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PREFACE

In the general form of this thesis the example of Haydn
rather than Bradshaw has been followed.

The Introduction consists of a short review of polychromism
ana provides a background against which a particular example,
discovered by Kehrmunn and Matusinsky in 1912, may be seen.

It was one observation mude by these authors which formed the
starting point for the work to be described here,

The "Main Thesis" is in four sections. The first subject
of the EXPOSITION is 2-hydroxy-5-phenylacridine; the main
theme is its polychromism. The transition to the second is
effected by a hypothesis. The second subject is l:1l'methylene-
bis-2-hydroxyacridine.

The DEVIELOPMENT section starts with a short review of
hydrogen bonding, leads to the prediction of a new type of
thermochromism and ends with a short general review of this
subject.

In the RECAPITULATION the first and second subjects are
reconsidered in the light of new features which arose in the
DEVELOPWMENT.

In the CODA some wider implications are counsidered of
what has by now emerged as the main theme of the thesis. (4
theme which originated in the transition paragraphs of the

EXPOSITION. )



All tne important experimental results are to be found
in the Main Thesis, but an "Experimental" section has been
added which includes details for the preparation of the
compounds discussed ana of some physical technigues which

were used,
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INTRODUCTION

In the Annual Reports on the Progress of Chemistry
for 1918 under the heading "chromoisomerism" the following
passage may be found: " ..... but it seems time to protest
against one halfpennyworth of practice to this intolerszsble
deal of theory, and to demand something more than assertion
in proof of the constitutional formulae which are drawn up
so lavishly." It is fairly clear that the reviewer 1is
referring principally to Hantzsch who originated the term
"chromoisomeric" to describe compounds which exist in two
or more solid modifications with distincitly different colours.
Hantzsch (1) supposed that all such cases are to be explained
in terms of isomerism and he proposed many structures (for
example A, B and C to explain the frequent occurrence of
green, red and yellow forms in the salts of 5-phenylacridine)
which on the present day theories of valency must be

discarded.
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Hantzsch, however, was right in looking for an
explanation and his reviewers were wrong where they dismissed
the phenomena as being "merely polymorphism" (2).
Polymorphism perhaps; but where, as in some cases, the
colour change is pronounced - say from green to red - this
is harcly a sufficient explanation.

In the sequel the purely descriptive term polychromism
will be used,in place of Hantzsch's "chromoisomerism', to
avoid the implicaetion that isomerism is necessarily involved.

We know that electronic absorption is not exclusively a
function of molecular structure; it may be affected by the
polar environment of the molecule and zalso by more specific
intermolecular forces such as hydrogen bonding or charge
transfer interaction. A crystal lattice may be regarded
as a structure of intermolecular interactions; +to change
the lattice is to change these interactions and, in so far
as some of these may influence light absorption, to change
the colour.

But the problem remains. If there is no difference
in the structure or conformation of the molecules in
different polychromic states then there must be a difference
in one or other of those forms of intermolecular interaction

which can have a significant effect on colour and it should



be possible to specify which of these is involved.

Most polychromic organic compounds for which no
evident explanation in terms of isomerism exists, are either
salts or aromatic nitro-compounds (usually polynitro-compounds
and usually phenols or amines). The origin of polychromism
in these cases has not been fully established, but it may
well be that comparatively recent work on charge transfer
phenomena will provide at least a partial answer, Charge
transfer might be expected to occur in the solid state with
both of these classes of compounds.

It is well known that aromatic polynitro-compounds can
form coloured molecular compounds with aromatic hydrocarbons,
amines, phenols etc, The formation of such compounds has
been attributed to charge transfer interaction between the
components,one of which must be a Lewis acid (e.g. a nitro-
compound ) and the other a Lewis base (e.g. an aromatic
hydrocarbon or amine) (3 a - e).

This type of interaction gives rise to a new absorption
band, which has been called the charge transfer spectrum,
in the visible or near ultra-violet regions. It appears
to be due to the occurrence of electronic transitions
between rather than within molecules. Charge transfer

spectra are always broad and without fine structure. This
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is probably due (3a) to the weakness of the charge transfer
bonding (% - 4 K.cals./mole (4)) allowing thermal vibration
to provide =z considerable range of displacements and
orientations between the interacting groups. If the
energy required for these intermolecular transitions does
indeed depend upon the orientation of the interacting groups
in the crystzl - and this seems probable - then the colour
of the solid will be a funection of crystal structure. Thus
where a compound, which shows charge transfer interaction in
the solid, is polymorphic it will in general be polychromic.
Some examples of polychromic compounds in which the

phenomenon may be due to charge transfer are given below:
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This charge transfer hypothesis for polychromism
must be regarded as a more modern version of a theory
put forward by Pfeiffer (8) as early as 1915 in terms of
residual valency. He proposed that the orange and yellow
forms of nitromethoxystilbenes result from the orientations

A and B respectively in the solids.

NO; GH, CH=CH-GH, OMe  NO,GH, - CH=CH-GH, OMe

MeO-CHy CH=CH L H,y NO,  NOy CoHy CH=CH:-CeH,-OMe

A B
Orange Yellow
No work appears to have been done in order to decide

whether charge transfer can occur in organic salts: its
occurrence in inorganic salts appears to be very common.
It is too early therefore to judge whether an extension
of the charge transfer idea to cover the numerous cases 0f
polychromism in organic salts is justifiable. A purely
electrostatic theory has been proposed by Lucas and Kemp (9)
to explain the polychromism of organic and inorganic salts.
Their general conclusion is that the electronic absorption

of an ion in a crystal lattice will depend on its
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electrostatic environment, created by the surrounding ions
of opposite charge, and that this will depend on the crystal
structure.

Although at present it is not possible to decide which,
if any, of these theories is true, one thing is clear: where
a compound exists in more than one differently coloured solid
form it is not possible to conclude directly from this that
different molecular structures must be assigned to these
forms. On the other hand a knowledge of the general classes
of compounds which show polychromism and an appreciation of
the factors which may influence light absorption in a crystal
will help in deciding, in specific cases, whether it is worth
looking for an explanation in terms of isomerism. For
example if the compound in question is a salt or a polynitro-
compound, or indeed if it is a betaine or contains both
Lewis acid and Lewis base functions, any "isomeric" theory
will be somewhat unconvinecing. But the converse also is true,

According to Kehrmann and Matusinsky (10) 2-hydroxy-
5-phenylacridine crystallises ffom hot benzene as fine
yellow needles with 2 melting point of 26400. On
crystallising slowly from cold benzene red prisms are obtained
which may be converted to the yellow form by heating at 13500.

The red modification is formed from the yellow slowly on



T
standing and rapidly by crushing and powdering. From these
observations 1t was concluded that the yellow is the form
stable at higher temperatures and the red the lower
temperature stable form.

In view of the difference of more than lOOOC between
the melting points of the two forms and in view of their
strong difference in colour, Kehrmann suggested that this

was a case of tautomerism between the structures (I) and (II).

g H T
7~ ~

Neither argument is very convincing and the great ease
with which the red modification can be formed from the yellow
would seem to weigh heavily in favour of an explanation in
terms of polymorphism. But if this example is considered
in the context of polychromism in general and in the light
of work carried out more recently by John (11) and by Albert
and Short (12) on the tautomerism of analogous compounds,
Kehrmasnn's theory becomes distinctly more probable.

In the first place 2-hydroxy-5-phenylacridine does not

fall into any of the general classes of polychromic compounds:
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this appears to be the only published example of a polychromic
free acridine (although polychromism in acridine salts is
very common). On the other hand John has studied a group
of 2-hydroxy-phenazine derivatives of which (III a or b ) is

an example.

CH, CH,
SRS ARCH Y
N OH N O
CHy H CH

(0.) L (b)

This compound exists in a yellow and a deep violet
modification,these colours corresponding to the colours of
the O-lethyl and N-Methyl derivatives respectively. In
solution 1:3:4 trimethyl-2-hydroxyphenazine is present
as an equilibrium mixture of the structures(IIIa) and (IIIb).
John concluded that the yellow and violet modifications were
to be identified with (IIIa) and (IIIb) respectively. In
this case however interconversion between the solids can
only be brought about by recrystallising from solution or
by heating to 135°C at which temperature sublimation can be
seen to occur.

Albert and Short (12) have shown that 2-hydroxyacridine

also is tautomeric (although not polychromic) existing in
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solution as an equilibrium mixture of lactim and lactam
structures analogous to (I) and (II). Here the lactim
structure is yellow and the lactam structure red.

Kehrmann and Matusinsky's theory might now seem to be
so reasonable as to be hardly worth questioning. But
there remains one difficulty: the yellow crystals of
2-hydroxy-5-phenylacridine can be converted to the red
modification simply by rubting. If this is a tautomeric
change it occurs with remarkable facility.

It was therefore decided to investigate more

thoroughly the colour changes of 2-hydroxy-5-phenylacridine,
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SECTION I (EXPOSITION) 1st SUBJECT.

A sample of Z-hydroxy-5-phenylacridine was prepared

using Bernthsen's reaction (1).

COOH
=

Rl
[:::::L‘hjfj[::;;l‘cjpl N &
H

L

It was confirmed that 2-hydroxy-5-phenylacridine exists
in a yellow and a red form; that the yellow form may be
obtained by recrystallisation from benzene; +that this on
rubbing is converted to a red powder, and that the red
powder reverts to the yellow form on heating.

The other observations made by Kehrmann and Matusinsky
on this subject are more doubtful. Thus while a distinet
reddening was observed in one sample of the yellow form left
standing in the light over a period of months, no such
change occurred in another sample kept in the dark for a
similar time. The red prisms which were reported to
crystallise from cold benzene could not be obtained.

The red —» yellow change, which takes place on heating,
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was examined under a hot-stage microscope in an attempt to
find the traunsition temperature. This must exist if
Kehrmann's conclusion 1s correct, that the red is the lower
temperature and the yellow the higher temperature stable
form, No transition temperature could be found. By heating
at a rate of 400/min. conversion occurs fairly rapidly between
130°¢ and 140°C. But in the region of 110°C yellow needles
could be seen to be forminé slowly and one sample of the red
form converted partially to the yellow when left at 100°¢
for a few weeks. Nuclealion of the red form with the yellow
did not appear to accelerate this change. The only
conclusions which could be drawn at this stage were that the
transition temperature between the yellow and red
modifications of 2-hydroxy-5-phenylacridine - if it exists -
lies between room temperature and 100°C and that the
temperature of 13500, quoted by Kehrmsnn and Matusinsky, is
of no particular significance.

2-hydroxy-5-phenylacridine shows marked differences in
colour in different solvents. Dilute solutions in cyclohexane
ether or acetone, for example, are yellow with a blue
fluorescence, In alcohol or chloroform the colour is deep
orange, This behaviour is similar to that of 2-hydroxyacridine
where it has been shown (2) that the colour changes are due

to the existence of a tautomeric equilibrium between lactim
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and lactam structures the position of which depends on the
solvent,

The O-methyl (11) and N-methyl (III) derivatives of
2-hydroxy-5-phenylacridine were prepared as shown below,

o1

thus fixing the lactim and lactam structures of the molecule.

Pk

N OH
Diazometkane y A MeT Han Alkali

PR Ph
7z

N

O-Ma N 0

N
g/ Me T

The .ultra-violet spectra of these were determined both in
cyclohexane and absolute alcohol. They are shown in Figs.
1l and 2.

The ultra-violet spectrum of 2-hydroxy-5-phenylacridine
was determined in three aifferent solvents: cyclohexane,

absolute zlcohol and 20% ag. alcohol, These are shown in

eS|

igl 3-
It will be seen that the change of solvent has little
effect on the visible zbsorption of the methylated compounds.

The absorption of the parent compound is altered considerably
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14,
on changing from cyclohexane to zbsolute alcohol: in 20%
2gq. alcohol the spectrum has changed almost completely. In
cyclohexane the spectrum is closely similar to that of the
O-methyl compound, showing that here the lactim structure is
almost exclusively present. In 20% ag. alcohol the spectrum
approximates to that of the N-methyl derivative: here the
molecules must be almost entirely in the lactam form. Ln
absolute alcohol both those maxima characteristic of the
lactim and those characteristic of the lactam structures are
clearly visible: in this case there is evidently a
substantial amount of both forms present in the equilibrium
mixture.

By.oomparing the spectrz of 2-hydroxy-5-phenylacridine
with those of 2-hydroxyacridine (2) it can be seen that the
5-phenyl group has little effect. This is almost certainly
due to the steric interference of the hydrogen atoms at
positions 4 and 6 of the acridine nucleus with those at the
ortho positions of the phenyl substituent forcing the phenyl
group out of the plane of the acridine nucleus and so causing
both to zbsorb independently. The absorption maxima for
benzene alone (at 240 - 260 my) are weak and co-incide with
a region of étrOng absorption in 2-hydroxyacridine. The
effect of such steric interference on absorption spectra
has been noted elsewhere, for example in the diphenyl series (3)

The closely similar stabilities and the colours of the
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lactim and lactam structures, indicated by the absorption
spectras in Fig. 3, lend some support to Kehrmann's theory.
But there is also the further point that the visible
absorptions of the methylated compounds are not greatly
affected by the change of solvent. This weighs against
any theory which attempts to explain the polychromism
of the parent compound as being due to a difference in the
electrostatic environment of the same structure (lactim or
lactam) in two different lattices.

The ultra-violet absorption of 2-hydroxy-5-phenyl-
acridine in solution depends only on the solvent and not
on which solid form is used to prepare the solution. It
the solids are tautomers then tautomerisation must occur
rapidly on solution, This would be expected in any case
since the colour of a solution changes immediately on adding
excess of another suitable solvent and, as we have seen,
such colour changes in solution are due to tautomerism.
This means that any final answer to the problem of the
polychromism of Z2-hydroxy-5-phenylacridine requires a direct
study of the solid forms. Attempts were therefore made
to obtain ultra-violet gpectra from solid films of this
compound.

