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ABSTRACT
A number of bidentate and oligodentate metal(lll) ion chelators based on the 3-hydroxy-4Hpyranone^ 3-hydroxy-2(1 H)-pyridinone and 3-hydroxy-4(1 H)-pyridinone moieties have been
synthesised and characterised. The prototype carbon-carbon bond forming reaction, the
Mannich reaction was employed in the synthesis of 3-hydroxy-2(1H)-pyridinone and 3hydroxy-4(1 H)-pyridinone bidentate ligands to furnish suitable synthons for the development
of oligodentate chelators. Directed aminomethylation is discussed in relation to the synthesis
of a number of derivatives whose properties may affect their efficacy as potential oral
chelation agents.

A number of novel tetradentate chelators are also described.

The

determination of the ionisation (p/Cp) and the gaiiium(lll) and indium(iii) stability (log /Cn)
constants

of a

representative

number of ligands

have

been

performed

using

spectrophotometric and potentiometric techniques. Biological studies have indicated that one
of the novel tetradentate chelators described approaches the efficacy exhibited by the
clinically approved drug, Deferiprone for the in vitro mobilisation of ferritin-bound iron. It is
hoped to develop an orally active chelation agent to replace Desferal (the methane
sulphonate salt of Desferrioxamine B) for the treatment of pathologies associated with
transfusion-induced iron overload.

Iron chelation agents may also find application in the

treatment of other disease states including asthma, malaria and rheumatoid disease.
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Chapter 1

1.0: INTRODUCTION

Iron is one of the most abundant elements in the earth's crust and exists primarily as
insoluble ferric hydroxide in the biosphere.^

It is an essential prerequisite for virtually all

forms of life with the possible exception of lactic acid

b a c te r ia .^

1.0.1: Iron metabolism

In humans, iron participates in many metabolic pathways through a number of iron-containing
proteins that are involved in oxygen and electron transport, DMA synthesis and metabolism.
As a transition metal, it is also involved in redox reactions in cell growth and regulation but
may result in the production of harmful oxygen-activated products such as hydrogen peroxide
and free radicals.^"^

The normal adult maintains an inventory of 4-5 grams of elemental iron^ of which 65% is
present in haemoglobin, 30% in the iron-storage proteins ferritin® and haemosiderin®>^ and
4% in myoglobin. Transportation of the iron from sites of storage to sites of utilisation is
accomplished by the mammalian serum iron-transport protein, transferrin. The literature on
this protein has been extensively reviewed.®'®

1.0.2: Iron metabolic disorders

Abnormalities of iron status and metabolism are the most common metal disorders in humans
and are classified according to whether the underlying cause is due to either iron deficiency
or iron overload.

1.0.2.1: Iron deficiency

Iron deficiency anaemia"*® affects hundreds of millions of people and results mainly from an
inadequate supply of dietary iron. The condition also manifests itself in persons experiencing
rapid growth i.e. infants and adolescences and also pregnant women as a result of the
increased iron requirements by the foetus. There have been a great many preparations for
the treatment of iron deficiency anaemia most of which are prescribed as oral iron(ll)
formulations.^^

However, these iron(ll) complexes are sensitive to oxidation especially in

aqueous environments and the resultant insoluble iron(lll) salts frequently cause irritation and
gastrointestinal stress.

15
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1.0.2.2: Iron overload

The incidence of iron overload is less common than iron deficiency but is characterised by
more severe side-effects including higher morbidity and mortality rates. In its acute form, iron
overload constitutes one of the most prevalent types of accidental

p o is o n in g " *

2-13 usually

from the ingestion of iron supplement preparations by infants. Long term (i.e. chronic) iron
overload results as a side-effect of the transfusion therapy of genetic disorders such as (3thalassaemia major"*^ and chronic haemodialysis.

For afflicted individuals, iron removal treatment may involve venesection^^ whereas iron
chelation therapy is the only procedure available for many conditions requiring red blood cell
transfusions.

While considerable effort has been invested in the development of new

therapeutics for managing iron loaded diseases,"*® the search continues for an orally active
chelation ligand for the sequestration and elimination of this toxic transition metal.

1.1 : Requirements of therapeutic iron chelation agents

From a clinical viewpoint, the ideal candidate for an iron-chelating agent should exhibit a
number of pharmacokinetic properties designed to ensure that the ligand is delivered to the
target site at a therapeutic concentration and at an appropriate rate and duration so that iron
storage sites are accessed.

The effectiveness of therapeutic iron chelators may be

compared by analysing data on

a)

the extent of iron removal from transferrin,

b)

the selectivity of the ligand for iron(lll),

c)

the rate of iron removal from transferrin and

d)

the rate of iron removal from intracellular sites.

The importance of each of these four factors warrant further discussion.

1.1.1: The extent of iron removal from transferrin

Both the rate and extent, at equilibrium, of iron removal are important clinical indicators of the
efficacy of a potential chelation candidate. The position of equilibrium when the chelator and
transferrin are in competition for iron(lll) is dependent on the relative stability constants. In
addition, the ligand pKa values, the pH and proton stoichiometry of metal binding are equally
important parameters in determining the position of equilibrium.
discussed further in Chapter 6.
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The value pM defined as

pM = -log [Fe^+(H20)6]

for a group of ligands has been adopted as an arbitrary guide to the relative affinity for iron
(III) and simplifies the comparison of the effectiveness of chelators.

The procedure involves the calculation of the uncomplexed equated Fe(H20)6^+ in a solution
initially containing 10 pM ligand and 1 pM iron(lll) at equilibrium at physiological pH of 7.4.
Under these conditions using a blood serum bicarbonate concentration of 0.024 M, transferrin
has a pM value of 25 .6 .^ ^-19

1.1.2: Ligand selectivity for iron(lli)

The affinity of a ligand with a variety of metal ions can be compared using the same
parameter pM as above:

pM = -log [M(H20)xy+]

This allows useful comparisons to be made despite disparate proton stoichiometry of ligand
chelation to divalent and trivalent metal ions.

Using the parameter pM, ideal iron(lll) selectivity would be indicated by free equated metal
ion concentration equal to the analytical metal ion concentration for all but the Fe(H 2 0 )6 ^+
species. Typically, however, the pM values of various metals in the presence of a particular
ligand have a roughly linear relationship to the charge / ionic radius ratio of the metal.

1.1.3: Rate of iron-removal from transferrin

The serum iron-transport protein transferrin consists of two, near identical domains each
possessing a high affinity binding site for iron. One unique feature of transferrin is the role of
bicarbonate in the metal binding reaction.

The binding of each ferric ion requires the

concomitant binding of one molecule of bicarbonate to form a ternary complex in which the
bicarbonate anion is probably co-ordinated to the ferric ion.

Calculated effective binding constants for the sequential binding of the two ferric ions to
human transferrin at physiological pH and atmospheric p C 02 are
respectively.
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Given this high thermodynamic stability, one of the enigmas of transferrin biochemistry is the
mechanism by which cells are able to access iron from the protein.

The kinetics of iron removal from transferrin by a variety of ligands have been studied and
reported in the

\x has been known for some time that certain polyphosphate

lite r a tu r e .2 0 " 2 2

compounds are able to significantly accelerate the rate of iron exchange between transferrin
and low molecular weight iron

The observation by Harrises that a range of

lig a n d s .2 2

phosphonic acid analogues of the carboxylic acid, ethylenediaminetetraacetic acid (EDTA)
showed accelerated rates of iron removal from transferrin relative to EDTA and the
trihydroxamic siderophore, desferrioxamine (Section

1 .2 .2 .5 )

is difficult to explain.

Although the mechanism of iron removal from transferrin is not fully understood, the
arguments put forward by Cowart24-25 involving a conformational change in the Fetransferrin-COg^' complex before binding of an additional ligand to form a ternary complex
seem valid. The conformational change of mechanism of Cowart is shown below (Steps 1-3):
ki
FeTr

FeTr

(1)

FeTrL

(2)

FeL + Tr

(3)

k-i

k2
FeTr

+ L

-----------k-2

ks
------------ ►

FeTrL*

The first step (1) represents a conformational change in the ferric transferrin (FeTr) from a
closed to an open form designated FeTr*. This open form is presumed to be the only species
capable of forming the mixed ligand intermediate FeTrL*, which can either dissociate to FeL
and transferrin or revert to the closed form with the loss of the competing ligand.

Cowart^^ also proposed that the enhanced rate of iron removal by pyrophosphate is the
result of pyrophosphate binding to allosteric sites in transferrin thereby altering the rate of
exchange between the two ferric transferrin conformations (Step 2). Lower affinity ligands do
not appear to reach kmax under any practical conditions and therefore k2 is rate limiting.
This suggests that the affinity of a ligand as a mono- or bidentate ligand within the ternary
complex is the most important indicator of its kinetic effectiveness at rapid iron removal from
transferrin.
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1.1.4: Rate of iron-removal from Intracellular sites

A key prerequisite for an effective oral iron chelator has been an assumed ability to access
intracellular iron stores via permeation through biological membranes. As a result, some
design criteria have focused on tailoring the lipophilic properties of potential chelating
lig a n d s .

26

The iron complex of the chelator must also be able to permeate the cell

membrane by passive diffusion.

Such a mechanism is plausible for chelators which are

neutral at physiological pH and which also form iron complexes of neutral charge. Research
on bidentate N-alkyl-3-hydroxypyridinones chelators suggests that ligands which exhibit
approximately equal lipid and aqueous solubilities in both the free and iron complexed forms
are likely to be the most effective mobilisers of intracellular

ir o n .2 7

Recently however, evidence has been presented suggesting that cheiating agents bearing
only a single negative charge may gain access to certain intracellular iron storage sites where
the cell membrane contains anion transport

s y s t e m s .2 6 '2 9

These results imply that the

previous emphasis on the preparation of N-alkyl-3-hydroxypyridinone based chelators that
are electrically neutral at physiological pH is unnecessarily restrictive.
development of monoanionic

c h e la t o r s ^ O

Indeed, the

may significantly enhance chelator organ-

specificity.

Another important property limiting oral absorption is the molecular weight of the chelator in
relation to the pore size of the protein ferritin, the main intracellular store of iron. Access to
the iron core of ferritin may restrict entry to hexadentate ligandswith molecular weights in the
region 400-600 daltons^l whereas small bidentate ligands may permeate the ferritin pore.

Lipophilic metal complexes formed by the chelation of excess body iron should ideally be
rapidly excreted with minimal redistribution of iron from relatively non-toxic sites such as the
liver to more harmful organs such as the heart.

It may become necessary therefore to

combine treatment with a hydrophilic complex such as Fe-EDTA (EDTA, ethylenediamine
tetraacetic acid) in order to retain iron in the extracellular plasma until it is excreted. This
synergistic mechanism for metal removal has been proposed by May and

W illia m s .6 2

The current approaches to producing a drug which performs well in each of these four areas
are now discussed beginning with the naturally occurring microbial iron-chelating agents, the
siderophores.
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1.2: Siderophores and their analogues as candidate iron chelators

Micro-organisms synthesise and secrete low molecular weight, virtually iron-specific chelating
ligands termed siderophores ^ 33-37 under conditions of low iron stress in order to sequester
and facilitate the uptake of iron from the environment. Since iron is an essential nutrient for
all pathogenic bacteria and since the availability of iron often limits the rate of bacterial
growth, siderophores have considerable medical importance.

These chelating ligands which form exceptionally stable and selective complexes with iron
(III) have become the focus of attention over many years as candidates for clinical application
in the treatment of iron overload pathologies. 8,23,38-40

The siderophores, in the main, employ catecholate and hydroxamate ligands for chelation of
iron(lll) which form five-membered chelate rings in which the metal ion is bound by two
oxygen atoms.

1.2.1: Catechol-derived siderophores

The siderophore enterobactin, (Figure 1.1,1 ) first isolated from low iron cultures of the enteric
bacteria. Salmonella tvphimurium 41 and Escherichia coll 42

composed of three

catecholamide ligands linked as a cyclic triester of (2,3-dihydroxybenzoyl)-1-serine and has
been demonstrated to be one of the most effective iron chelators at physiological pH yet
characterised (K = 10^^) 43

HO

N

T

H

O

HO

Figure 1.1:

The structure of the microbial siderophore enterobactin, 1
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Unfortunately, the clinical use of enterobactin is precluded on the grounds that

a)

the ester linkages of enterobactin are slowly hydrolysed at physiological pH^^ to
furnish a much less effective sequestering agent, (dihydroxybenzoyH )-l-serine

b)

enterobactin causes toxic bacterial proliferation in iron overloaded mice^^ and

c)

enterobactin exhibits low solubiliy in aqueous solution.

In an effort to overcome these problems, sulphonated analogues of enterobactin have been
synthesised to improve aqueous solubility and hydrolytic stability and shown to enhance
resistance to microbial peptidase

a c t iv it y .

46

The diverse range of catechol-based siderophores is exemplified by a number of linear forms.
Agrobactin (Figure 1.2,

2)

was initially isolated from the bacterial phytopathogen

Aarobacterium tumefaciens 47 and is characterised by the presence of an oxazoline ring.

O
OH

Figure 1.2 :

0

The structures of the linear catechol-based siderophores, agrobactin
(R = OH, 2) and parabactin (R = H, 3).

The closely related analogue, parabactin
denitrificans was isolated

b y T a it^ 4

salicylthreonyl)-spermidine.
that

the

structural

3

synthesised by the micro-organism Paracoccus

and designated N"', N®-bis(2,3-dihydroxybenzoyl)-N4-(N-

Subsequent work by Peterson and Neilands^^ demonstrated

assignm ent

of

parabactin

required

revision

to

N -(3 -(2 ,3 -

dihydroxybenzamido)propyl)-N-(4-(2,3-dihydroxybenzamido)butyl)-2-(2-hydroxyphenyl)-5methyloxazoline-4-carboxamide.

Analogues of agrobactin and

p a r a b a c tin 4 6

have recently been employed as new synthetic

probes of the iron transport system of Paracoccus denitrificans.
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1.2.2: Hydroxamate-derived siderophores and their analogues

All fungal siderophores catalogued to date are composed of hydroxamic acid derivatives.
They are classified into a number of groups each of which is now discussed briefly.

1.2.2.1: Ferrichromes

This class of siderophore is characterised by a hexapeptide ring with three pendant arms
containing hydroxamate functionalities. Ferrichrome (Figure 1.3, 4a) has been synthesised
by a number of workers^®"^® but found to be relatively ineffective in supplying iron to fungi. 51

OH

HN.

O

NH

OH

O

4a (R = r1 = r 2 = H; r 5 = CH3 ; ferrichrome), 4b (R = R^ = H; r 1 = R^ = CH3 : ferrichrome
0), 4c (R = r 2 = H; r1 = CHaOH; r 3 = CH3 : ferricrocin ),
CH3 : r 2 = H; Saké Colorant A ),

4d(R = CH2OH; r1 = r 3 =

4e (R = r1 = CH2OH; R^ = H; R^ = CH3 ; ferrichrysin),

4f (R = R1 = CH2OH: r 2 = H; r 3 = -CH=(CH3 )-CH2-COOH ; ferrirhodin, cis), 4g (R = r1 =
CH2OH; r 2 = H; r 3 = -CH=(CH3)-CH2-C0 0 H ; ferrirubin, trans).

Figure 1.3:

The structures of the ferrichrome class of siderophores.

1.2.2.2: Rhodotorulic acid and derivatives

The dihydroxamate siderophore, rhodotorulic acid (Figure 1.4, 5a) consists of a cyclic
diketopiperazine of ô-N-acetyl-L(S)-ô-N-hydroxyornithine and was first isolated52 from low
iron cultures of a red yeast, Rhodotorula oHimanae. This ligand is unique in several aspects.
Firstly, it contains only two hydroxamate moieties per molecule, making it unable to fulfil the
six coordination of iron(lll).

Second, the biosynthesis of the compound by the yeast is

exceptionally high; typically 3-4 grams per litre of media broth.
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Two laboratory syntheses of rhodotorulic acid have been reported in the literature
together with a reportas detailing various m etal(lll) complexes and their physical
characterisation.

H
N

O

5a (R =

OH

u

= CH 3 : rhodotorulic acid), 5b (R = R^ = -CH=C(CH 3 )-CH 2 -CH 2 O H ; dimerum

acid, trans). 5c (R = -CH=C(CH 3 )-CH 2-CH 2 0 H; R^ = -CH=C(CH 3 )-CH 2 -CH 2 0 -CH(NH 2 (CH 2 )3 -N( 0 H)-G 0 -CH=C(GH 3 -CH 2 -CH 2 0 H; coprogen B ).

Figure 1.4:

The structures of rhodotorulic acid and analogues.

1.2.2.3: Mycobactins

Mycobactins, the group of siderophores synthesised by m yc o b a c te ria e x h ib it a number of
unique features. Both the chelating ligands and their iron complexes are highly lipophilic and
may be regarded as chemical hybrids between the hydroxamate and phenolate-catecholate
classes of siderophores.

They are believed to operate in conjunction with undefined

extracellular agents termed exochelins.^^

\^

N— (GH 2) 4- Ç— C — O— Ç— Ç— G— N—

o

œ

^9
H O

r5 O
T T
9
r4

H

NH

H

J

H
OH

N ^O

u
Figure 1.5:

The general structure of the mycobactin siderophores.
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1.2.2.4: Fusarinines

The fusarinines (Figure 1.6) are members of a unique class of amino acid esters isolated from
various species of

fu n g i.

^8-62

functional siderophore is believed to be the cyclic trimer

of fusarinine 0 or fusigen. However, owing to the extreme lability of the aminoacyl bonds of
fusarinine 0 efforts to characterise this siderophore have been limited.®^

O NHg

HO

O

HOp C - C - (OH 2)3- N— a
H

Figure 1.6 :

^
H

/CHg- GH2- 0 + H
"

CH3

The fusarinines. The value of n ranges from 1 to 3. The N-acetyl derivatives,
which are more stable, are also known.

1.2.2.5: Ferrioxamines

The members of the ferrioxamine family of siderophores exist in both the open chain and
cyclic forms (Figure 1.7a and 1 7b).

Desferrioxamine 8^4-67 (d fO , 6a) is a linear trishydroxamic acid siderophore isolated from
Streotomvces oilosus

and is the most widely studied iron(lll) chelating ligand. Although it

binds a number of different metal(lll) cations such as Al(lll), Ga(lll) and Cr(lll), it exhibits a
high specificity for iron(lll) forming a very stable hexacoordinate complex with a formation
constant (K = 3 x 10^®).®®

RHN

O

6a (R =

= H; R^ = CH 3 ; DFO), 6b (R = Ac; R^ = H; R^ = CH 3 ; DFO D-|), 5c (R = R^

H; r 2 = (CH2)2C02H; DFO G).

Figure 1 7a:

The structures of open chain ferrioxamines.
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NH
*'

Figure 1 7b:

Q^Ss^ N .

The structure of the cyclic ferrioxamine, Nocardamine (DFO E).

Since DFO was first demonstrated to increase iron excretion,69 it has become the current
drug of choice for transfusional iron overload
sulphonate salt (Desferal", Ciba-Geigy).

th e ra p y ^ 6 -7 4

the form of the methane

Unfortunately, DFO is beset with disadvantages

namely oral inactivity, rapid degradation in the hepatobiliary circulation and poor patient
com pliance/^

A number of DFO analogues have been synthesised and demonstrated to be more powerful
iron(lll) chelators than the parent DFO ligand at physiological pH / 6

1.3: Hydroxypyranones as bidentate iron(llf) ligands

The iron(lll) complexing properties of the naturally occurring ligands, 3-hydroxy-2-methylpyran-4-one (maltol, 7) and 5-hydroxy-2-hydroxymethyl-pyran-4-one (kojic acid, 8) have been
reported in the literature/^

O'

CHg

7

8

maltol

kojic acid
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Although ligands 7 and 8 exhibit high stability constants with iron, they are much less
effective at mobilising iron from transferrin than the related hydroxypyridin-4-ones.

1.4: Hydroxypyridinones as bidentate Iron(lll) ligands

The hydroxypyridonate functional group has been found in siderophores^^'GO ^nd although it
is not as prevalent as either the hydroxamate or catechol ate moieties, research has focused
on tailoring the favourable aspects of this ligand in the continued search for an orally active
iron(lll) chelating agent. These hydroxy group-containing heterocycles exist In three isomeric
forms (Figure 1.8, 9-11).

a a:
I

I

OH

R

10

Figure 1.8 :

11

The isomeric forms of the simple hydroxypyridinone chelators.

The 1-hydroxy-2(1H)-pyridinones 9,82-83 the 3-hydroxy-2(1H)-pyridinones 10 81,83-85
the 3-hydroxy-4(1 H)-pyridinones 11 81, 86-91 niay be viewed as either aromatic hydroxamic
acids (for the 1,2 isomer, 9) or as catechol analogues since the hydroxypyridonate and
catecholate anions are isoelectronic and isostructural.

Such ligands have features in common with both catechols and hydroxamic acids. They form
five membered chelate rings in which the metal ion is bound by two oxygen atoms.

Like

hydroxamic acids, the hydroxypyridinones are monoprotic acids that bind to metals by an
oxyanion and an oxo group. There is a substantial degree of delocalisation in the bonding of
the hydroxypyridonate anion to iron(lll) which contributes to the great stability of these
complexes.

A previous reportai detailing the evaluation of the stepwise stability constants of
hydroxypyridinones with iron(lll) indicated that the corresponding formation constants
increased as the oxygen binding group increased in distance from the ring nitrogen. It can be
implied therefore that the greater the distance between the nitrogen and the iron centre, the
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more stable the complexes will be. Indeed, it has since been found that the 3-hydroxy-4(1H)pyridinones form the more stable iron(lll) complexes relative to the two other isomers.

