the tautomerism of nitroso-
phenols are slightly different for the orfAo-isomers. This
is due to the existence127 in these substances of an intra-
molecular hydrogen bond which has a fairly strong stabilising
action on the nitroso-group, so that the energetic relation-
ships between the phenolic and quinonoid (here, ortho-
-quinonoid) structures is altered slightly and the benzenoid
form of the nitrosophenol is preferred. The ultraviolet
spectra1 2 7 show that ο-nitrosophenol exists only in the
phenolic form in non-polar solvents. The introduction of
substituents exhibiting positive conjugation effects into the
/>ara-position relative to the nitroso-group, however, facili-
tates the rearrangement of the nitroso-group into the oxime
group. Thus 2-nitroso-5-methoxyphenol and 2-nitroso-
-5-dimethylaminophenol127 exist in solution in the form of
tautomeric mixtures; the quinonoid form predominates,
and its concentration increases with increase in the polarity
of the solvent. These spectroscopic data agree with
certain chemical properties. In particular, the crystal-
lisation of 2-nitroso-5-methoxyphenol128 from ethanol and
benzene gives crystals with different appearance and
melting points. These were assumed to be two tautomeric
forms. With the ο-nitrosophenols of the naphthalene series
(l-nitrosonaphth-2-ol and 2-nitrosonaphth-l-ol) there is
tautomeric equilibrium with the nitroso-form predominat-
ing129.

4. TAUTOMERISM OF AZOPHENOLS

The azo-coupling of phenols, together with the data ob-
tained by Zincke130, who showed that hydroxyazo-compounds
with analogous structure are formed by the action of aryl-
hydrazines on the corresponding quinones, indicated the
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possibility of tautomeric equilibrium between azophenols
and quinone arylhydrazones. A number of authors1 3 1"1 3 8

suggested that this equilibrium is an ordinary prototropic
transformation with migration of a proton between the nitro-
gen atom and the phenolic oxygen. This transformation is
accompanied by rearrangement of the benzenoid bond sys-
tem into a quinonoid system or by the opposite rearrange-
ment of the quinonoid system into the benzenoid system:

OH

λ
Ο
II

/ \

N = N - C , H 5

(XXVIII)
Ν—ΝΗ—C,H5

(XXIX)

The first studies of this tautomerism by chemical
methods were carried ouj in 1929, when Borshe and co-
workers 139 used dinitrophenylhydrazine to isolate the
hydrazone form(XXK) as the dihydrazone from the tauto-
meric mixture. The results obtained were not conclusive,
since the dihydrazone can be formed directly from the
monohydrazone by heating in acidic medium. Attempts to
prove the existence of tautomerism in the azophenol series
by chemical methods include the use of the reaction with
cyclopentadiene, which according to the diene synthesis
scheme gives the products of the addition to the quinonoid
ring of the hydrazone form140. Direct confirmation of
tautomerism in the azophenol series by isolation of both
tautomeric forms from the equilibrium mixture has not
been obtained. Only the use of spectroscopic methods
made it possible to study effectively the regular features
of the tautomerism of azophenols 1 4 1" 1 5 2. The successful
solution of this problem was greatly assisted by the distinct
separation of the spectroscopic characteristics of these
tautomeric forms in the ultraviolet range.

The energetic relationships for the formation of the two
forms (azophenol and quinone hydrazone) facilitate tautomer-
ism to a greater extent than in the unsubstituted phenols.
Summation of the bond energies of the systems

OH

2 = C — C = C — Ν = Ν — Ο -
Ι ! ! I

_C-C=C—C=N-NH—C,
1 1 1 I

gives 432 kcal mole"1 for the enol-form and 456 kcal mole"1

for the keto-form, that is, the formation of the keto-form
is favoured to the extent of 24 kcal mole"1. Thus the
energy of enolisation of the carbonyl form (particularly
with allowance for the quinonoid conjugation) of the azo-
phenols is much greater than the energy of enolisation
required in the formation of unsubstituted phenols, leading
to a lower stability of the aromatic system. Hence the
factors determining the appearance of tautomerism in the
phenol series (see p. 818) should be shown even more
clearly in the azophenols. The accumulation of aromatic
rings condensed with the azophenol nucleus does in fact
lead to more rapid conversion of the phenols into the iso-
meric quinonoid compounds. Thus in the solid state, com-
pounds of the benzene series exist in the benzenoid form,
whereas derivatives of the naphthalene and anthracene
series exist only in the quinonoid form1*. In solutions
this change is more regular 150>153. For example, 4-phenyl-
azophenol always exists in only one form and exhibits a
single absorption maximum (343 nm) corresponding to the
azo-form, whereas 4-phenylazonaphth-l-ol and 4-phenyl-
azoanthr-1-ol show maxima corresponding to the azophenol

