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Coumarin derivatives as Anticoagulants,

Dicoumarol was first prepared in 1903, by the reaction of
formaldehyde and h—hydroxycoumarin1. Little interest was taken
in the compound, however, until 1940, when Link2 identified it

as the haemorrhagic agent in the spoiled sweet clover disease

of cattle, Link3 investigated the properties of the
anticoagulant in rabbits, along with a great many other
derivatives, in an attempt to find a relationship between
structure and activity for this type of compound. Although he
had little success in his researches as far as structural
relationships were concerned, he discovered other useful
anticoagulants, such as warfarin, pelantan and mecoumar

(3-(x ~phenyl-B-acetylethyl) ~4-hydroxycoumarin, ethyl glyoxylate
dicoumarol and 3-(1'-phenylpropyl)=4~hydroxycoumarin respectively).
According to the accepted theory of blood coagulation kyd
prothrombin is converted to thrombin under the influence of
calcium ions and thromboplastin (effectively an enzyme for the
process). The thrombin thus produced reacts with fibrinogen
to produce the fibrin of coagulated blood, This process is
inhibited by dicoumarol, The study of this phenomenon has
relied on the analysis of blood and blood serum obtained from
animels fed on diets conteining these anticoagulants., Examples

of the types of analysis involved are found in refs, 6-8,
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The factors produced (or lacking) in the blood of the treated
animals are given names (such as Factor VII and the Christmas
factor) as the chemical constitutien of the factors istinknowns.

A subject that has received considerable attention is
the relationship of coumarin anticoagulants to the natural and
synthetic forms of vitamin K9. It is well known that vitamin K
deficiency in mammals gives rise to hypothrombinaemia, and the
resulting haeymorrhagic condition bears a very clese resemblance
teo that which is produced by the administration of coumarin
anticoagulants, Furthermore, the haermorrhagie caused by
coumarins is rapidly cured by treatment of the animal with
vitamin K, , (2-methyl-3-phytyl-1 J~naphthaquinone) , suggesting
that there exists between the coumarin and the vitamin an

10,11 between

antagonism resembling that observed by Woods
sulphonamides and p-aminobenzoic acid, and having a similar
origin, namely a structural similarity between the coumarin and
the essential body metabolite vitamin K, Since vitemin K is
required for the synthesis of prothrombin by the liver, the
coumarin anticoagulants may act as competitive inhibitors
which prevent the utilization of the vitamin by one of the enzymes
involved in this synthesis i
In additien to papers dealing with the clinical useof
coumarin anticoagulants, many papers have been published as the

result of preparations of new coumarin derivatives and their

testing for anticoagulant activity. (See for instance refs, 14-17)
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A number of suggestions as to structure reactivity relationships
have been made, but no satisfactory formulation has ever been
presented., It seems that much more will have to be known about
the intimate mechanism of the blood clotting process before any
advances can be made along these lines, (For a general review
of the field see ref, 5,)

Structure of L-hydroxycoumarin derivatives,

L~hydroxycoumarin

The structure of 4=hydroxycoumarin has been well established.
Arndt 1o has shown that in selutions of L4-hydroxycoumarin, the
L~hydroxycoumarin form (diagram IA) is in equilibrium with the

2-hydroxychromone form (diagram IB)

O\Cso ) OH
= |

i c

OH 0 B

Rapid methylation with diazomethane produces predominately

A

L-methoxycoumerin, whereas in the case of a slow addition of
diazomethane a mixture is formed in which the content of
2-methoxychromone is higher than in the former case, The

authors conclude that in the equilibrium state the L-hydroxycoumarin
structure predominates. The formation of the chromene derivative

during slow methylation is explained by the fact that
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2-hydroxychromone is a more acid tautomer, and consequently it
is methylated more easily. Although the concentration of the
chromone tautomer in the mixture is low, the equilibrium
upset by the removal of one component is restored only slowly.
The possibility of the contribution of the diketo structure
(2,4-diketochromone) has been ruled out by the work of Link19,
who showed by titration that an alcoholic solution of
L-hydroxycoumarin is almost 100% enol. (Assuming a possible
rate of enol-kete tautomerisation similar to that shown by
ethyl acetoacetatezo,)

Structure of dicoumarols and related work,

Link did not investigate the tautomerism of dicoumarel, and

wrote the structure in the logical coumarin form below21.

(diagram II)

[l

Following on from Link's work Knobloch and co-workers 22,25
investigated the various tautomeric possibilities by comparing
the i.r. and u,v, spectra of dicoumarol derivatives and
related compounds. In the paper by Knobloch Kakae and Macha22

they put forward the hypothesis that dicoumarols exist very
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largely in the chromone form., This conclusion is drawn from

the observation that peaks in the u,v., spectra of dicoumarols

may be ascribed to absorptions characteristic of both chromone

end coumarin, and that the pKa, value of pelantan (ethyl

glyoxalate dicoumarel) is approximately 2,7 in 20% ethanol,

The latter point, they say, proves the existence of a
hydroxychromone group, which is more acidic than a 4-hydroxycoumarin
group (they give the pKa value of L-=hydroxycoumarin in the same
solvent as Lok.) The later paper by Knobloch and Prochazka.23
takes into account the i.r. spectra of these derivatives, They
show that the maximum absorption in the carbonyl region of the
i.r. ( vmax C=0) for dicoumarol is 1660 cm-1, and 1653 cm~1 for
chromone (spectra in ethylene dichloride). On the other hand
vmax C=0 for simple coumarin derivatives is between 1700 and

1720 om-1° They come to the conclusion that dicoumarel exists

in the dichromone structure below., (Diagram III)

0 | OH HO | O:@
(:\l/‘j/\cwglc

1 i

o o)

{1]

They also suggest from the O-H stretch area of i.r. spectrum that

the chromonyl hydroxyl groups are hydrogen bonded intramolecularly

to the chromenyl carbonyl groups of the other ring,



-7 -

Chmielewska* has discussed the tautomerism of dicoumarol, and
puts forward the suggestion that it exists as half coumarin and
half chromone. The basis for this suggestion was the view

that anticoagulant activity could be correlated with vitamin K
antagonism and the active form of & coumarin anticoagulant must

be a cyclic ketal as in diagram IV, A or B
020
\\\ \w:?
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These can arise only from 3~-substituted 4-hydroxycoumarins in

which the side chain has & carbonyl or a potential carbenyl in
position 2* or 3', The half chromone half coumarin structure
of dicoumarel would lead to the derived ketal in diagram V.
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Chmielewska investigates the methylation reactions of dicoumarols,
and the methylation of the 4~hydroxycoumarin and dicoumarcl
analogues 4=hydroxy=-6-methyl=d-pyrone and 3,3-methylene-bis-i-
hydroxy-6-methyl-d~pyrone, The i,r, spectra of the 4,4'- and
2,L'-dimethyl ethers of dicoumarols in carbon tetrachloride are
given, along with the spectrum of 2-methexychromone in this solvent,
Whereas 2-methoxychromone has a band attributable to the carbonyl
group at 1659 om—1, the 4 ,2'-dimethyl ether does not have a band
in this area, and Chmielewske says that no explanation can be
offered for this behaviour, Following this work some of the
properties of 4=hydroxy-6-methyl-O-pyrones have been investigated
(4=hydroxy~6-methyl-d~pyrone is readily available from dehydracetic
acid, an ethyl aceto-acetate derivative,) The absence of the
1659 om_1 band from the spectra of the 4,2'-dimethyl ethers is
also investigated.

The above work on the structure of dicoumarol is
unconvineing. The authors conelusions from limited data seem
highly questionable, and in consequence this investigation was
re-opened with the additional advantage readily available from
n.m.r. spectroscopy.

Structure of other L-hydroxycoumarin derivatives.

Link21 prepared a whole range of bridge substituted dicoumarol
derivatives, by treating 4-hydroxycoumarin with a variety of
aldehydes, including salicylaldehyde, He discovered that if
salicylaldehyde and A4-hydroxycoumarin were boiled under reflux
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for a short time, (about 10 minutes), then, on cooling, pale
yvellow needles were precipitated from solution. If boiling
was continued for a period of hours, then a colourless product
was precipitated. On the basis of elemental analysis, he
identified the yellow compound as 3-o-hydroxybenzylidene-2,~

diketochroman (diagram VI)

3 M
\C’O
(% //J§=t<:*"4
O
HO~

VI

The celourless derivative he identified as the product of the
addition of L-=hydroxycoumarin to the benzylidene carbon atom of
the above compound, This Michael addition to the double bond
is followed by loss of water between the hydroxyl group of one
of the 4-hydroxycoumarin residues, and the hydroxyl group of
the salicylaldehyde residue, Link concluded that all additions
of L-hydroxycoumarin to aldehydes proceed by this route, first
addition of L~hydroxycoumarin to the carbonyl group of the
aldehyde through the carbanion, followed by loss of water to give
& diketochroman, and subsequent Michael addition of another
molecule of #-hydro:qcouna.rin.

An investigation was carried out into the unusual class
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of compounds characterised by the diketochroman above, and many
other such derivatives were prepared, Their reactions were
studied and the spectra of these compounds along with those of
their derivatives have led to a rationalisation of their
structure, Similar derivatives were prepared using the
L-hydroxycoumarin analogue L=hydroxy=-6-methyl-%~pyrone,

Another route f'or the preparation of 4=hydroxycoumarin
derivatives investigated by Link was the Michael addition of
L=hydroxycoumarin to the double bond of an‘!@ unsaturated ketonezs.
(The first preparation of warfarin was in fact by the addition of
L=hydroxycoumarin to benzylacetone,) One such reaction
investigated by Link was the addition of 4~hydroxycoumarin te
mesityl oxidezs° Two products were obtained from this reaction,
one of which, an acidic product, seemed to be the normal Michael
addition product, and the other, a comperatively low melting point
solid soluble in heptane, had an analysis which showed it to be a
condensation product of A4-hydroxycoumarin and mesityl oxide.

The structures of these two products were re-investigated, both
by spectroscopy on the compounds themselves, and in the case of
the heptane soluble compound, spectroscopy of the reduction
product as well,

Hydrogen bonding and I.R. spectra,

In molecules containing hydroxyl groups hydrogen bonded to
carbonyl groups, two features may be observed in the i.r, spectra

attributable to the hydrogen bonding. The frequency of the
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O-H stretch will be lower and the absorption band broader, and
the stretching frequency of the carbonyl group to which the
hydroxyl proton is hydrogen bonded will also be reduced, These
points are well illustrated in the i.r, spectra of the carbexylic
acid dimers, which have been extensively studied by Bratez, Hadzi
and Sheppard.27 li‘a.rmerz8 has made a thorough study of the i.r,
spectra of substituted deuterated and non-deuterated
L-hydroxycoumerin derivatives, from which he concludes that all
L=hydroxycoumarin derivatives are predominately in the coumarin
form, The results in this thesis are in agreement with his
findings (see Discussion Section) Analysis of i.r. spectra are

made with reference to the work by Bella.my.29

Hydrogen Bonding and n.m.r, spectra,
One of the first applications of n.m.r. spectroscopy was to
hydrogen bonding, in a study of the hydroxyl proton chemical

33 in carbon tetrachloride

shifts of aleohols(30-32)and phenols
solution, The results showed that the greater the concentration
of alcohol or phenol the lower the chemical shifts of the hydroxyl
protons, The amount of hydrogen bonding will increase with the
concentration, and will result in a sharing of the electron of

the hydrogen-bonded proton with another oxygen atom (apart from
the one to which it is bonded already), with a resulting
deshielding of the nueleus. Analysis of n.m.r. spectra are based

3k 35

on the works by Roberts;” and Pople, {meider and Bernstein.



Tautomerism and n.m.r. spectra.

When a compound is a liquid, or dissolves in a suitable solvent to
give an equilibrium mixture of two or more tautomers, n.m.r,
spectroscopy may provide an excellent method for studying this
tautomerism, The most widely studied compound of this type has
been acetylacetone., In the spectrum of pure liquid acetylacetone
it is possible to distinguish between peaks of both enol and kete
tautomers, and obtain an estimation of the percentages of these
forms present at equilibrium from the integrated areas of the peaks,
The chemical shift of the hydrogen bonded hydroxyl proten of the
enol form (=3,6T) was at the time the lowest recorded proton

chemical Bhiftoi‘

The spectrum of dimedone has been recorded by Cortea,37
and the spectrum of 1,3 cyclohexanedione extensively studied by
Cyr and Reevon.58 From a study of the n.m.r. spectrum of
1,3 cyclohexanedione over a range of concentrations in chloroform
solution Cyr and Reeves have formulated an equilibrium for this
compound between 3 sp¥eces, the keto form, the enel form and an
enol dimer, (Unlike acetylacetone, this compound is sterically
unable to form intramelecular hydrogen bonds). They found that
as the concentration of 1,3 cyclohéxanedione increased, the
chemical shift of the hydroxyl proton decreased, this decrease
being a measure of the increase in dimer concentration, By
extrapolating the graph of the reciprocal of the sguare root

of the 1,3 cyclohexanedione concentration against the chemical



shift of the hydroxyl proton (which was found empirically to give
a straight line) they determined the chemical shif't of the
hydroxyl proton at infinite concentration, The value they
obtained (-2.,321) was presumed to be the chemicel shift of the
hydroxyl protons of the dimer. Study of the nem.r. spectrum of
this compound at different temperatures has also allowed these
workers to estimate the equilibrium constants for the
interconversion of the species present in chloroform solution.