At a fairly high temperature, and under reduced pressure,

2-hydroxy-5-phenylacridine sublimes. The sublimate may be
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obtained in the form of a hard red crust. This effect was
used to prepare solid samples for exemination. A small
quantity of the material was heated under high vacuum to a
temperature of 180°C close to a clean silica plate
maintained at a much lower temperature. In this way a thin
film of the red form could be obtained in which the particle
size was too smzll to be visible under the microscope. By
heating the plate for one minute at 140°C the red film could
be converted to a corresponding yellow film and, provided
the change occurred rapidly enough, the crystal size was still
below the limits of a low powered microscope. From these
films satisfactory qualitative spectra were obtained in which
the absorption muxime could be distinguished clearly. A
pair of such curves is shown in fig. 4(a) =znd (b). Curve (a)
was obtained from the film before and curve (b) after heating
at 14000. We may note the following points:

(1) After the transition from the red to the yellow
form an absorption maximum at 480 mp has disappeared: this
is evidently responsible for the change in colour. The
position of this maximum is close to the typical "lactam" peak
which can be seen in the spectra of the N-methyl derivative
at 490 mrn(gxgighexane) and 478 mp (absolute alcohol).

(2) In both curves there is a maximum at 410 mp: the

intensity of this increases on changing from the red to the
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yellow form, This absorption is near the first absorption
maxima of the O-methyl derivative (380 - 400 my (cyclohexane
and absolute alcohol) ). The absorption of the N-methyl
derivative is low in this region,

(3) Both the yellow and the red forms show a maximum
in their spectra between 358 and 360 mrftogether with a
shoulder or smaller maximum at 345 me . A feature of this
type appears to be common to the lactim and lactam
absorptions (see figs. (1) and (2) ).

(4) At about 300 mp there is a slight inflexion in
the absorption curve of the yellow film: +this probably
corresponds to the similar feature occurring at about 290 mp
in the spectra of the O-methyl compound. In absolute
alcohol this comes at about the same height as the "shoulder"
at 335 mp. The spectrum of the parent compound in
cyclohexane shows a similar inflexion,

(5) At 290 mp there is a shoulder in the absorption
curve obtained from the red film which has disappeared after
the transition to the yellow form. This shoulder is in the
region of the distinctive "lactam" peak which can be seen in
the spectra of the N-methyl derivative at 288 mp (absolute
alcohol) and 294 mp (EXEEEhexane).

in absorption curve obtained from a thinner film of the

red form is shown in fig. 4(c). Two further features can be
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seen here, There is a strong maximum at 268 mp near the
position of the most intense "lactim" absorption (see fig.(1)
and another at 240 which corresponds closely to the position
of a typical "lactam" zbsorption maximum (cf. maximum in
"N-methyl" spectra: 240 mp in cyclohexane and 238 mp in
absolute alcohol).

In fig. (5) (a), (b) and (c) another three curves,
obtained from thinner films of the yellow form, are shown.
Here, in addition to the features already discussed, maxima
at about 266 my and shoulders at 240 mp may be seen. The
features at 240 in the spectra of the solid films are of
doubtful significance, however, since although this is
the position of an important lectam maximum, there are small
shoulders to be seen here in the spectra of the O-methyl
compound both in solution (fig.(l) ) and in the solid (fig.5d)

The above points may be summarised as follows:

(1) The spectrum of the yellow form of 2-hydroxy-5-
phenylacridine resembles that of its O-methyl derivative.
(The difference in the region 400 - 450 will be discussed
later.)

(2) The spectrum of the red form resembles the
spectrum of the compound in absolute alcohol. It is "mixed".

The seven principal features which can be seen in the spectrum
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in alcohol (at 483, 394, 352, 338, 286, 258 and 238 mf) have
their counterpart in the spectrum of the red solid (at 480,
408, 358, 344, 290, 258 znd 240 my): =nd there are no other
significant features visible, These two curves are shown
together in Fig. 6.

The immediate conclusions to be drawn are:

(1) In the yellow form of 2-hydroxy-5-phenylacridine
the molecules are principally or entirely in the lactim form:

(2) 1In the red form of 2-hydroxy-5-phenylacridine both
"lactam" and "lactim" molecules are present.

The second conclusion is surprising and might suggest
that the sublimed films consist of a mixture of the "true"
red and yellow forms, That this is not the case is shown
by the two curves in fig. 7 which are the spectra of solid
films obtained by grinding the "irue" red form (which is
obtained by grinding in any case) onto silica plates. The
particle size in these films was much greater and the
greater resultant scattering has produced a pronounced
levelling out of the spectra; but again the "mixed"
nature of the absorption is apparent.

It should be stressed that these solid film absorption
spectra are essentizlly qualitative, No reliance can be
placed upon the absolute intensities of the absorption maximag
since no attempt was made to assess quantitatively the effect

of scattering. As already mentioned fig. 7 illustrates the
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gualitative effect. Scattering may also account for one or
two minor deviations in the curves, for example the maximum
at 445 mp in fig. 7b and the shoulder at 320 mp in fig. 5b.
But the features which have been discussed have been those
common to all the four "yellow" absorption curves (figs. 4
and 5) on the one hand and all the four "red" curves (figs. 4
and 6) on the other. These were obtained from different
films in which the particle size, and hence the effect of
scattering, should have been different.

Absolute intensities are meaningless, but the relative
intensities of maxima, particularly where they are close
together, may be of some significance. It is probably
significant, for example, that whereas the maxima at 360 mf
and 410 mf:in the yellow form (Fig. 4(a) ) have spproximately
the same intensity, in the red form (Fig. 4(b) ) the maximum
at 410 mfz is considerably lower. This is consistent with
the view that the red form contains a smaller proportion of
molecules in the lactim state. It should be possible from
the general shape of the curves to obtain some idea of the
relative contribution of the lactam and lactim absorption
to the spectrum of the red form.

The set of curves in fig. 8 show the purely geometrical
efféct of adding together the absorption curves of the
O-methyl and N-methyl derivatives in different proportions.

These have been drawn with their origins displaced diagonally.
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In this way the set of curves represents a surface, points
on which correspond to values of A , log€ and Z, where A
is the wavelength, £ the molar extinction coefficient znd 2
the "%age N-methyl contribution" to the composition. (The
Z-axlis being represented as a 450diagonal the values on
the vertical and horizontal scales allow the A and log g

to be read using the formula

A= x-12, log€ = y- 15 ).

These curves show that the differences in the region
400 - 450 mf/ between the absorption of the O-methyl compound
and that of the yellow form cannot be accounted for by assuming
that in this form there is a small lactam contribution. From
the surface it can be seen that no such contribution would
give the observed shape. The difference appears to be due
to a shift of the peaks, which in the spectra of the O-methyl
compound occur at 380 and 395 wp, to 410 and 440 mp
respectively. These shifts may be due to hydrogen bonding
which can occur in the unmethylated compound. The spectrum
in absolute alcohol suggests similar but smaller shifts to
385 and 420 g . The cyclohexane spectrum on the other hand
has maxims near their "normal" position (381 and 400 my)
together with a smaller shoulder in the"shiftedéposition of
430 ny . This would suggest that in cyclohexane most of the

molecules are free but that some (intermolecular) hydrogen
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bonding is also taking place. Similar bathechromic shifts
of zbsorption maximz in the near ultra-violet spectrum of
F-naphthol have been noted (Nagakura and Goutermanl957) (4)
on the addition, to solutions in n-heptane, of solvents
capable of acting as proton acceptors in hydrogen bond
formation.

A comparison between the absorption curves of the red
form in fig. (4) and the set of curves in fig. 8 suggests
that in the red form the lactam structure is present to an
extent of between 10% and 40%, and almost certainly less
than 50%. The spectrum of 2-hydéroxy-5-phenylacridine in
absolute alcohol, however, still gives a closer approach
to that of the red solid than any of the "synthetic" curves
in fig. 8. (Again the region 400 - 440 mp cannot fit any
mixture of N-methyl and O-methyl absorption curves). This
spectrum in absolute alcohol shows that here the lactam
structure is present to an extent of 22%. (This figure was
calculated by taking the intensity of the visible absorption
mzximum of the N-methyl compound as the standard of "100%
lactam".) Again this suggests a preponderence of lactim over
lactam molecules in the rea solid. The proportion of
lzctam molecules may be different in the films obtained by
grinding the red vowder on to silica plates, but it is

probably still less than 50%.
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Whatever may be the exact guantitative relationship
between the lactam and lactim structures present in the
solids, three facts seem to be estublished:

(1) The colour change which occurs on rubbing the
vellow crystals of 2-hydroxy-5-phenylacridine is due to a
tautomeric change.

(2) The mobile hydrogen atom is zttached to the
oxygen in the yellow solid.

(3) 1In the red solid a substantial proportion of the
hydrogen atoms are attached .to the nitrogen.

The firet two of these conclusions are in accordance with
Kehrmann's theory: we can now consider seriously the
question: "How can this tautomeric change occur so readily
in the solid ?" But we have found,in the third conclusion,
that Kehrmann oversimplified the matter by assigning the
lactam structure to the red solid and that there is now
another question to answer: "How is it that the change is
only partial: what is the nature of the red solid that it
can contain both lactam and lactim molecules together 2%

At this stage a working hypothesis was proposed in an
attempt to answer at least the first question. The

hypothesis leads to the second subject,
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TRANSITION

Hypothesis: "The yellow crystals of 2-hydroxy-5-phenyl-

acridine consist of a lattice of molecules in the lactim form
in which all the hyaroxyl groups are engaged in short
hydrogen bonds with the nitrogen atoms of adjacent molecules.
Tautomeric changes can occur in the solid by the transfer

of protons along these hydrogen bonds,."

iwo possible arrangements are shown in Fig. 9 (b and c).
(Fig. 9a illustrates the simplest arrangement to imagine but
one which is unlikely to occur in fact since the minimum
possible length of the hydrogen bonds must be approximately
the same as the distance between the carbon atoms in the
l-positions of the two molecules. This cannot be less
than about 3.5 A).

We have founc already an indication , from the ultra-
violet spectra, that the yellow solid contains hydrogen
bonis which are somewhat stronger than those which occur in
alcohol solution, This is not strong evidence and it does
not indicate whether the hydrogen bonds =zre formed between
oxygen and nitrogen atoms or entirely between oxygen atoms.
Only X-ray analysis, or some similar technique, coulc decide
between these alternatives; but it should be possible 1o

prepare another 2-hydroxyacridine derivative in which the
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existence of oxygen to nitrogen hydrogen bonds in the crystal
is highly probable and to see whether this compound behaves
like 2-hydroxy-5-phenylacricine, Since crystal structure
ie almost impossible to predict from molecular structure, the
only way in which this can be done is to arrange that hydrogen
bonus of the type riguired will form within a single

molecule. The hypothetical dimer (Fig. 9a) suggests how this

can be done.
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S .COND SUBJLCT.

If two 2-hycroxyacridine molecules are joined by a
methylene bridge between the l-positions the resulting
molecule should contain a pair of internzl hycrogen bonds.

This is illustrated below. For the most symmetrical

possible conformation of the molecule the distance between
the nitrogen and oxygen atoms will be 2.5 A. This 1is
somewhat shorter than is normal for an oxvgen to nitrogen
hydrogen bonc (SJ,buL there should be a reasonably good
approximation to ideal hydrogen bond angles (6). A pair
of equal hydrogen bonds of more normzl length would also be
possible in which the two C-C bonds of the methylene bridge
have been rotated in opposite cirections, (see diagram B

below) but here the hydrogen bond angles will have deviated
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S )

further frow the ideal (linear) state. One would expect

the true situation to be represented most closely by some
compromise between these extremes in which the nitrogen and
oxygen atoms in the molecule are joined by internal hydrogen
bonds somewhat shorter than normzl,

Phenols may react with formaldehyde to give methylene

bridged compounds. For example, p-cresol gives linear

cH 0 \@,cu \é,cq&é/a{r

CHs CHs CH, CHy

Where there is more than one reactive position in the phenol,

polymers (7).

OH

and an excess of formaldehyde, polymerisation will occur.

But if the phenol has one position which is considerably more
reactive than any other, then a simple molecule, consisting
of two of the phenol molecules joined by a methylene bricge,

may be procuced. This is illustrated most clearly in the
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case of jb—naphthol which reacts quantitatively with
formasldehyde (8) to give 1:1' methylene bisi# -naphthol.

The analogy between the structure of ;mephthol and that of
2-hydroxyacridine suggested that the action of formaldehyde
on 2-hydroxyacridine might provide a simple way of preparing
the internally hycrogen bondec compound which was regquired.

When an alcoholic suspension of 2-hydroxyacridine was
warmed in the presence of sodium acetate and an excess of
formaldehyde, & deep red solution was formed from which a red
solid precipitated within one or two minutes. This crude
product was obtzined almost quantitatively and could be
recrystallised without further purification,indicating that
there was only one major component present. Chromatography
on alumina supported this view and showed in particular that
little or no polymerisation had occurred.

The absence of polymerisation shows that if the reactioﬁ
of 2-hydroxyacridine with formalcehyde has the effect of
forming methylene bridges between molecules then, with respect
to such bridge formation, there can be only one reactive
position in the 2-hydroxyacridine molecule. Examples of
possible bridged compounds are shown below (Fig. 10, 4 - D).
Alternatively some unbridged product might have been

produced (B - I).
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The analysis of the product for carbon, hydrogen and
nitrogen showed that there is only one oxygen atom present
in the molecule for every nitrogen atom. This mezns that
if formaldehyde has entered the molecule water must have been
eliminated, either intermolecularly to form a methylene
bricged compound (A - ) or intramolecularly to give a
procduct like G.

Ultra-violet spectra of the product in three daifferent
solvents are shown in Fig. 1l. These resemble the spectra
of 2-hydroxyacridine (or 2-hydroxy-5-phenylecridine). All
the typical "lactam" and "lactim" peaks can be seen and their
relative intensities are changed by a change in the solvent,
The only substantial difference 1s that in this product the
lactam structure appears to be slightly more stable than in
2-hydroxyacridine (compare the spectra in alcohol for example).

The spectra show that the complete 2-hydroxyacridine
nucleus is pres;nt in the formaldehyde product - that the
acidic hydrogen atom has not been substituted. The reaction

then, must have the effect of joining two 2-hydroxyacridine
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molecules by a methylene bridge between carbon atoms (i.e.
the spectra zallow us to eliminate C, D and G (Fig. 10) ).