form (392 and 442 nm respectively) and the quinone hydra-
zone form (475 and 506 nm). Finally, 9-phenylazoanthr-
-lO-ol shows only one maximum in the ultraviolet range,
corresponding to the quinone hydrazone form151. Thus
among the />-azophenols which we have considered, tauto-
meric equilibrium is found only in the derivatives of 4-azo-
naphthols and related compounds.

The influence of the nature of the substituents on the
tautomerism of azophenols is also shown extremely clearly.
Here, all the regular features characteristic of the tauto-
merism of phenolic compounds are preserved. The intro-
duction of electron-accepting substituents into the molecule
leads to an increase in the concentration of the keto-form,
whereas the presence of electron-donating substituents
facilitates the production of aromatic properties in the ring
and displaces the equilibrium towards the phenolic struc-
ture. It should be noted that tautomerism is found only in
the phenyl(or aryl)azophenols, but not in alkylazophenols.
This is due to the fact that the phenylazo-group produces a
greater displacement of electrons into the aromatic ring of
the phenol, facilitating the removal of a proton and conver-
sion into the carbonyl form. A similar influence is shown
by the introduction of substituents into the phenyl nucleus
of the hydrazone.

All the regular features of the influence of substituents
on the tautomeric equilibrium have been studied for 4-azo-
naphth-i-ol derivatives:

The data1 5 4"1 5 6 in Table 3 show the influence of substi-
tuents in the phenyl ring of the hydrazone on the tautomeric
azophenol ^ quinone hydrazone system. The ratio of the
extinctions (ehydrazoAazo) indicates approximately the pro-
portions of the tautomers in the equilibrium mixture. Ε lee -
tron-donating substituents decrease this ratio, that is, they
decrease the proportion of hydrazo-form, whereas electron-
-accepting substituents increase this ratio. A charac-
teristic feature is that the introduction of substituents in the
2-position usually increases the proportion of the hydra-
zone tautomer to a much greater extent than the introduc-
tion of an analogous group in the 4-position. This anomaly
is related to the possibility of intramolecular hydrogen
bond formation. Thus the introduction of a carboxyl group
in the 2-position157 stabilises the hydrazone form as a re-
sult of the formation of an intramolecular hydrogen bond.
Maximal stability of the keto-form, as expected, is shown
by the 2,4-dinitrophenylhydrazones. Here the negative
conjugation effect of the substituent in the phenol molecule

TABLE

Substituant
X

4'-NH2

4'-OH
4'-OCH3

4'-CH3

Η
4'-Cl
4'-NOo
4'-COOCH3

3. Influence of substituents
of azonaphthols

4-Aryloio-
naphlh-l>ol

hydraio'*aio

0.22
0.39
0.63
0.84
2.0
2.0

UArylazo*
naphth'2-ol

fhydrazo'faze

0.17
0.40
0.45
1.08
1.31
1.26
2,00

Substituent
X

3'-OCH3

3'-Cl
3'-NO2

2'-CH3

2'-Cl
2'-OCH3

2'-NO2

2'-COOCH3

on the tautomerism

4-Aryloio·
naphth-l-ol

ihydr«o' taio

0.89
1.50
1.90
0.23
0.50
0.90
2.0
2.0

1-Arylozo·
naphth>2*ol

^ydrazo^azo

1.41
—

2.0
1.71

—
2.0
2.0
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increases to such an extent that tautomerism is possible in
mononuclear azophenols14D.