Other Studies on the Tautomerism of Dimedoneo

The i.,r. and u,v., spectra of dimedone and many of its gimple
derivatives (such as enol ethers) have been studied by numerous

39-42 Their researches have shown that in hydroxylic

authors,

solvents, such as water and alcohol, dimedone exists as almost

100% enol. In less polar solvents (such as dioxan and

chloroform) appreciable amounts of keto form are in equilibrium

with the enol, In chloroform solution, for example, & doublet

of bands in the i.r. at 1710 en”! is attributeble to the carbonyl

groups of the keto form, and a broad band at 1600 @ i

attributable to the carbonyl group and double bond of the enol form,
Bellamyl"3 has investigated the i.r. spectrum of

formaldehyde dimethone, and deduces an intramolecularly hydrogen

bonded structure analogous to the one propounded in the

Discussion Section on the basis of n.m,r., spectra.



Hydrogen bonding and pKa values,

a) Monobasic Acids,

The presence of a hydrogen bond between a dissociating proton
and another group in a molecule has been put forward on several
occasions to explain anomalously high pKa values, Sprenglinghh
has accurately determined the pKa values of o- m~ and p-
substituted hydroxymethyl phenols, and has shown that the pKa
values of the o~ substituted derivatives are some 0,12 pKa units
higher than would be expected on the grounds of inductive effects,
ArnoldlF5 has studied the pKa values of various 2- substituted

1= nephthols, as compared with the comparable 4=~ substituted
compounds, and concludes thatchelation results in acid weakening
in the case of 2= substitution, The difficulty inveolved in this
kind of study is that changing a parameter to include possible

hydrogen bonding necessitates change in other parameters (such as

inductive, mesomeric and steric effects, and solvation energies

of ions) and it is usually extremely difficult to differentiate
between the effects, The effects produced by hydrogen bonding

in mono-anions, described below, are more clearly def'ined, however,
b) Dibasic Acids,

The ratio of the first to the second dissociation constant of a
symmetrical dicarboxylic acid is always greater than L

(the statistical factor) and approaches 4 as the distance between
the carboxyl groups increases 46 €e8o in the acids (CHz)n(COOH)z’

where n=1 the ratio of the dissociation constants (r) = 800;
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n=2, r=25 n=4, r=13 n=7, r=11,b'7

Kirkwood and Westheimer 48,43

have developed an electrostatic
theory to give pKa.1 to pKa2 ratios of these acids in terms of
the interprotonic distance, and an effective dielectric constant
which is a function of the size and shape of the molecule,
Eberson?o has concluded from calculations on some simple short
chain dicarboxylic acids (including succinic acids and maleic acid)
that the Kirkwood and Westheimer treatment alone is insufficient
to explain the high ratios of the first and second dissociation
constants, but that together with the assumption of an
intramolecularly hydrogen bonded mono-anion the theory is in
satisfactory agreement with experimental data.

The pKa values of maleic acid are 2,22 and 8,82, as
compared with fumaric acid (437 and 6.19), From Shahat's
erystallographic work51 it has been shown that the 0-H~0 distance
in erystalline maleic acid is rather short, 2.46A°, This
distance is fairly close to that which would be expected for a
symmetrical hydrogen bond,52 but nevertheless the bond distances
in the two carboxyl groups show quite conclusively that the
hydrogen atom is more firmly associated with one than the other,
Orgels3 oéncludes from the i.,r. spectre of maleic acid and its
mono-potassium salt that hydrogen bonding in the mono-anion is
probably symmetrical, A parallel conclusion is reached for
phthalic acid and its mono-anion, Similar work by ‘.E:'neu::'scnslF

on the i.r, spectra of some substituted succinic acids has shown

that hydrogen bonding occurs both in the neutral molecule and in
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the mono-anion, Further evidence foor such a structure is found
on comparing the strengths of the half esters of dicarboxylie acids
with the strengths of the corresponding free acids. There is
considerable evidence that the polar effect of a carbalkoxy group
must be very similar to that of a carbexyl xroupos5 Consequently,
in the absence of specific interactions between the twe funchoinal
groups, it would be expected that the ratio of the first ionization
constants of the dicarbexylic acid to that for the menoester of
that acid should have the value 2, corresponding to the statistical
value for the dicarboxylic a.c:ld,.,LF6 A number of acids show this
pehaviour, e€,g. fumaric acid (2.0), succinic acid (2.12), and
malonic acid (3.6). Other acids for which hydrogen bonding has
been proposed exhibit considerably larger ratios, maleic acid (10.6),
tetramethyl succinic acid (27), and diethyl malonic acid (32) o
Hydrogen bonding of carbexylate anions to the protons of
phenolic hydroxyl groups in substituted benzoic acids may also
heve a dramatic effect on pKa values, The pKa values of salicyliec
acid are 3.0 and 13.3,56 the related 2,6~dihydroxybenzoic acid is a

57

stronger acid (pKa 2,30) comparable to phosphoric acid. The

hydrogen bonded mono-anions of these acids are shown in diagram VII

@ K9 /',Ow,~ : ..-,"O..v
2 i t-i P:-‘O\‘c,/ H

|
o O\ O

Vil
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Dicoumarols in Oxidative Pheosphorylation,

The first investigation on this class of compounds was conducted

by Martius and Nitz-Litzow,58’59

who were interested in the
influence of vitamin K in oxidative phosphorylation, and knew of
the antivatamin K properties of the coumarin anticoagulants.
They found significant reductions in the P:0 ratios of respiring
rat liver mitochondria in the presence of small quantities of the

3 molar), A rough

anticoagulants (in the order of 10
correspondence was found between the knowneffectiveness of the
anticoagulant, and its activity in temms of the concentration
necessary to have a significant effect on the P:0 ratios,
Dicoumarol (the most active anticoagulant) was effective at the
lowest concentration; at a concentration of 5 x 10-6 molar the

P:0 ratio was found to be 0,89, as compared with a control
experiment of 2,36 (626 uncoupling on this basis) s The inhibitory
effect of dicoumarols was also noted, in terms of a slowing down of
the respiration rete, but no quantitative assessment was made of
this property. No mechanism of action was put forward by these
workers,

Mechanism of Uncoupling.

Although the actual mechanism of coupling of mitochendrial electron
transport to the energy conservation reactions leading to the
synthesis of ATP is not known, a generally accepted concept

is available in terms of chemical reactions. It is generally

believed that during the oxidation and reduction of a respiratory
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chain carrier (A), the carrier interacts with an unknowacomponent
(I) to form a high energy compound (A~I), This high energy
compound reacts, by an unknown sequence of reaction, with ADP and
Pi to form ATP, This sequence may be represented by the
equations 1-3 below, where B is the electron carrier which accepts
electrons from AH2. The uncoupler (U) is then supposed to act
by breaking down A~I as in equation 4, by binding with I

(reversibly, as in equation 5).

A, + B + I = A~I + BH, (1)
A~I + P, = A + I~P (2)
I~P 4+ ADP= I + ATP (3)
A~I *' U = A + U-I (&)
U-I = U+1 (5)

Evidence for this type of sequence may be found in the work of
Chance 60’61, who studied the state of oxidation of respiratory
chain carriers spectrophotometrically in the presence of ADP and
uncouplers.

Mechanism of Inhibitioen,

Although it has been known for some time that uncouplers of
oxidative phosphorylation (including dicoumarel) inhibit
mitochondrial respiration, little attention has been paid te this
process until recently (within the last two years), This is at
least partly attributaeble to the complexity of the uncoupler
effect on mitochondrial respiration and other mitochondrial enzyme

activities, such as ATPase. Hemker,62 working on nitrophenols,



has proposed that in high concentrations the uncouplers bind I
(equation 5) to such an extent that it is no longer available
for reaction in equation 1, However, it has been shown that
the inhibitory effect of uncouplers may be relieved by greater
substrate concentration,63 which Wilson has shown to be opposed
to the above mechanism,eh (According to this mechanism, at

low substrate concentrations in state 3, where ADP and P, are in
excess, there would be a larger steady-state concentration of I
and the addition of uncoupler would have little effect on the
respiration. At high substrate concentrations the greater
electron flux would increase Aﬂz concentration, and the binding
of I by the uncoupler would have a more pronounced effect, This
is contrary to the above observation), Wi.lson"+ has studied the
effect of succinate concentrations on the inhibition of succinate
oxidation at a fixed concentration of uncoupler, and shown from
Lineweaver-Burk plots that competitive inhibition occurs between
substrate and uncoupler, probably at the primary dehydrogenase
stage, The Lineweaver-Burk plots, though straight lines, do not
have the correct slope for simple competitive inhibition, and
Wilson concludes that the competitive inhibition is of a more
complex nature, possibly occurring at more than one site,
Support for the proposed interaction of uncoupler and
dehydrogenase is found in the work of Jurtshuk,65 who observed

an inhibition of «~=hydroxybutyric dehydrogenase by dicoumarol
and 2,4-dinitrophencl.
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Wilson has compared the uncoupling and inhibiting
strengths of a series of uncouplers in terms of concentration,
and has found that there is no relationship between the two
effects on this basis,

Van Dam66 has investigated the effect of dicoumarol on
the respiration of rat liver mitechondria, both in the presence
and absence of ADP (State 3 and State 4 respiration respectively) ,
The response to dicoumarol in State 4 is analogous to the type of
response found in this work, the rate of respiration passes
through a maximum at 5 x 10-'6 molar dicoumarel, and the concentration
required for half inhibition is 1.5 x 10-5 molar, Van Dam studies
the state of oxidation of the respiratory chain carriers in State 3
and finds that in the presence of sufficient dicoumarel to cause
inhibition, complete oxidation of the chain has occurred, This
is further evidence for the proposed influence of the uncoupler
at the level of the interaction of the substrate with the primary
dehydrogenase, Any binding that occurs is reversible, as has been
shown by the addition of bovine serum albumin te inhibited
mitochondria, which leeches out the dicoumarol by binding on to
the albumin and restores the respiratory control of the
mitoohondria,‘7

In this work a whole range of coumarin derivatives was
taken, and their activity studied at a fixed substrate concentration,
in order to obtain detailed information on reactivity

relationships among this class of uncouplers,
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Hydrogen Bonding and Spectra,
Chemical Shifts of Hydroxyl Protons,

As mentioned in the introduction, the chemical shif't of protons
has been used as a criterion of whether or not they are hydrogen
bonded, A simple comparison between the chemical shift of a
hydrogen bonded and a non hydrogen bonded proton is found en
comparison of the nom.r. spectra of o and p-vanillin, The
chemical shift of the hydroxyl proton in g-vanillin is -0,.77t,

and does not vary on dilution of the solution, The chemical
shift of the hydvoxyl proton in p~vanillin is 2.78T in a 1.3 molar
solution, and changes to 3.45T on ten-fold dilution, In the case
of the 9o-vanillin, the hydrogen bonding is intramelecular, between
the proton of the hydroxyl group, and the adjacent carbonyl group,
and consequently dilution does not affect the degree of hydrogen
bonding. In the case of p-vanillin, on the other hand, the
hydrogen bonding is intermolecular, and dilution reduces the
amount of hydrogen bonding as seen by an increase in the chemical
shift of the proton of the hydroxyl group, Other carbenyl
compounds of this sort in which intramolecular hydrogen bonds are
formed as 6-membered rings are as follows, methyl salieylate

(Toys = 102), salicylaldehyde (-(OH, - 1,19), methyl
ecetyl-5-bromosalicylate (TOH’ = 0.41), 1-formyl-2-hydroxynaphthalene
(tou. - 3420)s 2, 3-dihydroxybenzaldehyde has both an
intramelecularly hydrogen bonded proton (T, = 0.3) and a hydroxyl
proton for which no such bonding is possible (T, 3.6),
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Two compounds of the acetylacetone type which have been

prepared are 3-formyl=i-hydroxycoumarin (where R=H in diagram VIII)

o IR
C’O
i
@)
N
Vit

and 3-acetyl-lf~hydroxycoumarin, (where R = CHB.) The chemical
shifts of the hydroxyl protons are = 2,00 and = B.29rrespectively,
The difference in chemical shifts may be explained, in part at
least, by the +I effect of the methyl group increasing the negative
charge of the acetyl carbonyl group (and hence the strength of the
hydrogen bond) in the 3~acetyl as compared with the 3-formyle—l=
hydroxycoumarin, Similar structures and low chemical shifts

have been encountered in 2=formyldimedone (TOH’ ~ 5.60) and

dehydracetic acid (v - 7.01). The n.m.r, spectra of

OH’
tricarbonyl compounds of this type are discussed in detail by

Merenyi and Nilsson68.