The presence of the nitrogen atom in the hydroxypyridinone ring allows for the derivatisation
of the bidentate ligand to furnish oligodentate chelators. This approach has been utilised by a
number of workers to synthesise multidentate 3-hydroxy-2(1H)-pyridinone and 3-hydroxy4(1H)-pyridinone ligands.®^-

A second point of attachment for a suitable molecular "backbone" is the site ortho to the
hydroxy moiety in the case of 10 and 11 which readily undergoes the prototype carboncarbon bond forming reaction termed the Mannich reaction. The resulting Mannich bases
may be further transformed into suitable synthons for the construction of multidentate
chelators.

1.5: Introduction to 3-hydroxy-4(1 H)-pyridlnones

The ring position of the two oxygens which directly coordinate iron(lll) relative to the
molecular backbone is an important stereochemical consideration in synthetic siderophore
analogues.

In this respect, the 3-hydroxy-2(1H)-pyridinone linked via the heterocyclic

nitrogen would give the same stereochemistry as enterobactin. In contrast, the 3-hydroxy4(1H)-pyridinone have a different stereochemistry and therefore strain-free hexadentate
chelators based on this group will almost certainly require extended backbone links than
found in enterobactin analogues.

Alternatively, the synthetically more appealing task of

linking 3-hydroxy-4(1H)-pyridinones at the site ortho to the hydroxyl moiety would combine
the advantages of high stability constant with the apparent ideal enterobactin
stereochemistry.

1.6: Biochemical applications of 3-hydroxy-4(1 H)-pyridinones

The biochemical interest in 3-hydroxypyridin-4-ones was initially focused on L-mimosine 12, a
toxic, naturally occurring amino acid isolated from the legume, Leucaena Leucocephala. The
structure was elucidated by Bickel®^ and absolute configuration and crystal structure have
been reported.®®"®^ The biological properties of L-mimosine have been summarised by
Owen®® and theories for the mechanism of its toxic action have been reviewed.®®
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GOOH

12

One of the primary toxic effects is that it hinders wool growth in sheep by inhibiting cell
mitosis of the hair follicle.

This can occur when sheep graze on the legumes which

naturally produce L-mimosine and provides evidence that the compound is orally active in
sheep. The possible utilisation of this property to wool harvesting prompted structure-activity
studies of L-mimosine and related c o m p o u n d s ^ a n d concluded that hair follicle inhibition
was correlated with the high stability of the complexes formed between 3-hydroxypyridin-4ones and transition metal ions.

This discovery prompted active research into the application of 3-hydroxypyrldin-4-ones as
therapeutic agents"'02'" 1 o f medicinal interest. The ligand, 1,2-dimethyl-3-hydroxy-pyridin4-one (Deferiprone, 13) which forms stable hexacoordinate 3:1 ligand to metal complexes with
iron(lll) has been utilised as a

tre a tm e n t® 2 -8 3 ,

105-107 for iron overload conditions

associated with hypertransfusion.

N

CHg

CH 3

13

It is also of neurological interest in that it forms similar complexes with

a lu m in iu m ( lll) ''

03-104,

108 as well as gallium(lll)104, 108 and indium(lll)109, which are used for the radioisotopic
imaging of tumours.

105-106,108

28

Chapter 1

1.7: Scope of this work

The scope of the current work involves the synthesis, characterisation and aqueous solution
behaviour of metal(lll) ion chelating ligands based on the 3-hydroxy-2(1H)-pyridinone, 3hydroxy-4(1H)-pyridinone and 3-hydroxypyran-4-one moieties.

Chapter 2 details the synthesis and characterisation of simple bidentate 3-hydroxy-2(1 H)pyridinone and 3-hydroxypyran-4-one ligands as possible adjuvant therapies for the treatment
of pathologies associated with iron overload. The evaluation of the commercial applicability
of chlorine-based oxidants for the preparation of 3-hydroxy-2-methyl-pyran-4-one (maltol)
from carbohydrate and non-carbohydrate precursors is discussed.

In Chapter 3, the prototype carbon-carbon bond forming reaction, the Mannich reaction has
been employed to synthesise 3-hydroxy-2(1H)-pyridinone and 3-hydroxypyran-4-one
bidentate Mannich bases as useful synthons for the development of oligodentate chelators.
Directed aminomethylation is discussed in relation to the synthesis of a number of derivatives
whose properties may affect their efficacy as potential oral chelation agents. In addition, a
number of novel amide-linked tetradentate chelators have been characterised.

A number of carbon-carbon linked tetradentate chelators based on the naturally occurring
ligand, 5-hydroxy-2-hydroxymethyl-pyran-4-one (kojic acid) are described in Chapter 4. One
of these compounds has been submitted for biological evaluation as a suitable ligand for in
vitro

iron(lll) mobilisation in a mammalian cell system.

The results suggest that it

approaches the efficacy exhibited by the clinically approved drug, deferiprone for the
mobilisation of ferritin-bound iron.

Chapter 5 details the syntheses of hexadentate ligands based on the 3-hydroxy-2(1H)pyridinone moiety.

An improved synthesis and purification is described for the existing

chelator, N,N,N,-tris[2-(3-hydroxy-2-oxo-1,2-dihydropyridin-1-yl)acetamido]ethylamine. An
analogue of this compound, not previously reported, I makes use of the results of the
investigations into the aminomethylation of bidentate ligands as reported in Chapter 3. This
novel hexadenate chelator exhibits increased lipophilic character and may display more
effective iron(lll) chelating properties.
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In Chapter 6 , the aqueous solution behaviour and metal(lll) coordination chemistry of
representative ligands synthesised in Chapters 2,3 and 4 are reported. Potentiometric and
spectrophotometric techniques were utilised to evaluate the ionisation (pKn) and stability
(log Kn) constants; two important parameters of considerable importance in the continued
search for orally active chelation agents.
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2.0: INTRODUCTION

The burgeoning Interest In the potential medicinal applications of hydroxypyran-4-one and
hydroxypyrldln-4-one based chelators Instigated a program of research directed towards
novel syntheses of maltol (3-hydroxy-2-methyl-pyran-4-one) and 1.2-dlmethyl-3-hydroxypyrldln-4-one from carbohydrate and non-carbohydrate precursors. There currently exists a
requirement for an alternative commercially viable synthesis of maltol that utilises cheap,
readily available materials at low cost price. The approach adopted In this work concerns the
application of chlorine-based oxidants In the construction of 1,2,3-trlhydroxy-4-keto
tetrahydropyran and sugar enolone skeletons from hexose derivatives.

Both of these are

speculative Intermediates In the biosynthesis of maltol and related hydroxypyran-4-ones. ^

2.0.1 : The Natural Occurrence Of Hydroxypyran-4-ones

Maltol (3-hydroxy-2-methyl-pyran-4-one), 7 Is a naturally occurring hydroxypyran-4-one
known to exist In trace quantities In several coniferous trees^*® and other p l a n t s . I n
addition, It has been Identified In the vapour of roasting malt,^^-13

a constituent of

evaporated mllk"'^'"'^ and as a by-product of the hydrolysis of the aminoglycoside antibiotic
streptomycin, 18-19 which contains the rare sugar, streptose.

O

CHg

7

8

Maltol

Kojic acid
(5-hydroxy-2-hydroxymethyl-pyran-4-one)

(3-hydroxy-2-methyl-pyran-4-one)

Kojic acid (5-hydroxy-2-hydroxymethyl-pyran-4-one), 8 Is produced from a number of
carbohydrate sources In an aerobic process by a variety of micro-organisms.

It was first

Isolated by Salto^® gg a crystalline substance from the mycella of AsoeraUlus flavus-orvzae
and has since been recognised as a metabolite In bacterial moulds of Gluconoacetobacter
liauefaciens ^1 "^8 and Acetobacter cerinus. 29-30
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2.0.2: Medicinal Applications Of Maltol

3-Hydroxy-2-methyl-pyran-4-one has long been recognised as a flavour enhancer and
sweetener in foodstuffs. Recently however, maltol and related hyroxypyran-4-one analogues
have been identified as important medicinal agents in the treatment of pathological conditions
associated with iron d e f i c i e n c y . F u r t h e r m o r e , this bidentate ligand has been shown to
enhance the insulin mimetic properties of orally administered oxovanadlum (IV) In rats.^^'^^

2.0.3: Laboratory Syntheses Of Maltol: A Historical Review

Maltol was first isolated by Brand
Tamburello^^ in 1905.

in 1894 and Its structure elucidated by Peratoner and

However, it was not until 1947 that the first laboratory synthesis was

reported.^® Spielman and Freifelder condensed pyromeconic acid^^ (3-hydroxy-pyran-4one, 14) with piperidine and formaldehyde to furnish a Mannich base that was subsequently
hydrogenated in absolute ethanol over a palladium-on-charcoal catalyst at 100°C and 100
atmospheres pressure affording 7 In a 15% yield (Scheme 2.1).

OH

7

Reagents and conditions:

a) 40% aq. formaldehyde, piperidine, EtOH, 5 min,
(36% as 1.HCI from EtOH-acetone).
b) H2 . Pd/G, abs. EtOH, 100°C , 100 atm, 20 hours,
(17% from benzene).

Scheme 2.1 :

The first reported laboratory synthesis of 3-hydroxy-2-methyl-pyran-4-one, 7

Since the first commercial production of maltol from the destructive distillation of cellulose and
starches^®, a multitude of carbohydrate and non-carbohydrate-based syntheses have been
investigated and reported in the literature.

The years 1968-1976 were characterised by the development of the multi-step synthetic
approach to maltol beginning with the condensation of two and three carbon synthons^^""^®
in the form of simple carbonyl compounds followed by subsequent cyclisation to furnish the
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required six carbon skeleton of maltol. Commercially viable syntheses of 7 however required
cheap, readily available starting materials. The recognition that maltol was stoichiometrically
equivalent to the dehydrated form of D-glucose directed attention to the synthetic
transformation of carbohydrates.

This was first achieved in 1969 when the first carbohydrate-based, oxidative route was
realised and shortly thereafter became the principal area of research for workers attempting
to develop its total practical s y n t h e s i s . A much improved procedure^^ developed in 1974
entailed the oxidation of methyl-2,3-0-isopropylidene-a-L-rhamnopyranoside 15 with a
chromium trioxide-pyridine reagent (Scheme 2.2). The product of the reaction, methyl-2,3-O
-isopropylidene-6-deoxy-a-L-/yxo-hexopyranos-4-ulose 16 yielded 15% of 7 when heated
with ion exchange resins in the presence of water.

CH3O

O

CH 3O

CH 3

O

CH3

CH 30

O

CH 3

o

O

CH 3

Reagents and conditions:

O '

CH 3

CH 3O

O

CH 3

a) CrOg-anhydrous pyridine, 16 hr, room temperature.
b)

Dowex 50 H + ion exchange resin, H 2 O, 60 hours,
(72% from cyclohexane).

Scheme 2.2:

Proposed pathway for the synthesis of 7 from the carbohydrate-based,
oxidative route as described by Chawla and McGonigal. ^0
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Two other noteworthy preparations of 7 based on the hexose sugar D-glucose are cited in the
literature. The first of these described by Shono et al

involved the tosylation of the easily

prepared glucose derivative, methyl-2 ,3-di-0-methyl-a-D-glucopyranoside^2 17 to furnish
methyl-2,3-di-0 -methyl-6-O-tosyl-a-D-glucopyranoside 18 (Scheme 2.3). Lithium aluminium
hydride reduction of 18 afforded alcohol 19 that was subsequently oxidised with
dimethylsulphoxide-acetic anhydride to produce a mixture of compounds 20 (32%) and 21
(48%). After isolation of 20, reflux of an aqueous solution of 20 in the presence of an ion
exchange resin for a prolonged reaction time furnished 7 in an overall yield of 10%.

OCH 3

OCH 3
CH 3O
b)

D-glucose ___ ^

ïX"

CH 3O

OTs

OH

18

17

c)

0C H 3

0C H 3

0C H3

C H 30^Js^O C H 2SC H 3 C H 3 0 .J L ^ 0

C H 3O ..

CH 3O

CH3O

XX, V XX
O

CH 3

CH 3O

21 (48%)

O

O

CH 3

20 (32%)

O

Reagents and conditions;

CH 3

,0 H

a)

CH 3

multistep sequence , see Ref. 52; b) TsCI, c) UAIH 4 -

THF, d) (C H 3)2S0-A c20, e) Dowex 50 W , H2 O, (10% ).

Scheme 2.3:

Multistep synthesis of 3-hydroxy-2-methyl-pyran-4-one 7 from D-glucose.
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The development of methodology for the synthesis of un saturated carbohydrate derivatives
(glycals) prompted research into the applicability of these compounds as precursors for the
preparation of hydroxypyran-4-ones. Matsui et al

reacted the D-glucose derivative 3,4,6-

tri-0-acetyl-1,5-anhydro-2-deoxy-D-arabino-hex-1-enitol(tri-0-acetyl-D-glucal) 22 with boron
trifluoride-etherate in an alcoholic medium to furnish an alkyl hex-2-enopyranoside which
when treated with an ion exchange resin effected the quantitative conversion to the diol 23.
Subsequently tosylation

gave 24.

Metal hydride reduction of 24 followed by activated

manganese (IV) oxide oxidation afforded 25. Transformation of 25 into maltol was achieved
by epoxidation and treatment with acidic water (Scheme 2.4).

OAc
OR

OAc

OH
b)

RO

EtO

O " ^

OR 2

OAc

OTs

24

23 (R^ = R^ = OH)

22

c)

e)
EtO

f

O

t

A.

CH3

EtO

rr"
O

CH3

25

Reagents and conditions:

a) BFg.OEtg, MeOH or EtOH, r.t, 15 min followed by
Amberlite ion exchange resin (“OH form); b) TsCI, pyridine,
N2 , r.t., 6 hr; c) UAIH 4 , diethyl ether, r.t., 1 hr; d) MnOa,
CHCI3 , r.t., 8 hr; e) 15% H 2 O 2 , 5% Na2 C0 3 , diethyl
ether, 1-6°C , 3hr followed by H 2 0 -dioxane, H 2 SO4 , reflux,
3 hr.

Scheme 2.4:

Synthesis of 3-hydroxy-2-methyl-pyran-4-one 7 from tri- O -acetyl-D-glucal.

All of the carbohydrate based syntheses of 7 described above are still uneconomic compared
to the latest development that utilises the non-carbohydrate precursors, furfuryl alcohols.
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Furfuryl alcohols 26 were recognised as potential substrates for the syntheses of
hydroxypyran-4-ones since they are formally only two oxidation states and a rearrangement
from 7.

The first workers to employ furfuryl precursors were Shono and Matsumara^^ who devised a
synthetic transformation to 7 that not only utilised mild experimental conditions but furnished
7 and related hydroxypyran-4-one analogues that were previously unobtainable (Scheme
2.5).

T

-

H

OH
H

26

HgO

CH(OEt )3

------------

EtO

Scheme 2.5:

R

EtO

^ "^ '4

rx:

HO' 'O '

'R

Furfuryl alcohol-based synthesis of 7 and related hydroxypyran-4-ones as
described by Shono and Matsumara.^^

Shortly thereafter, Brennan and c o - w o r k e r s m o d i f i e d this approach and devised a
unique one-pot synthesis of 7 and related homologues involving the conversion of a furfuryl
alcohol into hydroxypyran-4-ones via two oxidation steps and a rearrangement without
isolation of the reaction intermediates. In this reaction, (±)-1-(2-furyl)ethanol 27 was treated
with two mole equivalents of chlorine gas to afford 4-chloro-6-hydroxy-2-methyl-2H-pyran-3(6 H)-one 28.

Upon heating in an aqueous medium, hydrolysis of 28 yielded 70% of 7

(Scheme 2.6).
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OH

2Clp
MeOH (aq)
0°C

HO

n

°

O '^ C H a

27

OH
A. 3 hr
CH 3

O

HO

7

Scheme 2.6;

28

One-pot synthesis of 7 from the sequential chlorine oxidation of (±)-1(2-furyl)ethanol 27 55-56

The halogénation of furfuryl alcohols 26 in buffered methanolic solution leading to the
formation of stable, isolable 2,5-dimethoxy-2,5-dihydrofurans 30 has been reported in the
l i t e r a t u r e a n d is postulated as involving the intermediacy of the corresponding 2,5-dihalo2,5-dihydrofurans (29, X = Br or Cl) (Scheme 2.7).

O s -"
OH

X2
H2O

O
OH

26

29

R = H or alkyl group

,0

0 CH 3
R

HO

OH

31

Scheme 2.7:

30

Oxidation of furfuryl alcohols 26 to 6-hydroxy-2-alkyl-2H-pyran-3(6H)-ones

31
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Furthermore, an analogous process undertaken In aqueous tetrahydrofuran or methanol that
utilises hypohalous acid as the active oxidant leads to the presumed intermediate 29 (X =
OH ^8 and / or halogen^^) undergoing a smooth rearrangement to the more stable hemiacetal 31 GO with the overall liberation of one mole equivalent of hydrobromic or hydrochloric
acid.

Employing (+)-1-(2*furyl)ethanol 27 and gaseous chlorine in non-buffered methanol, one can
evoke the transformation of 27 into the hydroxyenone 33 to proceed as follows.

01- a
HO
OH

27

32

There then follows a smooth rearrangement of the mono-chlorinated derivative 32 to the
stable hemi-acetal 33 via acid-catalysed ring cleavage, re-cyclisation to the six-membered
heterocycle and finally elimination of one mole equivalent of hydrochloric acid.

CHg

HO
OH
32

HO ^O ^CHa

HO

33

45
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The introduction of a second mole equivalent of chlorine effects the transformation of the
hemi-acetal 33 into the desired 4-chloro-6-hydroxy-2-methyl-2H-pyran-3-(6H)-one 28 through
the formation of the labile 4,5-dichloro- derivative which collapses in situ to afford 28. This
process is believed to involve the formation of a chloronium ion 34 that undergoes
nucleophilic attack by the chloride ion derived from the initial heterolytic fission of the halogen
to furnish 35 and the concomitant release of a second mole equivalent of hydrochloric acid.

01-01
01

Cfcc
o

HO

O

OH3

34

V

01
01^
^

HO

O

J^ ^ O

____ - m .
HO

OH3

O

OH3

35

28

The penultimate steps are envisaged to involve the formation of a stabilised cationic species

36 and the production of another mole equivalent of hydrochloric acid to afford a dicarbonyl
precursor 38.

+H
HO

28
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:oH

O /^

Cl

Û
O

CHg

36

Tautomérisation yields the desired product maltol, 7.

+ H’'

â

or

CHs

37

By a similar sequence of events utilising ferf-butyl hypochlorite as the chlorine-based oxidant,
maltol 7 was afforded in an improved yield.®"*

The synthesis of 7 from (+)-1-(2-furyl)ethanol 27 is currently the favoured commercial
process; however the production of the furfuraldéhyde precursor contributes to the high cost
of the transformation.

Although the prospects for carbohydrate-based syntheses have

seldom been realised due to insufficient yields from multistep conversions, this work
describes the novel approach adopted for the synthesis of the key Intermediate 1,2,3-trihydroxy-4-ketotetrahydropyran skeleton common to both carbohydrate and furfuryl alcoholbased methods.

2.0.4: Key Intermediates In The Synthesis Of Maltol From Carbohydrates

The structure of maltol is characterised by a methyl moiety at C-2 and a hydroxyl group
located at C-3 of the pyran-4-one skeleton. As a consequence, the construction of the pyran4-one template from D-glucose is expected to be accomplished by regioselective oxidation of
this hydroxyl function.

Research®^*®®-®^ has demonstrated that the 1,2,3-trihydroxy-4-

ketotetrahydropyran skeleton 38 can be transformed into the desired 3-hydroxy-pyran-4-one
upon treatment with aqueous acid.
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OR
RO.

J s . V.O
J±

RO

O

R

38

where R = H or alkyl group.

Biological systems have long since developed an enzymatic transformation of dTDP-a-Dglucose 39 to dTDP-4-keto-6-deoxy-D-glucose 40 using the ennzyme, dTDP-D-glucose
oxidoredutase. ^3

OH

OH
OH

HO

dTDP-D-glucose oxidoreductase

CHgOH

TDPO

HO

TDPO

29

30

where TDP = thymidine diphosphate

2.0.5: The Potential Of Chlorine-Based Oxidants In The Regioselective Oxidation Of
Carbohydrates And Derivatives

Carbohydrate-based, oxidative routes to 3-hydroxy-2-methyl-pyran-4-one that have been
explored in recent years have focused on the synthesis of the 1,2,3-trihydroxy-4ketotetrahydropyran skeleton.

This has involved selective protection and deprotection of

polyhydroxyl precursors to afford partially protected carbohydrates possessing a free 4-OH
moiety.

Although these synthetic transformations can be readily achieved employing

inexpensive reagents, the free hydroxyl group has largely resisted conventional oxidation.
S h o n o a t t e m p t e d the oxidation of methyl-6-deoxy-2,3-di-0-methyl-a-D-glucopyranoside
using a variety of transition metal derived oxidants. Manganese (IV) oxide, chromium trioxide
and pyridinium chlorochromate (PCC) were demonstrated to be ineffective.
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The utilisation of a cheap, readily available regioselective oxidant would ideally be required to
fulfil this aim. To this end, this potentially difficult transformation was investigated with two
commonly available chlorine-based oxidants namely sodium hypochlorite (in the form of
common household bleach) and ferf-butyl hypochlorite which itself is easily prepared from
sodium hypochlorite.
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2.0.6: The Preparation Of 3-Hydroxypyridin-4-ones And Related Compounds

As described In Chapter 1, the most common procedure for the syntheses of 3hydroxypyridin-4-ones is the amination of the analogous 3-hydroxypyran-4-ones. 6 4 - 7 2

Tw o

widely used methods have been employed to achieve this transformation. The oldest method
employs methyl-, benzyl- or glucosyl-protected

p y ra n -4 -o n e s G 4 -7 0

second procedure, the 3-hydroxypyran-4-ones are converted

35 precursors.