We should expect the carbon atoms involved to be those
in the l-position: there is the obvious analogy between this
rezction and the corresponding one which occurs under the
same conditions with # -naphthol, and the analogy is not only
empirical. The unique character of the l-position in

~naphthol has been attributed to the relatively higher
stability of excited states in which a negative charge is
localised at the l-position (9). Arguments of this type
apply with aaded force in the case of 2-hydroxyacridine.

Fig., 12 illustrates various electromeric states which
might be important in the formsldehyde rezction. (It has
been zssumed, since the reaction is base-catalysed, that the
negative ion is the reacting species and also that this

rezction, like phenol-formaldehyde reactions in general,

involves electrophilic attack on the phenol).
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3 C7 or 09 all the

4 —electrons in the molecule must be partially localised in

To localise a negative charge on C

seven quinonoid double bonds as shown (Fig. 12 I, E and F).
On the other hand a negutive charge can appear at the
l-position (Fig. 12 C) to form an excited state in which only
two such bonds occur and in which a fully aromatic quinoline
nucleus remains. This should require considerably less
energy and we should expect electrophilic reaction to occur
at Gl much more rapidly than at any other carbon atom, Thus
the zabsence of polymerisation and the purity of the product
obtained from the reaction of 2-hydroxyacridine with
formzldehyde can be explained even although, as we know from
other evidence, this reaction involves the formation of
methylene briages between carbon atoms: there is effectively
only one reactive position and this is at C;; the product is
1:1' methylene-bis-2-hydroxyacridine.

In the course of work which will be discussed later it
wes found that 2-hydroxyphenazine undergoes a similar reaction
with formaldehyde as does its 3:4-dimethyl cerivative [
On the other hand there is no reaction with 1l:3:4-trimethyl

2-hydroxyphenazine (V).

CH3 CHS
N OH N OH
G C}h
v v
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As mentioned already the steriochemistry of l:1l'methylene
bis-2-hydroxyacridine would lead us to expect the existence
of fairly strong internal hydrogen bonds in the molecule.
There is some experimental support for this. The bridged
compound is more soluble in chloroform and runs more rapidly
on alumina than 2-hycroxyacridine itself, On the other hand
it is less soluble in alcohol znd gquite insoluble in hot
caustic soda solution. This last point is in marked
contrast to 2-hydroxyacridine, which is soluble even in
sodium carbonate solution, zand it might by itself suggest
that the mobile hyarogen atom is no longer present, But
the spectra show clearly that this is not the case. The
apparent contradiction cun be resolvec by assuming the
presence of strong intern=zl hydrogen bonds which allow
movement of the protons between the oxygen and nitrogen atoms
while preventing their removal from the molecule as a whole.

The evidence outlined above establishes with reasonable
certainty the structure of the 2-hydroxyacridine-formaldehyde
product. The most interesting property of the compound is
this: when formed under different conditions, crystals of
different shapcs znd shades may be obtained ranging from red
(chlorobenzene) to pale orange (chloroform).  All of these
give similar red powders on grinding.

Ultra—-violet spectra of solid films (Fig.1l3) were less
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satisfactory in thie case - they could only be obtained by

gr.onding the material on to silica plates. But "mixec"

o

spectra are indicated.

On heating various samples of l:1l-methylene-bis-2-
hydroxyacridine no distinct colour change, comparable to the
red —»yellow change, which occurs in 2-hydroxyacridine,
could be observed: there was a reduction ih the colour of the
red powder on heating at 120% for several hours and what
appeared to be the reformation of crystals by sublimation
could be seen in the region of 250°¢ in 21l samples, but
the individual crystals formed were of varying shades znd
remained orange or red until decomposition occurred in the
region of 35000.

The important point is the gualitative one that the new
compound is a second polychromic free acridine. The different
colours of the various samples cannot gll be due to differences
in crystal habit or the state of subdivision. Grinding the
orange crystals gives a red powder, This is zbnormal.
Generally the colours of crystalline samples become lighter
when the particle size 1is reduced. The spectra of the solid
may be insufficiently clear to draw definite conclusions from
these alone, but the crystals, if we can judge from their
colours, do not appear to be composed entirely of lactim or

entirely of lactam molecules. The colours of =11 the
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crystalline samples are intermediste between the yellow and
red of fthe alternative tautomeric structures.

The colour of the orange crystals of 1:1' methylene-bis-
2-hydroxyacridine is abnormal as is the effect of grinding
them: in the context the simplest and most probable
explanation is that, like 2-hycroxy-5-phenylscridine, this
compound can undergo tautomeric changes in the solid and that
it can exist as a mixture of the lactim and lactam structures
in this state. There are still two problems but they are
the same as those encountered before,

The hypothesis put forward to explain the tautomerisation
in the solia of 2-hydroxy-5-phenylacridine required the
(fortuitous) existence of oxygen to nitrogen hydrogen bonds
in the yellow crystals. The similar behaviour of the
methylene bridged compound strengthens the icea that such
bonds are intimately involved. It is possible that the
existence of nitrogen to oxygen hydrogen bonds in the crystal
can also explein the mixed nature of the spectra. This
point will be considered in the next section which starts

with a short review of hydrogen bonding in general.
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SECTION (DEVELOPNENT )

Ll THE HYDROGEN BOND,

Pauling showed in 1928 (1)(2) that a hydrogen atom
can have only one stable orbital and cannot therefore form
more than one pure covalent bond. He concluded that the
attraction of two atoms by a hydrogen atom, as observed in
hydarogen bond formation, must be due to ionic forces. The
unique ability of hydrogen in this respect could be attributed
to the very small size of the proton which could attract two
(but not three) negatively charged groups to itself. (See

diasgram),

The insbility of hydrogen to form two covilent bonds
does not preclude the possibility of resonance forces
contributing to the stability of the hydrogen bond. Ih @
hydrogen bond between two atoms, A and B,there are at least

three structures which might contribute to a resonance hybrid:
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(1) A—H B
(2) A H B

= kS
(3) A H B

According to Pauling only (1) and (2) will make a significant
contribution: the force between the hydrogen atom and the
atom B will be purely electrostatic. The other extreme view
is that the hydrogen bond is a resonance structure in which
the attraction of the hydrogen atom for the alternative atom
is due to the contribution of forms like (3).

To take a specific example, salicaldehyde contains an
internal hycdrogen bond: the s%ability of this has been

attributed to resonance between the structures (a) and (b).(3).

“H °

|
£#9 c-©
H H

(o) (t)

On Pauling's view the existence of this bond is regarded as
being due entirely to the electrostatic attraction of the
positively charged hydrogen atom for the negutively charged
carbonyl oxygen: the significant structures are (¢), (4), and

(e). In none of these is there & covalent bond between the

carbonyl oxygen and the acidic hydrogen atom.
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The "electrostatic" theory is now generally regarded (4)
as being the closest approximation to the truth. Many of
the results which are described in this thesis can only be
interpreted readily on such a basis,

Coulson (4a) guotes the results of z calculation by

nielsson on the relative weights w and Wy to be

W~
R

attributed to the structures (1), (2) and (2) in accounting

for the energy of an isolated oxygen to oxygen hydrogen bond.

(1) \o —H

O\

=2 £
) N 0O H O<
\.© ®_
0 07

) H

For the equilibrium distance between the oxygen atoms these
are given as Wy = 65%, W, =31%, ﬁ} = 4%. TFor certain short

hydrogen bonds, such as occur in #._oxalic aeid, WB was

founc to be 12%.
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Danielsson's czlculations are only approximate, but they
are consistent with the general view that resonance plays a
minor part in contributing to the energy of the hydrogen bond.
'he calculations show, however, that it is difficult to
generallise about the origin of the energy of the hydrogen bond:
the resonance contribution may be small, but it is there, and
it appears to be very variable, 1t could be argued that
tautomeric hydrogen bonds must be regarded as a special class.

The carboxylic acid dimers are examples of structures
containing a pair of (secondary) tautomeric hydrogen bonds.

Here the energy of the two structures (a) and (b) might be at

O H-O O0-H O
R—c? Ne-R R-C7 -2
% A\ /
Oo—-H O O H-O

(>) ()

least similar, and icentical if the hydrogen atoms take up
positions half-way between the oxygen atoms. In fact the
arrangement of the hydrogen atoms is almost certainly not
symmetrical (5),but the greater strength of these over normal
oxygen to oxygen hydrogen bonds (4a)(6) might suggest that
here such resonance is important. Pauling (7) however gives
another explanation which seems equally satisfactory. The

extra strength of these bonas is due to resonance, but this is
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confined to each of the carboxylic zcid molecules. Hydrogen
bonds 1in general are favoured by the existence of positive
charge on the atom which is covalently bonded to the hydrogen,
and negative charge on the other atom with which the bond is
being formea. In carboxylic zcid dimers contributions such
as (c) are possible, These will increase the strength of

the hydrogen bond. This point is important becauvse it is

o H-aY
\N
R-¢” R
Yo-H O
@ o
©

general: 1t is always impossible to say whether the

increased strength of tautomeric hydrogen bonds is due to

long bond reconance such as (b) or charge distribution
resonance such as (c¢) . That tautomeric hydrogen bonds are
generaglly strong does not necessarily mean - as Hunter
implied (8) - that these hydrogen bonds owe their stability

to resonance between alternaivive uncharged covalent structures.
The internal hydrogen bonds in naphthazarin are strong (9):
this may be due to resonance between (2) and (b) (below).

Bqually it may be due to resonance between (b) and (c). In
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o O O’HO 07 O
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o 0O 0-.HCI3 ®0.,, 02
H “H
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all cases where we are dealing with hydrogen bonds in which
the energies to be associated with the two alternative
positions for the hydrogen atom are similar - that is where
we are dealing with tautomeric hydrogen bonds - this ambiguity
inevitably arises. Let us consicer salicaldehyde again,

and a hypothetical experiment with it. Suppose uvhat we could

O"‘H O“H O.l;f

C'?O C/O @ C,O

H H H

(&) (L (e)

start with the uncharged structure (a) and add progressively
increasing contributions of (b): as we did so the strength
of the hydrogen bond would increase due to the electrostatic
attraction across the hydrogen bond. But another thing
would happen: the galternative tautomeric structure (c) would

become more stable. This must be so since the pOiI’lt would be
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reached when the hydrogen astom, by the mutual action of the
positive charge on the phenolic oxygen snd the negative charge
on the carbonyl oxygen, would move across to the carbonyl
oxygen atom - znd remain there: we would then say that the
tautomeric form (c) had become more stable. Thus a strong
contribution of the type (b) is inexorably linked with a high
relative stability of the alternative tautomeric structure:
in such a case there will be a strong hydrogen bond, but it
is impossible to conclude from this alone that the hydrogen
bond is a resonance hybrid of the tautomeric structures. The
additional strength may equally be due to the electrostatic
effect which is inevitably linked with such bonds.

Hunter's theory of mesohydric tautomerism depends on
the idea that tautomeric hydrogen bonds are resonance structures.
According to Hunter (J.1945, 806) (8), tautomeric compounds, in
which the tautomerism is due to a mobile hydrogen atom moving
between oxygen, nitrogen or sulphur atoms, will associate in
solution to form complexes in which there are hydrogen bonds
between the oxygen,hitrogen or sulphur atoms in guestion,
A ~w B
R_-—ﬁ\_}

in which the tautomeric hydrogen stom could be attached

Hunter considered the general case of a molecule

either to A or B. An isolated molecule can have two
structures: AMmBH or HAWB, But if in solution the

molecules are associated by hydrogen bonds between A and B
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(see diagram) then the compound will be essentially

homogeneous, the hydrogen atom being uniquely associated
neither with A nor B. Only a single tautomeric type will
exist in solution - the mesohydric tautomer - in which a "half-
hydrogen" is attached to each of 4 and B. The mesohycric
teutomer is thus a resonance hybrid of the AWBH and the HAMB
tautomers anda the latter have no more independent existence
than the different Kekulé structures of benzene.

According to Hunier, mesohydric tautomerism can occur as
the result of an internal tautomeric hydrogen bond. 1-
phenylazo-Z-naphthol is an example of such a compound which
should be regarded as a resonance hybrid rather than an

equilibrium mixture of (a) and (b).

¢N | N«

() (&)
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One of the difficulties with Hunter's theory is in the
interpreiation of ultra-violet spectra. 2-hydroxyacridine
(and 2-hydroxy-5-phenylacridine) should be mesohydric
compounds: yet the spectra of these can readily be interpreted
as resulting from a mixture of the "classical" tautomeric
types: the spectrum of the mesohydric tautomer would not be
expected to be simply the sum of the "lactam" and "lzctim"
spectra and the variation in the relative intensities of these
with change in solvent cannot be explained on the mesohydric
theory.

It might be argued that the theory is fundamentally sound,
but that with 2-hydroxyacridine the degree of association is
not sufficiently great. But 1l:1' methylene-bis-2-hydroxy-
acridine behaves in the same way: here again the individuality
of the lactim and lactam structures is preserved in solution and
here the internal hydrogén bonds should have allowed the
molecule Lo retain a mesohydric state at any dilution - if
such a state exists.

But perhaps there is still a loophole: +the methylene
bridged compound is not planar, perhaps this prevents a
large "tautomeric resonance" from blurring the distinction
between the lactim ana lactam structures. From the work of
Burroway and co-workers (10) it is clear that neither is this

satisfactory. Burrowey showed that by suitable substituting
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l-phenylazo-2-naphthol, compounds could be prepared in which
the stabilities of the two alternative tautomeric structures
+ were sufficiently close for the relative amounts of these in
solution to change with change in solvent, Here a2lso there
must be two distinct positions for the hyarégen atom on the
hydrogen bvona.

The origin of the energy of the hydrogen bond has been
considerecd at some lengih because of its relevance to the main
subjects of this thesis, The other important features of
hydrogen boncing will be coansidered now by using ice as an
example,

To say that ice contains a large number of hydrogen bonds
is to miss the point: 1ice is a large number of hydrogen bonds.