Effect of hydrogen bonding on i.r, spectra,

The effect of hydrogen bonding discussed most fully here is its
inf'luence on the i,.r. frequencies of carbonyl groups, The

i.r, frequeney of the carbonyl group of o-vanillin in a molar
solution in chloroform is 1658 om-1 s that of p-vanillin under the
same condition is 1686 cm-1, some 28 om-1 higher, Similar changes
in frequency have been observed for many of the compounds discussed

here, The influence of hydrogen bonding on the 0-H stretching

M
A
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frequency has not been found of great value in structural
elucidation, (accordingly only frequencies of strong bands in the
area associated with carbonyl stretching frequencies,

1550 = 1800 cm-1, have been recorded in detail in the experimental
section), Bis-derivatives (e.g. dicoumerols, dimethones, etc.)

all show a medium band at ca. 3100 cm_1, with subsidiary maxima

at eca, 2760 and 2630 cm-1, indicative of strong hydrogen 'bondin;.27
The simple 3=substituted L~hydroxycoumarins also show these bands,
but under conditions in which their i.r. spectra can be recorded
(i.e. in the solid state, as a Nujol mull, or in dioxan or ethanol
solution) they mey form strong intermolecular hydrogen bends,

either with themselves or with the solvent,

Nem,ro Spectra of Dimedone Derivatives,
a) Dimedone
The i.,r. spectrum of dimedone in chloroform shows the

presence of both enol and keto tautomers, though there is no way
of measuring accurstely the percentage of these forms present in
the solution. The n.m,r. spectrum of a solution of dimedone in
chloroform is, however, quite simple, (see experimental section)
and allows an estimate of the percentages of the tautomers by

comparison of the areas of the signals, The most suitable
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signals for this purpose were found to be those of the 4~ and
6-nethylene groups of the enol and keto forms, (Although the

L~ and 6-methylene groups of the enol form are formally different,
one being adjacent to a carbonyl group, and the other being
adjacent to an enol hydroxyl group, the chemical shif'ts of the

L~ and 6-methylene protens are identicel, This is on account

of the rapid exchange, which may be written diagramatically es

below, (IX)
b Cu b
cz“%:é;//\\\ () 3.5 OH
e” i
Cig BT |
oy R
3 W3
OH s

(X

Several velues of the percentages of keto and enol present are
given in the experimental section, It is seen that even in a
saturated solution in chloroform there is a predominance of
the keto form,

The changes in the n.m.r. spectrum of dimedone in
deuterochloroform solution over a range of concentrations may
(as in Cyr and Reeves work with 1,5 cyclohexanedione) be
interpreted in terms of an equilibrium between keto, enol and
enol dimers. It was found empirically that a straight line
plot was obtained if the reciprocal of the concentration was

plotted against the chemical shift of the hydroxyl proton (diagran X L)
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The value of the chemical shift at inf'inite conecentration is
-2,24T, presumably the chemicel shift of the protons of the enol
dimer, This value compares with the value of =1,31T for the
hydroxyl protons of formaldehyde dimethone given below,

(Cyr and Reeves value for the dimer of 1,3 cyclohexanedione (=2.329)
compares with the value of ~1,64tfound in this work for the
chemical shifts of the hydroxyl protons of 2,2'-methylene-bis-1,3-
cyclohexanedione,) The analysis of the n.m.r. spectrum of
dimedone by the Mexicen workers is at variance with the analysis
presented here, They ascribe the signal of the 4= and 6-methylene
protons of the enol form to the hydroxyl proton, and do not find
any signal corresponding with the one found here for the hydroxyl
proton, How they arrived at their conclusions is not clear,
Nomor. spectrum of dimedone in other solvents,

The solvents used for this investigation were not deuterated,

In consequence it was impossible to observe the signals of the
methylene groups of the enol and keto forms of dimedone, and
estimations of the percentage of tautomers were made by
integrations of the signals of the 5-methyl groups of the enol

and keto forms, The results showed that in acetonitrile the
percentage of enol is a little lower than at the same concentration
in chloroform, and in diexan very much higher. According te
studies on the i.r, spectrum of dimedone in diexan69, dimedone
forms good hydrogen bonds with dioxan, a result that is borne out

by this investigation., In sodium deuteroxide solution it is



- 27 =

possible to follow the slow exchange of the vinyl proton, by
integration of the spectrum after a known time. The exchange was
found to be first order, KBOO = 1,15 x 10-h sec—1.

Nomo.r. spectra of dimethones,

The spectra of formaldehyde dimethone shows that in this compound
both dimedone rings are in the enol form, There is a unique
chemical shift for the L= and 6-methylene protons at 7.747T ,
corresponding with the 7.707 value for the 4= and 6-methylene
groups of dimedone enol, The hydroxyl protons have a chemical
shift of =1,317, which does not vary as the solution is diluted.
The conclusion drewn from this is that formaldehyde dimethone
exists in chloroform solution as the intremolecularly hydrogen

bonded structure in diagrem X

C“3 40‘._
Cﬁ43 - ‘t\C)
Z C:Fiq;
(@) CHz
~ C
H"’Oé C“B

X

The substitution of one of the protons in the methylene bridge
by a phenyl group is seen to affect the hydroxyl proton chemical
shifts as now two signals are found in this area, one at =1.,767,
and the other at -0,577 » Substitution of one of the methylene
protons by a methyl group has an even more dramatic effect, the

signals being found at =2,76 Y and a very broad signal centred



roughly on O.4T . The effect of the substituent is presumably
to interfere sterically with the hydrogen bonding, and the
symmetry of the molecule,

Nomor, spectra of dimethone anhydrides.

In dimethone anhydrides the chemical shif'ts of the protons of

the methylene groups corresponding with the kL= and 6-methylene

groups of dimedone are no longer identical, In formaldehyde
dimethone snhydride, (1,8 (2H, 5H,)-dione-3,4,6,7-tetrahydro-3, 3,6,6-
tetramethylxanthen , see diagram XI), the 4= and 5-methylene protons
have & chemical shift of 7.807 , and the 2- and 7-methylene protons
have & chemicel shift of 7.66r . Similar chemical shifts are

found in acetaldehyde and cinnamaldehyde dimethone anhydrides.

e (@)
%ll q L
& e e, C Gy
Ciy | | Ciz
b O 3 Cu
> e 4 -

X1

Substitution of one of the 9-methylene protons with a cinnamyl
residue is accompanied by a splitting of the signals of the 3=~ and
6-methyl groups in a similar manner to thet described for
2-formyldimedone dimethone below, A similar splitting is not
seen in acetaldehyde dimethone anhydride. Presumably the

9-methyl group is too small to give any resolvable splitting.
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Nom.r, Spectra of more complex dimedone derivatives.

a) o-formyldinedone dimethone.

The dimethone of 2-formyldimedone consists of 3 dimedone residues
linked by the 2-position to a central carbon atom, with loss
of a molecule of water between 2 of the residues, as in diagram XII

(:Q;
C: (:HB

()
-0 il (T;(D

D F
Ch+3 (LFV3 A
Xii

The analysis of the chemical shifts of the methylene protons was

F §

based upon the integrated areas of the peaks (as there are

2 residues of one type and one of another), The analysis of the
methyl proton chemical shifts is based on the n.m.r. spectrum of
salicylaldehyde dimethone given below,

A, 9.01 (6H); B, C, 8,99 (6H) and 8,88 (€H); D, 737 (2H) ;

E, 7.72 (LH); F, 7.6k (2H); G, 7.52 (u); I, 5.58 (1H);

J, -0.03 (1H)s The spectrum shows that the methyl groups of the
octahydroxanthen moiety appear as a doublet., They are held in

a rigid conformation, and the presence of the third dimedone
residue is sufficient to render them non equivalent, The hydroxyl

proton has a negative chemical shift, suggestive of a small amount



of hydrogen bonding. Molecular models of this type of compound
suggest that the steric requirements of hydrogen bonding are not

met as well as with the simple dimethones with two hydrogen bonds.

Y] Salicylaldehyde dimethone (diegram XIII)
c N
3 C{CHZ’ 0o S
) CH?, CH3
1
£ CH (‘;‘ F
)
]
Xt

A, 9.24 (6H); B,C, 9,20 (3H), 9.11 (3H); D, 8.05 (2H);

E, F, 7.69 (2H), 7.61 (2H); &, 7.49 (2H); I, 5.33 (1H),

J, 2,99 (3H, tight multiplet); K, =0.42 (1H). (The individual
identity of E and F is in doubt, due to the proximity of these
peaks and their identical size) .

®) Dimedone addition product of 3=o-hydroxybenzylidene-2,

L-diketo=3, L=dihydro-6-methyl-&-pyrone (R = H in diagram XIv)
H

X1V
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A, B, 8,94 (3H), 8.87 (3H); C, 7.9 (3H); D, 7.74 (2H);
E, 7.67 (H); F, 5.06 (1H); G, L4o14 (1H); J, 2,96 (4H, tight
multiplet); K, =0.42 (1H)., (The spectrum of the dimedone

addition product where R = OCH, may be seen to correspond extremely

3

closely with this spectrum - see Experimental Section).

The i.r, and u.,v, spectra of Dimedone Derivatives.

The absorptions in the area of the i.r. associated with carbonyl
stretching frequencies is characterised for simple dimethones
by a broad band centred on 1600 cm_1 (Spectrum in chloroform or
as Nujol mull), The lack of absorption at 1700 en” indicates
that these compounds exist as almost 100% enol, in keeping
with the hydrogen bonded structure above, The i.r. spectra
of dimethone anhydrides show bands at 1660 and 1630 cm-1; the
former may be attributed to the carbonyl groups (which are
unsaturated) and the latter to the double bonds. Dimethone
anhydrides have also distinctive peaks in the u.v., at ca. 233
and 292 mop, These characteristic peaks may be seen to have
an influence on the absorption of other more complex compounds
containing this grouping (2-formyldimedone dimethone, for
example) o

The influence of hydrogen bonding may be seen on the
i.r. spectra of more complex dimethones, Salicylaldehyde
dimethone (diagram XII) shows o band at 1648 @ Por the
hydrogen bonded carbonyl group, and 2-formyldimedone dimethone
shows a similar band (at 1646 om-1) for the hydrogen bonded

carbonyl group of the ectahydroxanthen residue.
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Structure of dicoumarel and other 4 hydroxycoumarin derivatives,

Structure of L-hydroxycoumarin

The data collected here is entirely consistent with the
predominance of the 4-~hydrexycoumerin structure for all simple

3~ substituted L~hydroxycoumarins, both in solution and the solid
state. Simple coumarin derivatives have distinctive u,v. spectra,
with peaks at 303 - 314 mp, and 279 - 285 mp, and another peak or
shoulder at 269 - 276 mp, (See diasgram XVI) They show this type
of spectrum whether they are Q-alkylated or not. Unfortunately
L=hydroxycoumerin is extremely insoluble in chloroform, and no
assessment of the hydrogen bonding of this compound was possible
a8 was possible in the case of dimedone,

The structure of dicoumarols.

Knobloch's dichromone structure of dicoumarol is dismissed on the
following grounds;=

a) The frequency attributable to the chromone carbonyl group
in the i.r. spectra in chloroform solution of 2-methoxychromone,
3-methyl-2-methoxychromone, and the 2,2'-dimethyl ether of
dicoumarol is ea. 1630 cm-1. (That of chromone itself is a little
higher, at 1647 cm-1), This value is 30 o " lower tias

vmax C = 0 dicoumarol, and any hydrogen bonding, either inter- or
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intramolecular, of the chromene carbenyl group would decrease,
rather than increase, the carbonyl frequency.
b) If dicoumarol were a dihydroxychromone, then on account
of the greater acidity of hydroxychromones as compared with
hydroxycoumarins, diazomethane would react with dicoumarol to
give largely the 2,2'-dimethyl ether. It has been found that
dicoumarol reacts to give mostly the 4, 4'-dimethyl ether., Only
a small quantity of the 2,2'-dimethyl ether could be obtained on
chromatographic separation of the products of this reaction.
c) The simple non hydrogen bonded chromone structure would
presumably have a u,v. spectrum like that of 2-methoxychromone,
The u.v. spectrum of dicoumarol is unlike that of 2-methoxychromone
or L-hydroxycoumsrin (see diagram XVI) This fact also precludes
the simple dicoumarin structure drawn by Link (diegram II).
a) Knobloch makes no attempt to explain why the chromene
structure is energetically more favourable for dicoumarols than
it is for simple 4~hydroxycoumarins.