In the

d i r e c t l y . -7 2

In the former synthesis, three steps are involved namely a) protection of the hydroxyl
function, b) conversion via amination and c) deprotection to afford the 3-hydroxypyridin-4one. These multistep reactions are, of course, time consuming and rigorous.

A number of workers have successfully utilised a direct, one-pot synthetic approach to Group
MIA metal complexes of N-substituted-3 -hydroxypyridin-4 -ones. 73-75 The procedure
invariably involves the synthesis of the metal-pyranone complex in situ which then undergoes
amination to furnish the appropriate 3-hydroxypyridin-4-one complex.

Application of this

methodology obviates the sequential syntheses of ligand and metal complex and improves
the yields of the tris(ligand)metal complexes, in particular by making pyridin-4-ones much
more accessible than from other routes.

The preparation of 3-hydroxypyridin-4-ones is not restricted to the utilisation of the analogous
pyran-4-one precursors.

A number of authors have cited the successful conversion of

carbohydrate derivatives into the clinical useful compound, 1,2-dimethyl-3-hydroxy-pyridin-4one 13. Invariably, such a transformation has involved the synthesis of the five-membered
oxygen heterocycle 1-{3-hydroxy-2-furanyl)ethanone commonly referred to as isomaltol, 43.

Isomaltol was first isolated in crystailine form by Backe^G from the steam distillate of bread
baked with a speciai fiour formulation. Curiously, the compound was condemned at a custom
house in the Brazilian city of Rio de Janeiro because extracts gave a red-violet colouration
with iron salts; an observation that was deemed consistent with the presence of a salicylic
acid preservative in biscuit

p o w d e r .7 7

However, it was not until the advent of a laboratory

preparation of isomaltol that its structure could be elucidated. To date, the synthesis devised
by Hodge and

N e ls o n 7 8

is the only reported laboratory preparation of 43.

The authors described a simple, chemical dehydration of the inexpensive and readily
available disaccharide, a-D-lactose 41 by piperidine acetate to furnish the precursor, Ogalactosylisomaltol 42 which yielded isomaltol upon steam distillation in a phosphoric acid
medium or by enzymatic cleavage in aqueous solution (Scheme 2.8).
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OH

HO

HO

OH
HO
HO

OH

41

42

b) ore)

HO
CH 3

o
43

Reagents and conditions:

a) Piperidine, g. AcOH, EtOH, EtgN, 7 8 °C ± 2OC, 24 hours.
41% (from MeOH).
b) H 3 PO4 . steam distillation, 51%.
c) almond emulsin, water, room temperature, 4-5 days,
79% (from diethyl ether).

Scheme 2.8:

Synthesis of 1-(3-hydroxy-2-furanyl)ethanone (43. isomaltol) from a-Dlactose 41 via O-galactosylisomaltol 42.

Compound 42 is formed via an Amadori-type rearrangement79-81

which the glucose

moiety of a-D-lactose is converted from an aldohexose into a furan derivative whilst still
attached to the galactosyl functionality.

It is well known that aldohexoses particularly D-

glucose react with secondary amines to give aldosylamines.®^ In acidic environments, these
aldosylamines are converted into the enol tautomers of the corresponding 1-amino-1deoxyketose by an Amadori rearrangement. Subsequent elimination of the amine may lead
to a number of possible products (Scheme 2.9).
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. . . .n.h.
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Scheme 2.9;

The reaction of D-glucose with secondary amines via the Amadori
rearrangement.

A similar transformation can be invoked for the conversion of a-D-lactose 41

to O

galactosylisomaltol 42 and Is discussed in further detail in Section 2.1.4.

The final step to 43 may be achieved using any number of procedures.

Originally, acid-

mediated hydrolysis^® was employed to cleave the isomaltol moiety furnishing the desired
product. However, this approach has since been found to be less efficient than the more
facile methods involving crude enzyme preparations.®® Hodge and Nelson initially utilised
almond emulsin; a crude form of the enzyme p-D-galactosidase to effect this reaction. The
high expense incurred by the application of a commercially pure form of this enzyme
instigated a search for a more cost effective source. In a short time, defatted almond meal
(Aldrich) was found to be suitable.

This powdered preparation is composed of three

enzymes, p-D-glucosidase, a-D-mannosidase and the required p-D-galactosidase in a
relatively pure form.
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2.0.7: Objectives

The objectives of this research program were:

a)

to evaluate the commercial applicability of chlorine-based oxidants for the preparation
of 3-hydroxy-2-methyl-pyran-4-one (maltol) from carbohydrate and non-carbohydrate
precursors,

b)

the synthesis and characterisation of 3-hydroxypyran-4-one and 3-hydroxypyridin-4one ligands as adjuvant therapies to a number of transition metal related pathological
disorders,

c)

to re-examine the conflicting reports of the product resulting from the amination of 1(3-hydroxy-2-furanyl)ethanone (isomaltol).
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2.1 : RESULTS AND DISCUSSION

2.1.1 : Aspects Of Hypochlorite Oxidation

Stevens et al 84 reported a convenient and inexpensive procedure for the selective oxidation
of secondary alcohols in the presence of primary alcohols utilising sodium hypochlorite
(NaOCI) in acetic acid. They investigated the applicability of hypochlorite-directed oxidation
on a wide range of aliphatic, aromatic and cyclic diols.

Sodium hypochlorite, available in the form of household bleach is deemed attractive because
its use as a selective oxidant of partially protected carbohydrates would establish a novel and
valuable alternative to standard methods.

In addition, it appears to offer significant

advantages over chromium-based reagents. Oxidations conducted with hypochlorite present
no hazardous waste disposal considerations; the end products are chloride ion and ketone
without the involvement of toxic metal ions. Chromic acid oxidations pose a severe waste
disposal problem since chromium in any soluble form can not be disposed of where there is
the possibility of drinking water contamination. Chromium(lll), produced in the oxidation of
secondary alcohols is toxic to fish and invertebrate species. The only appreciable safety
concern with the use of sodium hypochlorite is the evolution of chlorine gas which can be
contained effectively.

An organic derivative, fert-butyl hypochlorite is a useful alternative and has been employed as
a reagent in the synthesis of maltol.

Although it has associated with it a number of

drawbacks®^, jt is easily and quickly prepared from a literature procedure. 86

2.1.2: The Mechanism Of Hypochlorite Oxidation

Little is known about the mechanism of hypochlorite oxidation of alcohols. It is presumed that
hypochlorous acid (HOCI) must be present for the reaction to proceed.

Kudesia and

Mukherjee87‘68 have proposed that molecular chlorine is the actual oxidant and that the alkyl
hypochlorite is an intermediate. The reported kinetic studies on the oxidation of isopropanol
with chlorine provide the most detailed mechanistic studies available at present. If an alkyl
hypochlorite is regarded as an intermediary, one can envisage a simple E2-type elimination
process.
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V

+ H 3O

+ 01

It Is expected that the true nature of hypochlorite-mediated oxidation will be unravelled in time
through the use of some of the elegant experimental techniques that have been applied to
chromium (VI) oxidations.®^"^

2.1.3: Chlorine-Based Oxidation Of Carbohydrate Derivatives

As a prelude to the investigations reported here, the procedures of Brennan®®"®® and
Harada®"' were successfully utilised in the preparation of maltol 7 (40% and 57%
respectively).

Encouraged by these results, it was decided to extend this program of research directed
towards the applicability of chlorine-based oxidation of partially protected and un saturated
carbohydrate derivatives. The novel approach adopted in this work for the regioselective
oxidation of these polyhydroxyl substrates was anticipated to lead to numerous possible
products and problems regarding isolation of any subsequent hydroxypyran-4-ones. Initial
investigations aimed to establish the minimum degree of functional group protection required
of methyl-a-D-glucopyranoside 44 to permit selective oxidation of the hydroxyl moieties and
the resultant construction of the key intermediate 1,2,3-trihydroxy-4-ketotetrahydropyran 38.

The observations reported by Stevens et al

involving the regioselective oxidation of

secondary alcohols in the presence of primary alcohols utilising sodium hypochlorite (NaOCI)
prompted the synthesis of the carbohydrate derivative, m ethyl-2,3-di-O acetyl-Dglucopyranoside 47. This partially functionalised carbohydrate possessed the required free
0 -4 and C -6 hydroxyl moieties deemed necessary for an appropriate transformation.

The substrate 47 was synthesised from the commercially available m ethyl-a-Dglucopyranoside (Schem e 2.10).

Benzylidene acetal protection of 44 employing

benzaldehyde and zinc chloride furnished methyl-4,6-0-benzylidene-a-D-glucopyranoside 45
as a crystalline solid which was subsequently acetylated with acetic anhydride-pyridine under
facile

reaction

conditions

to

give

glucopyranoside 46.
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a)
OCH3

OCH3

44

45

b)

ÇL
AcO

OCH3

OCH3

47

46

a) PhCHO /Z n C l 2 , 8 hours, room temperature, 89%.

Reagents and conditions;

b) Ac2 0 / pyridine, 48 hours, room temperature, 77%.
c) Pd(0 H)2 /C , absolute EtOH, cyclohexene, reflux, 4
hours, 84% as an oil.

Scheme 2.10:

Synthesis of methyl-2,3-di-0-acetyl-D-glucopyranoside 47 from methyl-a-Dglucopyranoside 44.

The final step of de-benzylidation was realised by catalytic transfer hydrogenolysis®^
employing a palladium hydroxide-on-carbon catalyst and cyclohexene as the hydrogen donor
to furnish 47 in an excellent yield as an oil. The favourable catalyst-substrate ratio, neutral
reaction conditions and compatibility with the presence of other protecting groups makes this
reaction a facile procedure for the regeneration of the hydroxyl moieties.

The construction of the desired 1,2,3-trihydroxy-4-ketotetrahydropyran skeleton 38 was
attempted by the utilisation of sodium hypochlorite as an inexpensive, readily available
regioselective oxidant.

A successful outcome was anticipated thereby prompting an ion

exchange resin-catalysed de-esterification and rearrangement of 48 to afford the pyran-4one, a-hydroxymaltol 49.

This process has been employed in a carbohydrate-based,

oxidative route to maltol.^^
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A c o -J L ..-^

_ I2 ]^ AcO A . - ^

OMe

Dowex^

A -*

OMe

47

48

49

Initial attempts with sodium hypochlorite gave no indication of success.
analogous reaction with ferf-butyl hypochlorite proved more promising.

However, an
The presumed

intermediate 48 obtained from the oxidation of 47 was treated with Dowex™ SOW (H+) ion
exchange resin in a refluxing aqueous medium. Preliminary analysis of the reaction product
demonstrated the presence of an iron-chelating derivative.

A deep red coloration was

observed upon treatment of an aliquot of the reaction mixture with acidified iron nitrate. The
red colour of the iron(lll) complexes of the hydroxypyran-4-ones offer a convenient test.
While the presence of a colour with iron(lll) is not proof of the presence of the desired
product, the absence of such an observation indicates the absence of the compound at useful
concentrations. Similar treatment of the preceding compound gave no visible colour reaction.
In addition, thin layer chromatographic analysis revealed the iron-chelating compound as a
faster moving spot (Rf = 0.77) when compared to the carbohydrate derivative 47 (Rf = 0.70).
Repeated attempts at isolation and purification of the iron-chelating compound(s) were
unsuccessful.

Intrigued by the partial success of the experiments with fert-butyl hypochlorite, it was decided
to evaluate other carbohydrate-based substrates. The selected precursor was D-glucal (1,5anhydro-2-deoxy-D-arabino-hex-1-enitol, 50), an unsaturated carbohydrate derived from Dglucose. It was prepared in a near-quantitative yield by the resin-catalysed de-acetylation of
the commercially available 3,4,6-tri-O-acetyl-D-glucal, 22.

The choice of 50 was based on

the premise that successful oxidation of both_secondary alcohol functions would furnish a
dicarbonyl compound which would then spontaneously undergo p-elimination to afford ahydroxymaltol 49.

Previous r e s e a r c h h a d demonstrated that pyridinium dichromate

directed oxidation of 50 results in the formation of 1,5-anhydro-2-deoxy-D-erythro-hex-1 -en-3ulose 51 which may be isolated with difficulty (Scheme 2 . 11).
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OAc

OH
,OAc

OH

OH

OAc

OH

OH

22

Reagents and conditions:

50

51

a) Amberlite IRA 420 ™anion exchange resin, MeOH, 16
hours, room temperature, 94%.
b) PDC, EtOAc, AcOH, 16 hours, 9% from OHCI3 .

Scheme 2.11 :

Synthesis and oxidation

Qf 1,5-anhydro-2-deoxy-D-arabino-hex-1-enitol

50 to 1,5-anhydro-2-deoxy-D-erythro-hex-1 -en-3-ulose 51.

An analysis of the final reaction mixture derived from the oxidation of 50 with three mole
equivalents of fert-butyl hypochlorite demonstrated all the characteristics previously ascribed
to the product obtained from the oxidation of 47 namely the colour reaction with iron nitrate
and chromatographic behaviour (Rf 0.77).

In an effort to isolate the chelating moiety,

tentatively suggested as a pyran-4-one, the crude material was hydrogenolysed furnishing a
brown residue. Thin layer chromatography revealed the presence of a single iron chelating
compound exhibiting an identical Rf value to a sample of commercially available maltol.
Further t.I.c. analysis of an admixture gave only one chromatographic spot. This crude
product was analysed by ^H NMR spectroscopy and displayed a weak but characteristic pair
of doublet resonances at Ô 6.30 and ô 8.01 assignable to H-5 and H- 6 . These assignments
are in contrast to those of D-glucal (ô 4.85 and ô 6.27 respectively). Complete identification
was prevented by resonances of non-desirable products obscuring the remainder of the
spectrum.

The oxidative approach adopted here was recognised as potentially fraught with difficulty and
indeed these initial apprehensions were justified. However, the crude results obtained so far
provide circumstantial evidence as to the nature of the iron chelating moiety. TLC behaviour
coupled with iron nitrate staining and

H NMR spectroscopic analysis suggest that a pyran-4-

one compound is present. Further work is therefore required to substantiate this claim and is
under active investigation. Indeed, in a final series of experiments there were indications of
an iron chelating derivative obtained from the oxidation of methyl-a-D-glucopyranoside 44; a
substrate devoid of protecting groups with the exception of the anomeric hydroxyl moiety.
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2.1.4: The Synthesis Of Hydroxypyran-4-ones And Hydroxypyrldin-4-ones

2.1.4.1 : Derivatives Of Kojic Acid

As a prelude to a major study of hydroxypyridln-4-ones, a number of derivatives based on the
analogous hydroxypyran-4-one ligand, 5-hydroxy-2-hydroxymethyl-pyran-4-one 8 were
synthesised and characterised.

2.1.4.2: Enoiic hydroxyl group derivatives

The pronounced reactivity of the 0 -6 site of 8 is well documented and is the subject of a
separate study (Chapter 3). Compound 8 is also characterised by two other sites notably the
enoiic hydroxyl function at C-5 and the hydroxymethyl moiety at C-2. The enoiic hydroxyl
functionality undergoes many reactions typical of alcohols particularly ether and ester
formation. Yabuta^^ and Arm it and Nolan^^ have demonstrated that selective méthylation of
this group may be achieved by utilising diazomethane. However, further work particularly by
Yabuta noted that the reaction of 8 with dimethyl sulphate resulted in méthylation of both
hydroxyl moieties.

During the course of the work reported herein, mono-methylation was

achieved exclusively at C-5 provided that excess dimethyl sulphate was avoided. The final
product, 2-hydroxymethyl-5-methoxy-pyran-4-one 52 was prepared by the reaction of 8 with
dimethyl sulphate in aqueous potassium hydroxide in a modified procedure to that reported
(Scheme 2 . 12).

by Campbell e tal

OCH 3
a)
HO

J

jT
52

Reagents and conditions:

a)

(C H 3)2S04, 5% KOH, 1 hour, room temperature,
65% (from EtOH-Et 2 0 ).

Scheme 2 .12:

Synthesis of 2-hydroxymethyl-5-methoxy-pyran-4-one 52 from kojic acid 8.
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Alternative enoiic hydroxyl group protection was undertaken by reaction of 8 with benzyl
chloride.

The resultant product, 5-benzyloxy-2-hydroxymethyl-pyran-4-one 53 was

obtained as a crystalline solid under more vigorous reaction conditions (Scheme 2.13).

j
■>-

J

r

HO

8

Reagents and conditions:

O

53

a) K2 CO 3 , BzCI, DMF.IIOOQ, 4 hours,
47% (from CHOI 3 ).

Scheme 2.13:

Synthesis of 5-benzyloxy-2-hydroxymethyl-pyran-4-one 53 from kojic acid 8.

2.1.4.3: Modification of the hydroxymethyi substituent

The hydroxymethyl substituent of 8 has recently become the focus of considerable interest
since its presence in analogues of 8 renders them less lipophilic and potentially less toxic
than toxicological and metal(lll) ion chelation studies have indicated for hydroxypyran-4-one
and hydroxypyridin-4-ones derived from 3-hydroxy-2-methyl-pyran-4-one 7^2

As a result of a continuing program of research directed towards the characterisation and
solution behaviour of hydroxypyran-4-one and hydroxypyridin-4-ones, it was decided to
manipulate the hydroxymethyl moiety with the aim of modifying solubility parameters. The
target compound, 5-hydroxy-2-methyl-pyran-4-one 56 was readily prepared in a two step
procedure from 8 via the intermediacy of 2-chloromethyl-5-hydroxy-pyran-4-one 55.

Compound 8 readily reacts with thionyl chloride (SOCI2 ) at ambient temperature to furnish 55
as needle crystals. The reaction is envisaged to proceed via a Sn> mechanism (nucleophilic
substitution internal) in which nucleophilic substitution occurs with the retention of
configuration.

Mechanistically, the first step involves the formation of a chlorosulphite

derivative 54.
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54

The chlorosulphite then dissociates to give an ion pair;^^ a process identical to the very first
step of a S n 1 mechanism, followed by the attack of the chloride ion on the carbocation and
the simultaneous formation of SO 2 .

HO
+ SO 2

S =0

55

Indeed, the reaction of alcohols with thionyl chloride to give halogeno-derivatives provides the
most important case for this mechanism yet discovered.

Hydrogenolysis of the crystalline 55 with zinc-hydrochloric acid afforded 56 in an excellent
yield (Scheme 2.14).

JL
CH 3'"

56

55

Reagents and conditions:

O

a) Zn metal, conc. HOI, 4 hours, reflux,
61% (from iso-PrOH).

Scheme 2.14:

Synthesis of 5-hydroxy-2-methyl-pyran-4-one 56 from 2-chloromethyl-5hydroxy-pyran-4-one 55.
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All four of the hydroxypyran-4-one derivatives exhibit infrared spectral characteristics
consistent with their structures.

They display a four-band spectral p a t t e r n ^^-101

individually assigned v c = 0 and v c = G although resolving these two highly mixed modes is
extremely difficult.

2.1.4.4: Replacement of the heterocyclic oxygen with nitrogen

A series of 3-hydroxy-2-methylpyridin-4-one and 5-hydroxy-2-hydroxymethylpyridin-4-ones
were synthesised by the direct, one-pot

a m in a tio n

^2,102 of the respective analogous pyran-

4-ones 7 and 8 (Table 2.1).

Table 2.1 :

Synthesis of 3-hydroxy-2-methyl-pyridin-4-ones and 5-hydroxy-2hydroxymethyl-pyridin-4-ones

r

;

1 ^ N ^ R 2

Compound

R1

r 2

r

13

H

Me

Me

54

268-270

C,H,N

C 7H g02N

57

H

Me

Et

33

201-204

C,H,N

C 8 H 11O 2 N

58

H

Me

Pr

29

157-159

C,H,N

C 9 H 13O 2 N

59

CHgOH

H

Me

30

214-216

C,H,N

C 7 H9 O 3 N

60

CH 2 OH

H

Et

25

172-174

C,H,N

C 8 H 11O 3 N

61

CH 2OH

H

Pr

18

183-186

C,H,N

C 9 H 13O 3 N

3

Yield (%)

m.p. (°C ) ^ Anal.^

Formula

a = Melting points determined on a Gallenkamp capillary melting point apparatus and are uncorrected,
b = Elemental analyses were determined within + 0.4% of theoretical values.

Although methodology exists for the preparation of pyridin-4-ones in high yield from the
benzylated pyran-4-one,

the more direct synthetic approach was adopted in this work

since priority was given to subsequent investigations into the solution behaviour and
characterisation of the pyridin-4-ones at the expense of the time consuming, higher yielding
processes.
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The currently accepted mechanism'*^ for the preparation of pyrldln-4-ones Is envisaged to
proceed via a four-step sequence involving a) nucleophilic attack on the appropriate pyran-4one by a primary amine, b) ring cleavage, c) elimination of water and d) re-cyclisation to
furnish the desired product (Scheme 2.15).

OH

OH

OH
NH

R NH2

OH

OH

-HgO

OH

R

Scheme 2.15:

Mechanism for the direct amination of pyran-4-ones to pyridin-4-ones
according to the most currently accepted id e a .^ ^

One of the most important aspects of this reaction is the initial nucleophilic attack by the
primary amine.