In the 4-phenylazonaphth-l-ol series, the NH and OH
groups present in the hydrazo- and azo-tautomeric forms,
are able to form hydrogen bonds with the solvent. Since
these bonds have different strengths, the tautomers may be
stabilised by these bonds to different extents. Moreover,
substituents in the 2-position of the benzene ring will also
influence the strength of the hydrogen bonding with the sol-
vent, either by the formation of intramolecular hydrogen
bonds of the type

or by creating steric hindrance to the formation of an inter-
molecular hydrogen bond. The influence of solvents on
the tautomeric equilibrium has also been studied148 for
4-phenylazonaphth-l-ols. For the 3'- and 4'-substituted
compounds the concentration of the hydrazone tautomer
increases with increase in the polarity of the solvent in the
order: hexane < benzene < chloroform < 50% ethanol <
< CH3COOH. The picture is complicated considerably in
the presence of 2-substituents capable of forming intramole-
cular hydrogen bonds (Cl, OCH3, etc.). The proportion of
hydrazo-form is smaller in polar solvents (water, ethanol,
CH3COOH) than in hexane, benzene, and chloroform. An
explanation for this anomaly is apparently to be found in
the competition between intramolecular and intermolecular
hydrogen bond formation.

In the tautomerism of o-azophenols, the energetic re-
lationships favour the formation of the carbonyl form to an
even greater extent, again as a result «of the production of
an intramolecular hydrogen bond. As a result of this
additional factor, tautomeric equilibrium is established
between two isomeric forms even in solutions of 2-phenyl-
azophenol150. It should be recognised that in o-phenylazo-
phenol and o-phenylazonaphthols, intramolecular hydrogen
bonding should also be shown by the phenolic form. It was
first assumed138'137»158»159 that these substances do not
exhibit tautomeric properties, for the presence of the
intramolecular hydrogen bond leads to the production of a
mesomeric hybrid of the type:

Η Ο
\

Η · · · Ο.

- Ν = Ν — ί

that is, a delocalised hydrogen bond should be formed.
Later spectroscopic studies148»155»160 showed, however,
that the system contains both isomers and that the intra-
molecular hydrogen bond is essentially static, leading to
polarisation of the molecule and facilitating tautomerism.

The action of the other factors influencing the tautomeric
equilibrium of o-azophenols is the same as that for p-azo-
phenols. Table 3 gives data characterising the influence of
the nature and position of substituents for 1 -phenylazonaphth-
-2-ol. The effect differs little from those observed in the
para -derivatives. The introduction of electron-donating
substituents again displaces the equilibrium towards the
azo-form and the introduction of electron-accepting substi-
tuents displaces it towards the hydrazo-form 155>15β.

Table 4 gives data showing the influence of solvent on
the equilibrium system for l-(4-methoxy-3,5-dimethyl-
phenylazo)naphth-2-ol and compares the results with those

TABLE 4. Influence of solvent on the equilibrium for
l-(4-methoxy-3,5-dimethylphenylazo)-
naphth-2-ol.

Solvent

Water
50% acetic acid
50% ethanol
CH.COOH
75% ethanol
CHC1,
87.5% ethanol
C.H.NO,
C.H.OH
Pyridine
Benzene
CC14

n-Hexane

Azo*compound
'ozo'lEhydrazo

0^445
0.556
0.570
0.684
0.764
0.795
1.040
1.130
1.150
1.160
1.350
2.120

CHjCOCrLCOOCtH,
^eno|/Ht«»on·

0.004

0.061

0.089

_
0.150
0.220
0.220

0.900

CK,COCH,COCH,
C.no|/Ck«fon·

0.24

2.8

3.8

5.3

5.7

12.0

for the equilibrium constants (Cenoi/Cketone) for acetoacetic
ester and acetylacetone155. There is a complete analogy
in the influence of the substituents (Table 4). In all series
the keto-structures are present in higher concentration in
the more polar solvents.