The conclusion reached is that dicoumarol is a dicoumerin
structure with hydrogen bonds between the hydroxyl groups of one
L~hydroxycoumarin residue and the carbonyl groups of the other,

as in diagram XV

O.
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O
Z
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This model will explain the above points, and is supported by

the following factso.

a) The spectrum of dicoumarol is essentially the same
whether taken with dicoumarol in the solid state (as Nujol mull
or KC1 disc) or in solution (chloroform or dioxan).,
L=hydroxycoumarin has a dmax C = 0 which varies from solvent to
solvent, ( wmax C = 0 in dioxan, 1730; 9max C = 0:chloroform
conteining 2% ethanol, 1695; vmax C = 0 as Nujol mull, 1700.)

b) L=hydroxycoumarin is insoluble in any solvent with which
it cannot form strong intermolecular hydrogen bonds, but dicoumarol
is soluble in chloroform, and higher homologues of dicoumarol are
appreciably soluble in carbon tetrachloride,

c) The nem,r, spectra of dicoumarols show protons with low
chemical shifts (TOH dicoumarol, = 1,70), In & similar way to
thet described for dimethones, substitution of one of the protons
of the methylene group by a larger unit may interfere with the
hydrogen bonding, In this case however, the planar phenyl

group does not cause the chemical shifts of the two hydroxyl
protons to be different from one another, but the smaller
spherical methyl group does interfere with the hydrogen bonding
in this way, Substitution in the para-position of the phenyl
group by the fairly bulky nitro-group, does cause a small
modification of the hydrogen bonding as seen in the n.m.r. spectra.
Another feature of the n.m.r, spectra of dicoumarols, is that the
5-protons of the 4-~hydroxycoumarin residues have a lower chemical

shift than any of the other aromatic protons, This may be



attributed to the inecrease in the electron density (or double bond
character) of the C = 0 bond of the 4~hydroxyl group, caused by

the hydrogen bonding. This feature is seen in the n.m.r. spectra
of chromones, where there is a carbonyl group® - to the aromatic
ring. As would be expected none of the L-methyl ethers of
coumarins show this property, It seems that all L-hydroxycoumarin
residues in compounds where there is hydrogen bonding of the
hydroxyl group intramelecularly to the carbonyl group of another
residue show this feature (see later for other examples).

d) The low pKe value of dicoumarols as compered with
L~hydroxycoumarin is not explained in terms of the more acidie
hydroxychromone groups, but in terms of the stability of the
mono-anion, See later for discussion of these values,

e) A molecular model of this structure shows the sterie
feasibility of the hydrogen bonds,
(Note: Chmielewska failed to find a "chromone band" in the

i.r, spectrum of the 2,4'=dimethyl ether of dicoumarol because

she expected a band at 1659, by analogy with the i.r. spectrum

of 2-methoxychromone as a Nujol mull, The 2,4'-dimethyl ether,
however, resembles 3-methyl=2-methoxychromone in that the

i.r. frequency of the chromone carbonyl group appears at 1630 cm_1
either in chloroform solution or as a Nujol mull) .

Other features of the i.r. spectra of A hydroxycoumarin derivatives,
As well as the features discussed above, some other reproducoible
characteristics have been observed in these spectra, All compounds

containing L-hydroxycoumarin residues show a band at ca. 1569 cm—1.
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However when the L-=hydroxycoumarin residue condenses with the

hydroxyl group of another residue, as in the case in dicoumarol
1

epoxide, there is always a band in the spectrum at 1610%1 cm
Both these bands are associated with the double bonds of the
benzene rings of the coumarin residues,

The i.r. frequency of the carbonyl group of a coumarin
residue not involved in hydrogen bonding is greater than 1710 cm_1.
When the residue is involved in hydrogen bonding, either through
the hydPoxyl group or the carbenyl group, the frequency is less
than 1700 cm_1° Accordingly, it can be assumed that any
intramolecular hydrogen bonding in 2-formyldimedone dicoumarol
occurs between the hydroxyl group of the L4=hydroxycoumarin residue
and the carbonyl group of the dimethone anhydridB-residue as shown

in diagram XVII

A e

Z N e20-H
Cry Gy
XVil

I.r. frequencies; 1728, 1669,
Similar analyses may be made of the carbonyl stretching frequencies
of other coumarin derivatives prepared, the spectra of which are

given in the experimental section,
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Structure of other dicoumarels and related compounds

p=dimethylaminobenzaldehyde dicoumarcl

This compound is unusual in being highly coloured, with a band

in the w.v. at 497 mp, (€, 7000). Recrystellisation and
chromatography show the colour not to be due to any highly
coloured impurity, On addition of either alkali or acid

to a solution of the compound in ethanol, the colour disappears.
The i,r. spectrum of a saturated solution of the compound in
chloroform shows that the absorptions are in line with those of
other dicoumaerols, but the solubility in chloroform is insufficient
to allow an n.m,r, spectrum to be taken in this solvent,

The eorresponding dimethone (& pale orange compound) has been
prepared, and its n.m.r. spectrum does not indicate any divergence
in structure from that of any other dimethone prepared.

(The chemical shift of the hydroxyl protons are similar to those
observed for benzaldehyde dimethone)., In a neutral alcohol
solution of the dicoumarol, or in the solid state, it seems likely
that some protonation of the N-dimethyl group ocecurs by the proten
of one of the 4-hydroxycoumarin residues, and the colour may be
due to some type of charge transfer complex between ionic forms
present, The addition of aeid or alkali will disturb the
proportion of any charged forms present, the former by protonation
of the N-dimethyl group, and the latter by removal of the hydroxyl

protons of the L4=hydroxycoumarin residues.



Pelantan,
In this compound there is the possibility of hydrogen bonding
between the hydrexyl groups of the L-~hydroxycoumarin residues,

and the carbonyl of the carbethoxy group., However, there is no

evidence in the spectra of pelantan that this type of bonding occurs,

Werfarin,

The u.v, spectrum of this compound shows it to be essentially

a simple coumarin derivative, The vmax C=0 (i.r. spectrum as
Nujol mull) is 1688 omf1, and on account of this rather low value
for the stretching frequency of the carbonyl group of theX-acetonyl
residue, the following hydrogen bonded structure seems likely,

(Diagram XVIII)

XVIH

The pKe value of warfarin (see later) provides further evidence

for this postulate,

4=hydroxy-6-methyl-o~pyrone derivatives,
The spectra of these derivatives are generally speaking rather

less complex than the spectra of their 4-hydroxycoumarin analogues,

The u.v. spectra of 4=hydroxy-6-methyl-X~pyrone and the bis



derivatives studied all show a single maximum above 230 mp,

The i.r, spectrum of the simple R —pyrone shows a Ymax C=0 of

1700 cm-1, and the i.r., spectra of the bis-derivatives show

a vmax C=0 of 1680 cm—1° This relationship is similar to that
encountered with L=hydroxycoumarin and dicoumarols. Unfortunately,
as has been found for L4-hydroxycoumarin, the g=pyrone is highly
insoluble in chlevoform, and so again no examination of hydrogen
bonding in this solvent is possible. The n.m.r. spectra of the
bis-a-pyrones shows bonding similar to that observed in dicoumarols,
with hydroxyl proton chemical shifts of around =1¢, In the case

of these derivatives the substitution of a methyl group for a
proton of the methylené bridge of the formaldehyde bis-x-pyrone

does not interfere with the hydrogen bonding sufficiently to make
the hydrogen bonds non-identical (as evidenced by the n.m.r., spectra),
The following table shows the relationship between the type of bis-
derivative, the substituent on the bridge, and the chemical shift

of the hydroxyl protons.

Group Dimethone Dicoumarol Bis-pyrone
H =131 =170 ~0,80

C6H5 -1,76, =0.57 =143 =0.91

CH3 2074, =040 =22, =14k -1.22

Hydrogen bonding does not seem to be as effective in bis-pyrones
as in dicoumarols or dimethones (using the criterion of negative

chemical shift as a guide to the strength of the bonding).
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This is reflected in the vmax C=0 for bis-pyrones being 20 cm-1

higher than the vmax C=0 for dicoumarols, The aromatic ring in
L=hydroxycoumarins evidently causes some steric restraint on the
o~pyrone ring which leads to more efficient hydrogen bonding in
dicoumarols as compared with bis-pyrones,

Other dicoumarol analogues,

The two 3,3'-methylene-bis-carbostyril derivatives prepared beth
show u.v., spectra very similar to dicoumarol, (The u.v. spectrum
of 3,3'-methylene-bis-4-hydroxycarbostyril is shown in diagram XVI).
The absorption in the carbeonyl region of the i.r, is also very
similar to dicoumarol, again suggesting a dicoumarol type structure
for these compounds, The limited date on 3,3'-thio-bis=l~-

hydroxycoumarin indicatives a similar structure for this compound,

The Structure and Properties of the Mono-addition products of

o-hydroxybenzaldehydes and L-hydroxy-—&-pyrones.

a) }:g-hxdrogzbenleidene-z, 4,-diketochromane

Link discussed the reaction of L4=hydroxycoumarin and salicylaldehyde

in terms of the reattion sequence below to give a product of structure
21 ; tical

XIX(A)“'c His formulation was supported by analysise data, and the

yellow colour of the compound, which he attributed to its highly

conjugated structure, (The hydrogen bond has been added after

study of the n.m,r. spectrum of this compound, T - 1:70.

OH?
The drawing of the 8-membered ring is schematic, the benzylidene

phenyl group is not coplanar with the diketochroman residue).
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Another mode of dehydration of the first formed addition
product XIX(C) would be to give structure XIX(B), which would
have the same elemental analysis as XIX(A)., However, structure
XIX(B), despite its more orthodox hydrogen bond as part of a
6~membered rather than an 8-membered ring, seemsunlikely on
consideration of the spectra. The n.m,r, spectrum shows a
proton with a chemical shift of 2,00T. By analogy with the
nom.r, spectra of other secondary carbinels, the secondary
carbinol proton of structure XIX(B) would be expected to show
& chemical shift of around 6T, The value of 2,00T is,
however, in the region expected for the benzylidene proton of
structure XIX(A), The i.r., spectrum shows a band at 1720 cm-1,
a higher value than would be expected for the hydrogen bonded
carbonyl group in structure XIX(B), but not an unreasonable
value for the non-hydrogen bonded carbonyl group in structure XIX(A).

Acetyl derivative, The above compound forms a stable mono-acetyl

derivative, the i.,r, spectrum of which is rather informative,
showing bands at 1763, 1719 and 1660 on ., The 1763 en = band
is typical of the carbonyl stretching frequency of an aromatic
acetoxy group. (see below).

D\C':O Tioem™!
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The diketochroman structure (XX) will explain this band and
the two other bands adequately., The band at 1719 cm-1
corresponds with the band at 1720 cm-1 for the carbonyl group
of structure XIX(A). The L4=carbonyl group of structure XIX(A)
is hydrogen bonded, and does not show an absorption in the

i.r. of above 1630 cm-1o However, the 4-carbonyl group in

the above structure (XX) is non~hydrogen bonded, and the
appearance of the new band at 1660 o b Pereitton of B
acetyl compound is indicative of this change. The n.m.r,
spectrum of the acetyl compound shows & single proton at 1.72T,
corresponding with the benzylidene proton of structure XX, and
the u.v, spectrum does not show any influence of coumarin
chromaphores,

Reduction On reduction, one mole of hydrogen is taken up to
give a coumarin derivative (as indicated by the u.v. spectrum),
which forms in turn a diacetyl derivative, The n.m.r, spectrum
~of the diacetyl derivative shows there to be a methylene group,
and two methyl groups., The i.r. spectrum shows bands at 1777
and 1750 cm-1. By analogy with L-acetoxycoumarin, with a

band at 1790 cm-1, the 1777 cm-1 band could be due to the
carbonyl of a similar 4-acetoxy group, and by analogy with
methyl O-phenacylsalicylate (1760 cm-1), and p-acetoxybenzaldehyde
dicoumarol epoxide (1760 cm-1), the 1750 cm-1 band could be due
to the carbonyl group of an aromatic acetyl group. The

evidence as presented here suggests the following reaction scheme,



ik >
(diagram XXI) starting from structure XIX(A)
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The compound formed on reduction is 3-o-hydroxybenzyl-l-
hydroxycoumarin,

Conclusion The reactions of the mono- addition product of
L=hydroxycoumarin and salicylaldehyde, including its addition
reactions described below, show conclusively that it reacts
as if it were structure XIX(A). The spectra of the molecule
itself also strongly indicate structure XIX(A). A molecular
model of this compound shows the steric feasibility of the

hydrogen bond, the geometry of which is similar to that of the



hydrogen bonds in dimethones and dicoumarols, It may be
noted that the alternative structure involving hydrogen bonding
with the 2-carbonyl group is ruled out, on the ground that if
this were the case then there would be no carbonyl with as
high a frequency as 1720 csm-'1 in the i.r. The changes in

i.r. spectrum involved on formation of the acetyl derivative
also preclude this structure.

Other diketochromans.

The reactions of the mono-addition product of o-vanillin and
L~hydroxycoumarin (eddition of dimedone and acylation) indicate
e similar structure for this compound., Spectroscopic changes
on formation of the acetyl derivative are analogous to those
observed with the salicylaldehyde compound. The 1-formyl-2-
hydroxynaphthalene-4~hydroxycoumarin mono-addition compound
was found to be inert teo addition of dimedone or 4~hydroxycoumarin
in boiling ethanol, It did, however, form an acetyl compound
analogous to thisedescribed above,
4=hydroxy-6-methyl-o-pyrone analogues.
L~hydroxy-6-methyl=o-pyrone and salicylaldehyde undergo exactly
analogous reactions to those described above for 4=hydroxycoumarin
and salicylaldehyde,

On boiling under reflux a solution of equimolar
quantities of salicylaldehyde and L4-hydroxy-6-methyl-o~pyrone
for a short time (about 10 minutes) and cooling, orange-yellow

crystals of the mono-addition compound separate. The n.m.r.
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spectrum of this compound shows the hydroxyl proton (T, = 5.69)
to be more tightly hydrogen bonded then the hydroxyl proton of
the L=hydroxycoumarin analogue., The i,r. spectrum shows a
band at 1728 cm_1 for the L-carbonyl group, The structure

is XXII, where R=H,

CH3\/O\ 40

C

XX i

In contrast to the L-hydroxycoumarin analogues, this compound
did not form an acetyl derivative under any of the conditions
tried (see Experimental Section), Presumably this is due to
steric hindrance by the 2-carbonyl group in the transition
state, coupled with the loss of the energy of the hydrogen bond,
being a prohibitive factor in this case, The compound in
which R=0H in diagrem XXII reacts readily with acetic anhydride
te give a mono-acetyl compound, which is clearly formed by
acylation of the 3-hydroxyl group. (The n.m.r, spectrum shows
a hydrogen-bonded hydroxyl proton at =5,787, and a signal for
the benzylidene proton at 1.40T. The u,v., spectrum is very
similar to those of the other compounds prepared of structure XXII,

where R=H, OH, or ocnj.) The dimedone addition products of
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XXII, where R=H and OCH3’ have been prepared, an analysis of the
n.m.r, spectra of these compounds is given on page 30,

The reduction of XXII (R=H) follows the same route as
that of its L~hydroxycoumarin analogue, one mole of hydrogen
gzuzgken up to give 3-o-hydroxybenzyl-L-hydroxy=6-methyl-a-pyrone,
which forms & diacetyl derivetive, The n.m,r. spectrum of the
diacetyl compound shows, inter alia, > methyl groups (though
owing to the proximity of these peaks and their equal areas it
is not possible to ascribe them individually) and e methylene
group.