Any factor that affects the electron density on the pyran-4-one substrate

especially adjacent to the in-ring oxygen at the 0 -2 and 0 -5 sites influences this step and
consequently the whole conversion reaction.

The reactivity of the pyran-4-one heterocycle towards the entering nucleophile varies with the
substitution pattern on the ring.

Electron-withdrawing groups such as the hydroxymethyl

moiety of 8 should facilitate nucleophilic attack by decreasing the electron density on the ring.
Oonversely, electron-donating substituents exemplified by the methyl functionality of 7 would
have an opposite effect.

Any decrease in electron density of the pyran-4-one ring is

accompanied by a decrease in the basicity of the pyran-4-one ligand. The observation that 5hydroxy-2-hydroxymethyl-pyran-4-one 8 (pK^ = 7.6) is a stronger acid than 3-hydroxy-2methyl-pyran-4-one 7 (p Aa = 8.4) substantiates this premise.
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The syntheses of pyridin-4-ones from 7 and 8 were effected by refluxing either alcohoiic or
solely aqueous solutions of the pyran-4-one in the presence of a three to ten molar excess of
primary amine. The products were isolated as crystalline solids and characterised according
to conventional procedures.

An analysis of the results of the melting point determinations establishes a general trend.
Firstly, the 3-hydroxy-2-methyl-pyridin-4-one series of compounds exhibit a higher melting
point than the analogous pyridin-4-ones derived from kojic acid, 8 with one exception (61,
Table 2.1).

In addition, a prevalent decrease in the melting points of the pyridin-4-one

compounds is observed upon ascending the homologous series.

Proton nuclear magnetic resonance spectroscopic analysis of the 3-hydroxy-2-methyl-pyridin4-ones 13,57-58 reveals readily assignable resonances which are characteristic of this class
of compound. In all cases, a pair of doubiets is observed at between ô 6.02-6.48 and ô 7.477.51 attributable to the H-5 and H -6 protons respectively with vicinal coupling constants
(^JH,H) measured at '-’1.2 Hz.

Tables 2.2 and 2.3 show the ''^C chemical shifts and

assignments of all the pyridin-4-ones investigated.

Table 2.2;

Carbon-13 nmr^ spectral data of 3-hydroxy-2-methyl-pyridin-4-ones.

i
6

.OH

N 2 CH 3

13

57

58

C-2

141.78

136.99

137.69

C-3

147.26

145.34

145.53

C-4

170.37

168.85

168.84

C-5

114.91

110.95

110.54

C -6

138.41

128.57

128.70

2-CH 3

14.66

16.00

11.33

Others (R)

45.03 (NÇH 3 )

47.94 (NÇH 2 CH 3 )

54.20 (NÇH 2 CH 2 CH 3 )

11.18(NCH2CH3)

23.55 (NCH 2ÇH 2 CH 3 )

Carbon

10.56 (NCH 2 CH 2ÇH 3 )

a = Spectra recorded at 100 MHz In DMSO-dg (ôc = 39.7, septet).
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T able 2.3;

Carbon-13 nmr^ spectral data of 5-hydroxy-2-hydroxymethyl-pyridln-4-ones.
O

59

60

61

C-2

147.46

147.21

147.15

C-3

111.95

112.42

112.34

C-4

170.57

170.59

170.58

C-5

146.76

146.89

146.93

C -6

124.57

122.78

123.25

CH 2 OH

59.44

59.44

59.44

Others (R)

34.81 (NQH 3 )

46.62 (NÇH 2CH 3 )

52.80 (NÇH 2 CH 2 CH 3 )

16.12 (NCH 2ÇH 3 )

23.79 (NCH 2ÇH 2CH 3 )

Carbon

10.71 (NCH 2 CH 2QH3 )

a = Spectra recorded at 100 MHz In DMSO-ds (^c = 39 7, septet).

The four-band Infrared spectral pattern (1600-1400 cm""* ) which is characteristic of pyridin-4ones is preserved in all of the listed compounds. 98-102 These derivatives can be readily
resolved into the stretching, in- and out-of plane vibrational modes. However, assignment of
the v c =0 and v q - c >s extremely difficult due to mutual coupling between these two modes;
a conclusion cited by numerous authors.

An attempt has therefore been made to

individually assign these modes based on these reports.

2.1.4: Synthesis of 1,2-dimethyl-3-hydroxy-pyridin-4-one, 13 from a-D-lactose, 41

The simple chemical dehydration of the inexpensive and readily available disaccharide, a-Dlactose 41 by piperidine acetate furnished the precursor, O-galactosylisomaltol 42 according
to the procedure described by Hodge and
mechanism of the reaction.
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^3 Scheme 2.16 depicts the probable
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Scheme 2.16: The rearrangement of a-D-lactose 41 Into O-galactosylisomaltol 42.
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The enzymatic cleavage of O-galactosylisomaltol in an aqueous solution using defatted
almond meal afforded crude isomaltol 43 as demonstrated by its iron chelating properties in
an aliquot of the final reaction mixture. Repeated extraction with diethyl ether and work-up
furnished isomaltol in the form of small opaque crystals (60%). The product was further
characterised by conventional techniques.

Isomaltol readily reacts with either methylamine (this work) or méthylammonium acetate
to furnish 1,2-dimethyl-3-hydroxy-pyridin-4-one 13 in excellent yield (Scheme 2.17).

O

—
CHg

CHg

43

Reagents and conditions:

(i:
13

a) CH 3 NH2 (33% aq. solution), AcOH, H2 O, reflux, 3 hours,
57% (from DMF).
b)

C H 3 NH2 (40% aq. solution), H 2O, reflux, 20 hours,
64% (from H 2 O).

Scheme 2.17:

The synthetic approaches to the formation of 1,2-dimethyl-3-hydroxy-pyridin4-one 13 from 1-(3-Hydroxy-2-furanyl)ethanone(43, isomaltol).

The transformation of 43 into 13 is analogous to the amination of furans containing C -2
carbonyl substituents to give pyridines'*'*® (Scheme 2.18).
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C H3NH2

f fO H
C H ^

RN^ / O ^ C H s
H

13

Scheme 2.18:

The transformation of Isomaltol 43 into 1,2-dimethyl-3-hyclroxypyridin-4-one

13

During the course of an extensive literature search into the properties of 43, an intriguing
series of p a p e r s ^ ^ d e s c r ib in g the reaction of isomaltol with n-propylamine to afford 2acetyl-3-hydroxy-1 -n-propylpyrrole 62 came to light.

OH
O

CHg
CH3

62

This somewhat unexpected reaction was conducted under near-identical conditions to that
described for the reaction of 43 with methylamine. Repeated attempts at reproducing the
experiment failed to yield the reported pyrrole derivative. Instead, the sole isolated product
was the expected 3-hydroxy-2-methyl-1-n-propylpyridin-4-one 58 (64%). Indeed the product
exhibited identical physical and chemical characteristics ascribable to the product derived
from the analogous reaction with maltol 7.
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The evidence presented by these workers was, by their own admission incomplete and their
characterisation of the compound appeared to be founded on the mis-interpretation of the
"I NMR spectrum. They assigned a proton resonance at 64.97 to the hydroxyl moiety of the
pyrrole ring.

In fact, it transpires that the signal is attributable to a residual signal of the

perdeuteriomethanol solvent used in the NMR experiments. The successful resolution of the
hydroxyl resonance in pyran-4-one, pyridin-4-one and pyrrole derivatives is dependent upon
on the concentration of the compound and the appropriate choice of deuterated solvent. For
the majority of the compounds analysed herein, no appreciable signal was observed.
However, its presence in the ligands was readily confirmed by metal(lll) ion chelation.

The burgeoning interest in isomaltol as a new prototype ligand for metal(lll) chelation
prompted a re-examination of the utility of the O-galactosylisomaltol precursor. It has been
shown that 1,2-dimethyl-3-hydroxypyridin-4-one

can be synthesised in a three-step

procedure from a-D-lactose through the intermediacy of O-galactosylisomaltol 42 and
isomaltol 43. The prolonged and time consuming extraction and purification steps hinders the
application of the above scheme as a process for the synthesis of the clinical used drug 13. It
can now be revealed that 13 is available directly from O-galactosylisomaltol in moderate yield
obviating the need to isolate isomaltol. This transformation was effected by refluxing an
aqueous solution of 42 with a five-molar excess of methylamine. The desired product was
isolated (41%) by preferential crystallisation from water (the free galactosyl function remaining
soluble).

This conversion may proceed in two ways. Firstly, the isomaltol moiety may be converted
directly to the pyridin-4-one whilst still attached to the galactose ring of O-galactosylisomaltol.
Under the basic reaction conditions, the pre-formed compound may be chemical cleaved
permitting isolation. Alternatively, the isomaltol group may be cloven initially and then react
with the primary amine as a free ligand. During the course of this investigation, no attempt
was made to confirm which hypothesis prevailed. However, preliminary findings (TLC and
iron(lll) chelation) have failed to the reveal the presence of free isomaltol at any stage of the
reaction.

One of the major implications of this finding is that 13 is now available in a two-step
procedure from a-D-lactose.

It is envisaged that this process may eventually supersede

other synthetic methods as it is deemed a cheap, cost-effective and commercially viable
alternative. Further work is continuing to optimise the reaction conditions and yield of the
product.
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The Mannich reaction of a selected number of these hydroxypyran-4-one and hydroxypyridin4-one compounds and their utilisation as metal(lll) ion chelates is discussed in the next
chapter.
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2.2: CONCLUSIONS

The current requirement for an alternative, commercially viable synthesis of 3-hydroxy-2methyl-pyran-4-one (maltol) prompted an Investigation Into the applicability of chlorine-based
oxidation of carbohydrate derivatives to furnish the construction of a suitable reactive
derivative. This Iconoclastic approach was recognised at the outset as potentially difficult but
an analysis of the preliminary results strongly Indicates that this process may be developed
as a means of synthesising pyran-4-one metal(lll) Ion chelators In a low cost process from
readily available materials.

A series of hydroxypyrldln-4-ones were Isolated and characterised from the reaction of
analogous hydroxypyran-4-ones with a variety of primary amines.

This direct amination

procedure Is deemed applicable to the synthesis of a number of compounds that have
undergone clinical evaluation as orally active chelation agents for the treatment of disorders
associated with metal(lll) hypertransfusion. The electronic effects of the substituents on the
pyran-4-one ring on the reactivity of the substrate were considered and led to the general
conclusion that electron-donating substituents favour the conversion process.

Isomaltol [1-(3-hydroxy-2-furanyl)ethanone] was readily prepared from the disaccharide, a-Dlactose In a two-step procedure.

This new prototype ligand for metal(lll) chelation was

demonstrated to form N-substltuted 3-hydroxy-2-methyl-pyhdln-4-ones with primary amines In
direct conflict with a number of literature reports. Full characterisation and assignment of
structure was attained by direct comparison with these compounds prepared by standard
methods.

Deferlprone, compound 13, was synthesised In a two-step procedure from a-D-lactose
obviating the need for the Isolation of the precursor, Isomaltol.

This new synthetic

transformation Is considered an alternative viable process for the manufacture of the clinically
approved drug and work Is continuing to exploit Its commercial appeal.
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2.3: EXPERIMENTAL

2.3 a)

General Procedures

Melting points were determined on a Gallenkamp capillary melting point apparatus and are
uncorrected.

Microanalyses (0, H, N, 01) were carried out by the Microanalytical Section of the Department
of Chemistry, University College London.

The infrared spectra were determined as potassium bromide (KBr) discs in the range 4000500 cm""* with a Perkin Elmer 1605 FT-IR spectrometer and were referenced to polystyrene
film. Absorptions are reported in reciprocal centimetres (cm""*). The following abbreviations
were used: v , stretching; 8, in-plane bend; n, out-of-plane bend; asy, asymmetric mode;
sym, symmetric mode; s, strong absorption; m, medium absorption; w, weak absorption; b,
broadened band and s, shoulder.

The proton nuclear magnetic resonance ("* H NMR) spectra were recorded on either a Varian
VXR-400 (400 MHz) or Varian XL-200 (200 MHz) spectrometer with the chemical shifts
reported in parts per million (5).

The following solvents were used as indicated:

dimethylsulphoxide-de (DMSO-dg), chloroform-d (CDCIg-d), perdeuteriomethanol-d^
(CDgOD-d^) or D2 O. The residual protic solvent signal i.e. C 2 D 5]HS=0 (5h = 2.52 ppm),
C H C I 3 (§H = 7.26 ppm) or CD 3 OH (5h = 3.35 ppm) was used as the internal reference.
Compounds run in D2O were referenced to 3-(trimethylsilyl)-1-propanesulphonic acid, sodium
salt). The following abbreviations were used to denote multiplicity: s (singlet), d (doublet), t
(triplet), q (quartet), sxt (sextet), m (multiplet) and br (broad).

The carbon nuclear magnetic resonance (^^C NMR) spectra were recorded at 100 MHz
using the residual resonances of (0 .03 )28=0 (6c = 39.7 ppm), Ç D C I 3 (6c = 77.0 ppm) or
CD 3OD (6c = 49.1 ppm) as internal references.

Mass spectra (fast atom bombardment, FAB) were recorded on a VG7070 double focusing
mass spectrometer interfaced with a VG ZAB SB data system by the Mass Spectrometry
Service, Department of Chemistry, University College London.

Commercially available, plastic-backed silica gel (UV 254) plates were used for analytical thin
layer chromatography (t.I.c.) and eluted in one of the following solvent systems: A, CH 2 CI2MeOH (4:1); B, EtOAc-MeOH (9:1) or aqueous ethanol (96%).

72

Chapter 2

Visualisation was achieved by either a) UV visualisation, b) iron(lll) nitrate staining or c)
ethanolic sulphuric acid followed by charring for the carbohydrate derivatives.

All reagents were used as received unless otherwise stated.

2.3

b) Materials

(±)-1-(2-furyl)ethanol - Fluka A. G.
Chlorine gas - Aldrich Chemical Company
Methyl-a-D-glucopyranoside - Aldrich Chemical Company
Zinc chloride - BDH
Benzaldehyde - BDH
Petroleum ether (bp. 40-60°C ) and (bp. 60-70°C) - BDH
Hexane - BDH
Acetic anhydride - BDH
Pyridine - BDH
Cyclohexene - Aldrich Chemical Company
Palladium hydroxide catalyst - Aldrich Chemical Company
Tri-O-acetyl-D-glucal - Aldrich Chemical Company
Amberlite IRA 420 ion exchange resin - Aldrich Chemical Company
Zinc metal (powdered) - BDH
5-Hydroxy-2-hydroxymethyl-pyran-4-one - Fluka A. G. and Avocado
Dimethyl sulphate - Aldrich Chemical Company
Potassium carbonate - BDH
Benzyl chloride - BDH
Magnesium sulphate - BDH
Thionyl chloride - BDH
Sodium sulphate - BDH
3-Hydroxy-2-methyl-pyran-4-one - Aldrich Chemical Company and Avocado
Methylamine (40% aqueous solution) - Aldrich Chemical Company
Ethylamine (70% aqueous solution) - Aldrich Chemical Company
n-Propylamine - Aldrich Chemical Company
a-D-lactose monohydrate - Aldrich Chemical Company
Piperidine - Aldrich Chemical Company
Triethylamine - Aldrich Chemical Company
Defatted almond meal - Sigma Chemical Company
Potassium bromide (Spectroscopic grade) - Aldrich Chemical Company

73

Chapter 2

Analytical TLC plates (Whatman PE SILG/UV 254, 250 pm) - Whatman Paper Company

Deuterated solvents: a) Dimethylsulphoxide-de, 99.5% D, Gold Label.
b) Chloroform-d, 99.5% D, Gold Label.
c) Perdeuteriomethanol-d4 , 99.5% D, Gold Label.
All purchased from the Aldrich Chemical Company.

All other solvents were obtained as Analar grade or better - BDH.
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2.3.1

: Furfuryl Alcohol Based Syntheses Of Maltol

3-Hydroxy-2-methyl-4H-pyran-4-one, 7: Method A.

This procedure was adapted from that described by Brennan etal. 55-56

A 250 mL three-necked reaction vessel equipped with a thermometer, an addition funnel
which was modified to add liquid below the level of the reaction mixture, a mechanical stirrer,
and a chlorine gas inlet-vent assembly was charged with aqueous methanol (40%, 20 mL)
and cooled externally. The addition funnel was charged with (+)- 1-( 2-furyl)ethanol (27, 2.00
g, 17.9 mmol) in aqueous methanol (80%, 2 mL).

Chlorine gas [CAUTION] (2.66 g. 37.5 mmol) was introduced below the liquid level of the
reaction vessel in such a manner that the dropwise addition of 27 was completed after
approximately two-thirds of the chlorine had been added. This operation required external
cooling to -5 °C

Upon the completed additions of chlorine gas and the alcohol, the reaction mixture was
heated to 9 5 °C for 3-4 hours. After cooling to room temperature, the pyranone-rich mixture
was decanted and the aqueous phase titrated to pH 2.2 with aqueous sodium hydroxide
(50%). Subsequent cooling for one hour afforded a granular deposit which was filtered off
and recrystallised from methanol to furnish 7 as colourless, crystalline prisms (0.89 g, 40%).

A"
Melting point: 157-159°C (lit^S mp. 159°C).

2.25 (s. 3H, CHg), 6.32 (d, 1H, 3 js 6 = 7.2 Hz, H-5),

1H NMR (400 MHz, DMSO-flfe) Ô

8.02

(d, 1H, H-6), 8.75 (s, 1H. OH).

14.01 (C H 3 ), 113.24 (C-5), 143.22 (C-3),

13c NMR (100 MHz, DMSO-ûfe) Ô

151.33 (C-2), 154.87 (C-6), 170.19 (C-4).
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Elemental analysis; GeHeOa requires 0 , 57.14%; H, 4.80%.
Found 0, 56.91%; H, 4.76%.

Mass spectrum (FAB): MH+ (127, 100%).

Infrared (KBr, cm"'*):

3255 ( i/Q -H . b, s, ring), 3024 (t/C-H, ring, m),
2912 (y c -H , ring CH 3 , m), 1643 { v c = 0 , S), 1611
1556 {vc=C> s), 1451

(v ^ C = C .

(\/c = 0 .

s),

s), 1025 (Ôhng. w),

916 (Sringi w), 847 (Tiring, w).

3-Hydroxy-2-methyl-4H-pyran-4-one , 7: Method B.

This procedure was adapted from that described by Harada and Iwasak.

(±)-1-(2-furyl)ethanol (27, 2.24 g, 20 mmol) was stirred into aqueous acetic acid (35%, 20 mL)
and chilled with external cooling. The solution was then treated with ferf-butyl hypochlorite^^
(6.51 g, 60 mmol) gradually at 0 °C and upon addition of the hypochlorite allowed to warm to
room temperature. The resultant mixture was subsequently heated to 90°C for four hours.
Upon cooling, the excess oxidant was quenched with propan-2-ol and the mixture titrated to
neutrality with 50% sodium hydroxide. Extraction with chloroform and concentration of the
organic phase to dryness afforded crude 7 as a white solid. Recrystallisation from methanol
furnished analytically pure 7 as needle crystals (1.44 g, 57%) with spectral characteristics
identical to those reported in Method A.

2.3.2: Carbohydrate Syntheses

Methyl-4,6 -0 -benzyiidene-a-D-glucopyranoside , 45

The preparation of this compound was essentially as that described by Hall."* "*3 a typical
procedure is as follows:

With the aid of a mechanical stirrer, powdered zinc chloride (45.0 g, 0.33 mol) was quickly
added to dry benzaldehyde (155 mL). After 15-20 minutes or when the mixture became a
milky gelatinous paste, methyl-a-D-glucopyranoside 44 (45.0 g, 0.23 mol) was added
portionwise. Stirring was maintained for 8 hours at room temperature after which time the
resultant clear syrupy mass was poured into a one-litre separating funnel containing ice-water
(400 mL) and petroleum ether (bp. 40-60°C , 400 mL). The mixture was vigorously agitated
and after a few minutes the fluffy crystalline mass obtained was filtered off and alternately
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washed (x4) with cold water (100 mL) and petroleum ether (100 mL). Recrystallisation from
chloroform-hexane furnished 45 as fluffy white needles (57.8 g, 89%; Rf 0.80, solvent system
A, UV visualisation).

OCH 3

45

Melting point: 165-16600 (lit 1 *14 mp. 166- 1690Q).

3.30 (H-4), 3.36 (m, 3H, C H 3 ), 3.39 (H-2),

H NMR (400 MHz, DMSO-ofe) Ô

3.54 (H-5), 3.57 (H-3), 3.67 (H-7), 3.71 (H- 6),
4.62 (H-1), 5.02 (2-OH), 5.20 (3-OH),
7.35-7.45 (m, 5H, aromatic protons).

54.78 (CH 3 ), 62.40 (0-5), 68.19 (0-6),

13c NMR (100 MHz, DMSO-o^) Ô

69.90 (0-3), 72.42 (0-2), 81.36 (0-4),
100.53 (0-1), 100.87 (0-7).
Aromatic carbons: 126.41, 128.04, 128.87; 137.83
(quaternary carbon).

Elemental analysis: O 14H 18O 6 requires 0, 59.57%; H, 6.43%.
Found 0, 59.60%; H, 6.15%.

Mass spectrum (FAB): M H+ (283, 55%).

Infrared (KBr. cm‘1 ):

3380 (v q -H .

s,

b), 2939 (VQ-H, aryl, m), 2866 (VQ-Me, w).