In normal ice (ice I) the oxygen atoms are arranged such
that the four nearest neighbours of any one atom are disposed
tetrahedrally and at equal distances (2.76 A)(11). The
structure resembles that of diamond although in ice the
crystal type is hexagonal rather than cubic, Fig. 1
illustrates the arrangement.

The hydrogen ztoms lie on hydrogen bonds between the
oxygen atoms. But their positions are not symmetrical: thie
is shown by the absence of any large change in the vibration
frequencies of water on changing from the vapour to the solid:
only = small inc.ease in bond length is indicated (from 0.96 A -

1.0 &) (12). A symmetrical arrangement would require an
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O-H bond length of 1.38 A.

With the hydrogen atoms arranged in this way the lattice
cannot have a regular structure and lack piezo- and pyro:
electric properties unless the unit cell is improbably large -
containing 96 molecules (13). Bernal and Fowler (12)
suggested that the arrangement is random or glass-like.

Pauling czlculated (14) that the number of random
arrangements for the hydrogen atoms, in which two hydrogen
atoms are attracted to ezch oxygen atom, will be (%)N. By
ilgnoring any interactions except those of the four nearest
neighbours of zany one oxygen atom ( i.e. by ignoring all
interaction except hycrogen bonding) the energy of ezach
rendom arrangement should be the same. Thus even at absolute
zero there will Dbe (%}N a priori equally probable arrangements
for the molecules. From the fundamental relationship of

statistical mechanics:

S = K log&f

the entropy at absolute zero should be Klog(%—)N (i.e.)
0.806 cals./mole cvegree. The experimentzl vélue for the
residual entropy of ice is 0.862 £ 0.0l cals./mole degree.
Pauling's brilliantly simple calculation coufirms that
the general picture for the siructure of ice, obtained from
X-ray and infra-red data,is correct. fore recent neutron

diffroction measurements (15) also favour the random hydrogen
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structure: these incicate that there are two "helf-hydrogens"
on each of the hycrogen bonas.

Using this structure we can now summarise briefly the
liporiant features of hydrogen bonding =nd see how some of
these may be related to mucroscopic properties in ice.

(1) The length of the hydrogen bond is intermediate
between that of normal covalent bonds and normal Van der Waals
approach distances, (i.e,) aboul 2.7 A.

(2) The low density of ice is evidently due to the very
open struclu:e which is maintained by the molecules in spite
of the close approzach of the oxygen atoms which hydrogen
bonding wllows., This suggests that the hydrcgen bond is
much more stroangly directional than normal crystal forces,
tha . in this case the optimum cirection is tetrahedral and
that therefore the lone pairs are involved in the bond
formation,

(2) The high melting point of ice indicates that
hydrogen bonds are stronger than normal Van der Waals forces,
Prom the heat of sublimation of ice the energy of each bond
has been found to be zbout 4.5 K.cals./mole (16).

(4) By assuning that charges of %e. and -e. zre located
at the hydrogen and oxygen atoms respectively - and this
arrangement would give rise to the observed dipole moment

of water - Bernzl and Powler (12) calculated the lattice -
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energy for ice, That this was near the observed value

o

supports the view that the energy of the hydrogen bond is
mginly electrostatic in origin (4a).

(5) As we have seen, the residual entropy of ice may be
accounted for by assuming that the hydrogen atoms do not take
up a symmetrical position on the hydrogen bonds: +that is
that there are two minima in the potential energy diagram for
the movement of the protons between the oxygens (Fig.2).

(The diagram is somewhat formal since the minima will only

Pfj b

PE.

O.....(H) ..(H)—'" O

be equal if the charges on the oxygen atoms remain constant:
this could happen by the co-operative transfer of a number
of protons (at leacst six) as illustrated in Fig. 3. The
transfer of a single proton (Fig. 3b) must lead to a

separation of charges and an unsymmetrical diagram, )
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Pig. 3.

(6) The dielectric constant of ice at 0°

C is about 80;
this decresgses with full in temperature to = vzlue of 4 at
_GOOU;below this tempersture the behaviour is that of a normal
solid (17). Pauling suggested (14) that the high value for
the dielectric constant near the melting point is due to the
co-operative "switching" of the hydrogen atoms between the
alternative positions which can occur most readily at higher
temperatures. Such switching of the hydrogen atoms allows
the dipoles to rotate without breaking the hydrogen bonds.

The alternative theory to explain this dielectric effect
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is that the molecules as a whole rotate: <this would require
the breaking of hydrogen bonds and would seem to be less
probable, but the point is still in dispute (18). The
dielectric absorption studies of Mezkin (1955)(19) on some
di-ortho substituted phenols suggest that rotation can occur.
It was founa, for example, that di-ortho-nitrophenol (Fig.4(a) )
showed apprecisble absorption whereas ortho-nitrophenol
(FPig. 4(b) ) did not. This was attributed to the movement
of the hydrogen atom between the two possible hydrogen bonded
states in the di-ortho substituted compounds.

) 3 F
o '5"!'..0/ "‘o o’ H '? ’ﬂ‘ 4 '
] :

() )

In ice it is possible that both the "switching" and
the "rotation" occur (20).

Potassium dinydrogen phosphete undergoes a second order
transition at 132O K - the so-called ferroelectric point -
which corresponds to the disordering of the protons on short
0-0 hydrogen bonds which are present in these crystals (21).
Below the transition temperature the protons are all associated

with one of the alternative oxygen atoms, By the application
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of an electrostatic fiela the protons can be made to move into
the alternative positions. Above the transition temperature
the protons are statistically distributed between the two
possible positions. The hydrogen bonds in the two phases
can be represented formally as (a) and (b).

(a) O— H-+-+--0O

(b) O==(H)-(H)--O



2. PROTOI TRANSHUR THERMOCHROMISM.

The study of 2-hydroxy-5-phenylacridine showed that the
polychromism of this compound wes due %0 tautomerism and it
led to the suggestion that O - N hydrogen bonds might play
an important part in allowing tautomerisstion to occur in
the solid: the discovery of a second compound with similar
properties and which might be expected to have internal 0 - N
hydrogen bonde strengthened this view: & consideration of the
generazl properties of hydrogen bonds supports the assumption
of internal hyorogen bonds in the seconé compound. It also
suggests an explanation for the mixed mature of the solid
absorption spectra. We have seen that disordered hydrogen
bonds have been shown to occur in ice and in potassium
dihydrogen phosphate. In these cases no visible effect is
produced. The tautomerism is between identical end-atoms,
But if tautomeric hydrogen bonds were to be disordered in the
solid where the ena atoms were not identical and where the
colours to be associated with the alternative structures were
different then a visible effect would be produced. The
absorption spectrum of the crystals would be "mixed". The
degree of disorder would depend on the crystal structure:
the compound if polymorphic would be polychromic.

This then is an extension to the hypothesis put forward
on page 24 : "the red form of 2-hydroxy-5-phenylacridine, and

all the forms of l:1l'methylene-bis-2-hydroxyacridine, contain
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disordered O-N hydrogen bonds.," It can be tested.

Disordered crystal structures in general become ordered
at low temperatures: +this may be gradual and partial, as
in ice, or sudden and complete as in potassium dihydrogen
phosphate. In any case it should occur without g ma jor
change in crystal structure and in our case it should be
accompanied by a colour change. Since the lactim form
appearsto be dominant at room temperature this should be
the structure that exists exclusively at zbsolute zero.

‘he red form of 2-hydroxy-5-phenylacridine and 2ll samples
of 1:1°' methylene—gigfg-hycroxyucridine should turn yellow
when cooled to a sufficiently low temperature.

At the temperature of liquid nitrogen the "red" crystals
of 1:1' methylene-bis-2-hydroxyacridine are pale orange: the
"orange" crystals are yellow. These changes occur rapidly
and they are immediately reversible. There is no sharp
transition temperature. Examination under the microscope
showed that no major change in crystal structure is involved,
The effect does not occur in solution. Even in the crystal
the effect depends to some extent on the sample. The state
of perfection of the lattice appears to be important: samples
crystallised slowly are more strongly thermochromic, Grinding

the crystals reduces the effect whereas heating a poor sample
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at 100°C for a few hours will improve it,

No &hermochromic sample of 2-hydroxy-5-phenylzacridine
could be prepared.

The potential energy diagram in fig, 5 may be used to
discuss the behaviour of 1:1'methylene-bis-2-hydroxyacridine.
It describes the movement of the protons between the oxygen

and nitrogen atoms within the molecule. The lactim and

lactam structures are represented by the minima (a) and (b)

in the diagranm. These are separated by a barrier (c¢). The

e |k

1 (O]

[C)

®

O-~H}----(HF--N

minimum near the oxygen atom is taken as being lower since
the lactim is evidently the dominant structure.

The diagram may be usea to describe the thermochromism
of the compound. At absolute zero the protons will occupy
the lowest energy sites near the oxygen atom: this

corresponds to the (yellow) lactim structure. As the
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temperature increwses transitions to higher energy states will
occur and some of these (for example (3) ) will allow the
protons to move into the site near the nitrogen atom,producing
a change towards orange or red in the colour of the crystals.
The number of molecules in the higher energy (lactam) state

will increase with increazsing temperature.



57.
3. RE-EXAMINATION OF 2-HYDROXY-5-PHENYLACRIDINE,

The absence of thermochromism in the red form of 2-
hydroxy-5-phenylacridine suggests that here the simple
disordered hydrogen bond idea is inadequate, The red form
cannot be the disordered structure corresponding to the
yellow form if it is the lower energy modification. There
must be some major difference in the crystal structure of
the red and yellow forms, Powder photographs of the two
forms showed that there is indeed a difference between themn,
but one which was not expected: +the yellow form has a
crystal structure,the red form is almost amorphous. These
photographs are shown in fig. 6. Fig. 6(z) is of the
yellow form znd 6 (b) is of the same sample after being
ground for half an hour, Only one faint line, corresponding
in position to the principal line of the yellow form,can be
seen in the photograph of the read powder, Crystallographically
the only difference between the two forms appears to be in
the degree of crystallinity.

The problem of the mixed nature of the red form of 2-
hydroxy-5-phenylacridine is solved - there is no reason 1o
expect a largely amorphous state to favour exclusively one of
the tautomeric forms. But this problem has been replaced

by another.
There can be little doubt that the two principal

effects of grinding the yellow crystals of 2-hydroxy-5-phenyl-
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The absence of thermochromism in the red form of 2-
hydroxy-5-phenylacridine suggests that here the simple
disordered hydrogen bond idea is inadequate. The red fornm
cannot be the disordered structure corresponding to the
yellow form if it is the lower energy modification. There
must be some major difference in the crystal structure of
the red and yellow forms. Powder photographs of the two
forms showed that there is indeed a difference between them,
but one which was not expected: +the yellow form has a
crystal structure,the red form is almost amorphous. These
photographs are shown in fig. 6. Fig. 6(a) is of the
yellow form a2nd 6 (b) is of the same sample after being
ground for half an hour, Only one faint line, corresponding
in position to the principal line of the yellow form,can be
seen in the photograph of the red powder. Crystallographically
the only difference between the two forms appears to be in
the degree of crystallinity.

The problem of the mixed nature of the red form of 2-
hydroxy-5-phenylacridine is solved - there is no reason to
expect a largely amorphous state to favour exclusively one of
the tautomeric forms. But this problem has been replaced

by another.
There can be little doubt that the two principal

effects of grinding the yellow crystals of 2-hydroxy-5-phenyl-
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acridine - tautomerisation and lattice disintegration - are
connected, A more detailed discussion of this will be given
later. In the meantime it is important to establish the
fact of disintegration further. It does not f£it with
Kehrmann's conclusion that the red form is a lower energy
structure than the yellow. If the red form is amorphous
it should certainly be the higher energy form.

Preliminary studies had thrown some coubt on Kehrmann's
observations: a transition temperature could not be found.
The reason for this failure now seems to be that there is no
such temperature - that the red form is always metastable.
There are other points which support this. The red form
turns yellow in the presence of solvents in which it is
sparingly soluble: 1t is in general more soluble than the
yellow form: it will dissolve in cold g¢yclohexane and
precipitate as the yellow form on heating. A similar effect
occurs with benzene, the yellow form crystallising out of a
cold solution of the red. This shows that the brick-red
prisms reported by Kehrmann to crystallise from cold benzene,
if they are genuine, are not the same as the red form obtained
by grinding the yellow crystals. But Kehrmann's red crystals
were probably an artefact. 2-hydroxy-5-phenylzcridine, like
acridines in general and hydroxyacridines in particular, can

readily form supercooled liquids. If evaporated even quite
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slowly, a solution in benzene will deposit some yellow
crystals together with a large amount of red supercooled
glass. This glass crystallises only very slowly but the

effect may be accelerated by heating and it proceeds fairly

rapidly at about 130°C - 140°c. In addition to the yellow

crystals and the red glass slow evaporation may indeed produce
"brick red crystuls with a yellow glance"; but one end of

an individual crystal may conform to this description while
the other is pure yellow. There can be little doubt that
Kehrmann's red crystals are the yellow ones with a layer of
supercooled liquic covering them. Probably, 2-hydroxy-5-
phenylacricine has no crystalline red modification.

A differential heating curve of 2-hydroxy-5-phenyl-
acridine against sodium chloride is shown in Fig. 7. Sodium
chloride is evidently not zn ideal standard in this case as
the base line is far from horizontal,but the curve does show
a2 deviation in the exothermic direction in the region of the
transition which indicates that the red is the higher energy
form, There is however another observation which is simple
and conclusive. On Kehrmann's theory the grinding would be
regarded as accelerating the transition to the stable state.
Below the transition temperature this produces the red form.
Above the transition temperature it should give the yellow,

This is not so. Lven at 15000, which is certainly above any
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possible transition tempersture, the vellow fori becomes
red on grinding or compression, 1t reverts to the yellow
agaln on removing the stress. Clearly, grinding and
compression have the effect of procucing a metastable state.
By itself this woulc Dbe surprising, but it is consistent with
the powder photographs and it is consistent with the mixed
spectra: grinding destroys the lattice.