5. EQUILIBRIUM PHENOL-QUINONOID TRANSFORMA-
TIONS OF ^-SUBSTITUTED PHENOLS

As already noted, the presence of electron-accepting
groups in a phenol molecule should facilitate phenol-quino-
noid tautomerism. In principle, this property may be shown
by any phenol containing carbonyl, carboxyl, carbalkoxyl,
nitrile, nitro- and other analogous groups in the para-
-position and, to a lesser extent, in the ortho-position.
For example, for />-hydroxybenzaldehyde this transforma-
tion might be represented by the following equilibrium:

OH

/S

CHO

Ο
II

\v \/
_ CHO

II
C H O -

Ο
II

II
C H O H

The displacement of the electrons in the aromatic ring
under the influence of the negative conjugation effects of
these substituents is generally insufficient, however, for
the formation of a compound with a quinonoid bond system.
Usually, this transformation requires the additional influence
of other factors on the phenol molecule. The greatest
influence in this direction is shown by steric hindrance, the
decrease in the aromaticity of the phenol nucleus in con-
densed systems, and binding of the phenolic hydrogen by
the medium. In the last, reversible equilibrium between
the neutral phenolic form and a quinonoid anion may be
established.

Published data show that the existence of the above tauto-
meric systems is possible. Thus study of the rearrange-
ment of the epoxide of 9-methylene-10-anthrone 1β1>1β2 gavea
yellow-orange substance with m.p. 206-208°, which accord-
ing to the method of preparation and analysis should be
9-formyl-10-anthrone. The high acidity of the product (its
strength is close to that of benzoicacid) indicates, however,
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that it is present in equilibrium with the hydroxy-forms
9-formyl-10-anthrol and 9-hydroxymethylene-10-anthrone.

Ο
II

Ύ
OH

CHO
II

C H O H CHO

The existence of this ternary equilibrium was also con-
firmed by chemical and spectroscopic methods162.

On going to the benzene series, it is difficult to reach
definite conclusions regarding the tautomerismof hydroxy-
benzaldehyde. Thus Bartel1 8 3, in a polarographic study of
/>-hydroxybenzaldehyde at pH 5.4-7.2 detected two polaro-
graphic waves similar to dissociation waves. These could
not oe attributed to ionised and un-ionised forms of the
aldehyde, however, since the dissociation of />-hydroxy-
benzaldehyde in this pH range is too small. Even in a
strongly alkaline medium, only neutral molecules are
depolarised at the cathode. The existence of two waves
might be attributed to tautomerism, but the absence of
direct experimental data makes this suggestion extremely
hypothetical.

The greatest quantity of material has appeared in con-
nection with the study of the properties of phenols exhibit-
ing steric hindrance. This is not surprising, in view of
the general tendency for 2,6-disubstituted phenols and their
derivatives to form stable quinonoid or quinolide struc-
tures 1 6 4 " 1 6 6 . The most typical compound in this respect is
3,5-di-t-butyl-4-hydroxybenzaldehyde (XXX), which exhibits
extremely specific properties in an alkaline medium. Thus
unlike the unsubstituted 2,6-di-t-butylphenol, it dissolves
readily in alkalis, and this can be attributed only to the for-
mation of a phenoxide ion in the isomeric dienone-enolate
form. Careful neutralisation of alkaline solutions of this
aldehyde leads to the quantitative separation of the alde-
hyde form1 β 7:

OH

(CH 3 ) 3 C

CHO
(XXX)

||
CHO-

Spectroscopic studies 1β7 >188 of alkaline solutions of (XXX)
also indicate formation of the enolate form. When the alde-
hyde (XXX) is dissolved in alkalis, the absorption maximum
in the ultraviolet spectrum (Xmax = 290 nm) is displaced to-
wards longer wavelengths (Xmax = 370 nm). Absorption in
this range is characteristic1 6 9 of certain quinone methides
and alkoxy-derivatives of quinone methides, with analogous
structure. The infrared spectrum of an alkaline solution
of (XXX) does not contain the band corresponding to an aro-
matic aldehyde, but shows an absorption band characteris-
tic of conjugated car bony 1 in quinone methide compounds,
usually observed as an averaged band at 1618 cm' 1 or split
to form a doublet170»171 in the region of 1610-1630 cm"1.
Finally, isolation of the sodium salt of 3,5-di-t-butyl-4-
-hydroxybenzaldehyde in crystalline form1β7 showed that
this compound also gives only the quinonoid bond system.