On boiling under reflux a solution of salicylaldehyde
and 4-hydroxy-6-methyl-ot-pyrone for a long period (as described
in the Experimental Section) colourless crystals separated.

The nom,r, spectrum of this compound shows it to have an
analogous structure to the bis-derivative of lL-hydroxycoumarin
and salicylaldehyde, (See Experimental Section).

The reaction of LY-hydroxycoumerin and mesityl oxide,

Link identified the two products of this reaction as an acidic

product (XXIITA) and a heptane soluble product ()LXII]’ZB)Z6

O\c¢O o\céo

Z CH3 CANN N THE

OH cu«zcjlo & CH3  Cug
.

A B
XX
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A is formed by the Michael addition of a molecule of
4=hydroxycoumarin to the double bond, and B by condensation
of L-hydroxycoumarin with the carbonyl group of mesityl oxide,

a) Acidic product, All the properties of this compound

studied, indicate that Link's structure is correct, The
i.r. spectrum shows a band at 1668 cm_1, the highest wavelength
for a band in the carbonyl area, This corresponds with the
carbonyl group of the side chain, intramolecularly hydrogen
bonded with the hydroxyl group in a similar way to that
proposed for warfarin, The u.v, spectrum shows the compound
to be a coumarin derivative, The compound is insoluble in
chloroform, but the n.m.r. spectrum in trifluoro-acetiec acid
corresponds with the compound the structure of which is shown
below. (XXIV) The methylene group appears as an AB pattern,
The two 2'-methyl groups have chemical shifts of 8,95 and

8,757, and the L'-methyl group gives a signal at 8,277,

()~\Cj;(>
S Chz
Ciz
o
Gis ©OM

X X1V



- 49 -

Link has shown that compounds of the general structure of
XXIII(A) form acetals when reacted with a solution of
hydrogen chloride in methano 70. Presumably the compound
XXIII(A) has formed the hemi-acetal above on solution in

trifluoro-acetic acid,

b) Heptane soluble product, The properties of this

compound show Link's structure to be incorrect, On the
basis of structure XXIII(B) there should be long range
coupling in the n.m.r. spectrum between the P -hydrogen atom
and the two x-wethwl groups, However, long range coupling
is observed between & proton and one methyl group. The
chemical shift of the Y-methyl groups would be expected to
be around 7.8f, but it is rather higher than this at 8.57 .
The i.r. and u,v. spectra do not give a useful guide to the
structure, except to show that it is not a simple coumarin,
On reduction of this compound with palladium on
charcoal only one mole of hydrogen is taken up, whereas a
compound of structure XXIII(B) would be expected to take up
2 moles, The product has the u.v. spectrum of a simple
counmarin derivative, These facts, coupled with the
n.m,r, data above, has lead to the conclusion that Link's
formula XXITI(B) represents the first formed product, which

then undergoes an electrocyclic reaction to give structure XXv(a)
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(:7C) ™
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XXV
Reduction of XXV(A) then gives the coumarin XXV(B)
(3,4-(2*,2' ,4* ~trinethyl) -dihydropyranocoumarin) .  The
n.m.r, spectrum of this derivative is analysed as follows:
8063 (3H), 8.45 (3H), (2'-methyl groups); 8,60 (3H, doublet,
J=6.5 c./sec, for L'-methyl group), The 3' methylene group
is part of an ABX system, where X is the 4' proton.
Hy» 7.9 He, 8.35; J.., 13.9 oo/sec. J,., 6.7 6ofsece

AX
Jows 1040 co/sec, X is a complex multiplet, (7.157).

BX

" Splittings are attributable to the 4'-methyl group as well

as the 2'-methylene group, (The possibility that this

compound is 3,A-(2',4',4'=trimethyl) ~dihydropyranocoumarin is
ruled out, on the ground that the 2'-proton in this structure
would have a chemical shift of around 6T, as compared with

the 7,157 of the 4! proton of the above structure., This in

turn precludes the possibility that the original L-hydroxycoumarin-
mesityl oxide addition product is the 2§434'-trimethyl

pyranocoumarin, rather than the 2, 2%)'-trimethyl pyranocoumarin
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derivative), Cyclisations of structures such as XXIII(B)
have been observed before. (5 -ionone, for exeample, is in

1
equilibrium with the &X~-pyran structure Solow (Diagram XXVI)

Ny A
=

C)éF;\\CW43 (o} CHxz
CH3 CH3

XAV

The equilibrium constant in ethylenetetrachloride solution
at 18° has been found to be ko In the case of the mesityl
oxide adduct above no indication of any equilibrium could be

found, either in its spectra or in its reactions.

Preparation and properties of "mixed" dicoumarols,

By a "mixed" dicoumarol is meant a compound containing a
L=hydroxycoumarin nucleus attached through the 3~position to
a carbon atom attached in turn to the 3-position of one of the
other enolic residues considered, (or in the case of dimedone
attached to the 2-position)., Water may be lost between

either residue and the @-hydroxy group of an o-hydroxybenzaldehyde
residue, Three methods have been employed in the preparation

of these compounds.
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(1) The reaction of an aldehyde with a mixture of
nucleophiles, followed by separation of the products,

(2) The addition of a suiteble nucleophile to products
formed by the addition of one mole of L-hydroxycoumarin to
one mole of an o-hydroxybenzaldehyde (diketochromans).

(3) The use of 3-N-piperidinomethyl=-l~hydroxycoumarin,
Route 1

An example of this route is the preparation of a series of
compounds by Hellmann and Shroder,72 in which a substituted
1,3-cyclohexanedione derivative is linked through a methylene
bridge to the 3-position of L-hydroxycoumarin, The dimedone

compound was prepared via this route. (Diagram XXVII)

CJ43
Ciz

XAV

This compound shows some interesting properties, which may be

summarised by saying that it is half a dicoumarol and half a
dimethone, The i,r, spectrum shows a band at 1660 om-1,
typical of the 4~hydroxycoumarin residues in dicoumarols.
The u.v. spectrum shows chromophores typical of both dicoumarol

and formaldehyde dimethone, (The extinction coefficients at
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& given wavelength are approximetely equal to the sum of half
the extinction co-efficients of dicoumarol and formaldehyde
dimethone at that wavelength), The n.m.r. spectrum shows the
following points.
a) Two non-equivalent hydrogen bonded protons at =1.10 and =2,257.
b) The 5-proton of the L~hydroxycoumarin residue again has a
lower chemical shift than the other 3 aromatic protons.
¢) Unlike the simple dimethones, in which the L= and
6-methylene groups show a unique chemical shiftg,there are two
separate signals for the methylene groups, Presumably, as the
two tautomeric forms of the L4-hydroxycoumarin (the coumarin and
the chromone) are non equivalent, a certain amount of "bond fixing"
occurs in the dimedone residue to which it is hydrogen bonded.

Another interesting feature of this compound is its
dehydration, Under the mild conditionsin which formaldehyde

Undergo

dimethone willjdehydrateythe compound remains unreactive.
However, using a 12.5% solution of concentrated sulphuric acid
in methanol, under which conditions dicoumarol would not

73

dehydrate, ° dehydration does occur to give the anhydride XXVIII

o 70
= Chy

O
=z céo

Cidg G
XXVil|

R0 SR #35- |
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Two features of the n.m.r. spectrum of this compound might

be commented on here,

a)  Unlike the compound sbove, the 5-proton of the coumarin
residue does not have a chemical shift distinguishable from
those of the other 3 protons.

b) The asymmetry of the molecule is insufficient to cause
the two 5-methyl groups to show distinguishable chemical shifts.
The i.r, spectrum shows a band at 1720 cm-1 for the carbonyl
group of the coumarin residue, a band at 1660 cm-1 for the
carbonyl group of the dimedone residue, and a band at 1611 cm-1
for the aromatic ring of the gyclised coumarinyl.

Route 2

Link treated 6-methyl-i-hydroxycoumarin with 3-o-hydroxybenzylidene=
2,4-diketochroman and obtained a product analogous to
salicylaldehyde dicoumar0121. The product had lost a melecule

of water between one of the L-hydroxycoumarin residues and

the hydroxyl proton of the salicylaldehyde residue.

Link did not distinguish between the possibilities, Presumably,
owing to the similarity of the two residues, it would be

extremely difficult to solve the problem without recourse

to mass spectrometry, Two of these addition derivatives

were prepared in this work.
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a) Dimedone addition product,

T &

D H
0?0 o)
City

XXX

The structure of this compound is shown very clearly to be as
above (XXIX), on consideration of its spectra, N.m.r, spectrum
analysise A, B, 8,97 (3H), 8.87 (3H); C, 7.65 (2H);

D, 7.42 (2H); E, L.95 (1H); F, 2.6 = 3,2 (6H, complex multiplet);
Gy 107 = 1.9 (1H, complex multiplet); I, =0,10 (1H),

The asymmetry of the molecule is sufficient to cause the rigidly
fixed methyl groups of the dimedone residue to be in different
chemical environments, and the chemical shift of the 5-proton

of the L-hydroxycoumarinyl residue is distinguishable from the
shifts of the other aromatic protons, The w.v, spectrum is
dominated by the L-hydroxycoumerin chromaphores in aeidic and
elkaline solution, It will be seen later that the pKa of

this compound is 4,38, a little higher than the pKa values

of the simple 3-substituted L=hydroxycoumerins studied.,
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b) The L=hydroxycarbostyril addition product.

The compound is a colourless microcrystalline solid with a
high melting~point, which is extremely insoluble in all the
common solvents at room temperature, Analysis again confirms
that loss of water occurs after addition of the
L=hydroxycarbostyril in the normal manner, but unfortunately
the spectroscopic data is too confused to allow the mode of
dehydration to be established,

c) The 4-hydroxy-6-methyl-o~pyrone addition producte

This compound could not be prepared either by the addition of
L=hydroxy-6-methyl-o-pyrone to 3-benzylidene=-2,4-diketochroman,
or by addition of L4-hydroxycoumarin to the salicylaldehyde-
L-hydroxy-6-methyl-%pyrone addition product, In view of the
stability of both salicylaldehyde dicoumarol and the
corresponding 4-hydroxy-6-methyl-oi-pyrone compounds, this is
rather inexplicable,

Reactions of other diketochromans.

The dimedone adduct of the mono-addition product of

L4 -hydroxycoumarin and o-vanillin has also been characterised.

Route 3
3-N-piperidinomethyl=L~hydroxycoumerin was first prepared by

e

Link by the Mannich reaction of 4-hydroxycoumarin,

piperidine'and formaldehyde. The properties and structure of
this compound were studied by Abramovich and Gear75, who found

that quaternisation of the piperidine residue with methyl iodide
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gave a compound that would react with another 4-hydroxycoumarin
derivative to give a dicoumarol, Accordingly they prepared
dicoumarols in which one only of the two L4-hydroxycoumarin
residues was substituted in the aromatic ring. Mohlo and
Mentzner76 have used this compound to prepare the L4~hydroxy-6-

methyl-a~-pyrone compound XXX, which has also been prepared in

this work by this method,

O\C'/'O"-.

= Citg

O\
T (o

XXX

In a similar way to the corresponding dimedone derivative
(see above) the spectra show this molecule to have properties
of both dicoumarol and bis-4-hydroxy-t-pyrone., The hydroxyl
protons have identical shifts (-1.,099), showing the similar
geometry of the coumarin and o~pyrone ring systems,

The i.r. spectrum shows bands at 1679 and 1660 cm-1 for the
hydrogen bonded carbonyl groups of the & -pyronyl and
coumarinyl residues respectively,

Two new compounds have been prepared by this route,

where R=H and R:CH3 in diagram XXXTI
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These compounds are insoluble in any suitable n.m.r. solvent for
the observation of hydrogen bonding, but the i.r. and u.v. spectra
again indicate properties associated with both hydrogen-bonded

residues,

Discussion of Preparative lMethods,

Reaction of Dicoumarols

Dicoumarol is a very inert substance, and compatible with its
high melting point (288-289°), is comparatively insoluble in
organic solvents, Most of the reactions of dicoumarols which

A s
have been studied involve the hydroxyl groups (e.g. acylation 7,

77

phosphorylation’ ', epoxidisation73, methylation, with

diazomethane21 and dimethyl sulphate78

o) It is soluble in
alkali, and on boiling under reflux in alkali will undergo

ring opening and decarboxylation, these reactions occurring
more or less selectively with one L4~hydroxycoumarin residue

initially, but with both residues on prolonged periods of boiling79°
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One reaction of dicoumarol that has not been reported is its
oxidation, It is possible to conceive of a scheme in which
the methylene bridge is oxidised to give the diketochroman
structure XXXII. (Removal of a hydride anion from the bridge
methylene group by an oxidising agent, followed by the loss
of a proton from one of the L-hydroxycoumarin residues).