Methyl-2,3 -0 -acetyl-4,6 -0 -benzylidene-a-D-gIucopyranoslde, 46

The preparation of this compound was essentially as that described by Mathers and
Robertson. "*13 ^ typical procedure is as follows:
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Methyl-4,6-Obenzylidene-a-D-glucopyranoslde 45 (14.1 g, 50 mmol) was treated with acetic
anhydride (4.21 g, 60 mmol) and pyridine (4.75 g, 60 mmol) and left to stand at room
temperature for two days with occasional agitation of the reaction contents. The resultant
pale yellow mixture was subsequently taken up into toluene-water (50% v/v, 100 mL) and the
organic phase washed thoroughly with water and finally with aqueous sodium hydrogen
sulphate (5%). Drying over sodium sulphate and repeated co-evaporation with toluene to
remove traces of acetic acid and pyridine afforded a clear, colourless syrup. Trituation with
aqueous ethanol (96%) furnished crude 46 which when recrystallised from the same solvent
afforded pure 46 as fine white needles (14.1 g, 77%; Rf 0.89, solvent system A, UV
visualisation).

3

AcO

OCH3

46

Melting point: 110-111^0 (lit'•‘'5 mp. 108-109°C).

Selected data: 2.01 (CH 3 of ester),

H NMR (400 MHz, DMSO-dfe) Ô

2.03

(CH 3 of ester), 3.35 (m, 3H, OCH 3 ),

7.36-7.40 (m, 5H, aromatic protons).

20.45 (COÇH 3 ), 20.53 (COÇH 3 ). 54.89 (OCH 3 ),

13c NMR (100 MHz, DMSO-O^) ô

62.48

(0-5), 67.69 (0-2), 68.53 (0-6), 70.73 (0-3),

77.31

(0-4), 96.96 (0-1), 100.59 (0-7).

Aromatic carbons: 128.13, 128.17, 129.00; 137.24
(quaternary carbon); 169.64 (QOOH 3 ),
169.79 (QOOH 3 ).

Elemental analysis: 0-18^2208 requires 0, 59.01%; H, 6.05%.
Found 0, 58.83%; H, 6.19%.

Mass spectrum (FAB): M H+ (367, 51%).

Infrared (KBr, cm‘1 ):

3290 (v o-H. s, b), 2977 (v C-H. aryl, m), 2859 ( VQ-Me, w).
1747 (V 0 = 0 . s).
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Methyl-2,3 -O-ecetyl-a-D-glucopyranoside, 47

Methyl-2,3-O-acetyl-4,6- O-benzylidene-a-D-glucopyranoside 46 (9.16 g, 25 mmol) was
dissolved In absolute ethanol (150 mL) and cyclohexene (75 mL). The resultant mixture was
subsequently treated with 20% Pd(OH) 2 -on-carbon catalyst (2.0 g) and the suspension
heated to reflux for 4 hours after which time TLC analysis indicated the completion of the
reaction. Following removal of the catalyst by gravity filtration, the colourless filtrate was
concentrated to dryness under diminished pressure to afford a clear, colourless syrup. Flash
chromatography on silica gel employing a chloroform-methanol eluant (20:1 v/v) furnished 47
as a pure syrup (5.84 g, 84%; Rf 0.70, solvent system A, visualisation by charring).

AcO
OMe

47

1H NMR (400 MHz, DMSO-C^) ô

Selected data: 2.09 (CHg of ester),
2.11 (GH 3 of ester), 3.28 (H-4), 3.33 (H-1),
3.41

(OCH 3 ), 3.58 (H-5), 3.75 (H-6).

20.22 (ÇH 3 of ester), 20.49 (QH 3 of ester),

NMR (100 MHz, DMSO-ob) &

55.01

(OGH 3 ), 61.97 (C-5), 70.61 (C-2), 72.61 (C-6),

71.04 (C-3), 79.88 (C-4), 99.82 (C-1),
171.36.59

(ÇOCH 3 ), 171.55 (ÇOCH 3 ).

Elemental analysis: C 11 H i gOg requires C, 47.48%; H, 6.52%.
Found C, 47.31%; H, 6.38%.

Mass spectrum (FAB): M H+ (279, 94%).

Infrared (KBr, cm'1 ):

3301 (v q -H . s, b), 2891 (VQ-Me, w), 1753 (v c = Q , s).
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1,5-Anhydro-2-deoxy-D-arabino-hex-1-enitol, 50

T ri-0 -acetyl-D-glucal 22 (10.0 g, 36.7 mmol) was dissolved In freshly distilled methanol (100
mL) and the solution treated with Amberlite IRA 420 ™anion exchange resin ("OH form, 1.5
g). The reaction mixture was stirred at room temperature for 16 hours. Upon filtration and
evaporation of the solvent under diminished pressure, a clear colourless syrup was obtained.
The remaining traces of water were removed in vacuo over potassium hydroxide and
phosphorus pentoxide to furnish 50 as a white crystalline solid (5.04 g, 94%; Rf 0.24, solvent
system B, visualisation by charring).

50

Melting point: 58 -6 0 °C (lit92 mp. 57-59°C ).

1H NMR (400 MHz, DMSO-ûfe) Ô

Selected data: 3.37 (H-4), 3.67 (H-6), 3.71 (H-5)
4.09 (H-3),
4.85 (d, 3 J i,2 =
6.27

■>3C NMR (100 MHz, DMSO-O^) Ô

z

.

H-2),

(d, H-1).

60.34 (C-6), 68.46 (C-4), 69.13 (C-3), 79.46 (C-5),
104.46 (C- 2), 142.90 (C-1).

Elemental analysis: C 6 H 10O 4 requires C, 49.31%; H, 6.90%.
Found C, 48.98%; H, 6.75%.

Mass spectrum (FAB): M H+ (147, 99%).

Infrared (KBr, cm’"' ):

5 . 6 H

3278 ( v q -H. s, b), 1628 (v c = C . s).
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2.3.3: Attempted Oxidation Of Carbohydrate Derivatives 47, 50 and 44

The following procedures detail the reaction of the chlorine-based oxidant, ferf-butyl
hypochlorite with a variety of carbohydrate precursors.

a)

Reaction of Methyl-2,3-di-O -acetyl-a-D-glucopyranoside

M ethyl-2,3-di-O -acetyl-a-D -glucopyranoside 47 (2.00 g, 7.24 mmol) was dissolved in
aqueous acetic acid (35%, 20 mL) and chilled to -5°C with the aid of external cooling. Tertbutyl hypochlorite (1.18 g, 10.86 mmol) was introduced dropwise over several minutes to the
cooled reaction mixture and then permitted to warm to room temperature.

The reaction

mixture was subsequently heated to 90°C for 4 hours after which time TLC analysis revealed
the formation of a new compound (Rf = 0.70, solvent system A, visualisation by charring).
Isopropanol (20 mL) was added to the cooled reaction mixture to quench the excess oxidant
and the solution adjusted to pH 2.0 with aqueous sodium hydroxide (50%). Extraction into
chloroform and removal of the solvent under diminished pressure afforded a clear, colourless
oil tentatively presumed as methyl-2,3-di-O- 4-keto-a-D-glucopyranoside. This product(s)
was used directly in the next stage without purification.

The oil isolated from the above reaction was re-constituted in distilled water (10 mL) and
treated with Dowex™ 50W (H+) ion exchange resin (1.0 g) prior to mild reflux for 24 hours.
Upon cooling, the resin was removed by gravity filtration furnishing an orange coloured
filtrate. Treatment of an aliquot of this filtrate with acidified iron nitrate gave a deep red
coloration characteristic of 3-hydroxypyran-4-ones.

Repeated attempts at isolation and

purification of the iron chelating compound(s) were unsuccessful.

b)

Reaction of 1,5-Anhydro-2-deoxy-D-arablno-hex-1-enitoi

The attempted oxidation of 50 was performed in a manner described for Experiment a).
Work-up afforded an oil which when treated with acidified iron nitrate revealed the presence
of a single iron(lll) chelating compound on TLC analysis (Rf = 0.47, solvent system A, UV and
iron nitrate visualisation). Although numerous attempts at isolating the compound failed, a
tentative identification of the compound as a-hydroxymaltol prompted additional investigation.
Hydrogenolysis with zinc / hydrochloric acid followed by conventional work-up furnished a
brown residue.

Thin layer chromatographic analysis of the residue referenced to a

commercial source of 3-hydroxypyran-4-one (maltol) and visualisation with acidified iron
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nitrate gave a single iron-chelating spot with an identical Rf value compared to maltol (Rf =
0.80). Isolation of this final chelator proved unsuccessful.

Proton nuclear magnetic resonance analysis of the crude final product showed weak but
characteristic doublets at 6 6.30 and 6 8.01 ; an observation noted in all the hydroxypyran-4ones characterised in the course of this work. Unfortunately, the presence of non chelating
products obscured the remaining signals thereby preventing a definitive classification.

Selected data: 6.30 (d, 1H, 3j5,e = 7.1 Hz, H-5),

1H NMR (400 MHz, DMSO-de) 5

8.01 (d, 1H, H- 6).

c)

Reaction of Methyl-a-D-glucopyranoside

Methyl-a-D-glucopyranoside 44 was treated with

three mole equivalents of tert-butyl

hypochlorite as detailed above. Work-up furnished a crude oil containing an unidentified iron
(III) chelating ligand (Rf = 0.48, solvent system A, UV and iron nitrate visualisation).
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2.3.4: The Synthesis Of Hydroxypyran-4-ones And Related Compounds.

2-Hydroxymethyl-5-methoxy-pyran-4-one, 52

5-Hydroxy-2-hydroxymethyl-pyran-4-one 8 (7.11 g, 50 mmol) was treated with aqueous
potassium hydroxide (10%, 31.2 mL, 55.5 mmol KOH) and stirred vigorously at room
temperature. Dimethyl sulphate (6.31 g, 50 mmol) was added dropwise over several minutes
with external cooling. Stirring was maintained at room temperature for one hour and the
reaction mixture subsequently refrigerated for a further 60 minutes. The resultant green solid
was filtered off and recrystallised from ethanol-diethyl ether to furnish 52 as lime-green
coloured needle crystals (5.07 g, 65%).

52

Melting point: 158-160OC (lit^S mp. 161 °C : 157-158 ° C from MeOH).

3.63 (s, 3H, C H 3 ), 4.28 (d, 2H, CH2 OH),

1 H NMR (400 MHz, DMSO-Ofe) Ô

5.68 (t, IN , C H 2 OH), 6.28 (s, IN , H-3),
8.07 (s, 1H, H-6).

56.15 (OCH 3 ), 59.37 (CH 2 OH), 110.73 (C-3),

13c NMR (100 MHz, DMSO-cfe) Ô

138.96 (C-6), 147.96 (C-5), 168.06 (C- 2),
172.85

Elemental analysis: CyHgO^

(C-4).

requires C, 53.85%; H, 5.16%.
Found C, 53.63%; H, 5.09%.

Mass spectrum (FAB): MH+ (157, 100%).

Infrared (KBr, cm'1 ):

3183

(v Q -H .

C H 2 OH), 3079 ( v q -H. ring, m), 2840 ( v q -H. O-CH 3 ),

1638 (v c = Q . s), 1602 (v c = 0 . s), 1530 (vc= C . s),1458 (vc= C . s),
1263 (VQ -o), 1152 (Ô ring, iri), 1090 (Ô ring, rn), 845 (it ring, w).
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5>Benzyloxy-2-hydroxymethyl-pyran-4-one, 53

Anhydrous potassium carbonate (K2 CO 3 , 6.91 g, 50 mmol) was suspended In a solution of 5hydroxy-2-hydroxymethyl-pyran-4-one 8 (7.11 g, 50 mmol) and benzyl chloride (12.66 g, 100
mmol) in dimethylformamide (DMF, 75 mL). The temperature of the reaction mixture was
raised to 110° C for 4 hours after which time the dark brown solution was cooled to room
temperature, treated with water (150 m l) and repeatedly extracted with chloroform. The
organic phase was separated, washed with water and dried over anhydrous magnesium
sulphate (MgS 0 4 ). Rotary evaporation of the organic phase to dryness afforded crude 53 as
a tan solid which when recrystallised from chloroform furnished pure 53 as white needles
(5.46 g, 47%).

53

Melting point; 132-134°C (lit'*‘'^m p. 131-133 ^C).

H NMR (400 MHz, DMSO-cfe) Ô

4.28

(d, 2H, CH 2 OH), 4.93 (s, 1H, PhCHg),

5.59

(t, 1H, C H 2OH), 6.32 (s, 1H, H-3),

7.34-7.42 (m, 5H, aromatic protons).

13c NMR (100 MHz, DMSO-O^) Ô

59.32

(C H 2OH), 70.54 (PhCHa),

111.14 (C-3).
Aromatic carbons: 128.14, 128.19, 128.44; 136.15
(quaternary); 141.15 (C- 6), 146.61 (C-5),
168.05 (C- 2), 173.19 (C-4).

Elemental analysis: C 13H 12O 4 requires C, 67.23%; H, 5.21%.
Found C, 67.14%; H, 5.14%.

Mass spectrum (FAB): M H+ (233, 100%).
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Infrared (KBr, cm"''):

3319 (\/C-H, aromatic ring, m), 3110 ( v q - H . C H 2 OH),
2906 (v'C-H, pyranone ring, m), 1644 { v c = 0 , s), 1604 { v c = 0 , s),
1501 (v c = C . s), 1462-1450 (ôasy, C-H, m),1456 (\^C=C. s).
1259 (v'C-O). 1149 (ÔC-H. pyranone ring, m),
1083 (ÔC-H. pyranone ring, m), 866 (31 ring, w),
742-780 (aC-H. aromatic ring).

2-Chloromethyl-5-hydroxy-pyran-4-one, 55

5-Hydroxy-2-hydroxymethyl-pyran-4-one 8 (7.11 g, 50 mmol) was dissolved in thionyl chloride
(11.90 g, 100 mmol) followed by stirring for 3 hours at room temperature. The resultant
yellow solid was filtered, washed with petroleum ether (bp. 6 0 -7 0 °C) and recrystallised from
water to furnish 55 as light yellow needle crystals (5.62 g, 70%).

4 .OH

2 O 6

55

Melting point: 149-151 ° C (lit 117 mp. 146-147°C).

1H NMR (400 MHz, CDCI3 ) Ô

4.33 (s, 2H, C H 2 ). 6.54 (s, 1H, H-3),
7.85

13c NMR (100 MHz, CDCI3 ) Ô

(s, 1H, H- 6), OH group exchanged.

41.02 (C H 2 ). 111.95 (C-3), 138.03 (C-6),
145.81 (C-5), 162.81 (C-2), 173.90 (C-4).

Elemental analysis: C 6 H5 O 3 Cl requires C, 44.88%; H, 3.14%; Cl, 22.08%.
Found C, 44.77%; H, 3.36%; Cl, 21.83%.

Mass spectrum (FAB): MH+ (161, 100%). [others: M H+ (163, 33%) for 37ci isotope

Infrared (KBr, cm"1 ):

3229 ( v q -H. ring, m), 3066 ( v q -H, ring, m), 1655 (v c = 0 , s),
1623 ( v c = 0 . s), 1586 (v c = C . s), 1456 (v c = C . s),1230 (vq-O - m).
1167 (& ring, s), 1118 (Ô ring, rn), 884 (31 ring, w), 758 (vC-CI, m).
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5-Hydroxy-2-methyl-pyran'4-one, 56

2-Chloromethyl-5-hydroxy-pyran-4-one 55 (4.01 g, 25 mmol) was suspended in water (75
mL). The temperature of the reaction mixture was then raised to 5 0 ° C whereupon zinc dust
(3.27 g, 50 mmol) was introduced and the mixture heated at 7 5 ^ 0 for an additional 30
minutes. Concentrated hydrochloric acid (22.79 g, 625 mmol) was added dropwise followed
by stirring at 8 0°C for a further 4 hours. Upon cooling, the solution was filtered, poured into
ice-water and repeatedly extracted with dichloromethane.

Drying over sodium sulphate

followed by evaporation to dryness afforded a pale yellow solid.

Recrystallisation from

isopropanol furnished 56 as needle crystals (1.92 g, 61%).

¥
CHg^ 2 O 6

56

Melting point: 126-129 ° C ( lit ll^ ^ p . 125-127°C).

NMR (400 MHz, DMSG-Ofe) Ô

2.22 (s, 3H, C H 3 , 6.22 (s, 1H, H-3),
7.95 (s, 1H, H-6), 8.97 (s. 1H, OH).

13c NMR (100 MHz, DMSO-ûfe) Ô

17.04 (C H 3 ), 109.93 (C-3), 137.26 (C-6),
143.25 (C-5), 163.20 (C-2), 171.74 (C-4).

Elemental analysis: C 6 H6 O 3 requires C, 57.14%; H, 4.80%.
Found C, 57.13%; H, 4.72%.

Mass spectrum (FAB): MH+ (127, 100%).

Infrared (KBr, cm'1):

3215 ( v q - h . ring, m), 3098 ( v o h , ring, m), 1652 (v c = o . s).
1608 (vc=Q, s), 1585 (vc=C. s), 1458 (vc=C, s), 1221 (vc-Q, m),
1148 (Ô ring, m), 887 (ji ring, w).
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2.3.5: The Synthesis Of Hydroxypyridin-4-ones

1,2-Dimethyl-3-hydroxy-pyridin^-one, 13

3-Hydroxy-2-methyl-pyran-4-one 7 (1.26 g, 10 mmol) was dissolved in distilled water (15 mL)
and then treated with aqueous methylamine (40%, 2.33 g, 30 mmol). The resultant mixture
heated under reflux for 7 hours and then concentrated under diminished pressure to afford a
dark brown solid.

Recrystallisation from water

in the presence of activated charcoal

furnished 13 as white, needle crystals (0.75 g. 54%).

6 N 2 CHg
CHg

13

Melting point; 268-270°C (litll^ m p . 272-2740Q).

1H NMR (400 MHz, DMSO-cfe) Ô

2.39 (s, 3H, I-C H 3 ), 3.76 (s. 3H, 2-C H 3 ),
6.48

(d, IN , 3J5.6 = 6.8 Hz, H-5),

7.61 (d, 1H, H-6), OH group exchanged.

13c NMR (100 MHz, DMSG-cfe) Ô

14.66 ( 2-CH 3 ), 45.03 (I-C H 3 ), 114.91 (C-5),
138.41

(C- 6), 141.78 (C-2), 147.26 (C-3),

171.37 (C-4).

Elemental analysis: C 7 H9 O 2 N requires C, 60.42%; H, 6.52%; N, 10.07%.
Found C, 60.04%; H, 6.51%; N, 9.93%.

Mass spectrum (FAB): MH+ (140, 100%).
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Infrared (KBr, cm'1 );

3190 ( v q -H. b, s, ring), 3144 (i^C-H, ring, m),
2951 (vc-H. ring OH 3 , m), 1631 {v c = 0 , s), 1570 (vc=0. s),
1530 (yc=C, s), 1515 (vc=C, s), 1464-1449 (ôasy. C-H. sh),
1400 (yc=C, w), 1382 (ôsym. C-H. m), 1334 (ôsym. C-H. m).
1283 ( y c -0 ), 1232 (i/C -N ), 1124 (ôring. m), 1052 (ôring, w),
1029 (ôring. w), 818 (itring. w).

1-Ethyl-3-hydroxy-2-methyl-pyridin-4-one, 57

3-Hydroxy-2-methyl-pyran-4-one 7 (5.00 g, 39.6 mmol) was stirred into methanol (50 mL) at
room temperature and then treated with aqueous ethylamine (70%, 12.75 g, 198 mmol). The
reaction was refluxed for 8 hours and concentrated under diminished pressure to afford a
dark brown semi-solid.

Following trituation with acetone and overnight refrigeration, the

crystalline deposit was filtered off and the filtrate rotary evaporated to a solid.

Both crops

were combined, washed with methanol and recrystallised from the same solvent in the
presence of activated charcoal to furnish 57 as golden crystals (0.75 g, 54%).

A"

6 N 2 CH3
CH 3

57

Melting point: 201-204°C (lit 119 mp. 205-206° C as the hydrochloride salt).

1.13 (t, 3H, 3Jh,H = 7.2 Hz, CH 2 CH3 ),

1h NMR (400 MHz, DMSG-cfe) Ô

2.18 (s, 3H, 2-C H 3 ),
3.84

(q, 2H, 3Jh,H = 7.1 Hz, CH 2 CH 3 ),

6.02

(d, 1H, 3J5,6 = 7.6 Hz. H-5),

7.47 (d, 1H, H-6), OH group exchanged.
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11.18 (NC H 2ÇH 3 ), 16.00 (2-CH 3 ),

13c NMR (100 MHz, DMSO-cfe) Ô

47.94 (NQH 2 CH 3 ), 110.95 (C-5),
128.57

(C-6), 136.99 (C-2),

145.54

(C-3), 168.85 (C-4).

Elemental analysis: C 8 H 11O 2 N requires C, 62.73%: H, 7.24%; N, 9.14%.
Found C, 62.81%; H, 7.30%; N, 9.16%.

Mass spectrum (FAB): MH+ (154, 100%).

Infrared (KBr, cm‘1):

3169 (yQ -H . ring, b, s), 3073 (i^c-H. ring, b),
2977 (VC-H. ring CH 3 , s), 1627 (v c = Q . s), 1568 (v c = 0 . s),
1530 (vc=C. s), 1448 (vc=C- s), 1470-1448 (ôasy. C-H. sh),
1403 (y c = C , w), 1388 (ôsym. C-H. m). 1352 (ôsym. C-H. m),
1262 (v c -Q ). 1226 (\/C -N ). 1132 (ôring. m), 1052 (ôring. w),
1032 (ôring, w), 831 (jtring. w).