The quinonoid structure of the salt of the benzalde-
hyde (XXX) is also confirmed by chemical reactions. When
the finely ground salt is heated in dry hexane with benzoyl
chloride in a current of inert gas, the only product is

2,6-di-t-butylbenzoylhydroxyquinone methide167. The re-
action with an alkaline solution of the benzaldehyde is ana-
logous168:

,C(CH,),

Ο

\ / \ / C

\ /

C'HO-

C.H.COC1

CHO

CHOCOC.H,

These properties of 3,5-di-t-butyl-4-hydroxybenzalde-
hyde cannot be related to typical tautomerism, since in
this example, as for phloroglucinol (see p. 820), the equili-
brium apparently involves the un-ionised phenolic form and
the dienone-enolate anion, whose formation is due to the
transfer of the negative charge to the £-substituent from
the strongly polarised π-electron bond.

Properties analogous to those of 3,5-di-t-butyl-4-
-hydroxybenzaldehyde are shown by certain other 3,5-di-
alkyl-4-hydroxybenzaldehydes. Nikiforov and Ershov167

recently studied the influence of alkyl substituents on the
equilibrium between these aldehydes and their salts. The
infrared spectra of solid specimens showed that the salts
of 3,5-di-t-butyl-4-hydroxybenzaldehyde (XXX; R = R' =
= CMe3), 4-hydroxy-3,5-di-isopropylbenzaldehyde (XXXI;
R = R' = CHMe2), and 5-t-butyl-4-hydroxy-3-methylbenz-
aldehyde (ΧΧΧΠ; R = CH3, R' = CMe3) have a quinonoid struc-
ture, whereas salts of ^-hydroxybenzaldehyde (XXXIV; R =
= R'= H)and 4-hydroxy-3,5-dimethylbenzaldehyde (ΧΧΧΠΙ;
R = R' = CH3) exist in the phenoxide form. Salts of the
aldehydes (XXX), (XXXI), and (XXXII) in solution naturally
may not have the classical quinonoid structure, since the
distribution of the negative charge should be influenced sig-
nificantly by the solvation of the entire molecule as a whole.
There is no doubt, however, that the structure of these
anions is close to the quinonoid structure, and this is res-
ponsible in particular for the ready solubility of these alde-
hydes in aqueous alkalis. This conclusion is confirmed by
the ultraviolet spectra of the alkaline solutions and also by
the equilibrium constants for the formation of the salts of
3,5-dialkyl-4-hydroxybenzaldehydes (Table 5).

For 3,5-dialkyl-4-hydroxybenzaldehydes exhibiting steric
hindrance, the value of the constant is smaller and decreases
monotonically with decrease in the steric hindrance at the
phenolic hydroxyl, but it subsequently increases sharply on

TABLE 5. Ultravioletspectraandionisationcons1antsof4-hydroxy-
benzaldehydes.

Compound
No.

XXX
XXXI
XXXII
XXXIII
XXXIV

4<Hydroxv3,5'dialkylb*nzald*hyd·

3,5-di-t-botyl
3,5-di-isopropyl
3-metb.yl-5-t-butyl
3,5-dimethyl
4-hydroxybenzaldehyde

Ultraviolet spectra

^max

neutral

290
290
290
289
285

alkalln·

367
356
358
351
336

77
66
68
62
51

10* Κ

4.21
3.80
2.51
8.51

11.48
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going to the aldehyde with methyl substituents and the un-
substituted />-hydroxybenzaldehyde, and increases further

o- OH
R \ / \ / R ' R \ / ' \ / R ' R \ / \ / 'R'

CHO CHO CHO-

in the reverse order. For phenols as a whole, a decrease in
dissociation constant with increase in the steric hindrance
at the phenolic hydroxyl is characteristic. An analogous
phenomenon is also observed in the formation of phenoxide
salts of the hydroxyaldehydes (ΧΧΧΠΙ) and (XXXIV), but the
observed reverse relationship in compounds (ΧΧΧ)-(ΧΧΧΠ)
is due to the fact that the steric factor facilitates the phenol-
dienone bond rearrangement and hence facilitates the forma-
tion of the quinonoid anion. These conclusions agree with
data obtained from the infrared spectra of salts of p-hydroxy-
benzaldehydes and are confirmed by certain chemical reac-
tions of these compounds, taking place in alkaline medium m .
The most characteristic in this respect is Dakin's reaction.
According to the mechanism accepted at present 173>174

> this
reaction passes through a stage involving the addition of
hydrogen peroxide to the carbonyl group:

OH

\ / \ / R

Υ
CHO

OH OH Π

V/R

CH—OOH OCH

I II
Ο- Ο

OH

OH

In practice, a marked decrease in the reaction rate is ob-
served for hydroxyaldehydes with bulky alky 1 substituents 1 7 2.
This is apparently due to the fact that these hydroxyaldehydes
in alkaline medium (the conditions of Dakin's reaction) exist
chiefly in the quinonoid-enolate form.