This compound would probably be reactive in terms of Michael
addition at the benzylidene carbon atom in the same way as

is 3-o-hydroxybenzylidene-2,4-diketochroman. (XXIIIA).

XXX

Dicoumarol was found however, to be inert to most oxidising

agents, with the exception of ceric ammonium nitrate, which
caused disruption of the coumarin rings to give a variety of
salicoyl degradation products. The benzylidene proton in
benzaldehyde is unreactive to N-bromosuccinimide. This may
well be on account of the steriec hindrance by the hydrogen
bonded system between the h-hydroxycoumarin residues to attack
by bromine atoms. Another factor in this case may be the
energetically unfavoureable disruption of the hydrogen bonds

that would be caused in the product by the bulky bromine atom,
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Acetone and L=hydroxycoumarin.

Under conditions in which L-~hydroxycoumarin will react with
aldehydes it is completely unreactive towards acetone,
Attempts to prepare the dicoumarol derivative of acetone by
heating 4=hydroxycoumarin and acetone together in sealed tubes
at elevated temperatures, yielded only condensation products
of L~hydroxycoumarin and mesityl oxide,

Methyl ethers.

Arndt's method of separation of 2-methoxychromone from
h-methoxycoumarin utilises the solubility of the former in
concentrated hydrochloric acidﬁs. However, one extraction
with acid was found insufficient for complete separation, and
accordingly, the sample obtained from the extraction
(enriched in 2-methoxychromone) was separated by thin layer
chromatography, Using silica GFZSL (which contains phosphor)
and ether as developing solvent, two clear and widely separated
bands could be seen under u,v, light for the two methyl ethers,
The more polar 2-methoxychromone has the lower RF value, and
the extraction of the silica corresponding to this band with
chloroform yielded pure 2-methexychromone on evaporation of
the solvent,

Chmielewska80 separated 3-methyl=2-methoxychromone from
an ether solution of a mixture of this compound and 3-methyl=—l-
methoxycoumarin by adding perchloric acid, which forms the

insoluble perchloric acid salt of the 3-methyl-2-methoxychromone,
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A similar method of separation of these two methyl ethers to the
one described above was found convenient., This method has the
additional advantage of precluding any rearrangement that might
occur in the presence of the perchloric acid.

From the reaction of dicoumarol with diazomethane,
Chmielewsks obtained two dimethyl ethers, the L,4'- and the
L,2*y The possibility of there being any 2,2'~dimethyl ether
was not discusse ZL. However, careful chromatographic
separation of the products of this reaction show that a small
emount of 2,2'-ether is produced, The i.r. and u.v. spectra
of this compound are, as expected, very similar to those of
3-methyl-2-methoxychromone.
3=formyl-—l-hydroxycoumarin,

Two methods are available in the literature for the preparation
of this compound, Ziegler uses the formylation of
L=hydroxycounarin by Efmethylrﬂfphenylf:nmamide in the presence
of phosphorus oxychloridas1. The use of the more readily
available N, N-dimethylformamide as formylating agent reduces

the yield considerably; l(although a small quantity of product
was obtained here, some workers have failed to obtain any product
with this reaction ),82 The method of Cecchi,83 in which
L=hydroxycoumarin is condensed with formemide and the resulting
imine hydrolysed, was found to be satisfactory.
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pKe values,
a) Monobasic acids,

The pKa value of L=hydroxycoumarin is 4,20 £+ 0.02 at 21°,
Substitution of the 3-proton by a methyl group has little effect
on the pKa value, now L.17% 0,04, Substitution by a phenyl group,
however, reduces the pKa value to 3,76, presumably due to the
stabilisation of the mono-anion by the sharing of the charge on
the oxygen atom on to the phenyl group as shown in diagram XXXIII

-

C

o %\
o®© 0

@e.l:c..

XXX
3=dmphenyl-feacetylethyl-k-hydroxycounarin (werfarin) has a pKa
velue of 5,05, rather higher than those of the other 3= substituted
L=hydroxycoumarins investigated. This value mey be explained in
terms of a hydrogen bond between the 4~hydroxy group and the
carbonyl group of the acetonyl residue stabilising the neutral
molecule with respect to the anion in the same way as was
indicated for the hydrogen bonded monobasic acids in the
introduction. (See diagram XVIII), The comparatively
hydrophobic side chain would also be expected to have an acid
weakening effect as compared with L~hydroxycoumarin, The pKa
value of salicyleldehyde semidimethone-dicoumarol (the dimedone

addition product of 3=-o-hydroxybenzylidene-2,4~diketochroman,
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(diegram XXIX) in which the n.m.r. spectrum indicates hydrogen
bonding for the hydroxyl group,is L4.36, only slightly above the
value for L-hydroxycoumarin; that of 3=formyl-4f-=hydroxycoumerin
dimethone is 4,98, These increases in pKe value may be due

to hydrogen bonding in the neutral molecule, but in any event
the values are useful in as much as they provide further
evidence that both compounds contain a k~hydroxycoumarin rather
then a dimedone residue.

Both salicylaldehyde dimethone (dieagram XIII) and
2-formyldimedone dimethone (diagram XII) contain dimedone
residues, the hydroxyl groups of which appear to be hydrogen
bonded. In both these cases a large enhancement of pKa value
over dimedone is shown, the former haveing a pKa of 6,10, and
the latter a pKa of 6,95, as compared with a pKa of 5.05 for dimedone.
b) Dibasic acids,

Dicoumarols and dimethones present a rather more complex picture,
Superficially the presence of two hydrogen bonds might be
expected to give two pKa values higher than that of the
corresponding "monomer" (4-hydroxycoumarin or dimedone). This
is found to be the case for formaldehyde dimethone and
acetaldehyde dimethone, but for all the other bis derivatives
examined, one pKa value was found to be lower, and one very much
higher than that of the "monomer", All these results indicate
that the mono-anion is very stable (i,e, easy dissociation to

give the mono-anion, followed by a difficult dissociation
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to give the di-anion:- pKa_ for these compounds is generally

2
5 pKa units or more greater than the pKe of the corresponding
"monomer"), This state of affairs may be compared with the
dissociation of maleic acid; pKa1, 2022, pKaz, 8,82 described
in the Introduction as compared with)say)acetic acid (pKa 4.76)
or formic acid (pKa 3.75)s The neutral maleic acid molecule
mey form an intramolecular hydrogen bond, but hydrogen bonding

in the mono-anion appears to be much more ideal in terms of

0-H=0 bond lengths, A similar phenomenon would explain the

pKea values of dicoumarols and dimethones, The mono-anion

of dicoumarol is shown is diagram XXXIV, Various canonical
forms of this anion may be drawn and the negative charge may

be shared over both rings. Knobloch has pointed out that the
U,Vo spectra of anions of 4=hydroxycoumarin residues indicate

a chromone rather than a coumarin structure for the anions

(i.e. the negative charge resides mostly on the 2-carbonyl group)

s0 it would seem that much of the charge may be on the 2-carbonyl

groups in this case too.

()\1;,;C)
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Presumably, if it were assumed that no hydrogen bonding was
involved, then calculations on the basis of the Kirkwood-Wesheimer
treatment (in which the ratio of the two pKa values is inversely
p?oportional to the interprotonic distance) would only predict
a compardtively small difference in the pKea values of
dicoumarols, in which the interprotonic distance is much larger

than in acids such as maleic and succinice

Mitochondrial Studies.

The compounds tried in this investigation may be divided into
three classes on th®$ basis of their effect on mitochondrial
respiration.

a) Those that uncouple, but do not inhibit, exemplified by
h-hydroxycoumarin, the concentration versus rate of oxygen uptake
plot of which is given in diagram XXXV,

b) Those that uncouple at low concentrations, but inhibit at
comparatively higher concentrations (See XXXVI and XXXVII for
dicoumerol and p-methoxybenzaldehyde dicoumarol).

e¢) Inactive compounds,

A distinet structural difference is noted between compounds of
type a) and compounds of type b). All compounds in group b)

may form intremolecular hydrogen bonds involving 8-membered rings,
none of those in group a) may do so, An idealised rate plot for

a compound of group b) is given in diagram XXXVIII,
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HE is the initial slope of the rate curve, and intersects the
line JK, which is an asymptote to the rate curve of a compound

of group 2). (See line J'K' in L-hydroxycoumarin graph)

BG is o tanget to the rate curve at point C, defined by the
condition BC = CG. B is the point of intersection of the two
tangents, The concentrations equivalent to points B,C, and E are
recorded under those headings for a range of derivatives in the
tables on p 122-3 , Column A is defined as maximum observed

rate with uncoupler (see (F)) divided by the maximum rate obtained
with dicoumarol, Column D is the ratio of the slope of BG to
the slope of HB, It is a measurement of the effectiveness of
uncoupling and inhibition, as evidenced by small changes of rate
produced by vanishingly smell additions of compound at points

H and Co The data in tablesallows a rough reconstruction

of the rate plots for all the compounds cited,

Some of the points which may be deduced from the results
are inherent in the above deseription of the graph, The meximum
rates pfoduced by compounds of group a) are equal to within
experimental error, and are all greater than those observed for
compounds of group b) (see column A) Presumably, if compounds
of group b) did not inhibit, their graphs would resemble those
of group a) compounds, and all give the same maximum rete,
Accordingly, the concentration E should give a direct comparison
with L-hydroxycoumarin (concentration Ef in diagram XXXVEEE) of

their efficiency as uncouplers in terms of concentration.
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If the uncoupling is caused by binding with an enzyme, the
value E will be inversely proportioned to Ks’ the binding constant
(see below),

It may be seen, then, that the results may be interpreted
in terms of a common mechanism for all these derivatives,
The results are in accord with the fiﬁdings of Wilson and Merz,
thet dicoumarol acts at two independent sites, possibly the
phosphorylation and substrate binding to dehydrogenase sites that
they suggest. On this interpretation, compounds of group &)
ere presumebly unable to bind to the enzyme(s) that bind substrate.
It has been shown, as has been noted in the Introduction, that
the respiration response to dicoumarol may be eradicated by
adding bovine serum albumin to the dicoumarol treated mitochondria.
Tt thus seems that interaction of dicoumarol with the mitoch¥ondria
must involve reversible bindings with relevant enzymes, rather
than & reaction with some functional group of importance in the
phosphorylation sequence. The results here are in agreement
with this theory, the large range of concentrations needed for
maximal activity over the number of uncouplers and inhibitors
examined is suggestive of binding phenomena, rather than mole
for mole reactions, This suggestion is also consistent with
the stebility of dicoumerol referred to earlier, the possibility
of easy oxidation of the protons of the methylene bridge, for

instance, has been shown to be unlikely.




Further support for an enzyme hypothesis may be seen
in diagram XLI, a graph of the rate of oxygen uptake at a fixed
concentration of dicoumarol (7.1 x 10-1 molar, the concentration
giving the maximum rate of respiration) against the concentration
of mitochrondrial protein, This linear plot is to be expected
if binding occurs to an enzyme, (E), by uncoupler (8) and K > (E]
Results shows that K >10_6 molar, and the concentration of
inhibitors (such as Piericidin A) which are thought to act in mole
for moke reactions with specific "sites" in the phosphorylation
sequence act at concentrations in the order of 10-7 molar103°

The substrate used in the above experiments was a mixture
of glutamate and malate, which is known to give three molecules
of ATP per mole equivalent of oxidisable compound in coupled
electron transport. Investigations using 0,0027 molar succinate
(which on the same basis as above gives two molecules of AIP)
indicate that dicoumarol has a similar action in this case.
Using equivalent values to those quoted in the tables, B = 0.35 ,
C =049 , D=0,67. These figures show thet with succinate as
substrate dicoumarol is effective in smaller concentrations than
it is with glutamate and malate, and that inhibition is
comparatively more effective in this case; (D for glutamate and

malate is 2.88),

Structure-activity relationships,

Apart from the division made earlier on the grounds of hydrogen
bonding, several other relationships may be seen from the tables

on p 122-3, Comparison of the figures for methylene, ethylene,
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isopropylidene and benzylidene bis=L4-hydroxycoumarins shows that
in this series increase in the size of the substituent on the
bridge carbon atom lowers the effectiveness of the compound in
terms of the concentration necessary to give the meximum observed
rate of respiration. Figures in column D indicate that this
increase in size has a greater effect on binding at the site of
uncoupling than at the site of inhibition, Substitution in the
para-position of the phenyl group of benzaldehyde dicoumarol may
give compounds that are more or less active than the parent
compound, Substitution by methyl, methoxy or chloro groups
(21l of which groups mesomerically donate electrons to the T
system of the phenyl group) give compounds more active than
benzaldehyde dicoumarol, and in the case of p~tolualdehyde
dicoumarol appreciably more active than dicoumarol itself,
Substitution by the election withdrawing nitro group, the
phenolic hydroxyl group, or the basic dimethylamine group
reduces the activity of the dicoumarol, A rough correlation
between maximum observed rate# (column 4) and uncoupling
efficiency (inversely proportional to the figures in column E)
mey also be seen,

It would be interesting to investigate the activity of
dicoumarols in which both the protons of the methylene bridge
of dicoumarol were replaced by other groups, Attempts to
prepare acetone dicoumarol failed (see Experimental Section) and
the only compound of this sort investigated was pyruvic acid

dicoumarol. This compound was found to be inactive, though this
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may be due to the carboxyl group rather than the di-substitution.
Replacement of one of the L-hydroxycoumarin residues

in dicoumarol by the analogous L-hydroxy-6-methyl-x-pyrone

residue gives a compound which retains much of the activity of

dicoumarol, Replacement of both residues (as in ethylidene-bis-

L-hydroxy-6-methyl-og-pyrone) gives a compound that is inactive,

In a similar way, L-=hydroxy-6-methyl-0-pyrone itself in inactive.
The activity of 3~(eo-hydroxybenzylidene)-2,k-diketochroman

may possibly be due to reaction to give salicylaldehyde dicoumarol,
Replacement of the pyran oxygen atom of 4-hydroxycoumarin

by an N-H group to give L-hydroxycarbostyril does not greatly affect

the activity, whereas analogous replacement by an N-—CH3 group to

give N-methyl-l-hydroxycarbostyril produces an inactive compound,

Relationship with Activity as Anticoagulants.