1:3:4 trimethyl-2-hydroxyphenazine was mentioned in the
introduction (page 8) as a polychromic compound in which the
polychromism appears to be due to proton tautomerism (22),

A sample of the compound was prepared and it was confirmed

that it exists in a pale yellow anc ceep violet modification.
Both of these were certainly crystalline and grinding did not
affect the colour of either. Neither form was thermochronic.
An ultra-violet absorption spectrum was taken from an
evaporated film and from & sample of the purple form lightly
ground on to = silica plate (fig. 8). The spectrum (a) of
the evaporated film is mixea but that (b) of the crystalline
form resembles that of the pure lactam structure (compare
Badger, 1951, (23) ). The yellow form was not examined, but
from its light colour any contribution from the highly coloured
lactam form must be small. Here, then, the polychromism
appears to be due to simple tautomerism as John suggested (22),

but,as already stated,tautomerisation does not occur in the
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solid state. The methyl groups zdjacent to the oxygen atom
may prevent the formation of sufficiently short hydrogen bonds.

Infra-red spectra of both forms of 2-hydroxy-5-phenyl-
ascridine (Fig. 9) show no absorption in the O0-H and N-H
region indicating that these groups are involved in very
strong hydrogen bonds.®  1:3:4 trimethyl-2-hydroxyphenazine,
on the other hand, does show absorption here the position of
the maxima suggesting that the groups are involved in
moderately strong hydrogen bonds.

John (22) prepored a large number of 2-hydroxyphenszine
derivatives and it mzy be significant that only those with a
group in the l-position were polychromic, The polychromism

in all cases was between yellow ana deep violet forms.

x Infra-red spectra were slso taken of 1l:1' methylene-bis-
2-hydroxyacridine; agaln negative results indicated strong
hydrogen bonding. Unfortunately, the spectra were very
complex and it was not found possible to use them to assess

the relstive amounts of the tautomeric forms present.
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4o THE PRUPARATION OF FURTHER THERMOGHROMIC COIPOUNDS.

1:1' lMethylene-bis-2-hydroxyacridine appears to be an
exzmple of a new type of thermochromic compound; one in
which thermochromism can occur in the solid as a result of
proton transfer along hydrogen bonds. To prepare further
compouncs of this type it would seem that the following
minimum conditions should be satisfied.

(1) The molecule must contain short, approximately
l.near, internal, tautomeric hydrogen bondis (or a single such
bond ).

(2) The stabilities of the structures with the protons
in the alternative positions must be similar.

(3) The colours of the aliernstive tautomeric structures
must be different.

These conditions are sufficiently restrictive to account
for the rarity of ithe phenomenon, and even when they would
appear to hold for an isolated molecule there is no guarantee

*
that they will hold in the solid.
e shall now consider attempts which were made to prepare

further compounds satisfying the above conditions as far as

posgible,

¥ Hadzi (24) has repor%ed recently that 2-phenylazo-l-naphthol,
from its ultra-violet spectrum in the solid, appears to exist
in that state as a mixture of the azo- and hydrazo-tautomers.

The possible thermochromism of this compound has not been

investigated.
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l:1' Methylene-bis-2-hydroxy-5-phenylacridine I was

prepared by the reaction of 2-hydroxy-5-phenylacridine with
formaldehyde. It was found to be polychromic,crystallising
from benzene as pale orange needles and from dioxan as
compact red crystals. Both forms were thermochromic. The
orange needles became yellow and the red blocks orange on

cooling to the itemperature of liquid nitrogen.

8:8' liethylene-bis-T-hydroxyouinoline II was prepared

similarly. It was not thermochromic. In 7-hydroxyquinoline
the (colourless) lactim structure appears to be much more
stable than the lactam (25). T-hydroxyquinoline is colourless
in most solvents. In ag. alcohol or wazter it has a greenish
colour. The N-methyl ether of T-hydroxyquinoline was

prepared and founa to be bright yellow with a very intense
green fluorescence. It was highly deliquescent and

difficult to purify. The green colour observed in the

parent compound may well be due to the existence of lactam
molecules in agueous solvents, but probably at a low concen-

tration.

A similar situastion appears to exist in 1l:1' lMethylene-

bis-2-hydroxyphenazine III which was also prepared for study..

2-hydroxyphenazine, like 2-hydroxyecridine, exists in solution
as zn equilibrium mixture of lactim and lactam tautomers

(Badger 1951 (23) ), but the lactam structure is less stable
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here than in the acridine: there is still s considerable
lactim absorption visible even in agueous solution. The
methylene bridged compound is yellow and is not thermochromic
below room temperature. It becomes graduslly and
reversibly dull orange, however, between 200°C ana 30000.
This shift in the temperature runge over which thermochromism
occurs is consistent with the greater stability of the
lactim structure of Z-hydroxyphenazine compared to that of
2-hydroxyacridine.

The substitution of methyl groups in the 2-hydroxy-
phenazine molecule appears to increase the stability of the
lactam structure. l:3:4 trimethyl-2-hydroxyphenazine, for
example, gives a purple solution in water whereas 2-hydroxy-
phenazine is dull orange in this solvent, In alcohol the

colours are dull orange and yellow respectively.

l:1' Methylene=-bis-3:4 dimethyl-2-hydroxyphenazine IV

was prepared and found to be polychromic and thermochromic.
Rapid crystallisation from toluene solution gave yellow
needles which showed no thermochromism, On crystallising
slowly, however, compact "brick orange" crystals were
obtained which were thermochromic both in the higher
temperature and in the lower temperature regions. At the
temperature of liquid nitrogen these crystals are yellow,

Heating causes the colour of the crystals to change through
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dull orange and brick red to chocolate brown (at about 28000).
These effects are immedizlely reversible.

That the colour of the crystals should change to
brown rather than to red is consistent with the tautomeric
theory of the thermochromism of these compounds in view of
the known deep violet colour of the lactam form of 2-hydroxy-
phenazine derivatives.

The inclusion of the partial double bond, between 02 and
CB in the lactam form of T-hydroxyguinoline,in an aromatic
ring,may account for the increased stability of the lactam
form in 2-hydroxyacridine (Fig.l1l0). An attempt was made

to prepare the unknown 5:6-benz-T7-hydroxyquinoline (V) as

OH

=
3

F:'j.fo

an alternative "parent" compound for the preparation of a
potential proton transfer thermochrome, The method which

was tried is indicated below. The butadiene reaction

was unsuccessful.
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5-hydroxy-4-azaphenanthrene (VI) was prepared since
this compound would be expected to have an internal
hydrogen bond, but it was not thermochromic. Schenkel-
Rudin (1944)(26) has discussed the structure of this compound
and he concluced that the hydrogen atom is attached to the
nitrogen (VI b ). His arguments - among which are that the
compound is a very weak acid,is difficult to methylate and
does not form complexes with metals, as does 8-hydroxyquinoline -
are not very convincing. No mention is made of the
possibility that an internal hydrogen bond may account for
these effects, “he colour of 5-ﬁydroxy-4—azaphenanthrene
is very pale yellow which would suggest the phenolic structure
(VI a ). The compound does not show any differences of

colour in different solvents so the absence of thermochromism

is not surprising.
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An attempt was made to prepare VII in which the lactanm

structure, being analogous to X—pyridone, might be expected

to be more stable.

%

Sxm-ﬁriaminobenzene was substituted for aniline in the

reaction (27):



68.
o)

!
feo-C CH, 0
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NH, (2 Stages) N CH3
H

- but without success,

2-hydroxyacridine is not thermochromic,dut its tautomeric
nature makes it an ideal "parent" for such compouncs. To
derive a "solid state proton transfer thermochrome" a
mechanism must be provided whereby = proton may move
(effectively) between the oxygen and nitrogen atoms without
requiring the movement of the molecule as a whole, LyL!
methylene-bis-2-hydroxyacridine is the simplest such
derivative; but it is not the most general type. A range
of unsymmetrical potential thermochromes is possible. 2—
hrdroxy-l-(2-methylene-5:5-dimethylcyclohexane-1:3-dione)-

acridine VIII is an example.

N
'f‘ CH,
o)

o.--X-0
O -I-=Z
m
=
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The analogy between the resction of 2-hydroxyacridine
wilh formaldehyde zno the well known reaction of dimedone
suggested that a mixture of 2-hydroxyacridine and dimedone
might yield, in addition to symmetrical products, the
unsymmetrical compound regquired. By using = large excess
of dimedone it was founo that a highly crystalline red
compound was produced in 50% yield, This compound was
found to be generally more soluble in organic solvents than
either ?-hydroxyacridine or l:l'methylene-bis-2-hydroxyacridine,
Its analysis was consistent with the structure VIII. Ultra-
violet spectrz in three different solvenis are shown in Fig. 11,
together with that of dimedone-formaloehyde. Here again
the tautomerism of the 2-hydroxyacridine nucleus is evident.
(The position of the visible lactam zbsorption peak depends
more strongly on the solvent here than in 2-hydroxyacridine,
otherwise the spectra are similar.)

But the most important point is that the compound is
thermochromic, the bright red crystals becoming reversibly
pale orunge on cooling to the temperature of liquid nitrogen,

Under similar conditions, but substituting 3:4 dimethyl-
2-hydroxyphenszine for Z-hycroxyacridine, 2-hydroxy-3:4-
dimethyl—lw(2mmethylene-5:5—ﬂimethylcyclohexane—l:3—dione)-
phenazine IX was prepared. The crude product was slightly

thermochromic in the low temperature region, Recrystallisation
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from toluene gave dull yellow crystals which were still only
slightly thermochromic, but a very pure semple of these
changed, over a period of a few weeks, into dark reddish
brown crystals which were strongly thermochromic, becoming
bright yellow on cooling to the temperature of liquid nitrogen.

Unsuccessful attempts were made to prepare the simplest
possible derivative of 2-hydroxyacridine incorporating a
proton carrier mechanism, namely 2-hydroxyacridine-l-

carboxylic acid (X).

-
\N Q
H_C Q H

< 0" "0

The six compounds which were prepared and found to be
thermochromic are shown in fig. 12. They are all tautomeric
compounds in which the transfer of protons between the oxygen
and nitrogen atom should require neither solvent nor catalyst.
None of the "parent" compounds - 2-hydroxyacridine, 2-hydroxy-
5-phenylacridine, 2-hydroxyphenazine nor 3:4-dimethyl-2-

hydroxyphenazine - is thermochromic. The colours of many of
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the solid samples of these methylene bridged compounds are
intermediate between those of the alternative tautomeric
structures, and the nature and direction of the colour
changes are consistent with the known colours and relative
stabilities of these structures. All this is evidence,
independent of any analogy with the behaviour of 2-hydroxy-
S-phenylacridine, that the thermochromism of these methylene
bridged compounds is due to proton transfer in the solid.

In the last part of this section we shall consider
briefly the subject of thermochromism in general to assess
the possibility that in our cases 1t may yet have some other

origin,
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5. THERMOCHROMISM

The first poiat to notice is that the electronic
absorption of a molecule usually depends, to some extent,
on temperature (28). This does not mean that most organic
compounds are thermochromic, since the effect is usually
small and the term is reserved for those cases in which a
mzrked colour change is involved. But there is still a
large number of compounds which show thermochromism. The
effect occurs most frequently in solution and it is here that
it has been most effectively studied. The origin of
thermochromism is not understood in all cases but it has
been found possible, from more or less empirical classification
to predict many new thermochromic compounds,

Fig. 13 shows some cases of compounds which have been
found to be thermochromic in the solid.

Schonberg (28) proposed as a working hypothesis that
"in overcrowded molecules in which planarity is hindered the
degree of non-planarity changes with temperature. This is
associated with change of colour, one reason being that
resonance is related to planarity. If the molecules absorb
in the visibie region, thermochromism may be observed with
the naked eye." That there is some connection between

"hindered planarity" and thermochromism is a reasonable
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hypothesis in view of the structure of many thermochromic
compounds, but the exact nature of this connection is not
perfectly clear. The simplest icdez is that molecules like
bianthrone Fig. 13(a) can exist in thermally excited states
which are planar (28)(29) and in which conjugation between
the two halves of the molecule is possible, Grubb and
Kistiakowsky (30), however, consider that the energy of
such a state would be too great and prefer the view that
a diradical excited state is involved. According to these
zuthors thermochromism occurs here becuuse the difference
between the energy of the ground state and the triplet state
has been reduced by torsion in the double bond (31).

Grubb azand Kistiakowsky also studied the thermochromism
in solution of diphenyl-methyleneanthrone (Fig. 13 d). They
found that the only effect on the spectra with rise in
temperature was the "trivial" one of a broadening of the
visible absorption band, there being no change in the area
uncer the curve. They concluded that here thermochromism

was due to = change in the distribution of the molecules

between different vibrational states, At higher temperatures

there will be a larger number of possible ground states for
any given electronic transition and hence a broadening of

the corresponding absorption band. (As Schonberg points




T4
out however (28) these authors have not ruled out a possible
connection with steric hindrance: they do not explain why
"thermal broadening" should be particularly pronounced in
this case).

Brand and Davidson (32) have partly attributed the
thermochromism of some thiocarbonyl compounds and disulphides,
which they studied in solution, to a similar thermal
broadening. As these authors say such an effect should be
a property of the isolated molecule. It is unlikely therefore
to be of importance where thermochromism occurs only in the
solid. (In 1:1' methylene-bis-2-hydroxyacridine there is

in faect & small thermochromic effect in solution, as there is

with 2-hydroxy-5-phenylacridine, but this is in the opposite

girection from that shown in the solid: it is not uncommon
for an equilibrium between tautomers in solution to be
influenced by temperature).

A large number of anils of aromatic aldehydes are
thermochromic (33)(34). Of these the anils of O-hydroxy-

benzaldehydes appear to be the most common. This might

>

Hc’N

suggest a proton trunsfer mechanism:

N —
Hcf’;H &— *H
3 .
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But there are also some p-hydroxv compounds which are
thermochromic (which weakens the theory) and three anils
of O-nitrobenzaldehyde (which kills it¥).(See 34). It is
probable Lhat the double bond rather than the hydrogen bond
is responsible for the effect.

Thermochromism in the solid has also been reported in
semicarbazones and thiosemicarbazones (fig. 13 f) (35), and
in the fulgide series (fig. 13 g)(36). In these cases also
the origin of the thermochromism is obscure, but it would
seem that here again it is conjugated couble bonds which
provide the necessary link between thermal excitation and
electronic =zbsorption.