The influence of steric hindrance at the phenolic hydroxyl
on the ease of formation of the quinonoid bond system has
been followed most thoroughly in a study of the equilibrium
between hydroxyphenyldiazonium salts and quinonediaz-
ides1 7 4,1 7 5:

TABLE 7. Influence of para -substituents on the displacement of
the absorption maximum in the ultraviolet spectrum
of 4-substituted 2,6-di-t-butylphenols.

R

cgu.
H
Br
C O N H 2

2,6-DI-t-buty|.4.S .phenol

neutral,
λ

223
222
214
226
258

alkaline,
λ

251
250
244
257
321

Δλ

28
28
30
31
63

R

COOC.H,
C O C H ,
CN
CHO
NOa

2,M3l-t*butyl*4*Rf>henol

neutral,
χ
A max

261
284
252
293
325

alkaline,
>

324
363
307
370
450

Λλ

63
79
55
77

125

The data m in Table 6 show that with increase in the steric
hindrance at the phenolic hydroxyl, the equilibrium is dis-
placed towards the formation of the quinonoid bond system,
so that conversion of the quinonediazide into the diazonium
salt requires an increasingly acidic medium. A charac-
teristic feature is that the stability of the quinonediazides
in the solid state increases in the same order1 7 β.

Since o-t-alkyl groups favour the formation of the
quinonoid system to the greatest extent, a spectrophoto-
metric study was made of the influence of various substi-
tuents on the behaviour of 4-substituted 2,6-di-t-butyl-
phenols in alkaline medium177»178. The magnitude of the
bathochromic shift (Table 7), which provides a criterion of
the formation of a quinonoid system, increases with increase
in the negative conjugation effect of the substituent, and dif-
fers considerably from the shift produced on the formation
of ordinary phenoxide ions. In these examples we must
naturally have in mind only the preferential location of the
negative charge on the para -substituent. For phenols which
do not contain alkyl substituents in the ortho-positions, the
corresponding values of Δλ are smaller, indicating greater
delocalisation of the electron density throughout the mole-
cule as a whole.

The greatest difference in absorption in alkaline medium
is shown by 2,6-di-t-butyl-4-nitrophenol. The possibility
of the reverse conversion of the neutral phenolic form of
nitrophenols into the ionised quinonoid act -form is also
confirmed by certain chemical data. Thus />-nitrophenol
salts which have been isolated are assigned the structure
(XXXV):17β"181

+N=N

\ /
II

M*-O—Ν — Ο

(XXXV)

il
CHSO—Ν -» Ο

(XXXVI)

TABLE 6. Influence of substituents on the equili-
brium conversion of quinone diazides
into diazonium salts.

2,<W3ialky|./*quinon· dlazide

p-Quinone diazide
2,6-Dimethyl
2-Methyl-6-t-butyl
2,6-Di-is opropy 1
2,6-Di-t-bntyl

3.19
2.83
2.72
2.76
1.65

Methylation of 2,6-di-t-butyl-4-nitrophenol177 gave a
compound to which, on the basis of its chemical properties
and spectroscopic data, was assigned the ether structure
(XXXVI). It should be noted that in the methylation of
2,6-di-t-butyl-4-cyanophenol, only the normal Ο-methyl
ether was isolated. The difference evidently excludes the
influence of steric hindrance on the direction of the methylation
of this nitrophenol. Finally, early papers1 8 2 describe the
methyl ether of the quinonoid form of ο-nitrophenol. Unfor-
tunately, the problems of reversible transformations in the
nitrophenol series have as yet been insufficiently studied,
so that no conclusions can be reached regarding the tauto-
meric transformation of nitrophenols.
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Spectroscopic data and the anomalous solubility in alkalis
indicate 170>»e,i83 t h e e x i S tence of an equilibrium in the for-
mation of salts of 4-benzoyl-, 4-cyano-, and 4-carbethoxy-
-2,6-di-t-butylphenols.