Nitz - Litzow's discovery of the activity as uncouplers in oxidative
phosphorylation of the well known anticoagulants of the coumarin
series has provided the only appraisal of any possibility of a link
between the two processes. (See Introduction), Dicoumarol, the
most active anticoagulant he tried, was also the most effective
uncoupler, in terms of concentration. Other similar relationships
have been noted here, Arora et. al.82 have investigated the
anticoagulant activity of a series of p-substituted benzaldehyde
dicoumarols in terms of their coagulation valency (an arbitrary
scale set to the value 100 for an inactive compound and O for

dicoumarol), Their results are given in the table on p422,
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The close correspondence to the uncoupling activity is seen

by comparison with the figures in column E. The only compound
in this series which is out of order when comparing the
activities of anticoagulation and uncoupling is
p-hydroxybenzaldehyde dicoumarocl, which was found to be inactive
as an uncoupler at the concentration shown, A similar
investigation on a series of bridge substituted dicoumarols

by Guminska and Ecks‘lieinal+ has shown similar results in the case
of p-nitro and p-chlore substituted benzaldehyde dicoumarols.
The greater anticoagulant activity of methexy as compared with
hydroxy substituted derivatives of L-hydroxycoumarins and

85

dieoumarols, found by Arora and Mathur ~, is also consistent
with the uncoupling ectivity found in this work. Although
there is no known reason to tie up the chemical processes
involved in blood coagulation and oxidative phosphorylation
(mostly through lack of information on the intimate mechanisn
of the former process) these types of structure activity

relationships do indicate that there may well be some

connection,
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Starting,materials

Starting materials were normally commercially available,
Chloroform, for spectroscopy, was purified by the method of

Vogel.Sb

Spectra

Nem.r, spectra were run on a Perkin-Elmer R.10. spectrometer,
and were run in deuterochloroform against tetramethylsilane
as standard, unless stated to the contrary, Chemical

shifts are recorded in Tvalues,

Xo¥e spéctra were run on a Perkin-Elmer P,E. 237 spectrometer,

. -1
Frequencies are recorded in em

U.v. spectra were run on a Unieam S.P.800 recording
_spectrophotometer, and were run using absolute ethanol as
solvent unless stated to the contrary, Wavelengths are

: recorded in my.

Spectra of Sterting Materials

The following spectra are referred to in the text
L=hydroxycoumarin, N.m.r, spectrum in trifluoro-acetic acid,
4,01 (1H), 2.2 - 3,0 (LH, complex multiplet)

I.r. spectrum as Nujol mull, 1700, 1636, 1614, 1570,

I.r. spectrum in chloroform containing 2% ethanol, 1695,
1675, 1627, 1569, I.r, spectrum in diexan, 1730, 1633,

1611, 1572, U,v, spectrum, Amax; 305 (8,500), 208 (10,900),
269 (9,400), 243 (3,200); sh; 318, 293, 257, 237, 232,

In alkeli, Amax; 297, 288; sh; 276, 242, 235,
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Dicoumarol, N.m.r. spectrum, 6,46 (2H), 2.2 = 3.0
(6, complex multiplet), 1.8 = 2,0 (2H, complex multiplet),
= 1.7 (2)o I.r. spectrum in chloroform, 1659, 1630, 1603, 1573.
I.r. spectrum in diexan, 1659, 1627, 1599, 1569,
L.r. spectrum as Nujol mull, 1655, 1630, 1602, 1569,
I.r. spectrum as KC1 dise. 1655, 1630, 1600, 1570.
Uo.ve spectrum, Amax; 323 (16,900), 309 (23,100), 287 (20,500);
sh; 317, 297, 276, In alkali, Amax; 315; sh; 292, 255, 242,
Pelantan, (Ethyl glyoxylate dicoumarol),
Nomors spectrum, 8,70 (3H, triplet, J = 6.6 co/s€c.), 5.61
(2H, quartet, J = 6.6 c./sec.), Louk (1H), 2.0 - 2.6 (6H,
complex multiplet), 1.7 = 1.9 (2H, complex multiplet), = 1.48 (2H).
I.r. spectrum in chloroferm, 1735, 1658, 1618, 1600, 1568,
Usvo spectrum, Amax; 310 (21,700), 283 (19,800); sh; 323, 277.
In alkali;‘kmax; 313; sh; 294, 242,
Werfarin, (3-(x-acetonylbenzyl)=L-hydroxycounarin)
Nemo.r, spectrum taken in sodium deuteroxide solution in
deuterium oxide, 7,74 (3H), 7.14 (2H, doublet, J = 7.2 c./sec.),
4e92 (1H, triplet, J = 7.2 co/se.), 2.3 = 2.9 (7H, complex
multiplet), 1,8 - 2,0 (2H, complex multiplet).
I.r. spectrum as Nujol mull, 1688, 1621, 1579,
U.v. spectrum, Amax; 307 (11,200), 282 (12,900), 271 (11,500);
sh; 320, 296, 260, In alkali,Amax; 313; sh; 292, 280,

Dehydracetic acid, No.m.r. spectrum, 7,73 (3H, doublet,

J = 0.7 cofse€cs), 7,35 (3H), 4.05 (1H, quartet, J = 0,7 c./sec.),
- 7,01 (1H). I.r. spectrum in chloroform, 1740, 1721, 164k,

1611, 1560,
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Methyl selicylate, No.m.r, spectrum, 6,03 (3H), 2.0 - 3.3
(48, complex multiplet), = 1,24 (1H).

Salicylaldehyde, No.m.r. spectrum, 2,75 - 3.05 (2, complex
multiplet), 2,2 - 2,5 (2H, complex multiplet), = 0,10 (1H),
= 1,19 (1H).

o-vanillin, N.m.r, spectrum, 6,20 (3H), 2.7 = 3.2

(3, complex multiplet), 0,20 (1H), = 0.77 (1H).

I.r. spectrum in chloroform, 1658, 1587,

p-vanillin, Nem.r. spectrum, concentration 1.3 mole/litre,
6,02 (3H), 2,78 (1H), 2,7 = 2.9 (1H, ortho to hydroxyl group,
complex multiplet), 2,3 - 2.5 (21, ortho to formyl group,
complex multiplet), 0,01 (1H), On tenfold dilution the
chemical shift of the hydroxyl proton changes from 2,78 to 3e45.
I.r. spectrum in chloroform, 1686, 1600,

1-formyl-2-hydroxynaphthalene, Nom.r, spectrum, 1.2 = 3.0

(6H, complex multiplet), = 0,79 (1H), = 3,20 (1H).

2, 3-dihydroxybenzaldehydes Nom.r. spectrum, 3.6 (1H),

2,6 = 3.1 (3H, complex multiplet), 0.07 (1H), = 0.3 (1H)
(concentration, 1 mole/litre).

Dimedone, The N.m.r., spectrum in deuterochloroform is shown
in DiagramXXIXThe spectrum shows peaks for both diketo and
enol tautomers, and is analysed as follows,

A, 8,96, 5-methyl groups of keto form,

B, 8090, 5-methyl groups of enol form,

C, 7.70, L= and 6-methylene groups of enol form,

D, 7042, 4= and 6-methylene groups of keto form,
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E, 6,60, 2-methylene group of keto form,

F, ULoi1, 2-vinyl proton of enol form,

G, 2+62, hydroxyl group of enol form,

H, 254, H atom of chloroform impurity in deuterochloroform,
The assignments were made on the basis of the

integration of the signals in the spectrum, and on the change

in intensity of the signals with changing concentration as in

the experiment described below,

Effect of concentration on the n.m.r, spectrum of Dimedone,

On dilution of a solution of dimedone in deuterochloroform

( saturated at 30°) two changes were observed, The value of
the chemical shift of the hydroxyl proton varied uniformly over
the range of concentrations, being greater at high concentration,
and the percentage of keto and enol forms in the solution, as
measured by the integrated areas of the signals, changed towards
a higher percentage of enol with increase in concentration of
dimedone, At a concentration of dimedone of 0,39 moles/litre
the percentage of enol was LO%, at 0,24 moles/litre the
percentage of enol was 27%, and at 0,14 moles/litre the
percentage of enol was 16%, Diagram XL is a plot of the
chemical shift of the hydroxyl proton against the reciprocal

of the concentration, At infinite concentration the value of
the chemical shif't of the hydroxyl proton is = 2,24,

Percentage of tautomers in other solutions,

The percentage of tautomers was estimated by comparison of

integration of the 5-methyl pesks of the enol and keto forms
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in 0,25 molar solutions of dimedone in the following solvents,
Methylene dichloride, 17% enol, Dioxan, 80% enol, Acetonitrile,
56% enol, (Dimedone was found to be too imsoluble in carbon
tetrachloride to give a satisfactory spectrum), The solvents
used in this experiment were redistilled and dried over

meolecular sieve, grade 3A.

Spectrum in 2N sodium deuteroxide. Only peaks due to the enol

form were detected in this solvent. 911 (6H), 7.87 (4H),

4e8L (1H), Tertiary butyl alcohol ( CH, = 8.78) was used as

standard, The vinyl proton, with chemical shift 4.84, was
found to exchange, A rate plot showed the reaction to be first

-1

order with respect to dimedone, k30° = 1415 x 1074 sec, .

Other spectra,

I.r. speetrum in chloreform, 1733, 1706, 1608, 1580,

I.xr. spectrum as Nujol mull, 1610, 1580,

D.v. spectrum, Xmgx; 255 (17,700) o In alkali, Xmax; 278

(28,600) .

Preparation of compounds,
i-metgzl-h-l_ixdrogcoumaring

This compound was prepared from methyl salicylate
according to the method of Link.87 It was recrystallised from
ethanol as colourless needles, m.p. 229-2300, after treatment
with animal charcoal, Cale, for C10H8°33 C: 68,18%;

H: Lo58% Found, C: 68,37%, H: 4o68k. N.d.r. spectrum in
trifluere~acetic aeid, 8.20 (3H), 2.2 - 3.0 (4H, complex

multiplet)s I.r. spectrum as Nujol mull, 1668, 1630, 1613, 1566,
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I,r., spectrum in dioxan, 1700, 1626, 1609, 1570,
U.V. spectrum, Amax; 306 (13,200), 279 (13,600), 268 (12,300);
sh; 320, 296, 258, In alkali, Amax; 311: sh: 292,

Z-phenyl=L=hvdroxycoumarin,

This compound wes also prepared by the method of L:i.nk.97

The methyl Q-phenacylsalicylate was obtained from the crude
reaction product by distillation at 4mm, bep. 202°, m.p. 55°,
Yield 43% theoretical, N.m.r. spectrum, 6,23 (3H), 6,11 (&),
108 = 2,0 (1H, complex multiplet), 2.4 = 3.0 (&8H, complex
nultiplet), I.r. spectrum in chloroform, 1760, 1722, 1680,
1610, 1587, The 3=-phenyl-k-hydroxycoumarin was recrystallised
from ethanol as' colourless prisms, m.p. 264 - 2660, after
treatment with animal charcoal, Yield, 57% theoretical,
Cale, for Gy, 055 Co 75.62%; H: ho23f, Found: C: 7502%%;
H: Loi%be Nomor, spectrum in trifluoro-acetic acid, 2.3 = Je1
(complex multiplet), I.r. spectrum as Nujol mull, 1672, 1622,
1611, 1600, U.v. spectrum, Amax; 312, 280, 270, In alkali,
Amex; 308; sh; 287, 243,

L=hydroxycarbostyril,

This compound was prepared by the method of Ziegler
Nom.,r. spectrum in trifluoro-acetic acid, 3.20 (1H),
1ol = 2,6 (3H complex multiplet), I,r. spectrum as Nujol mull,
1660, 1632, 1608, 1595, 1560, U.v. spectrum, Amax; 315, 279,

2683 sh; 327, 300, 260, In alkali, Amax; 300, 238,

umtgzl-h-yx&oszcwbostgﬂ,

This compound wes also prepared by the method of Ziegler.