3-Hydroxy-2-meliiyM -propyl-pyrldln-4-one, 58

3-Hydroxy-2-methyl-pyran-4-one 7 (5.00 g, 39.6 mmol) was stirred into methanol (50 mL) at
room temperature and then treated with n-propylamine (11.70 g, 198 mmol).

The reaction

was refluxed for 8 hours and concentrated under diminished pressure to afford a dark brown
semi-solid.

Following trituation with acetone and overnight refrigeration, the crystalline

deposit was filtered off and the filtrate rotary evaporated to a

solid.

Both crops were

combined, washed with methanol and recrystallised from the same solvent in the presence of
activated charcoal to furnish 58 as small colourless needle crystals (0.75 g, 54%).

4 .OH

6 N 2 CHq

58

Melting point: 157-15 9 °C (lit 11 ^ mp. 206-207°C as the hydrochloride salt).
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0.84 (t, 3H, 3Jh,H = 7.4 Hz, -N(CH 2) 2 CH 3),

1H NMR (400 MHz, DMSO-de) 6

1.63

(sxt, 2H, 3Jh,H = 7.6 Hz, -NCH 2CH 2 CH 3),

2.27 (s, 3H, ring CH 3),
3.86 (t, 2H, 3Jh,H = 7.4 Hz, -NCH 2 CH 2CH 3),
6.10 (d, 1H, 3J5,6 = 7.2 Hz, H-5),
7.51 (d, 1H, H-6), OH group exchanged.

13c NMR (100 MHz, DMSO-de) ô

(-N(CH 2)2Ç H 3), 11.33 (2-CH 3),

10.56

23.55 (-NCH 2ÇH 2CH 3),
54.20 (-NÇH 2CH 2 CH 3 , 110.54 (C-5),
128.70 (C- 6), 137.65 (C-2), 145.53 (C-3),
168.84

(C-4).

Elemental analysis: C 9H 13O 2 N requires C, 64.65%; H, 7.84%; N, 8.38%.
Found C, 64.88%; H, 7.83%; N, 8.12%.

Mass spectrum (FAB): MH+ (168, 100%).

Infrared (KBr, cm‘ 1):

3151 ( i/ q -H. ring, b, s), 3113 (vQ-H, ring, b, m),
2874 (i^C-H, ring CH 3 , w), 1624 { v c = 0 , s), 1569 (^ 0 = 0 , s),
1531 (\^C=C. s), 1476 ( 1/ 0 = 0 , s), 1440 (ôasy, C-H, sh),
1404 (i/0 = C , w), 1349 (ôsym, C-H, w), 1293 (i/O-O), 1222 (v^O-N),
1151

( ô r in g ,

rn), 1052

(ô r in g ,

w), 1032

(ô r in g ,

w), 844

(JCring,

w).

5-Hydroxy-2-hydroxymethyl-1-methyl-pyridin-4-one, 59

5-Hydroxy-2-hydroxymethyl-pyran-4-one 8 (2.00 g, 14 mmol) was dissolved in distilled water
(20 mL)

and then treated with aqueous methylamine (40%, 10.87 g, 140 mmol).

The

mixture was refluxed for ten hours and subsequently concentrated under diminished pressure
to afford a dark brown semi-solid.

Recrystallisation from 96% ethanol in the presence of

activated charcoal furnished 59 as colourless needle crystals (0.65 g, 30%).
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59

Melting point: 214 -2 16 °C

3.59 (s, SH, CHs), 4.37 (s, 2H, CH 2 OH),

1 H NMR (400 MHz, DMSO-ûfe) Ô

6.24 (s, 1H. H-3), 7.41 (s, 1H, H-6),
OH groups exchanged.

13c NMR (100 MHz, DM SO- 0^) ô

(CH 3 ), 59.44 (ÇH 2 OH), 111.95 (C-3),

34.81

124.57 (C- 6), 146.76 (C-5), 147.76 (C- 2),
170.57 (C-4).

Elemental analysis: C 7 H9 O 3 N requires C, 54.19%; H, 5.85%; N, 9.03%.
Found C, 54.10%; H, 5.71%; N, 8.75%.

Mass spectrum (FAB): MH+ (156, 100%).

Infrared (KBr,

c m ‘ 1 ):

3061 (y o -H ring and yQ-H of hydroxymethyl, b, s),
2965 (y c -H , ring, b, m), 2874 (\^C-H. ring CH 3 , w),
1630 (yc=0. s), 1556 (vc=Q. s), 1519 (yc=C, s), 1489 (vc=C. s),
1449-1423
1310
989

(ô a s y ,

(ô s y m ,

C-H,

(ô r in g , w ),

C-H.
w ),

871

m ),

1408 (v c = C ,

w ),

1357

(ô s y m ,

1267 (v c -O ), 1227 (v q -N ), 1080

C-H,

w ),

(ô r in g , m ),

(jir in g , w ).

1-Ethyl-€-hydroxy-2-hydroxymethyl-pyridin-4-one, 60

5-Hydroxy-2-hydroxymethyl-pyran-4-one 8 (4.00 g, 28 mmol) was dissolved in distilled water
(40 mL) and then treated with aqueous ethylamine (70%, 18.03 g, 280 mmol).

The mixture

was refluxed for ten hours and subsequently rotary evaporated to dryness affording a dark
brown paste.

Trituation with acetone-diethyl ether followed by refrigeration for 24 hours

resulted in the precipitation of a crystalline mass. This crude product was filtered off, washed
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with diethyl ether and recrystailised from methanol to furnish

60 as

colourless needle

crystals (1.18 g, 25%).

OH
HO

60

Melting point: 172-17400.

1.26 (t, 3H, 3Jh,H = 7.0 Hz, -O H 2 OH3 ),

1H NMR (400 MHz, DMSO-Ofe) Ô

3.91 (q, 2H, 3Jh,H = 7.2 Hz,-OH 2 0 H3 ),
4.38 (s, 2H, OH 2 OH), 6.21 (s, 1H, H-3),
(s, 1H, H-6), OH groups exchanged.

7.43

16.12 (OH 2ÇH 3 ). 46.62 (ÇH 2 OH3 ), 59.44 (OH 2 OH),

130 NMR (100 MHz, DMSO-c^) ô

112.42

(0-3), 122.78 (0-6), 146.89 (0-5),

147.21 (0-2), 170.59 (0-4).

Elemental analysis: O 8 H 11O 3 N requires 0 , 56.79%; H, 6.55%; N, 8.28%.
Found 0, 56.76%; H, 6.53%; N, 8.12%.

Mass spectrum (FAB): M H+ (170, 100%).

Infrared (KBr, cm''* ):

3273 (vQ -H of hydroxymethyl, b, s),
3055 (\^O H ring, s), 2945 (vQ -H. ring, b, m),
2852 (V C -H . ring , O H 3 , w), 1648 (v^0 = 0 . s). 1611 (y c = 0 ,s),
1583 (v c = c , s), 1460 (v'C=0. s),1434 (ôasy. O-H. m),
1 4 0 4 (V G = G , w ), 1 3 6 8 (ô s y m .
1 3 0 4 (V G -0 ). 1271

861 (jtring.w).
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5-Hydroxy-2-hydroxymethyl-1 -propyl-pyridin-4-one, 61

5-Hydroxy-2-hydroxynnethyl-pyran-4-one 8 (4.00 g, 28 mmol) was dissolved in aqueous
ethanol (40%, 40 mL) and the solution treated with n-propylamine (11.59 g, 196 mmol).

The

resulting mixture was refluxed for 18 hours and then concentrated under diminished pressure
affording a black paste. Following trituation with ethanol-diethyl ether and refrigeration for 48
hours, the black crystalline deposit was filtered off and washed firstly with aqueous ethanol
and finally with acetone to furnish the crude product as a beige coloured solid.
Recrystallisation from methanol in the presence of activated charcoal afforded analytically
pure 61 as pale yellow crystals (0.92 g, 18%).

OH
HO

CH 3

61

Melting point: 183-186°C.

0.85 (t, 3H, 3Jh,H = 7.4 Hz, -N CH 2 CH 2 CH3 ),

1H NMR (400 MHz. DMSO-cfe) Ô

1.67

(sxt, 2H, 3Jh,H = 7.6 Hz, -N C H 2 CH 2 CH 3 ),

3.82 (t, 2H, 3Jh,H = 7.6 Hz, -NCH 2 CH 2 CH 3 ),
4.37

(s, 2H, CH 2 OH), 6.22 (s, 1H, H-3),

7.43

(s, 1H, H-6), OH groups exchanged.

10.71 (N(CH 2 )2QH 3 ), 23.79 (NC H 2ÇH 2 CH 3 ),

13c NMR (100 MHz, DMSO-o^) Ô

52.80 (NÇH 2 CH 2 CH 3 ). 59.44 (CH 2 OH),
112.34 (C-3), 123.25 (C-6), 146.93 (C-5),
147.15 (C-2), 170.58 (C-4).

Elemental analysis: C 9 H 13O 3 N requires C, 59.00%; H, 7.15%; N, 7.65%.
Found C, 58.61%; H, 7.18%; N, 7.57%.

Mass spectrum (FAB): M H+ (184, 100%).
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Infrared (KBr. cm'’* ):

3298 (i/Q -H of hydroxymethyl, b, s), 2980 (v o -H ring, s),
2955 (v c -H . ring, b, m), 2852 (v c -H . ring CH 3 , w),
1638 ( v c = 0 . s), 1563 {v c = 0 . s), 1539 (y c = C . s), 1496 (vc=G . s),
1450-1420 (ôasy, C-H. m), 1414 (v c = C . w), 1384 (ôsym. C-H. w),
1366

(ô s y m .

C-H. w), 1246 (\^C-0). 1291 (v q -N ). 1132

( ô r in g ,

m),

1085 (ôring, w), 875 (itring, w).

O- gaiactosylisomaltol, 42

This compound was prepared using a modified method to that described by Hodge and
Nelson. ^3

a-D-lactose monohydrate 41 (34.3 g, 0.1 mol) was gradually stirred via a mechanical stirrer
into absoiute ethanol (40 mL) at room temperature. Piperidine (10.6 g, 0.125 mol) was added
in a singie portion followed by glacial acetic acid (7.5 g, 0.125 mol) dropwise over several
minutes. The continually stirred reaction mixture was subsequently heated to 78°C ± 2PC for
24 hours. Triethylamine (6 mL) was introduced during the initial 12 hours followed by an
equivalent volume for the remaining time. The cooled reaction mixture was then treated with
aqueous ethanoi (96%, 40 mL) and refrigerated for 1 hour to induce crystallisation. The
product-rich mixture was filtered and the filter cake dried in vacuo
pentoxide to afford crude 42 (18.16 g, 63%).

over phosphorus

After treatment of the crude product with

aqueous ethanol (96%, 50 mL) and pulverisation of the solids, the mixture was permitted to
stand at room temperature for 2 hours. The mixture was re-filtered and washed again with
aqueous ethanol (3 x 50 mL). Recrystallisation from methanol furnished analytically pure 42
as a crystalline powder (11.53 g, 40% based on a-D-lactose).

OH

OH

HO
HO

CH 3

42

Melting point: 201-203 °C (lit^G mp. 204-205 ^C).
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2.35 (s, 3H, C H 3 ), 3.42 (H-2 of galactosyl moiety),

H NMR (400 MHz, DMSO-cfe) ô

3.56 (H-3 of galactosyl moiety), 3.61 (H-5 of
galactosyl moiety), 3.64 (H -6 of galactosyl moiety),
3.71 (H-4 of galactosyl moiety), 4.61 (H-1 of
galactosyl moiety), 6.70 (d, 1H, H-4 of isomaltol
moiety), 7.79 (d, 1H, H-5 of isomaltol moiety).

27.42 (CH 3 ), 60.48 (C -6 of galactosyl ring),

13c NMR (100 MHz, DMSO-O^) Ô

68.19 (C-5 of galactosyl ring), 70.28 (C-4 of
galactosyl ring), 73.30 (C-3 of galactosyl ring),
76.00 (C-2 of galactosyl ring), 102.95 (C-4 of
furanone ring), 105.17 (C-1 of galactosyl ring),
137.30 (C-3 of furanone ring), 147.17 (C-5 of
furanone ring), 152.93 (C-2 of furanone ring),
183.88 (C=0).

Elemental analysis: C -igH ieO g

requires C. 50.00%; H, 5.60%.
Found C, 50.13%; H, 5.74%.

Mass spectrum (FAB): M H+ (289, 100%).

Infrared (KBr, cm"1):

1591, 1547, 1513 (v^c=0. ^C =0)-

1-<3-Hydroxy-2-furanyl)ethanone (Isomaltol), 43

A suspension of 42 (2.88 g, 10 mmol) in distilled water (100 mL) was treated with defatted
almond meal (400 mg, Aldrich) and left to stand at room temperature for 4 days with
occasional agitation. The reaction mixture was subsequently filtered and the filtrate extracted
with dry diethyl ether (3 x 250 mL). Evaporation of the combined ethereal extracts under
reduced pressure furnished crude 43 as a white powder (0.80 g, 63%). Vacuum sublimation
afforded pure 43 as small crystals (0.76 g, 60%).

q

.OH

4

CH 3

43
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Melting point: 96-98° C (lit^® mp. 98-105 °C , dependant on crystalline form).

1H NMR (400 MHz, DMSO-cfe) Ô

2.27 (s, 3H, C H 3 ), 6.32 (d, 1H, 3j 4,5 = 2.0 Hz, H-4),
7.67

13c NMR (100 MHz, DMSG-Ofe) Ô

(d, 1H, H-5), OH group exchanged.

26.59 (CH 3 ), 105.99 (C-4), 136.14 (C-3 ),
147.08 (C-5), 153.53 (C -2 ), 183.88 (C=0).

Elemental analysis: C eH eO a requires C, 57.14%; H, 4.80%.
Found C, 56.83%; H, 4.52%.

Mass spectrum (FAB): M H+ (127, 100%).

Infrared (KBr, cm‘1 ):

3120 ( v^q -H). 2906 (m ,vc-H . furanone ring), 1644 (y c = 0 ),

1577 (yc=C)

1,2-Dimethyi-3-hydroxy-pyrldin-4-one ,13 From O-gaiactosylisomaltol, 42

O-

gaiactosylisomaltol 42 (2.88 g, 10 mmol) was dissolved in hot water (15 mL) and treated

with aqueous methylamine (40%, 3.88 g, 50 mmol). The resultant solution was heated to
reflux for 20 hours and upon cooling concentrated under diminished pressure affording a
beige crystalline solid. The crude product was subsequently recrystallised from water in the
presence of activated charcoal furnishing 13 as fluffy, needle crystals (0.68 g, 49%).

6 N 2 CH3
CH3

13

Melting point: 269-271 ° C (lit 118 mp. 272-274°C).
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1H NMR (400 MHz, D 2 O) ô

13c NMR (100 MHz, D 2O) ô

2.47 (s, 3H, I-C H 3 ), 3.81 (s, 3H. 2-C H 3 ),
6.54

(d, 1H, ^Js ,6 = 6.8 Hz, H-5),

7.63

(d, 1H, H-6), OH group exchanged.

14.61 (2-CH 3 ), 44.97 (I-C H 3 ), 114.94 (C-5),
138.33 (C-6), 141.77 (C-2), 147.21 (C-3),
171.40 (C-4).

Elemental analysis: C 7 H9 O 2 N requires C, 60.42%; H, 6.52%; N, 10.07%.
Found C, 60.11%; H, 6.41%; N, 10.10%.

Mass spectrum (FAB): MH+ (140, 100%).

Infrared (KBr, cm"1 ):

3175 ( v q - h . ring, b, s), 3087 (v'C-H, ring, m),

2911 (V'C-H, ring C H 3 , m), 1643 (v'c=Q. s), 1584 (v'c=Q. s),
1520 (v'c=C, s), 1458 (v'c=C- s), 1468-1449 (ôasy. C-H. sh),
1407 (v c = C . w), 1385 (ôsym. C-H. m), 1339 (ôgym. C-H. m),
1290(v'C-O). 1240 (V'C-H). 1126 (ôring, m), 1061

(ôring. w),

1036 (ôring. w), 822 (jiring, w).

1,2-Dimethyl-3-hydroxy-pyridin-4-one, 13 From 1-(3-Hydroxy-2-furanyl)ethanone
(Isomaltol), 43

1-(3-Hydroxy-2-furanyl)ethanone (43, 2.88 g, 10 mmol) was dissolved in distilled water (20
mL) and

the solution treated with aqueous methylamine (40%, 3.88 g, 50 mmol).

The

solution was refluxed for 20 hours after which concentration under diminished pressure
afforded a dark brown solid.

Recrystallisation from water

in the presence of activated

charcoal and prolonged drying in vacuo furnished 13 as needle crystals (0.89 g, 64%).

6 N 2 CH 3
CH 3

13
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Melting point: 269-271OQ ( l i t I Q mp. 272-274°C).

■>H NMR (400 MHz, D2O) Ô

2.47 (s, 3H, I-C H 3). 3.81 (s, 3H, 2-CH 3),

13c NMR (100 MHz, D 2O) 5

6.54

(d, 1H, 3J5,6 = 6.8 Hz, H-5),

7.63

(d, 1H, H-6), OH group exchanged.

14.77 (2-CH 3), 45.09 (I-C H 3), 115.05 (C-5),
138.49 (C- 6), 141.92 (C-2), 147.39 (C-3),
171.46 (C-4).

Elemental analysis: C 7 H 9O 2 N requires C, 60.42%; H, 6.52%; N, 10.07%.
Found C, 60.24%; H, 6 .66%; N, 10.12%.

Mass spectrum (FAB): MH+ (140,100% ).

Infrared (KBr, cm‘ 1):

3220 (\^0-H. ring, b, s), 3181 (i/C -H , ring, m),
2968 (i/Q -H, ring CH 3 , m), 1657
1546 ( 1/ 0 = 0 , s), 1524

(v /o = C .

(i/c=0, s), 1609 (yc=0, s),

s), 1468-1450 (6asy, C-H. sh),

1401 (y o = C , w), 1386 (ôsym. C-H. m), 1335 (ôsym. C-H. m),
1284

(v /O -O ).

1235

(v^ O -N ).

1129 (Ôring. m), 1054 (Ôring. w),

1029 (ôring, w), 821 (rcring. w).

3-Hydroxy-2-methyI-1-propyl-pyridin-4-one, 58 From 1-(3-Hydroxy-2-furanyl)ethanone
(Isomaltol), 43

1-(3-hydroxy-2-furanyl)ethanone 43 (2.00 g, 15.86 mmol) was stirred into methanol (20 mL)
at room temperature and then treated with n-propylamine (4.69 g, 79.3 mmol).

The mixture

was refluxed for 8 hours and concentrated under diminished pressure to afford crude 58 as a
dark brown paste. Foilowing trituation with ethanol-diethyl ether and overnight refrigeration,
the resultant crystalline deposit was filtered off and recrystallised from methanoi in the
presence of activated charcoal to furnish 58 as needle crystals (1.59 g, 60%).
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4 .OH

6 N 2 CHq

58

Melting point: 156-15 8 °C (lit

® mp. 206-207° C as the hydrochloride salt).

0.86 t, 3H, 3Jh,H = 7.4 Hz, -N(CH 2 )2 CH 3 ),

H NMR (400 MHz, DMSO-ofe) Ô

1.64 sxt, 2H, 3 J h ,H = 7.6 Hz, -N C H 2CH 2 CH 3 ),
2.27 s, 3H, ring CH 3 ),
3.89 t, 2H, 3 jh ,h = 7.4 Hz, -N CH 2 CH 2 CH 3 ),

6.10 d, 1H, 3 js g = 7 .2H z, H-5),
7.56 d, 1H, H-6), OH group exchanged.

H NMR (400 MHz, C D 3 OD-C/4 ) Ô

0.96 t, 3H, 3 jh ,h = 7.4 Hz, -N(CH2)2CH3),
1.77 sxt, 2H, 3 j h _h = 7.6 Hz, -N C H 2CH 2 CH 3 ),
2.42 s, 3H, ring CH 3 ),
4.01 t, 2H, 3Jh,H = 7.4 Hz, -NCH 2 CH 2CH 3 ),
6.39 d, 1H, 3 j 5 6 = 7 . 2

H

z

,

H-5),

7.61 d, 1H, 3j e ,5 = 7.6 Hz, H-6),
OH group exchanged.

10.53 (-N(CH 2 )2 CH 3 ). 11.31 (2-CH 3 ),

13c NMR (100 MHz, DMSO-c^) Ô

23.53 (-NCH 2ÇH 2 CH 3 ),
54.14 (-NÇH 2 CH 2 CH 3 ), 110.40 (C-5),
128.45 (C-6), 137.65 (C- 2), 145.46 (C-3),
168.81

(C-4).

Elemental analysis: C 9 H 13O 2 N requires C, 64.65%; H, 7.84%; N, 8.38%.
Found C, 64.58%; H, 7.64%; N, 8.26%.

Mass spectrum (FAB): MH+ (168, 100%).
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Infrared (KBr, cm''*):

3154(v^o-H. ring, b, s), 2969-2932 (\/c-H. •'ing, b, m),
2874 (v^C-H, ring CH 3 , w), 1624 ( y c = 0 , s), 1570 ( y c = 0 , s),
1533 (y c = C , s), 1472 {v c = C , s), 1457 (Sasy, C-H. sh),
1404 (y c = C , w), 1351 (ôsym, C-H, w), 1294 (i^C-O), 1225 (r c -N ),
1151 (Sring, rn), 1052 (Ôring, w), 1033 (Sring, w), 891 (Tiring, w).
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3.0; INTRODUCTION

The Mannich reaction 1 is the prototype carbon-carbon bond forming reaction that involves the
addition of resonance stabilised carbon nucleophiles to iminium salts or imines. In its original and
most recognised form, the reaction consists of a three component system namely:

a)

ammonia, a primary amine or a secondary amine,

b)

an aldehyde, commonly formaldehyde and,

c)

an active methylene compound.