OH

QCH,),

+OH-

4 +H+

C=O

R

c-o-

An analogous phenomenon is apparently observed in the
formation of salts of 4-(3,5-di-t-butyl-4-hydroxybenzyli-
dene)-2-phenyl-5-oxazolone184:

C H — C = C — Ο
I I
Ν Ο

Very interesting behaviour in alkaline medium is shown
by certain pyrylium salts containing phenolic substituents
in the 4-position. Here the formation of the phenoxide ion
should give a compound with a bipolar structure, with oppo-
site charges on the oxygen atoms, established by the quino-
noid conjugation extending over both rings 1 8 5.

4-Substituted phenols on the whole show a distinct tendency
to form a quinonoid bond system in reactions involving these
substituents. These transformations are generally not
tautomeric, however, but are related to the equilibrium be-
tween the ionised and un-ionised substance. Such trans-
formations apparently explain the influence of the steric
factor, facilitating formation of the quinonoid system, on
the de car boxy lation of p-hydroxycinnamic acids1 8 6, the
hydrolysis of />-hydroxy benzamides and nitriles1 8 7, and the
hydrolysis of the corresponding JV-benzoyltyrosines and
ΛΓ-benzoyltyramines188, taking place in alkaline medium.

In weakly alkaline solution, />-hydroxycinnamic acid is
decarboxylated fairly rapidly, the reaction rate decreasing
at pH < 9. This phenomenon can be attributed to the fact
that protonation of the doubly-charged anion produces a
quinonoid structure, which undergoes rapid decar boxy lation:

; H = C H — C O O H

The maximum corresponding to aromatic absorption in the
ultraviolet spectrum of />-hydroxycinnamic acid in alkaline
medium is displaced by 35 nm (310 nm -• 345 nm), and this

may indicate the presence of the quinonoid anion. This dis -
placement is twice as large for 3,5-di-t-butyl-4-hydroxy-
cinnamic acid (70 nm); the alkaline solution acquires a
yellow colour, which disappears on acidification. The
doubly-charged anion of this acid evidently exists in the
quinonoid form. Its decar boxy lation at pH 8.5 is 2.5 times
faster than that of unsubstituted />-hydroxycinnamic acid1 8 6.
An approximately analogous influence of the steric factor
is observed in the hydrolysis of the amides and nitriles of
the corresponding benzoic acids. Table 8 gives the rates
of hydrolysis187 of the benzamides and benzonitriles in
alkaline medium. Comparison of the rates shows that the
hydrolysis of 4-hydroxybenzamides and nitriles is 30 times
faster than hydrolysis of their 4-hydroxy-3,5-di-t-butyl
analogues. The rate of hydrolysis increases sharply for
the 4-methoxy-derivatives. These facts are in good agree-
ment with the assumption that an anion with the quinonoid
structure exists under the conditions of the reaction:

OH
(CH,),C ι / C (CHJ 3 (CHS)SC " X / C ( C H , ) 3

ill
C=N"

O
(CHa),C x / ! N / C(CH ! )) i

CONHi - C - NH,

The hydrolysis of iV-benzoyltyrosines and iV-benzoyl-
tyramines is more complex188. These compounds are of
interest since it is possible to establish a dienone structure
with the formation of spirocyclic systems. Here again,
the influence of the steric effect is clearly shown. Thus
the rate of hydrolysis of 3,5-di-t-butyl-JV-benzoyltyrosine
is about half the rate of hydrolysis of N-benzoyltyrosine,
and the corresponding rates for substituted and unsubsti-
tuted benzoyltyramines differ by a factor of 7.

HJ—CH—COO" C(CHs)s CeH5

TABLE 8. Rate constants for the hydrolysis
of benzamides and benzonitriles.

Compound

Benzamides

Benzonitriles

4-hydroxy
4-methoxy
4-hydroxy-3,5-di-t-boty 1
4-methoxy-3,5-di-t-butyl

4-hydroxy
4-methoxy
4-hy droxy-3,5-di-t-butyl
4-methoxy-3,5-di-t-butyl

10'K.