1:1' methylene-~big-2-hydroxyacridine contains no
"sensitive double bond": “the only structural features which

it has, and whica are not shared by 2-hyaroxyacridine, are a

methylene bridge and a pair of hydrogen bonds. The proton
- = ; dails o
¥ But perhaps not stone cdead. In theory at least,o-nitro

benzaldehyde should be capable of nitro-nitroso tautomerism.
(ﬂesonance between (a) ana (b) might stabilise an "oxygen

bridge" arrangement)
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trunsfer theory is still the best one.

It might be argued that an objection to the "chemical"
proton transfer theory (and which does not apply to "physical"
theories) is that it requires that two different molecules
should be able to exist in the sazme lattice: the overall
shapes of the lactim and lactam molecules may be very similar,
buu the electronic structures - the dipoles and polarisabilities
- of the two will be guite different and hence also the Van
der Weal's forces which play so important = part in determining
crystal structure. The "structure of intermolecular
interactions" must change when lactam molecules appear in an
otherwise "lactim" lattice. How then does the original
crystal survive ?

Yo this we may ask: "How do you know that the electronic
structures of the tautomers are different 2" e should expect
a reply such as "Their difference in colour is visible evidence
of it This reveals the fallacy in the argument, That
thermochromism can occur at a1l in the so0lid shows that a
crystal lattice can sometimes tolerate changes in the
electronic structure of its component molecules. The

"objection" holds equally against any possible theory.
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SECTION 3 (RECAPITULATION)

The first and second subjects of the thesis diverged
curing the development section: we are now concerned with
two reather different probliems. The first subject has become,
"the tautomerisation and lattice disintegrztion of the
crystalline 2-hydroxy-5-phenylacridine on grinding", and the
most significant part of the second subject is now "the
thermochromism of l:l'methylene-bis-2-hydroxyascridine and
related compounds". In the exposition the first subject
led to the second: now, in this section, we shall consider
in greater detail the simpler question of the thermochromism

before finzlly returning to the original problemn,

SECOND SUBJECT

In the last section we considered briefly an "isolated
molecule" theory for the thermochromism of 1l:1'methylene-bis-
Z-hydroxyvacridine according to which this molecule is
regarded as existing in cifferent energy states corresponding
to the lactim and lactam positions for the protons, At
high temperatures the higher energy (lactam) state is more
fully occupiea.

For any lattice to be stable above 0%°K. the molecules

of which it is composed must be capable of absorbing energy.
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This is usually in the form of vibrationsl energy. In some
cases, particularly where the molecules are highly symmetrical,
rotation may be possible within the lattice. It seems that
the tautomeric nature of our methylene bridged compounds, and
the ease with which the tautomers can interchange without any
appreciable alteration in the overall conformation of the
molecules, is the origin of the thermochromism: +these
molecules have an additional degree of freedom which is
effective in the lattice.

We have already considered the objection that a

lattice which was "designed" for lsctim molecules is not
likely to tolerate many lactam types in its midst: we have
seen that this, as an objection to the proton txﬁnsfer theory
in particular, is disingenuous: the phenomeno;;thermochromism
in the solid may seem unlikely - but it nevertheless exists.
Indeed this "objection", far from destroying the proton transfer
theory, touches on an essential part of it. An "isolated
molecule" theory cannot explain why the thermochromism
observed in the solid should not also occur in solution (even
less does it explain why it should occur in reverse!). In a
"lactim crystal" one would expect a resistance to the
appearance of lactam molecules: 1if 21l the molecules have
identical environments (or if there are a small number of sets

of molecules with icentical environments) then one would expect
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that the molecules (or members of one set of molecules) would
either all prefer a lactim or zll prefer a lactam structure.
We may say that = lattice will exert an organising effect on
the tautomeric states of the molecules. Against this there
is the disorganising effect of tempersture. The thermochromism
in the crystal results from the conflict between these two
effects, Except in the crystal the first is absent: in =
solution or glass each molecule has a different environment
anc there is no reason to suppose that either tautomer will
be preferred exXxclusively,

Powder photographs of l:1'methylene-bis-2-hydroxyacridine
showed that the orange and red crystals and the red powdered
form had the same crystul structure (Fig. 1 ). This suggests
that the difference in colour betweea these samples is due
to a difference inh the degree of perfection of the crystals
(the photograph of the ground form is somewhat more hazy than
the others, but this may not be significant). We have
mentioned already a possible connection between lattice
perfection and the strength of the thermochromism, In &g
perfect crystzl the organising effect referred té will be a
maximum: the crystal will be yellow at absolute zero and
paler than any other sample at any other temperature. In a

glass, to take the other extreme, the organising effect will
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be absent; the sample will be red at absolute zero, show
no thermochromism and slways be deeper in colour than any
other sample. Any real crystalline sample will be in a
state intermediate between that of the perfect crystal and
that of the glass: hence also will its colour and the extent
of its thermochromism, The grouna red form appears to be s
particularly imperfect sample: heating this for a period of
nours should have the effect of improving the crystallinity
and hence improving the thermochrovmism znd lightening the
colour of the sample. This is what is observed. Such
behaviour can also be seen in apparently well crystallised
samples: annealing always improves the thermochromism and
lightens the colour of the sample.

Ubbelohde and Gallagher (1955)(1) have discussed
hydrogen bonds in crystals from the point of view of the
modern theory of acids and bases, For a hydrogen bona between
an acid A-H and a base B there will normally be two positions
for the proton (i.e): o @D

H H ..---- R ov O s =« w B H
Hydrogen bonding will be strong where there is a considerable
overlap between the dissociation curves for the acids AH and
BHY, (see fig. 2 ):; under these conditions the energy
difference between the two basic sites will be comparatively

small and above 0°K. some of the protons will be found in the
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higheir energy sites. The fraction of "isolated proton transfer

defect sites" will be given by:

n = -(Up-U7)
N -n L2 **“EE“—_

If in considering the thermochromism of 1l:1'methylene-bis-
2-hydroxyacridine we can substitute the term "lactam defect
site" (i.e. pair of proton transfer defect sites) for Ubbelohde
and Gallagher's "isolated proton transfer defect site", then
it would follow from the above equation that the colour of the

crystals will depend on temperzture and on the relative
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stabilities of the tautomers in the solid. Ubbelohde and
Gallagher have taken the crystal as their unit and have
aescribed proton transfer as producing defects in the crystal.
We have rather concentrated attention on the molecules (which
is possible where the hydrogen bonds are internal) and have
regarded proton transfer as raising the molscules to higher
energy states., But in modifying the original "isolated
molecule" theory anc taking into account the "organising effect"
of the lattice we reached a description very close to the
"lactam defect" picture. That the thermochromism can be
predicted to some extent (one can predict "potential" proton
transfer thermochromes) shows that the structure of the
molecule is important in quite a detailed way; but the
absence of thermochromism in one of the polymorphic forms of
l:1'methylene-bis-3:4 dimethyl-2-hydroxyphenazine and the
anomalous behaviour in solution shows that the lattice too
is important. Neither the molecule nor the lattice is alone

responsible for the thermochromism,

TRANSITION

For & very short hydrogen bona (about 2.3 A) the proton
will be symmetrically placed between the end atoms. As the
bond becomes longer the proton will move closer to one of the

end atoms until finally it is at a normal covalent distance
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from it (2). When there are two possible positions for the
proton, transfer between them may occur; but the potential
energy barrier to be overcome will incresse with increazse in
the length of the hydrogen bond. This situation may be
summarised by means of =2 potential energy surface such as
that shown in Fig. 3. The movement of the proton between
fixed end atoms is represented by the y-axis and sections such
as (a) - (d) correspond to potential energy diagrams like
(a) = {d) (Pig. 4 ). Variation in the overall length of
the bond is representec by the z-axis.

The surface may be used to illustrate the two extreme
ways in which a proton may be transferred across a hydrogen
bond. The bond length may remain constant and the system
move horizontally, szy along the line RT. Alternztively if
the two end ztoms are free to approasch each other then the
proton muy be transferred by the system moving along the line
RST. (If you start with the proton in minimum 4 (Fig. 4(a)),
and then move through (b) and (¢) vo (d) and back again, you
may find that the proton is now in the other minimum (B) -
the compression of the bond allows the proton to "get round"
the potential energy barrier.) In the first case transfer
results from thermal excitation of the proton; in the seconad,
trensfer may occur as a result of compression of the hydrogen

bond. Ubbelohae anc Gallagher (1) suggested that the
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plezioelectric properties of Rochelle salt might be attributed
to an effect of compression on short hydrogen bonds since in
the compressed state the protons will move more readily between

their allernative positions.

FIRST SUBJECT.

Grinding will have two important effects on a crystalline
material: it will give rise {0 various mechanical stresses
and it will procuce local regions of high temperature. Either
or both of these may be responsible for the yellow to red
change in 2-hydroxy-5-phenylacridine,

Generally, apart from the minor effect of subdivision,
grincing does not raise a so0l.id sample to o higher energy
state: with 2-hydroxy-5-phenylacridine it does, and a detailed
description of the bechaviour of this compound must show
exactly how some of the mechanical energy of grinding becomes
"caught" as potentizl energy in the sample instead of being
converted into heat. We know zlreacdy the state of the ground
material; we know that it 1s in = higher energy state because
it is largely zmorphous and because it contains both lactim
and lactam tautomers: we have seen from the thermochromic
compounds tha. tautomerisation in the solid is possible by
thermal excitation, anda, from the potential energy surface,
how it could also occur as a result of the compression of

hycrogecn bonds. Now we can try to be more precise about
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the mechenism of the yellow to red change in 2-hydroxy-5-
phenylazcridine,

The conversion of mechanical energy into heat, when two
surfzces are rubbed together, occurs in the first place at
the comparatively small number of points of contzct between the
surfaces. This may produce local temperatures of a very high
order. There is, for example, a relationship between the
rate of frictional wear of metal surfaces and the melting point
of the metul. When a crystalline orgasnic sample is ground,
local melting will almost certainly occur. Prolonged grinding
woulc convert any such sample into an amorphous mass were
it not for a simultaneous recrystallisation process. This
suggests an explanation for the behaviour of 2-hydroxy-5-phenyl-
acridine: grinding procuces local melting, tautomerisation

then occurs in the hot melt to give an equilibrium mixture of

the tautomers and the melt cools to room temperature.
Crystallisation of the glass is slow because the general
temperature is low and because the melt contains two different
types of molecule,

There are several objections to the above theory.
Grinding will =zlso procuce local "melting" in the glass:
annealing too will be accelerated and since curing crystalli-

sation the system moves from a metastable to a stable state
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it 1s this process that would be expected to be the more
rapid. There 1s nothing in the theory to show why grinding
should be more effective in converting the crystals into the
glass than in the reverse process, Also there are many
crystalline compounds - such as sugars - which form
comparatively stable supercooled liquids ahd yet which do not
become amorplious on grindaing,

The alternative theory is that tautomerisation occurs
before the disintegration of the lattice. Let us return to
the hypothesis put forward on page 24 and consider a gehneral
polymeric arrangement Tor the molecules, represented
dizgramatically in fig. 5(a). LThe transfer of a single
proton wouldu produce a pair of ions in the crystal Fig. 5(b).
If further protons were itransferred on adjacent bonds lactam
molecules would appear between the separating charges. {(Fig.
5(¢) and (d).) The production of lactam molecules here would
cause more disturbance in the lattice than with l:1'methylene-
bis-?-hydroxyacridine and it is perhaps not surprising that
the compound is not thermochromic, If proton transfer were
to occur on a large scale the lattice would probably
disintegrate, This may inceed be the first stage in the
normal melling process: disorcering the hydrogen bonds would
provide a means of absorbing energy similar to the rotation of

molecules which sometimes occurs before melting (3). We
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could then understand the behaviour of 2-hydroxy-5-phenyl-
acridine. Grinding momentarily raises small parts of the
crystals to high temperatures. This has the effect, in the
first place, of disordering the hydrogen bonds. The crystal
then melts and the hydirogen boncs which provided the mechanism
for the transfer of the protons become broken or disorganised,
The resulting melt contains both the lactam and the lactim
structures. The arrangenent forms a kind of "energy'trap":
the system is raisea to a higher energy state by the disordering
of the protons and then the mechanism by which the system might
have returned to the original state is destroyed.

O0f the two methods described by Kehrmann - pressing and
rubbting - pressing is the more efficient in causing the yellow
to red change, but rubbing =zlso will produce local pressures in
the crystals. It is possible then that pressure is the
principal agency in disordering the hydrogen bonds - that
the protons move along the line.RST rather than RT in Fig. 3.

Suppose = chain of molecules such as is shown in fig. 5(a)
were to be compressed in the line of the hycrogen bonds: the
stage would be reached (comparable to position S in fig. 3)
when the protons woula take up a symmetrical position between
the nitrogen and oxygen atoms. The molecules would Dbe

neither "lactim" nor "lactem": their electronic structures
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would have changed (probably towards the state of the negative
ion). If this were to occur in the crystals of 2-hydroxy-
b-phenylacridine on grinding, the effect might well be what is
observed - disintegration of the lattice with a mixture of
tautomers in the resulting amorphous state. The possibility
of reversible "proton transfer pieziochromism" in s suitable
(and so far unknown) case is inherent in fig. 3 as is the
(realised) possibility of thermochromism: +the pieziochromism
may fail to be reversible in 2-hydroxy-5-phenylacridine
because of an unfortunate side effect: +the compressed lattice
is unstable as a result of the change in the electronic
structure of ils component molecules - and hence in the Van
der Waal's forces between the molecules - and it disintegrates,
destroying the mechanism whercby the original state might

have been regained.

Possibly both the "thermal" and the "compression"
mechanisms operate, either independently or in conjuhction.
Both explain why the rate of disintegration of the lattice is
greater than the rate of recrystallisation. Both require
that tautomerisation occurs (or at least starts) before the
crystal brezks dowil, It is in the system of tautomeric
hydrogen bonds, which exist extensively only in the crystal
that the mechanical energy of grinding, which leads eventually

to the destruction of the lattice, is absorbed.
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SECTION 4 (CODA)

The transfer of a proton across a hydrogen bond is one
implest possible chemical rezctions. It ig also

one of the most important. Acids and bases function by the
transfer of protons: where, as is usual, the transfer is
between atoms capable of forming hydrogen boncs then, at
least in solution, it is very rapid (1). In biological
systems the co-operative transfer of more than one proton
may prove to be of funczmentzl importance.