These components condense with the concomitant release of water to furnish a new base known
as a Mannich base in which an active hydrogen is replaced by an aminomethyl moiety (Equation
1).

r2

R^R^NH + R^CHO 4-

R

Y

R"^ + H 2 O

(1)

R3

A typical example is illustrated with the reaction of acetone, formaldehyde and diethylamine
(Equation 2).

(CH3)2C0 + C H 2 O -h(CHqCH2)9NH

H-

.JU

N(CH2CH3)2

+ H2 O

(2)

The formation of both a carbon-carbon and carbon-nitrogen bond in this aminomethylation
process makes the Mannich reaction an extremely versatile synthetic transformation. Among the
more common reactions of Mannich bases^ are those that involve bond cleavage. For example.
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deaminomethylation; involving cleavage of the R-CH 2 bond,
deamination : involving cleavage of the CH 2 -N bond.
substitution of the amino moiety; involving deamination and the formation of a new bond,
e.g. C H 2 -S.

reduction : affecting only the group derived from the original substrate,
reactions with organometaiiic compounds.
•

cyciisation.

In addition, Mannich bases also occur in natural products predominately in the alkaloids such as
cocaine 63 and tropinone^ 64.

NCH 3

63

n

64

3.0.1: Mechanisms

There is a general agreement that the Mannich reaction proceeds via a mechanism which
involves the reaction of the active methylene component and the condensation product formed
between the aldehyde and the amine.^"^ However, there is considerable ambiguity concerning
the relative reactivities of the species involved.

For the conditions under which the Mannich

reaction is most commonly performed, i.e. protic solvents and acid catalysis (usually by
employing the amine component as its hydrochloride salt), there is good evidence for a highly
reactive, positively charged iminium ion® 67 reacting with the methylene component in its enol
form to produce the Mannich base in an Sn1 type reaction (Scheme 3.1).

The main objections to this mechanism at higher pH are the transient nature of 67 and the low
concentration in which it exists in basic media. However, this objection may be overcome if the
rate constant for the reaction of this species is sufficiently high as is demonstrated when the
reaction is performed at elevated temperatures. Protic solvents, by virtue of their high dielectric
constants favour the formation of the iminium ion.
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r2

r2

r2

I

r ' r^ H + C H 2 0

R'"

n

oh

^

^

R' "

I

^

65

' R'

66

Hemi-aminal

Bis-aminal

\
O

N

/

OH

67

R"^

r2

Scheme 3.1

Evidence in the literature^'^ supports the case for both the hemi-aminal 65 and the bis-aminal
66 reactive intermediates particularly when the reaction is conducted in basic media.
Aminomethylation in base-catalysed reactions is believed to proceed via an S n2 mechanism in
which the enolate 68 displaces either N R 1R2 ", OH" or OR" from one of the intermediates
depicted above (Scheme 3.2).

R1R2NCH2X

(X = NRi R2.0H,0R)

68

Scheme 3.2
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3.0.2: Scope And Limitations Of The Mannich Reaction

The variety of mechanisms postulated for the Mannich reaction are the result of incomplete
characterisation of the formaldehyde / amine equilibria and kinetics. The lifetime of iminium ions
in aqueous solution has only very recently been established. ^

For active methylene components, a number of compounds may be employed. Those that are
frequently used range in acidity from p-keto esters, malonates and nitroalkanes (pK^ = 9-13) to
ketones (pKa = 1G-20).^0

Secondary amines react most predictably and in the highest yield to furnish tertiary Mannich
bases although steric factors preclude the use of bulkier secondary amines.

Primary amines

however react less predictably due to the tendency of the initially formed secondary Mannich
base to further react affording a tertiary Mannich base (Scheme 3.3).

O

R'

Scheme 3.3

The use of ammonia for the synthesis of primary Mannich bases is more complicated because of
the greater likelihood of obtaining products derived from multiple substitution.

They may

nevertheless be synthesised indirectly by condensing a bulky primary amine possessing a
cleavable alkyl moiety. For example, benzhydrylamine 70 condenses cleanly with acetophenone
69 to give a secondary Mannich base 71 which upon acid-mediated deprotection affords the
primary Mannich base 72 (Scheme 3.4). ^

139

Chapter 3

OCH3

OCH3

a)
'

HGI.H2 N

69

71

70

b)

NH2 .HCI

7 2

Reagents and conditions;

a) CH 2 O, reflux, 90%, b) Cone. HCI, reflux, 74%.

Scheme 3.4.
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3.0.3: Objectives

The primary aims of the work undertaken in this chapter concern the synthesis and
characterisation of Mannich bases derived from hydroxypyranone and hydroxypyridinone
bidentate metal(lll) ion chelators. In this course of these investigations, selective regiospecific
aminomethylation was used to potentially enhance a number of fundamental physical properties
that are recognised to affect the efficacy of oral chelation therapy agents.

In principle,

functionalisation of Mannich base derivatives may result in improved performance with respect to
specificity of metal(lll) ion chelation, water solubility, lipophilicity and reduced toxicity.

A variety of Mannich bases were synthesised for the purpose of investigating the aqueous
solution behaviour of the free and metal(lll) ion-ligated complexes compared to the parent
ligands, most notably with reference to the stability (log Kp) and ionisation (pKa) constants
(Chapter 6).

Finally, a proposed reaction pathway sequence for an enamine-directed cyclisation synthesis of a
tricyclic heterocycle has been confirmed by re-examination of the literature and assignment of the
and

NMR spectra.
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3.1 : RESULTS AND DISCUSSION

3.1.1 : Mannich Base Derivatives Of Hydroxypyran-4-ones.

Preliminary investigations were undertaken in a study of the Mannich reaction utilising the
naturally occurring hydroxypyran-4-one, 5-hydroxy-2-hydroxym ethyl-pyran-4-one'*2-138 with
formaldehyde and a variety of secondary cyclic and acyclic amines.

The first reported work in this area developed from an attempt to modify the recognised
physiological properties of 8 and enhance the weak bacteriostatic activity and potential
chemotherapeutic c h a ra c te ris tic s ^ ^ exhibited in biological assays.

Incorporation of amino

groups into the molecule was attempted on this basis. Woods"*^ reported the synthesis of four diMannich base derivatives from the reaction of 8 with formaldehyde and aromatic amines in acidic
media. Furthermore, it was postulated that aminomethylation occurred at both the C-3 and C-6
positions of 8 although the equimolar ratios of components employed seemed to favour a monoMannich base.

A major complication of the method utilised by Woods^^and later by Meadow and Reid"*4 was
the formation of resinous products of indefinite composition when the Mannich reaction was
attempted with strongly basic amines such as morpholine and piperidine at elevated
temperatures. It had earlier transpired that the pyran-4-one ring was particularly susceptible to
cleavage under mildly alkaline conditions'*® and thus a more facile synthetic transformation was
sought.

The current protocol for the synthesis of Mannich bases of 8 and the method employed in this
work was based on that reported by O'Brien ef a/

with some minor modifications. All the

reactions were conducted in basic ethanolic solution utilising two mole equivalents of
formaldehyde and two mole equivalents of either dimethylamine, morpholine or piperidine to
furnish 6-dimethylaminomethyl-5-hydroxy-2-hydroxymethyl-pyran-4-one 73, 5-hydroxy-2-hydroxy-
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methyl-6-morpholinomethyl-pyran-4-one 74 and 5-hydroxy-2-hydroxymethyl-6-piperidinomethylpyran-4-one 75 respectively.

The Mannich reaction was initiated by the addition of the pre-formed condensation product(s)
formed from mixing the aldehyde and amine components. This particular reaction was found to
be highly exothermic and necessitated external cooling. Mechanistically, the reaction involved in
the synthesis of the Mannich bases probably proceeds via the formation of one or more reactive
condensation species according to Scheme 3.5a in which the secondary amine is represented by
morpholine.

O

N -H

O

N -C H 2OH

N -C H 2 -0 ’
H

Hemi-aminal 76

^ HO
N—CH 2
.+

H

OH
r

?

HO

Scheme 3.5a;

Proposed mechanism for the Mannich reaction of 8 with formaldehyde and
morpholine via the hemi-aminal 76 reactive condensation species.
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^ N -c H fra

O

rv /— \

N—CHg— N

\_ _ y

O

\_ _ y

Bis-aminal 7 7

HN

JX X j

O ^

HO

Scheme 3.5b:

O

Hi
---- ^

Proposed mechanism for the Mannich reaction of 8 with formaldehyde
and morpholine via the bis-aminal 77 reactive condensation species.

Kinetic analysis of this reaction^O has been argued to demonstrate that the rate-limiting step
involves the reaction of 8 with both the hemi-aminal 76 and bis-aminal species 77. In essence,
the findings outlined above suggest Mannich base formation involving a perfectly concerted sixmem bered cyclic transition state between the electrophilic hemi-aminal and the active methylene
component 8. Additionally, the pre-formed hemi-aminal may condense further with another mole
equivalent of amine to furnish a bis-aminal product that proceeds to react as indicated in Scheme
3.5b. Although no attempt has been made to verify the nature of the reaction mechanism, the
proposed scheme is consistent with the most currently available data.
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The pronounced reactivity of 8 is attributable to the presence of the free, enolic 5-hydroxy moiety
resulting in exclusive (0-6) aminomethylation ortho to this group. Failure of 5-hydroxy protected
derivatives of 8 to undergo the Mannich reaction substantiate this premise.

As an adjunct to these investigations, a means of functionalising the 2-hydroxymethyl moiety was
sought in order to further diversify the range of potentially biologically active molecules.
Chlorokojic acid (2-chloromethyl-5-hydroxy-pyran-4-one,

55)

was

p re p a re d

2"*'22 from

8

by

reaction with thionyl chloride and subsequent hydrogenolysis with zinc-hydrochloric acid ^2 to
furnish 5-hydroxy-2-methyl-pyran-4-one

56.

Aminomethylation was performed in a similar

manner to above furnishing Mannich bases in moderate yields.

O

CH 3'

55

-o

56

When cyclic di-amines are employed in the Mannich reaction, two molecules of 8 may be coupled
via aminomethylation to form tetradentate chelators in a single facile step.

The amines

piperazine, frans-2,5-dimethylpiperazine and homopiperazine afforded di-Mannich bases
and

80

78, 79

whose structures were characterised by elemental microanalysis, NMR and infrared

spectroscopy.

78
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OH 9^^

HO

HO

OH
CH 3

79

80

All the mono- and di-Mannich derivatives of 8 were isolated as crystalline solids in the form of the
free bases with the exception of the diaminomethyl product which was afforded as the
monohydrochloride salt.

The basic structures of the piperidine- and morpholino-Mannich bases derived from 8 were
confirmed by ^H and

0 NMR spectroscopy.

The methylene (CH 2 N) linker group protons

appear as sharp singlet resonances at 0 3.39-3.64; an observation noted for the H-3 proton (ô
6.28-6.37). Characteristic chemical s h i f t s f o r the 2-hydroxymethyl (-CH 9 OH) ranging from

0 4.25-4.30

were assignable except for the methyl substituents of 5-hydroxy-2-methyl-6-

piperidinomethyl-pyran-4-one

81

and 5-hydroxy-2-methyl-6-morpholinomethyl-pyran-4-one

which appear conspicuously as singlets at ô 2.24.

82

In the "*^C NMR spectra, the resonance

signals due to C-2, C-3 and C-5 are consistent with similarly characterised hydroxypyran-4-one
compounds.25

The signal registered at ô -1 7 3 for the C-4 carbonyl functionality is highly

shielded in almost all of these cases and resembles a chemical shift unlike other ketones.25
Indeed, the chemical shift is more like that of an ester than a carbonyl group. The shielded nature
of this carbonyl is the result of the rather low positive charge density on C-4 due to extensive
delocalisation.27 a moderate shift downfield in the C -6 resonance signal upon substitution of - 5
ppm is noted.
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CH3'

ijCO

O

81

82

Infrared spectroscopic analysis of the Mannich bases display a four-band spectral pattern (16671448 cm’"* ), characteristic of pyranones and

p y r ld ln o n e s .^ 8 -3 2

These four bands are assigned

V c= 0 and V c=G although resolving these two highly mixed modes Is extremely complex.
Assignments In the 1400-600 cm""* region of v c -O and 0 -H deformations proved Impossible,
owing to the plethora of ring modes, C-H deformation and cyclic ether modes.

No significant

bathochromic shifts In wavelengths were visible in the Mannich base derivatives of 8 as expected,
whereas metal-lon co-ordination Is recognised to result In a shift to longer wavelengths^^ of
between 75 and 100 cm’"*. Elemental analyses reported within 0.4% of the calculated values
(unless otherwise stated) were considered acceptable for characterisation purposes.

3.1.2: Oligodentate Mannich Bases Derived From Hydroxypyran-4-ones.

Three tetradentate chelators based on 8 were synthesised In excellent yield from the cyclic di
amines piperazine, frans-2,5-dlmethylpiperazlne and homopiperazine. Although purification of
these compounds was beset with difficulties pertaining to solubility, satisfactory characterisation
was achieved.

Oligodentate chelators were synthesised with the aim of enhancing the affinity or selectivity for a
variety of metal Ions for use In medicinal applications. In recent years, the bidentate 3-hydroxy-2methyl-pyran-4-one 7 has been shown to enhance the insulin mimetic properties of orally
administered oxovanadium(IV) in rats. 34-35 Subsequent work by Taylor ei al

(not reported

here) demonstrated that the tetradentate chelators formed from 8 displayed higher stability (log
Kn) constants than either 7 or the morphollno-Mannlch base 76.

Molecular models of 78 and 80 Intimate that the Intermolecular distance between the two
chelating kojic acid ligands of 78 and 80 might be strained for an octahedral or square-planar
metal Ion centre but would readily accommodate the distorted square-planar geometry of
oxovanadium(IV). A comparison of these ligands with the powerful pyridlnone-based iron(lll)
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hexadentate chelator N, N', N"-trls(3-hydroxy-6-methyl-2-pyrldylmethyl)-1,4,7-trlazacyclononane
83 described by Martel! etal

surmises that two modes of metal ion chelation may be available.

= /

M'

> =

83

In one mode (Scheme 3.6), the oxovanadium(IV) ion is co-ordinated between the ailylic 5hydroxyl moieties and the nitrogen atoms of the cyclic amine.

HO

7 8 (n=2) or 80 (n=3)

OH

,2+

VO'

Scheme 3.6.

The alternative and more favoured mode is depicted in Scheme 3.7 and envisages metal ion co
ordination involving the two oxygen atoms of the chelating ligands in a manner widely reported for
bidentates of similar structure.^® The assignment of structures is the subject of current research.
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7 8 (n=2) or 8 0 (n=3)

VO

2+

N ^ (C H 2 )n ^ ^

Scheme 3.7.

3.1.3: Mannich Base Derivatives Of Hydroxypyridin-4-ones.

The Mannich reaction was employed in the aminomethylation of the hydroxypyridin-4-one ligand,
5-hydroxy-2-hydroxymethyl-1-methyl-pyridin-4-one, 59. This ligand was synthesised by refluxing
an aqueous solution of 8 in the presence of a 10-fold excess of methyl ami ne.

OH
HO

59

The resulting Mannich bases 5-hydroxy-2-hydroxymethyl-1-methyl-6-piperidinomethyl-pyridin-4one 84 and 5-hydroxy-2-hydroxymethyl-1-methyl-6-morpholinomethyl-pyridin-4-one 85 were
obtained by reaction of 59 with formaldehyde and the appropriate amine in an analogous manner
to that already described for the hydroxypyran-4-one ligand.

149

Chapter 3

O

jX
I
CHg

84

O

85

One outstanding feature characteristic of the parent ligand 59 was the slow rate of reaction which
consequently necessitated prolonged heating in order to obtain moderate yields of the
corresponding Mannich bases. The decrease in reactivity may be attributed to the relative acidity
of the 5-hydroxyl moiety. As noted earlier, the enolic hydroxy group acts, in effect, as the general
acid catalyst promoting the concomitant release of water from the hemi-aminal.

It has been

generally observed that the lower the ionisation (pK ai) constant of the hydroxy group, the better
will be its catalytic ability.

Hydroxypyridin-4-ones, as a rule, are stronger bases than the

corresponding hydroxypyran-4-ones^^'^^

and this is reflected in a comparison of the pK^i

values i.e. p/^ai (8 = 7.61)^^ and p/Cal (61 = 8 . 5 8 ) . Hence, invokation of this premise
suggests that the hydroxypyridin-4-one ligand is less reactive with regard to aminomethylation
than the analogous hydroxypyran-4-one.

The Mannich bases 84 and 85 were isolated from aqueous ethanol initially as hygroscopic
crystalline solids which necessitated extensive periods of drying in vacuo to achieve analytically
pure materials. In addition, these derivatives were noted to have higher melting points than the
parent hydroxypyridin-4-one ligand; an observation also recorded for 8 and the Mannich bases.

An analysis of the 1H NMR

spectra implies that aminomethylation has occurred at the C -6

position (ortho to the 5-hydroxyl moiety) as demonstrated by the disappearance of the proton
resonance normally observed at ô = 7.14 in the parent molecule. The carbon-13 spectra shows
significant chemical shift deviations for the carbon atoms adjacent to the substituted nitrogen.
Both carbons, denoted C -2 and C- 6 , undergo an upfield shift of approximately 13 ppm compared
to the hydroxypyran-4-one. This observation can be partly explained in terms of the decreased
electronegativity of the nitrogen with respect to the oxygen.
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In the infrared spectrum, the i/c = 0 absorption band shows a small bathochromic shift upon
conversion of hydroxypyran-4-ones to hydroxypyridin-4-ones.

3.1.4 Mannich Base Derivatives Of Hydroxypyridin-2-ones.

Interest in the avid iron(lll) chelation properties of the 2,3-dihydroxypyridine ligand 86 stimulated
research into the synthesis and physical characterisation of Mannich base and oligodentate
chelators derived from this versatile compound.

Directed aminomethylation of ligand 86 is

influenced to a large extent by the degree of tautomeric equilibrium between

86 and its 3-

hydroxy-2(1H)-pyridinone tautomer 87, with the pyridinone tautomer favoured in polar solvents.

O

2,3-dihydroxypyridine

3-hydroxy-2(1 H)-pyridinone

86

The Mannich reaction of

87

p h e n o ls ^ ^ -4 5

occurs most readily in the position ortho to the hydroxyl

moiety and, to a lesser extent in the para position. A visual inspection of the structure of 86
suggests that the position of the phenolic 3-hydroxy group should direct aminomethylation to the
C -4

(ortho) and less readily to the

aminomethylation preceded;

C -4

C -6

(para) sites. Two previous reports postulating that

C -6

substitution were therefore surprising.

Nakamura and Kamiya^® adduced that the Mannich reaction of 2-(1H)-pyridinone 88 with
paraformaldehyde and either piperidine or morpholine gave the corresponding N-substituted
Mannich bases 1-piperidinomethyl-2(1H)-pyridinone 89 and 1-morpholinomethyl-2(1H)-pyridinone
90. In contrast, an analogous reaction with 87 afforded a mono-Mannich base in an excellent
yield subsequently identified as the 6-piperidinomethyl derivative. They also isolated a small (5%)
amount of a di-Mannich base which was readily characterised as the 4,6-bis(piperidinomethyl)
compound 91.
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O
H.

paraformaldehyde ^
and either

N

Ole
8 9

a) piperidine
b) morpholine

“O

88

N ^ N
9 0

HO
O
OH

Hx

paraformaldehyde
and piperidine
/

8 7

O
HO

91

Reagents and conditions: i)
ii)

equimolar concentrations of formaldehyde and amine.
as above except that the product was isolated from the mother
liquor.

Scheme 3.8

Similar observations were later cited by a group of Russian investigators^^ who concluded that
C -6 aminomethylation occurs and that conducting the Mannich reaction in the presence of excess
amine generated a predominance of the bis compound (Scheme 3.8).
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The chemical degradative evidence presented by Nakamura and Kamiya^® in support of C -6
aminomethylation was reinforced by the suggestion that if 6-aminomethylation had occurred then
the tricyclic compound 4a,7-dihydroxy-1,2,3,4,4a,10a-hexahydrobenzo[b]indolizin-6(10H)-one
should be afforded from the condensation reaction of a 6-substituted

92

Mannich base and the

cyclohexanone enamine, 1-pyrrolidino-1 -cyclohexene according to Scheme 3.9 and thus confirm
the site of aminomethylation.

HO
O

92

Scheme 3.9:

Enamine cyclisation sequence proposed by Nakamura and Kamiya^® for the
synthesis of 4a,7-dihydroxy-1,2,3,4,4a, 10a-hexahydrobenzo[b ] lndolizin-6(1 OH)one 9 2 from 6-piperidinomethyl-3-hydroxy-2(1H)-pyridinone and the
cyclohexanone, 1-pyrrolidino-1 -cyclohexene.

Nantka-Namirski and Rykowski^® have investigated the aminomethylation of 5-hydroxy-2(1H)pyridinone and performed a similar enamine cyclisation sequence; however, they formulated the
product as a benzopyranopyridine derivative rather than as a benzoindolizine as proposed
p r e v io u s ly .