63
963

2
505

125
3000

4
2000
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The formation of a labile spirodienone should decrease
the concentration of the iV-benzoyl derivative, suitable for
attack by an external base. The ratio of the rates shows
that this factor increases in the tyramine series, since the
formation of the spirodienone is then favoured to a greater
extent in the hydrolysis of iNT-benzoyltyrosines:

(CH3)3C

2 Hj CHj

NHCOCeHs

- - - o O o - - -

Tautomeric transformations in the phenol series are
extremely interesting, since the phenomenon of tautomer-
ism, which is widely encountered in organic chemistry, is
here associated with the breakdown of an aromatic bond
system. On the other hand, the questions examined above
may also be useful for an understanding of many of the
transformations of phenols and their derivatives, of defi-
nite practical importance. Unfortunately, most work on
the tautomerism of phenolic compounds is chiefly qualita-
tive in character. The investigation of strict quantitative
relationships governing this phenomenon will undoubtedly
be of considerable interest.
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of the monomeric unit during the course of the polymerisa-
tion. This process, usually termed conversion or iso-
merisation polymerisation, results in the growth of the
polymeric chain with simultaneous migration of a labile
hydrogen atom or group of atoms.

Until now the most characteristic examples of anomalous
polymerisation were observed mainly in cationic polymeri-
sations , which are accompanied by the migration of a hydride
ion1:

-y*-—π-
The hydride ion can migrate not only to neighbouring carbon
atoms but also to those more distant:

+ I I v ^
•c—c—c— c

ι I I I

Some authors2»3 think that the transfer of hydrogen
should be sequential: 1-2, 2-3, 3-4, etc.; others4"6,
that the migration takes place directly: 1-3, 1-4, etc.

It is noteworthy that hydride transfer reactions have long
been known in organic chemistry. Thus, to explain iso-
merisation, alkylation, cracking, and other reactions, many
schemes involving intramolecular or intermolecular migra-
tion of hydrogen have been proposed7"16.

The first suggestions about the possibility of hydrogen
migration in polymerisation were made by Staudinger and
Dreher1 7 in 1935 in studying the polymerisation of /3-methyl-
styrene and acetone. They performed the polymerisation
in the presence of tin(IV) chloride and boron trifluoride in
toluene at temperatures from 0° to -78° and suggested that
polymerisation does not proceed in the usual way but with
migration of a labile hydrogen of the methyl group, that is,
1,3-polymerisation occurs:

C , H 6 C H = C H C H 3 - • — Q H J C H C H J C H J • — ( Ο , Η ^ Η Ο Η ϋ Ο Η , - ) , , .

Ozonation and pyrolysis were used to determine the
structure of the polymers. Ozonation did not give results.
/3-Methylstyrene and acetone, and a little 1,4-diphenyl-
butadiene and l,4-di-(/>-methoxyphenyl)butadiene were
detected in the products from pyrolysis at 300°.

The presence of these compounds in the pyrolysis pro-
ducts is attributed to the initial macromolecules having
contained structures formed as a result of anomalous poly-
merisation. Later, a group of Hungarian scientists veri-
fied Staudinger and Dreher's results 18. They polymerised
anethole in benzene solution in the presence of tin(IV) chlor-
ide and titanium(IV) chloride at room temperature. On
investigating the product, they concluded that the poly-
anethole had the general structure:

ANOMALOUS POLYMERISATION OF SOME
VINYL MONOMERS

N. D. P r i s h c h e p a , Yu. Ya. G o l ' d f a r b ,
and B. A. K r e n t s e l '

The problem of the regulation of the chain structure of
polymers has always attracted the attention of many investi-
gators. The discovery of stereospecific polymerisation
was a great step forward in this direction. One of the
interesting possibilities of regulating the chemical struc-
ture of macromolecules consists in changing the structure

CH,

— C H - C H -
I
Ο,Η,ΟΟΗ,-ρ

On comparing the results of the work of Staudinger and
the Hungarian scientists, it is obvious that the conditions
of the experiments were not identical; Staudinger carried
out the polymerisation at low catalyst concentrations; the
Hungarians studied the polymerisation at room tempera-
ture with high catalyst concentrations.

Italian scientists investigated the polymerisation of ane-
thole in the presence of aluminium chloride, titanium(IV)
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