- 79 -
It was recrystallised from glascial acetic acid as yellow needles,
MoPe 255—2600, after treatment with animal charcoal, Cale. for
C1°H90éN; C: 68.56; H: 5,18; N: 8,00, Found, C: 68,61;
H: 5.49; N: 8,49, Nem,r. in trifluoro-acetic acid, 6,30 (3H),
3,40 (1H), 1.8 - 2.9 (4H, complex multiplet), I.r. spectrum
as Nujol mull, 1643, 1611, 1578, 1555, U.v,. spectrum in diexan,
Amax; 331 (16,600), 317 (18,400), 293 (16,000); sh; 280,

6-methyl-l-hydroxy=X-pyrone.,

This compound was prepared by the method of Colliefgq The

erude product was washed with chloroform te remove any unreacted
dehydracetiec acid, and recrystallised from water as colourless
needles, m,p. 178--189°° Nomor, spectrum in trifluero~aecetic
aeid, 7ok7 (3H), 3.74 (1H, in 5-position), 3.4k (1H, in 3-position),
The signal at 3,74 was designated to the 5-proten by reference to
the chemical shifts of the 5-protons of other 6-methyl-i-hydroxy-

-pyrones prepared, I.r. spectrum as Nujel mull, 1711, 1655,
1625, 1587, U.v. spectrum, Amax; 283 (6,600). In alkali,

Amax; 278, 237,
Chromone,

Chromeone was prepared by the method of Schonberg and Sina:ao

The W-formylacetophenone did not erystallise from the reaction
mixture on acidification, and was extracted from the reaction
mixture with ether, It was obtained on evaporation of the ether
after washing with sodium hydrogen carbonate solution, It was
recrystallised from a mixture of benzene and light petroleunm,
BePo L0°-60°, The n.m.r, spectrum of W~-formylacetophenone in

chlorofiorm
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shows that it exists in the cyelie structure below in this solvent.,

OH O OH
\ —_9 W( &
CH
/ C/C“Q C/H K" =
i\ T i
O (e} O

5,18 (1H, hydroxyl proton), 3.98 (1H, triplet, J = 4.3 c./sec.),
1.8 - 2,9 (L4H, complex multiplet). 7,10 (ZH, complex multiplet),
The last peak is a doublet (J = Lo3 co/sec,) with further small

splittings, It is part of an ABX system where J AR is much

smaller than J AX which is almost equal to JBX°

Chromone wes recrystallised from 40° - 60° petroleum
ether as pale yellow needles, m.p. 52—530. Nemo.r, spectrum in
carbon tetrachloride, 3.62 (1H, o to carbonyl group, doublet,

J = 6,2 co/seco), 1,99 (1H, doublet, J = 6,2 c./sec.), 2.1 = 2,5
(3H, complex multiplet) 1.7 - 1.9 (1H, complex multiplet),

I.r. spectrum in chloroform, 1647, 1619, 1601, 1569, U.v. spectrum,
Amex; 303 (9,400), 298 (7,800); sh; 240,

Counarin,

Coumarin was prepared by the general method for the Perkin
reaction described in Organic Reactions % » and purified by the
method of Buekles.q & It was obtained on recrystallisation from
aqueous methanol as colourless needles, m,p. 65-68°, N.m.r.
spectrum, 3,47 (1H, o to carbonyl group, doublet, J = 9.7 c./sec.),
2,12 (1H, doublet, J = 9.7 es/sec.), 2,3 = 2,8 (4H, complex
multiplet), I.r. spectrum in chloroform, 1714, 1622, 1608, 1565.

Uo.ve spectrum, Amax; 312 (8,200}, 274 (16,200); sh; 283
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Preparation of Dicoumarols

Dicoumarols were prepared by boiling under reflux a one
and a half fold excess of the aldehyde in a 20/ alcoholic solution
of L=hydroxycoumarin in ethanol, af'ter the method of Link?J In
the case of o-vanillin dicoumarol the half product of' the reaction
is preecipitated initielly, but reacts further to give the bis-product,
For details, see Table p.82.

Nomors spectra of Dicoumarols,
Acetaldehyde dicoumarol, 7.97 (3H, doublet, J = 7.2 co/sec.)

5004 (1H, quartet, J = 7.2 co/sec.) 2.0 - 2,6 (6H, complex
multiplet, 1,6 = 1.8 (2H, complex multiplet), - 1.u4 (1H), =

2,24 (1H),

Propionaldehyde dicoumarol, 9,00 (3H, triplet, J = 7.5 co/sec.),
7.51 (2H, complex multiplet), 5.19 (1H, triplet, J = 8.4 co/sec,),
2.0 - 2,7 (6H, complex mutliplet), 1.7 = 1.9 (2H, complex multiplet),
- 1.8 (1H), - 2,66 (1H).

Benzaldehyde dicoumarol, 3.9 (1H), 1.9 - 2.9 (13H, complex

multiplet), = 143 (2H).
Selicyeldehyde dicoumarol, Spectrum in trifluoro-acetic acid,
5017 (1H), 2.3 = 3.4 (12H, complex multiplet).

o-venillin dicoumarol, Spectrum in trifluoro-acetic acid, 6,36 (3H),

4,98 (1H), 2.2 - 3,8 (118, complex multiplet)

p-hydroxybensaldehyde dicoumarol mono-ethanolate, 8.76 (3H, triplet,

J = 702 6ofsecs), 7.26 (2H, quartek, J = 7.2 co/sec,) 3,93 (4H),
2.2 = 3.3 (10H, complex multiplet) 1.8 - 2,0 (2, complex multiplet),

- 1.8 (2H)
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P-venillin dicoumerol, 6.14 (3H), 3.93 (1H), 3.1 - 3.3 (4H,

complex multiplet), 2.2 = 2,8 (6H, complex multiplet), 1.8 =-

2,0 (2H, complex multiplet), = 1044 (2H). Addition of deuterum
oxide and reintegration of the signals showed that the hydroxyl
proton of the p-vanillin residue has a chemical shift of between
2,2 and 2.8, (The deuterium exchange of all 3 hydroxyl protons
is repid on shaking the chloroform solution with deuterium oxide),
p-nethoxybenzaldehyde dicoumarcl, 6.22 (3H), 3.98 (1H),

2,2 = 3.3 (10H, complex multiplet), 1,9 - 2.1 (2, complex
multiplet), = 1,35 (2H).

p-dimethylaminobenzaldehyde dicoumarol, Spectrum in trifluoro-
ecetic acid, 6,56 (6H, doublet, J = 10.2 c./sec.), 3.65 (1H),

1.7 = 2.6 (12H, complex multiplet), (The splitting of the signal
of the methyl groups is due to protonation on nitrogen by the
trifluoro-acetic acid).

p-nitrobenzsldehyde dicoumarol, 3.90 (1H), 1.7 = 2.8 (12,
complex multiplet), = 1,35 (1H), = 1.53 (1K)

p-tolualdehyde dicoumarol, 7.67 (3H), 3.93 (1H), 2,90 (5H),

2,2 = 2,8 (6H, complex multiplet), 1.8 = 2.1 (2H, complex multiplet)
- 142 (2H), The signal at 2,90 is due to the protons on the
arometic ring of the toluzldehyde residue, It is an unresolved
tight multiplet,

p-chlorobenzaldehyde dicoumarocl, 3.92 (1H), 2.2 - 3.0 (10CH,
complex multiplet), 1.8 = 2.0 (2H, complex multiplet), - 1,58 (1H),

signal for other Rydroxyl proton very broad, centred on 0.2,

Uov, and I, spectra of dicoumarols,
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The U,v., and I.r. spectra of dicoumarols are given in Tablespgg*b.

34 3~thio-bis-4-hydroxycoumarin,

Prepared by the method of Klosaq,;and recrystallised from
cyclohexanone as colourless needles m.p. 311 (@).
Calce for C18H1OOS; C: 61.,01; H: 2.82; 8S: 9.0k,
Found; C: 60.95; H: 2.,93; Ss: 8.92. 1I.r. spectrum as Nujol
mill, 1672, 1610, 1599, 1547. U.v. spectrum Amax; 329,
317, 292; sh; 280, In alkali, Amax; 299, 277; sh; 287,
Pyruvic acid dicoumarol
L=hydroxycoumarin (3+26 g., 0,02 mole) was boiled under reflux
in glacial-acetic acid (50 ml,) with pyruvic acid (0.88 g., 0.1 mole)
for 45 minutes, After this time a mass of pink crystals had
separated, which were filtered at the pump, dried, and
recrystallised from cyclohexanone as colourless microcrystalline
material, mopo 220°(d), Yield, 59% theoretical.C,,H, Og
Requires C: 63,96; H: 3.58. Found, C: 63.96; H; 3.95:
N.m.r. spectrum in sodium deuteroxide solution in deuterium oxide,
8033 (3), 1.9 - 2.9 (&, complex multiplet), I.r. spectrum as
Nujol mull, 1722, 1661, 1629, 1603, 1556, (This spectrum is
very similar to the spectrum of pelantanic acid as described by
KnoblochB). U.v. spectrum, Amax; 310, 285, 2743 sh; 322,
3, 3'=methylene~bis-6-bromo=k=hydroxycoumarin,

This compound was prepared by the method of I.inkoq4
The methyl S-bromosalicylate was prepared by the following method.
Bromine (80 g., 1 mole) and methyl salicylate (77 g, 0.5 mole)

were boiled under reflux for 5 hours carbon disulphide (800 ml.)e
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On evaporation of the carbon disulphide and reerystallisation of
the crude produet frem methanel, 100 gms of methyl
5-bromosalicylate were obtained as colourless needles, m.p. 61-620,
Yield, 70% theoretical. N.m.,r. spectrum in carben tetrachloride,
6.13 (3H), 3.27 (1H, doublet, J = 8.4 e¢./sec, for proton
o- to hydroxyl group), 2.59 (1H, doublet of doublets, J = 8.4 e./sec.
3 Mmethoxgt arbony)
and J = 1,5 c./sec,), for proton p- to aeetyd group), 2.21 (1H,

" ethoxy-Cosbonyl.
doublet J = 1,5 e./sec., for proton o~ to aeesy: group), = 0.41 (1H).
Methyl acetyl-5-bromosalicylate was recrystallised frem methanol
with the aid of a carbon dioxide acetone bath as colourless
needles, m,p. 31,5 - 32°. N.m.r. spectrum, 7.81 (3H), 6.23 (3H),
3013 (1H, doublet, J = 8.6 c./sec, for proton o= to asetyl group),
2.42 (1H, doublet of doublets, J = 8.6 c./sec. and 2.6 c./sec.
for proton p to acetoxy group), 1.96 (1H, doublet, J = 2.6 c./sec.,
for proton @ te acetoxy group).
The 3, 3'-methylene-bis-5-brome-4-hydroxycoumarin was recrystallised
twice from cyclohexanone and twice from ethanon-chloroform
mixtures as colourless prisms, m.p. 310°(d). I.r. spectrum as
Nujol mull, 1655, 1611, 1597, 1562,
3, 3'-methylene-bis-4~-hydroxycarbostyril,

=)
This compound was prepared by the method of Zieglorc1 s &nd

recrystallised from benzyl alcohol as colourless needles, m.p.
360 (d), Nemer. spectrum in sedium deuterexide solution in
deuteriun oxide, 6,06 (2H), 2.2 - 2,8 (6H, complex multiplet),

1,7 = 2.0 (2H, complex multiplet). I.r. spectrum as Nujel mull,
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1660, 1609, 1560, U.v, spectrum, Amax; 330, 316, 303, 292;
sh; 282. In alkali, Amax; 316; sh; 303.

3, 3'-methylene-bis-N-methyl-l-hydroxycarbostyrils

o5
This compound was also prepared by the method of Ziegler,

and recrystallised from dimethylformemide as pale yellow needles,
nepe 3:4°(d)s Nomor. spectrum in trifluoro-scetic acid,

649 (6H), 6,22 (2H), 2,0 - 3,0 (8H, complex multiplet).

I.r. spectrum as Nlujol mull, 1643, 1611, 1578, 1555,

Uove. spectrum in dioxan, Amax; 331 (16,600), 317 (18,400),

293 (16,000); sh; 280,

2-methylene—(3* .1 -hydroxycounarinyl) -dimedone,

This compound was prepared by the method of Hellmann and
shroderjo'o N.m.r. spectrum, 8,90 (6H), 7.63 (2H, protons of
6-methylene group), 7.56 (2H, protons of 4-methylene group),
6.4l (2H, protons of methylene bridge), 2.2 = 2.7 (3H, complex
multiplet), 1.8 - 2.0 (1H, complex multiplet)y - 1,10 (1H),

= 2,25 (1H)s I.r. spectrum in chloroform, 1657, 1628, 1603,
1572, U.v. spectrum, Amax; 322 (8,600), 308 (12,000),

269 (22,800); sh; 285, In alkeli, Amax; 289

Anhyéride:=  The above compound (0,100 g.) was dissolved in &
mixture of methanol (7 ml.) and concentrated sulphuric acid (1 ml,)
The whole was boiled under reflux for 1 hour, a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>