In 2-nyproxyﬂl—(B-mathylenu~5:5—Cimethyloyclohexane—l:3—

dione)-_cricine the dimedone unit acts as a catalyst for the

tautomerisgtion of the “-hycroxyacriaine unit. It is possible
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that tThe reaction is acid catalysed, the ionic structure
fig. 1(a) being formed as an intermediste: bdbut the fact
that the thermochromism is restricted to compounds containing
o palir of hyurogen bonds suggests that the protons move
co-operatively. In this way no ions need be formed during
the reaction (see fig. 1(b) ) and the dimedone unit will be
neither an acidlic nor a basic catalyst; neither one in which
a proton is donated nor one in which it is abstracted first,
but a catalyst in which donation and abstraction occur
simultaneously. In principal it is not necessary that the
dimedone unit shoulda be attached to the 2-hydroxyacridine

molecule, and one could imagine an independent dimedone

molecule catalysing the tautomerisation reaction. (Fig. 2).
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(For the sake of argument we are ignoring the impossibility
of forming sufficiently short hydrogen bonds in this case.)
Catalysts of this type coula be highly specific and, to
judge from the rate at which the thermochrom.c changes occur
even ot very low temperatures, the activation energy required
may be very small, Brown znd Swain (2) discovered such s
catalyst. They founc that the mutarotation of tetramethyl-
glucose in benzene was catalysed by o -pyridone to an extent
far greater than would have been expected from the acidic
or bgsio strength of the catalyst. X-pyridone was much
less active. From this and other evidence they concluded
that they were dealing with a catalyst whose action depended
on the concerted attack of its acidic and basic groups on the

substrate: +this they described as a polyfunctional catalyst.
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Brown and Swain suggested that there were important
resemblances between enzymes and polyfunctionzl catalysts:
"(1) they have both nucleophilic and electrophilic groups
but none of high general resctivity: (2) they excel especially
in near neutral solution at low temperatures and in high
dilutions (3) they show high catalyst-substrate specificity;
(4) they have polar rather than free radical-like reactivity;
and (5) they form catalyst-substrate complexes prior to
reaction.”

1t has been suggested (3) that proteins may be capable
of transferring protons over a considerable distance by
co-operative tautomeric changes in the molecule. In enzymic

rezsctions this would allow = proton to be trunsferred from one

+
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part of a substrate to another within a comparatively rigid
conplex. Internal proton transfer in co-operative hydrogen

bonds has indeed been put forward (3) as a general energy

-
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transfer mechanisn (analogous to electron transfer in the
1rlelectron systems of aromatic compounds) whereby distant
groups within the same molecule may affect each other. We
might well look for some sort of nervous system in the enormous
and yet significantly complex molecules of biological systenms.

The energy storage capzacity of tautomeric hydrogen bonds
may be significant in the functioning of biologically important
molecules. 4 protein, for example, should be capzble of
exlsting in a very large number of different high energy
states of comparatively long life corresponding to "defect
positions"™ for the protons. The energies and accessibilities
of such states will depend on the structure and conformation
of the molecule since these will affect the length, angles
ane electrostatic environment of the hydrogen bonds. Conversely
the position of fthe proton on a hydrogen bond may affect the
conformation of the rolecule since the equilibrium length
and angles for a hydrogen bond with the protons in the different
positions will not necescarily be the same. (The potential
energy wells in fig. 3(Section 3) were drawn at different
levels to illustrate this point - the O0-H****°*N bond is
g-nerally stronger and shorter than the O0°****-H-N bond.)

The two chains of the D.,N.A. molecule are held together
by pairs of tautomeric hydrogen bonds (4) which are similar to

those which occur in l:1l'methylene-bis-2-hydroxyacridine,.
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These may provide the molecule with an energy storage
ﬁechanism.

In this thesis we have been concerned with model systems
for the transfer of protons across hydrogen bonds: as such
we cannot say dogmatically that internal proton transfer is
important in proteins etec. But our work helps to provide a

foundation for theories which require this effect.
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EXPERINVSNTAL DEUATLS.

& CRGANIC PRLPARATIUNS,

PREPARATION OF 2-HYDROXY-5-PHENYL ACRIDINE,

This was carried out using the resction concitions
aescribed by Kehrmunn and Matusinsky (Ber., 1912, 45, 3498) but
with a modification of their procedure for isolating the product.
The cruce brick rec powder was purified further by chromatography
on zalumina,with ciloroform &nd alcohol as solvents. With
chloroform a very slow moving red band and a fast moving dark
yellow band were visible. The yellow band was eluted with the
chloroform and the larger rec band then removed with zlcohol.
(The yellow bznd wis prob:bly the unideniified by-product
reported by Kehrmann anc lVatusinsky: a qualitative spectrum
of its solution in chlorororm is shown in Fig, 1 and the close
resemblance of this to the spectrum of 4-hydroxyacridine
(Albert and Short, J., 1945, T60) suggests that the by-product
is 4-hycroxy-5-phenyl-acridine, Also the colours of the cation
enc anion of the by-procuct - orange anc red - are those of
4-hydroxy-acridine. The amount of this by-product, however,
was comparsztively small and the subject was not pursued further.)
The red band yielded 5 g. of material which after
recrystallisation from benzene gave 3 g. (10%) of fine yellow
needles, m.p. 26400 (with decomposition) which became red on

powdering.
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2-NETHOXY-5-PHENYL-ACRIDINE,

2-Hycroxy-5-phenylacridine (0.1 g.), dissolved in 3 mls,
of chloroform, was added in six portions to a solution of
diazomethane in ether (prepared from 1 g. of H-nitroso dimethyl
ures as cescribed in Vogel. "Practical Organic Chemistry" (1956)
P+ 971 ) The resulting solution was left in the refrigerator
overnight, allowed to warm to room temperzture andé then the
solvent was remov=d, The residue wzs dissolved in a minimum
volume oI chlorofurm and caromatographed on alumina with
chloroform as solvent, There were two principzal bands. The
firet moved rap.dly and was pale yellow with a blue
fluorescence; it yielded U.4 g.(40%) of a yellow-green oil.
The other band was the red slow moving one of the s.arting
material.

'he yellow-green oil coulc be obtained as crystals, i.p.

137 - 80}., from absolute zlcohol or petrol ether.

. THE -METHYL ETHER OF Z2-HYDROXY-5-PHENYLACRIDLINE,

2-Hydroxy-5-phenylacricine (0.2 g.) was added to 10 mls.
of methyl alcohol and 10 mls., of methyl iodide znd the
resulting mixture heated under reflux for 20 hours, after
which it was evaporated to uryness. The residue was shaken
with a solution of caustic soda and then extracted inco
chloroform, The chloroform solution was reduced in volume

znc then chromatographned on zlumina, eluting with chloroform.
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The firet band was yellow and provably consisted of a small
amount of the O-methyl ether: it was followed by a large
deep reu bund of the N-methyl ether, In zdaition there was
a considerable amount of unchanged starting material forming
g cark red band which remainec at the top of the colunn. The
product was recrystall.sed from bengzene, Yield 0.1 £.(50%)
m,p. 2300C (literature: 23100: Kehrmann and Matusinsky, Ber.,

1912, 45, 3498).

3-HYDROXY-5-rHENYLACRIDINE.

(Reference: Hess and Bernthsen, Ber., 1885, 18, 693).

40 g. of p-hyuroxydiphenylamine snd 80 g. of benzoic
acid were mixed intimately with 120 g, of powdered zinc
chloride. The mixture was heated at 220 - 240°C for half
an hour, then at 200 - 220°C for four hours and finally at
260°¢ for hulf an hour. The residue was dissolved in a
minimum volume of alcohol and 1 litres of a solution of
ammonia and zmmonium chloride in water added. The residue
was extracted with boiling N/5 hydrochloric acid, reprecipitated
2t 90°C with ammonia, digestec at this temperature for 5 mins.,
cooled, filtered and dried. Crude yield 32 g. The crude
product was recrystallised from 800 mis. of absolute alcohol:
Yield 20 g. (35%): dGecomposes at aboul 270°¢C.

This procedure is preferable to that of Hess and Bernthsen

(24 hours at 220 - 240°C) who reported their yield as being

"Slight“.
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N-MELTHYL “THER OF 3-HYDROXY-5~-PHENYLACRIDINE.

A sample of this compound was prepared for examination in
solution using the same conditions as for the preparation of
the N-methyl ether of 2-hydroxy-5-phenylacridine. The
chloroform extract was turquoise blue: 1in waler the product
was pink, in alcohol purple and in benzene deep green.

The grest differences in the absorption of this compound
in different solvents is in contrast to the behaviour of the
corresponding 2-hydroxy-compounds; they zre doubtless due

to the betaine cnaracter of the N-methyl cerivative of 3-

hydroxy-5-phenylacridine,

Pk

(See Witzsche (Rer., 1943, 76, 11873 ibid. 1944, 77, 377)

for discucsion of N-methyl ethers of hydroxy-acridines.)

PREFPARATION OF 131'METHYLENE-BIS- 2-HYLROXYACRIDINE,

2-Hydroxyacridine wes prepared accord.ng to the method

of Albert (J., 1948, 1227) by the reaction of formic acid on
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m-hycrexyoiphenylamine in the presence of hydrochloric =cid.

3 g. of 2-hydroxyacridine and 2 g. of anhydrous sodium
aceiate were added to 50 mls. of glcohol and the mixture warmed
to boiling point. 25 mls. of 40% aq. formaldehyde were then
added and the mixture refluxed for 10 mins. The resulting
red precipitate was separated by filtration, washed with
water and dried, Crude yield 2.8 g, The product could be
recrystallised from chloroform or dioxan (although not very
efficiently) to give orange needles or red prisms respectively,

s @ Ay s . e
Yield 2.3 g. m.p. 350°C (with decomposition).

Analysis: Pound : C - 80.8 : H - 4.7% N - 6,3%.

Required: C - 80.6% + H - 4,5% : N - 7,0%.

1:1'NETHYLENE-BIS-2-HYLROXY-5-PHENYLACRIDINE,

The same concitions as above were used here, 2-hydroxy-
S5-phenylacridine being substituted for 2-hydroxyacridine,
Crude yield 90%. The procuect crystallised from benzene as
l.ght orange needles anc from dioxan as red prisms, m.p.

333 - 5°¢ (with decomposition).

Analysis: Found : C - 84.8% : H - 4,86 : N - 4,6%,

Required: C - 84.5% : H - 4.7% : N - 5.1%,

1: 1" ETHYLIUNE-BIS=-2=-sCETOXYACRIDINGE,

1 g. of l:1'methylene-bis-2-hydroxyzcridine was heated

uncer reflux for 15 minutes with 1 g. of anhydrous sodium
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acetate and 20 mls. of acetic anhydride. The reaction mixture
was cooled, poured into water, neutralised with bicarbonate
and the resulting mixture extructed with chloroform. The
product, obtained from the chloroform extracts, was recrystallised
from dioxan, m.p. 263 - 590,

Analysis: Found : C - T5.T%: H = 4.5%: N - 4.8%.

Required: C - T6.5%: H - 4.6%: N - 5.8%.

PREPARATION OF 1l:3:4 TRIVETHYL-2-HYDROXYPHENAZINE.

Pseudocumoguinone (2:3:5-trimethylbenzoquinone.)

Pseudocumoquinone was prepared using the method of Karrer
and Hoffmann (Helv., 1939, 22, 654).

The procuct from the steam distillation (7 g.) from 20 g.
of 2:3:5-trimethylphenol in 2 stuges) was used for the next
stage in the synthesis, without fursvher purification.

l:3:4-trimethyl-2-hydroxyphenazine was obtained from

pseudocumoquinone according to the method of John (Angew. Chem.

1947. 59, 193): it crystallised from ethyl acetate as yellow
needles. These were converted to deep violet needles by

heating at 125%: Il.Po. 213°%,

PREPARATION CF L:1'lETHYLENE-BIS-2-LEYLROXYPHENAZINE,

(1) PREPARATICN OF 2-EYLROXYPHEIAZINE FROM p-~CHLOLONITROBENZTNT

Lig

A

p-nitroanicsole wi.s prepared zccording to the method of
Blom (Helwv. 1921, 4, 1029).
2-methoxyphensazine was prepared by the reaction of p-

nitroanisole with aniline in the presence of potussium hydroxide
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according to the method of Yoshioka (Chem.Abst., 1953, 6427(b)).
—— ’ O, ——_ 0

Yield 20%., m.p. 123 - 4°C. (recrystallised from 60 -80" petrol
ether). Yoshioka's procedure for demethylation with hydrogen
bromide was followed also. Yield of 2-hydroxyphenazine 60%,

0,
m.p. 248 - 50°C,

The above method of preparing 2-hydroxyphenazine was

found to be both time consuming =nd - with an overall yield

of 12% from p-nitreoanisole - inefficient.

(2) PREPARATION OF 2-HYLROXYPHENAZINVE FROM BENZOQUINCNE,

1l:2:4-Triacetoxybenzene.

This compounc was prepared by Thiele's reaction on
benzoquinone (Thiele, Ber., 1898, 31, 1247). Yield: 80 g.
(from 50 g. of venzoquinone) i.e. 60%.

1:2:4-Trihviroxybenzene.

The hycrolysis of L:2:4-triacetoxybenzene was effected by
hydrochloric acld in methyl =zlcohol according to the methoa of
Robinson and Healy (J., 1934, 1626). Yield 16 g. (from 50 g.)
i.e. T0%.

Hydroxybenzoguinone.

The oxidation l:2:4-trihydroxybenzene was carried out
according to the method of Willstatter znd lMuller (Qgg., 1911, 44
2180) by mezns of silver oxide. Yield 2.5 g. (from 3 g.) i.e.
85%

2-Hydroxyphenazine.,

This compouna was prepured according to the method of
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Kehrmann =nc Cherpillod (Helv. 1924, 7, 973) by the
condensation of hydroxybenzocuinone with o-phenylenediamine,

(3) ATTENMPTED PREPARATION OF 2-BYDROXYPHEWAZINE FROM

RESORCIHNOL,

2-NITROSORESORCINCL.

A sample of 2-nitrosoresorcinol was prepared by the
action of amyl nitrite on resorcinol according to the method
of Ferd (Ber., 1902, 35, 4192). The yield was only 30%

instead of quantitative as reported in the literature.

HYDROXYBENZOQUINONE (attempted).

It had been hoped that 2-nitrosoresorcinol would
undergo hydrolysis (reacting ae a mono-oxime of hydroxybenzo-
quinone) to give nydroxybenzoquinone in a manner analogous to
that whereby 2:3:5-trimethylbenzoquinone was obtazineda from
2:3:5-trimethyl-4-nitrosophenol, (ef. Karrer and Hoffmann,
Helv., 1939, 22, 654).

Vononitrosoresorcinol (0.8 g.) was added to 25 mls. of
1:5.dilute hydrochloric acid together with 3 mls. of hydrogen
peroxide, and tne mixture refluxec gently over a small flame.
Initially the reaction mixture was dark red: after two minutes
this colour had diszppeared and after ten minutes the solution
was red again, The experiment was stopped zfter 25 mianutes,
At each of the above stages samples of the reaction mixture
were removed, neutralised with bicarbonate, and the solutions

extracted with ether. The absence of a bright yellow colour
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in the ether layers showed that the amount of hydroxygquinone

formed was negligible. The subject was not pursued further.

PREPARATION OF 1:1'METHYLENE-BIS-2-HYDROXYPHENAZINE,

The same reaction conditions were used as for the
corresponding acridine. The product szppeared as a yellow
precipitate which was separated, dried and recrystallised
from chlorobenzene as yellow needles which darkened

. il .
reversibly to dull orange above about 200°C and decomposed
- 5109n
at 331 - 334°C.

Analysis: Found: C - T4.6%: H - 4,1%: N - 13,3%,

Required: C - T4.2%: H - 4,00%: N - 13,9%.

PREPARATION OF 1:1'"WETHYLENL-BIS-3:4-DIMBTHYL-2-
HY VRUXYPHENAZINE FROM 23 3-DIMETHYL PHENQL.

The eignt stages of this synthesis are outlined in fig. 2.

O-Xyloouinone (Stages (1) (2) and (3) ).

(See Arnold and Zang, J.Amer.Chem.Soc., 1941, 63, 1318.)

Yield 7 g. from 12 g. of phemol (i.e.) 50% : m.p. 55°C.

3:4-dimethyl-2-hydroxyphenazine (stages (4) - (7) ).

The general procedure of John (Angew. Chem., 1947, 59, 193)

for the preparstion of the 1l:3:4~trimethyl compound was used
aga.n here with modifications in stages (4) and (7).

For the Thiele reaction (stage (4) ) the conditions used
by Thiele for the preparation of l:2:4-triacetoxybenzene

(Ber., 1898, 31, 1247) were used rather thun those of John.
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Yield 18 g. (from 9 g. of o-xylogquinone) i.e. 88%: colourless

prisms m.p. 88°C.

Hydiroxyxyloguinone (stuges (5) and (6) ).

3.2 g. of this were obtzined from 8 g. of 1l:2:4-triacetoxy-
5:6-dimethy.benzene: (i.e.) 80% yield. Yellow needlzs, m.p.
114°%.

3:4-dimethyl-2-hydroxyphenazine (stage (7) ).

The condensation of o-phenylenediamine with hydroxyxylo-
quinone was carried out under conditions similar to those
described by Kehrmann and Cherpilloda (Helv., 1924, 7, 973) for
the preparation ol ~Z-hyuroxyphenagzine, Using molecular
proportions the yield was poor but was improved when an excess
of o-phenyleneciumine wus employed,

1.52 g. of nycroxy-o-xyloquinone were dissolved in 15 mls,
of warm glacial =zcetic acia and 2.1 g. of o-phenylene dizamine
added to the solution over a period of 15 mins, while the
solution was being heatea on & water bath. The mixture was
left on the water bath for another 15 minutes and then allowed
to cool to room temperature and left for an hour. The
product was then separated and washed with ether. Yield 0.8 g.
(i.e.) 30%: recrystallises from toluene as yellow needles;

decomposes at about 250,

1:1'METHYLENE-BIS=3:4-DINMETHYL-2-HYDROXYPHENAZINE,

350 mgs. of 3:4-dimethyl-2-hydroxyphenazine and
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500 mge. of annydrous sodium acetzte were sdded to 25 mls., of
alcohol, The suspension was warmed to the boiling point and
then 5 mls., of 40% 2g. formzdehyde added. A yellow precipitate
formed almost immediately. The mixture was heated under
reflux for a further 20 mins, The precipitate was separated,
washed with water, dried (crude yield 85%) and recrystallised
from toluene, The first crystals to appear from the rzpidly
cooled solution were fine yellow needles: on being left to
stand overnight without filtering these converted into compact
brick-orange crystals, the orange crystals could also be
obtained directly by cooling the original toluene solution
slowly, Both forms melt with Gecomposition in the region
of 35000. The orange form carkens reversibly on heating;
the yellow form does not,
Analysis: Found 2 C -T7%5.1%: H = 5,1%: N - 11.2%,

Required : C - 76.0%: H — 4.8%: N - 12.2%,

PREPAZATION OF 2-HYDROXY-1-(METHYLENE-5:5-DIMETHEYL-
CYCLOHEXANE-1:3-DI1ONE)-ACRIDINE.

5 g. of 2-hydroxyacridine, 5 g. of arhydrous sodium
acetate snd 10 g. of dimedone were added to 250 mls, of
alcohol and the suspension warmed on g water bath. 50 mls.
of 40% ag. formaldehyde were then added. After s minute the
2-hydroxyacridine had dissolved znd a deep red colour appeared,

The solution was then heated undcer reflux for 10 mins, 1%
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was then poured into 2 litres of cold water, with st.rring,and
left to stand for 15 minutes. The red solid was separated,
washed with water, dried =zna dissolved in 200 mls. of
benzene. The solution was placed on s short column of alumins
=nd a solution of 1% of zlcohol in benzene used for elution.
The first deep red band was taken, (The principal coloured
by-procuct, l:l'methylene-bis-2-hydroxyacridine moves more
slowly on aluminz uncer the above condition: it is also very
much less soluble in benszene.) The wvolume of the frauction from
the alumina column was reduced to 30 mls, =nd the solution left
to crystallise. Yield 4.5 g. (i.e. 50%): m.p. 200 = 202°%,
Recrystallisation from benzene gave 3.4 g. of large red prisms
(m.ps 202 = 20300) whose colour changed reversibly to pale
oraznge on cooling in liquid nitrogen.
Analysis: TFound : C - 76,0: H - 5,8%6: N - 3,2%.

Required: C - 76,1%: H - 6.1%: N - 4.,0%,

b
PREPARATIOHN OF 2—HYLROXY—3:4~LIMETHYL-12$FETEYLENE-
5¢5-DIMETHYLCYCLOHEXANE-L: 3-DIONE )-PHENAZINE.

1l g. of 2-hydroxy-3:4-cimethylphenazine, 2.g. of dimedone
and 1 g. of anhydrous sodium acetate were mixed with 50 mls, of
alcohol and heated almost to boiling. 10 mls. of 40% aq.
formaldehyde were then added: the suspension dissolved to some
extent and the colour of the solution deepened. The mixture

was heated under reflux for 20 mins, after which 500 mls., of
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water was added toprecipitate the products which were separsted
by filtrution washed with water, dried and passed through a

short alumina column in benzene, The product obtained by
evaporating the resulting benzene solution was recrystallised
several times from toluene to give small dull yellow needles,
w.p. 219°C. Yield 0.2 g. (i.e.) 20%. PFurther recrystallisation
gaves larger yellow needles which slowly turned brown on standing.
The brown crystals changed reversibly to yellow on cooling in

liguid nitrogen.

Analysis: TFound : C - %: H - %: N - %,
Required: C - %: H - %: W - % o

PREPARATION OF 8:8'METHYLENE-BIS-7-HYDROXYQUINOLINE,

A sample of T-hydroxyquincline was prepared according oo
the method of Bradford,Elliot and Rowe (J., 1947, 44).

0.85 g. of T-hydroxyquinoline and 0.85 g. of anhydrous
sodium scetate were dissolved in 25 mls, of zlcohol and 10 mls.
of 40% aq. formzldehyde added. The mixture was heated under
reflux for two hours after which 100 mls. of water were added.
The crude proauct was separatec, washed with water and dried.
Yield 0.5 g. (cruce): recrystallised from chlorobenzene 0.3 g.

ie8% 35%. Very pale greenish-yellow prisms: m.p. 244 - 5°C.

ATTEMPTED PREPARATION OF 2-HYDROXYACRIDINE-1-CARBOXYLIC ACID.

Attempts to introduce a substituent into the l-position of

2-hydroxyacridine by the following methods were unsuccessful:
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(1) A Pries rearrangement using 2-acetoxyacridine and
aluminium chlorice.

(2) A Priecel-Crafts reaction with acetylchloride and
aluminium chloriue.

(3) Bromination.

(4) Hydroxymethylation (with formuldehyde under various
conditions. ).

(5) Chloromethylation (with ag. formaldehyde and conc.
iydrochloric acid; also with paraformaldehyde and gaseous
hydrogen chlorice in benzene.).

(6) Aminomethylation.

Paper chromaiography, using methylethvl-ketone saturated
with water as solvent, was used to investigate the reaction

mixtures in (4) (5) ana (6).

PREPARATION OF 2-HYDROXYACRIDINE-1-ALDEHYDE

(Reimer-Tiemann Reaction).

A solution of 4 g. of sodium hydroxide in 1OImla. of
water was added to a suspension of 2 g. of 2-hydroxyacridine
«n 20 mls, of alcohol. . 2 mls, of chloroform were added over
g, period of 10 minutes. The temperature of the nixture was
kept just below the boiling point during the addition and for
a further hour. The mixture was then heated under reflux
for 14 hours and the excess chloroform znd most of the zalcohol
removed under reduced pressure. The solid material was

separated by filtration, suspended in water and the suspension
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acidified with hydrochloric acid. The mixture was warmed
slightly and filtereda to remove tarry material. The filtrate
woe then neutralised with bicarbonate and the resultihg yellow
precipitate separated and recrystallised twice from water.
Yield of yellow needles: 0.4 g. (i.¢.20%): m.p. 232 - 3°%C.
Analysis: Found ¢ O - 75.1%: H - 4.0%: N - 6,1%.

Required: C - T75.3%: H - 4.1%: N - 6,3%.
This product g:ve a4 dark red precipitate with 2:4-
dinitrophenylhyurazine, but this was very insoluble and

difficult vo purify.

ATTEVMPTED OXIDATION OF 2-HYDROXYACRIDINE-1-ALDEHYDE.

Paper chromatography with methylethylketone saturated with
water as solven. was used here to C-tect the presence of
oxidation procucts. The following methods weres tried:

(1) Treatment with boiling nitric acid at concentrations of
up to 80% for periods of 1 - 3 hours. This had little or no
effect on the aldehyde.

(2) Treatment with manganese dioxide (compare J., 1956, 4686)
Again no new compounu was pr@uuceu.-

(3) .Tre&bment with boiling very dilute hydrogen peroxide
sclution. This produced a complex mixture of products. When
g trace of ferrous sulphote was acdced the solution very soon
became colourless.

(4) Aerial oxidation of a hot alkaline solution. This

gave a complex mixture of products.
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An attempt to prepare the carboxylic acid directly by
substituting carbon tetruchloride for chloroform in the

Reimer-Tienmann reaction was also unsucceszsful.
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Ultra-violet suectra were getermined using a Unicam S,.P.
500 spectrophotometer.

—

PREPARATION OF SOLID F1LMS OF Z-HYIROXY=5~FHENYLACRIDINE,

For the preparation of sublimed films an ordinary "cold
finger" apparatus for sublimation under reduced pressure was
used (see flig. 3). Some Z2-hydroxy-5S-phenyl-acridine was
dissolved in a little chloroform ana the solution evaporated
on the vertical inside wall of The outer tube. A silica
plate (1 em. x 3 cms.) was attached to the inner tube by
mezns of a copper carrier to ensure even cooling of the plat-.
A mixture of solia carbon dioxide and acetone was placed in
the inner tube and the outer tube hezted in an oil bath at
180 - 200°C while the space between the inner zndé outer tubes

#
was evucuated to 0.4 mms, Under these conditions a film of
the required thickness wus formed in 1 - 2 minutes,

A Kofler hot stage microscope was used to determine melting
po_nts and to examine the behaviour of golid samples in the
temperature range from room temperature to 35000. In the
range below room temperature an ordinary microscope tube was
used and set up as shown in fig. 4, The glasgs wool is necessary
to prevent excessive concensation of ice on the sample,

The heating curve of 2-hydroxy-S5-phenyl-acridine aguinst
sodium chloride was obtained using an apparatus lent by Dr.

Taylor and consisting of & large, wadded metal block with three
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holes bored in it (fig. 5a). A sample of the yellow form of
2-hycroxy-5-phenylacricine was placed in one of the vertical
holes together with one junction of =z copper-eureka-copper
thermocouple. The other juncticn of the thermocouple was
embedded in some dry sodium chlorice placed in the other vertical
hole, The thermocouple wires were prevented from touching
the walls of the block by means of zluminz tubes (fig. 5c¢).
The horizontal hole was used for an ordinary thermometer,

When the apparatus was set up,the block was slowly heated
from room temperature up to 16500 by means of z bumsen burner,
the flame of which wae carefully shielded from drzughts,
Reazdings of the galvanometer were taken every minute.

By heating the thermocouple junction which had been placed
in the 2-hycroxy-5-phenylacridine the galvanometer was
veflected to the lerft. in the heating curve, in which
ceflection to the right was plotted against time, there is a
downward trend in the region of 135° showing that here an

exothermic change was taking place.
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