Following the reformulation49 of the mono-Mannich bases of 3-hydroxy-2(1H)-pyridinone, doubts
have been expressed on the validity of Nakamura and Kamiya's original structural assignments of
these mono-Mannich base derivatives. The application of advanced nuclear magnetic resonance
spectroscopic techniques^® and selection of suitable model compounds for analysis
demonstrated that the mono-Mannich bases required revision to 4-substituted compounds.
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The aminomethylation of the substrate 3-methoxy-2(1H)-pyridinone 93 furthermore has been
shown to result in substitution exclusively in the mefa position relative to the 3-methoxy moiety to
furnish a 5-substituted Mannich b a s e ^ \ 5-dimethylaminomethyl-3-methoxy-2(1H)-pyridinone 94
again contrary to a previously published report. ^6 (Scheme 3.10).

OCH 3

°vS

OCH 3

^

°VS

9 H3
CH3

93

Reagents and conditions; a)

94

N.N.N'.N'-tetramethyldiaminomethane, 90% ethanol, 72 hour
reflux, 24% (from acetone-EtOH).

Scheme 3.10:

The synthesis of 5-dimethylaminomethyl-3-methoxy-2(1 H)-pyridinone 94.

3.1.5 A Re-investigation Of The Mannich Base Derivatives Of Hydroxypyridin-2-ones.

The three mono-Mannich base derivatives of 87 were synthesised according to the modified
procedure adopted by Osbourne e ta l

Compounds 4-dimethylaminomethyl-2(1H)-pyridinone

95, 4-piperidinomethyl-2(1H)-pyridinone 96 and 4-morpholinomethyl-2(1H)-pyridinone 97 were
isolated as free bases by reaction of the substrate 87 with two mole equivalents of formaldehyde
and amine at ambient temperature in yields ranging from 66% -80% and characterised
accordingly.

OH

95
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For the bis compound 4,6-bls{plperidlnomethyi)-3-hydroxy-2(1H)-pyridinone

98,

the amino

methylation reaction was effected by refiuxing an ethanolic mixture of the substrate,
paraformaldehyde and piperidine in molar ratios of 1:2:3 respectively. Proton NMR analysis of
the recrystallised product showed an unambiguous singlet resonating at ô 5.68 which partly
implies that both 0 -4 and 0 -6 substitution occurred. A more detailed characterisation involving
carbon-13 NMR spectroscopy, mass spectroscopy and elemental analysis confirmed the
structure of the bis compound.

91

Aminomethylation of

87

was further investigated using more sterically demanding and strongly

hindered aromatic amines such as N-benzylmethylamine and dibenzylamine.
reported that these amine components seldom undergo the Mannich
proved

a

particularly

suitable

substrate

and

benzylmethylaminomethyl-3-hydroxy-2(1H)-pyridinone
carbonylmethyl-3-hydroxy-2(1H)-pyridinone

100

the
98

resulting

r e a c tio n .

Mannich

bases

87

4-N -

were readily synthesised in yields of 70% and

CH 3CH 2O

OH

100
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However,

and 4-dibenzylaminomethyl-1 -ethoxy-

67% respectively.

98

It has been
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As part of a continuing project to synthesise and characterise hexadentate metal(lll) ion chelators
based on the 3-hydroxy-2(1H)-pyridinone moiety (see Chapter 5), the Mannich reaction was
perceived as a particularly useful synthetic transformation for the introduction of aminomethylated
substituents and subsequent functionalisation of the Mannich base. To this end, one of the
intermediates in the synthesis of the hexadentate iron(lll) chelator, N,N',N"- tris[2-(3-hydroxy-20 X 0 -1 , 2-dihydropyrid-1-yl)acetamldo]ethylamine (CP 130) was utilised in the Mannich reaction.

Compound 99,

1-ethoxycarbonylmethyl-3-hydroxy-2(1H)-pyridinone readily underwent the

Mannich reaction with three mole equivalents of formaldehyde and morpholine to afford the 4substituted product, 1-ethoxycarbonylmethyl-3-hydroxy-4-morpholinomethyl-2(1H)-pyridinone

101

(Scheme 3.11).

CH 3CH 2O

,0H

101

99

Reagents and conditions:

37% formaldehyde, 3 mol. equiv.; morpholine, 3 mol. equiv.;
96% ethanol, 2 hrs, r.t, 79% (from EtOH).

Scheme 3.11 :

Synthesis of

Both compounds

97

and

101

101

from 1-ethoxycarbonylmethyl-3-hydroxy-2(1 H)-pyridinone

were subjected to catalytic transfer hydrogenation ^3 utilising a

palladium-on-carbon catalyst^^ and cyclohexene as the hydrogen donor.
products 3-hydroxy-4-methyl-2(1H)-pyridinone
methyl-2(1H)-pyridinone

103

99.

102

The methylated

and 1-ethoxycarbonylmethyl-3-hydroxy-4-

were isolated as crystalline solids from aqueous ethanol in excellent

yields.

CH 3CH 2O

102

OH

103

156

Chapter 3

One characteristic feature of the reaction was the prolonged reaction time required to ensure
complete consumption of the Mannich base and necessitated the introduction of chloride ions
(CI-) in the form of hydrochloric acid. The synergistic effect of trace amounts of chloride ions has
been well documented for a number of similar

s y s te m s .5 5 -5 7

is suggested that the cleaved

amino component inhibits the catalytic activity of the metal; an observation widely recognised for
nitrogen-containing compounds acting as heterogeneous catalyst poisons.^®

The ability to regioselectively aminomethylate 87 and its methyl ether analogue has opened up
the possibility of numerous functional group transformations as depicted in Scheme 3.12.
Methodology now exists to enable oligodentate metal(lll) ion chelators to be synthesised with a
variety of desired physical properties thus contributing to a further understanding of the varied
biological and medical roles played by metallic elements in the body.
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R"* SUBSTITUTED MANNICH BASES.
SUBSTITUTED MANNICH BASES.
a) -CH 2NR 1R2

(formaldehyde + secondary amine).

This site only reacts when the 3-OH moiety
is protected as an ether.

b)

-CH 2NH-GH 3 (formaldehyde + methylbenzylamine
followed by catalytic transfer hydrogenation).

c) -CH 2-NH 2

(formaldehyde + dibenzylamine followed by
selective catalytic transfer hydrogenation).

d) -CH 3

(morpholino Mannich base followed by
complete catalytic transfer hydrogenation).

g

As for R substituted Mannich bases except

OH

that this site reacts only under vigorous

e) -CO 2H

conditions.

(glyoxylic acid / morpholino Mannich base
followed by total catalytic transfer hydrogenation).

H
f)

-CH 2OH

(formaldehyde + base).

N- SUBSTITUTION.
CH 2C 02 Et introduced via BrCH2C 02 Et
-readily functionalised
e.g.
e.g.
e.g.

1) saponification,
2) active ester formation,
3) amide coupling

Scheme 3.12: Directed Substitution And Functionalisation Of 3-Hydroxy-2(1H)-Pyridinone.
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The results of the re-investigation into the Mannich reaction of hydroxypyridin-2-ones lead to the
conclusion that the tricycle obtained from the enamine cyclisation sequence originally proposed
by Nakamura and Kamiya^® is more likely to be a benzopyranopyridine derivative.

It is therefore conjectured that an alternative sequence occurs with cyclisation involving the more
acidic 3-hydroxy moiety to form 1,9a-dihydroxy-5a,6,7,8,9,9a-hexahydro-5H-[1]benzopyrano-[2,3cjpyridine 104 as shown in Scheme 3.13.

COQ.:Q:o
O

2)

H jO

OH

104

Scheme 3.13:

Alternative cyclisation sequence envisioned for the synthesis of 1,9a-dihydroxy5a,6,7,8,9,9a-hexahydro-5H-[1]benzopyrano-[2,3-c]pyridine 104 involving the
more acidic 3-hydroxy moiety of the 2(1 H)-pyridinone.

The enamine cyclisation reaction was performed by condensing the cyclohexanone enamine, 1 pyrrolidino-1-cyclohexene with 3-hydroxy-4-morpholinomethyl-2(1H)-pyridinone 97 in a manner
described previously.*^®

Mannich base 97 is susceptible to nucleophilic substitution at the

methylene (-CH 2 -) moiety resulting in the formation of an iminium ion which is readily hydrolysed
in water to furnish the open chain form of 104a.
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OH

OH

H

H

97

HgO

Ô
N
I
H

1 04a

The formation of the open chain isomer of 104 allows for the possibility of intra-molecular
cyclisation (in solution) between the 3-hydroxyl moiety of the pyridinone ring and the carbonyl
function of the cyclohexanone substituent resulting in two cyclic hemi-ketals 104b, 104c
depending on whether the hydroxyl group attacks the carbonyl group from above or below the
plane of the cyclohexanone ring.

OH

OH

OH

OH
H

(a) cis-isomer

(^i) open chain isomer

104b

104a

160

(P) trans-isomer

104c
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The proton and ^^0 NMR spectra show evidence for the existence of all three isomers.

An analysis of the 400 MHz ^ H NMR spectrum of 97 reveals the presence of a characteristic pair
of doublets at ô 6.14 and ô 6.81 due to the coupling of the H-5 and H-6 protons respectively. The
compound prepared by the condensation of 97 and the enamine would be expected to exhibit a
similar resonance pattern.

However, an inspection of the 400 MHz "*H NMR spectrum

demonstrates that it is more complex than anticipated. The two apparent triplets at ô 5.87 and ô
6.79 are resolved into two pairs of overlapping doublets at 200 MHz (Figure 1, expanded in
Figure 2) assignable to the H-5 and H-6 protons of the two cyclic diastereomers. In addition, a
weaker pair of doublets is also apparent at ô 6.75 attributable to the open chair isomer 104a.

Ha

Hb

Each proton (H-7a and H-7b) possess its own unique chemical shift (H-7a, ô 2.91 ; H-7b, ô 2.78)
and splits the other proton signal to produce two wide doublets.

Furthermore, each doublet

interacts with the H-8 proton on the adjacent ring to give two sets of quadruplets.

This

phenomenon is repeated for the remaining two isomers although the corresponding resonances
for the open chain isomer are masked by interfering signals.

The singlet resonances attributable to the hemi-acetal hydroxyl functions (ô 6.25 and ô 6.46) are
clearly visible at both frequencies and together with the integral of the H-5 proton of the open
chain isomer permit a calculation of the ratio of the three contributing species at equilibrium in
solution. Such a calculation gives an equilibrium ration of a: p; \i as 47: 33: 20 where a and p
represent the predominant and minor isomers respectively and

the less prevalent open chain

form. It can be deduced therefore that the tricycle 104 exists predominantly in the cyclic form in
solution.
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"igure 1:

200 MIHz spectrum of

1 ,9

a dihydroxy-5a,6.7,8,9,9a-hexahydro-5H -[1]benzopyrano-[2,3-c]pyridine, 104

T

T

T

T

6 '^
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Figure 2:

T

b-a

T

b- o

Expanded 200 MHz spectrum of 1.9a-dihydroxy-5a,6,7,8,9,9a-hexahydro-5H -[1]benzopyrano-[2,3-c]pyridine, 104

Chapter 3

An analysis of the carbon-13 NMR spectrum also suggests the presence of all three isomers. All
the carbon resonances are resolved as closely grouped triplicates; one for each isomer. The
carbonyl function of the cyclohexanone in the open chain form is located at ô 212. Furthermore,
the assignment of the carbons of the pyridinone heterocycle was achieved by comparison with
the chemical shifts of the Mannich base 97.

A definitive assignment of all the contributing isomers was not possible with the basic
and

NMR techniques employed here.

H NMR

One possible solution would be to synthesise a

comparable analogue of 104, for example, replacing cyclohexanone with acetone thus simplifying
the spectrum and permitting a more robust differentiation of the contributing species.

However,

sufficient evidence is presented to substantiate the alternative enamine cyclisation scheme
proposed for the reaction of 1-pyrrolidino-1-cyclohexene and 3-hydroxy-4-morpholinomethyl2(1 H)-pyridinone.

The pronounced reactivity of 8 with formaldehyde and a variety of secondary amines led to a
preliminary investigation into the extension of the Mannich reaction to cyclic tri-amines. It was
anticipated that the successful coupling of three kojic acid moieties would permit the
characterisation of a new hexadentate chelating ligand and with it, an extremely stable co
ordination environment for metal(lll) ions.

For these experiments, the tri-amines 1,4,7-triazacyclononane (TACN, 105) and 1,5,9triazacyclododecane (TACD, 106) were employed.
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HN

NH

H

105

106

Previously published research by Moore et al 59-60 had demonstrated that the Mannich reaction
of TACN with 2,4-dimethylphenol readily afforded a new hexachelating ligand 107 exhibiting
stable gallium(lll) complexes.

OH

HO
CHg

CHg

107

A number of reactions utilising the method of Moore were attempted with 8 and TACN yielding a
crude solid material consisting of the mono-, di- and tri-substituted amine as deduced from fastatom bombardment mass spectrometry.

Repeated efforts at the isolation of the individual

components were unsuccessful. Further work is anticipated in this rapidly developing field of co
ordination chemistry.
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Intriguingly, the Mannich reaction performed with 8 and TACD afforded a crystalline product
subsequently identified as a bis-kojate derivative. At this stage, it can only be suggested that the
cyclic amine acts as a catalyst promoting the condensation of the kojic acid moieties. Since this
isolated compound exhibited avid iron(lll) chelating properties, it was decided to instigate a further
study on tetradentate chelators based on carbon-linked kojic acid moieties; the outcome of which
is reported in the following chapter.
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3.2; CONCLUSIONS

The Mannich reaction was successfully utilised in the synthesis of a number of hydroxypyran-4one, hydroxypyridin-2-one and hydroxypyridin-4-one derivatives exhibiting strong metal(lll) ion co
ordination. Aminomethylation is an extremely versatile synthetic transformation and the resulting
Mannich bases undergo a wide variety of subsequent reactions thus permitting the tailoring of
desired physical properties of the chelating ligands to enhance their biological activity.

Novel tetradentate chelators based on 5-hydroxy-2-hydroxymethyl-pyran-4-one were synthesised
and shown in preliminary studies to be effective chelators of oxovanadium(IV).

The bidentate ligand, 3-hydroxy-2(1 H)-pyridinone readily undergoes directed amino-methylation
thereby accessing a number of precursor chelates for the development high molecular weight
oligodentate chelators. A recent paper highlighting the need to re-assign the structures of the
Mannich bases of this ligand has led to the reformulation and characterisation of a tricyclic
heterocycle therefore requiring revision of subsequent reports.
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3.2: EXPERIMENTAL

3.2 a)

General Procedures

Melting points were determined on a Gallenkamp capillary melting point apparatus and are
uncorrected.

Microanalyses (0, H, N, 01) were carried out by the Microanalytical Section of the Department
of Chemistry, University College London.

The infrared spectra were determined as potassium bromide (KBr) discs in the range 4000500 cm""* with a Perkin Elmer 1605 FT-IR spectrometer and were referenced to polystyrene
film. Absorptions are reported in reciprocal centimetres (cm'"*). The following abbreviations
were used: v , stretching; Ô, in-plane bend; n, out-of-plane bend; s, strong absorption; m,
medium absorption; w, weak absorption; b, broadened band and s, shoulder.

The proton nuclear magnetic resonance ("* H NMR) spectra were recorded on either a Varian
VXR-400 (400 MHz) or Varian XL-200 (200 MHz) spectrometer with the chemical shifts
reported in parts per million (5).

The following solvents were used as indicated:

dimethylsulphoxide-de (DMSO-de), chloroform-d (CDCIg-d). The residual protic solvent
signal i.e. C 2 D 5iHS=0
reference.

(5

h

= 2.52 ppm) or CHCI3 (ôh = 7.26 ppm) was used as the internal

The following abbreviations were used to denote multiplicity:

s (singlet), d

(doublet), t (triplet), q (quartet), sxt (sextet), m (multiplet) and br (broad).

The carbon nuclear magnetic resonance (^^C NMR) spectra were recorded at 100 MHz
using the residual resonances of (0 0 3 )28=0 (6c = 39.7 ppm) and ÇDCI3 (6c = 77.0 ppm) as
internal references.

Mass spectra (fast atom bombardment, FAB) were recorded on a VG7070 double focusing
mass spectrometer interfaced with a VG ZAB SE data system by the Mass Spectrometry
Service, Department of Chemistry, University College London.

Commercially available, plastic-backed silica gel (UV 254) plates were used for analytical thin
layer chromatography (t.I.c.) and eluted In aqueous ethanol (96%).

Visualisation was achieved by either a) UV visualisation, b) iron(lll) nitrate staining or a
combination of a) and b).

All reagents were used as received unless otherwise stated.
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3.2 b)

Materials

5-Hydroxy-2-hydroxymethyl-pyran-4-one - Fluka A. G. and Avocado
Formaldehyde (37% aqueous solution) - Aldrich Chemical Company
Dimethylamine (40% aqueous solution) - Aldrich Chemical Company
Hydrochloric acid - BDH
Morpholine - Aldrich Chemical Company
Piperidine - Aldrich Chemical Company
Piperazine (anhydrous) - BDH
Potassium hydroxide - BDH
Phosphorus pentoxide - Fisons
Trans-2,5-dimethylpiperazine - Aldrich Chemical Company
1,4-Diazacycloheptane - Aldrich Chemical Company
2,3-Dihydroxypyridine - Aldrich Chemical Company
Activated charcoal - BDH
Paraformaldehyde - BDH
N-benzylmethylamine - Aldrich Chemical Company
Dibenzylamine - Aldrich Chemical Company
Cyclohexene - Aldrich Chemical Company
Palladium hydroxide catalyst - Aldrich Chemical Company
Cyclohexanone - Aldrich Chemical Company
Benzene - BDH
Pyrrolidine - Aldrich Chemical Company
Dioxane - BDH

Analytical TLC plates (Whatman PE SILG/UV 254, 250 pm) - Whatman Paper Company

Deuterated solvents: a) Dimethylsulphoxide-dg, 99.5% D, Gold Label.
b) Chloroform-d, 99.5% D, Gold Label.

All purchased from the Aldrich Chemical Company.

All other solvents were obtained as Analar grade or better - BDH.
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3.2.1 : The Synthesis Of Mono-Mannich Bases Derived From Kojic Acid.

6-Dimethylaminomethyl-5-hydroxy-2-hydroxymethyi-pyran-4-one, 73

5-Hydroxy-2-hydroxymethyl-pyran-4-one 8 (2.00 g, 14 mmol) was stirred Into aqueous
ethanol (96%, 20 mL) at room temperature. Aqueous formaldehyde (37%, 2.27 g, 28 mmol)
and aqueous dimethylamine (40%, 3.16 g, 28 mmol) were mixed with cooling for 30 minutes
and then added dropwise to the ethanolic mixture prepared above over several minutes.
Stirring was maintained for 1 hour after which time the reaction mixture was concentrated
under diminished pressure to afford a golden brown oil.

The oil was subsequently re

dissolved in 5% HCI-ethanol and rotary evaporated to dryness furnishing an off-white solid.
Recrystallisation from aqueous ethanol afforded the hydrochloride salt of 73 as small,
colourless crystals (2.28 g, 69%).

73

Melting point; 188-191 ° C (lit 18 mp. 185-186°C).

2.75 (s, 6H, 2 x CH 3 ), 3.39 (s, 2H, C H 2 N),

1H NMR (400 MHz, DMSO-ofe) Ô

4.30 (t, 2H, C H 2 OH), 6.38 (s, 1H, H-3),
OH groups exchanged.

42.08 (CH 3 ), 51.84 (CH 2 N), 59.39 (C H 2 OH),

18c NMR (100 MHz, DMSG-cfe) Ô

109.28

(C-3), 139.28 (C-6), 145.61 (C-5),

168.47 (C-2), 173.72 (C-4).

Elemental analysis: C 9 H 13O 4 N.HCI requires C, 45.87%; H, 5.99%; N, 5.94%; Cl, 15.04%.
Found C, 45.71%; H, 5.95%; N, 5.76%; Cl, 15.62%.

Mass spectrum (FAB): MH+ (200, 100%).
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Infrared (KBr, cm"1 ):

3223 (yo_H, C H 2 OH), 3059 (VQ-H. ring, m),
2940(i^C-H. N-CH 2 -. w), 1 6 5 8 (^ 0 = 0 . m), 1629 (v c = 0 - s),
1593 {vc=C> m). 1468 (\^C=C. s), 1244 { v q -O, m),
1222 { v O-N. rn),1140 (Ô ring, rn), 1095 (Ô ring, m), 888 (n ring, w).

5-Hydroxy-2-hydroxymethyl-6-morpholinomethyl-pyran-4-one, 74

5-Hydroxy-2-hydroxymethyl-pyran-4-one 8 (4.26 g, 30 mmol) was stirred into aqueous
ethanol (96%, 30 mL) at room temperature. Aqueous formaldehyde (37%, 4.87 g, 60 mmol)
and morpholine (5.23 g, 60 mmol) were mixed with cooling for 30 minutes and then added
dropwise to the ethanolic mixture prepared above over several minutes.

Stirring was

maintained for 1 hour during which time a thick, white precipitate was formed. The crude
product was filtered off, washed liberally with cold ethanol and recrystallised from hot 96%
ethanol to furnish 74 as colourless plates (5.86 g, 81 %).

74

Melting point; 158-160°C (lit^Smp. 156-158°C).

2.42 ^ 4M, 2/6-M), 3.49 (S, 2H, C H 2 N),

1H NMR (400 MHz, DMSO-cfe) Ô

3.55

in.4H, 3/5-M), 4.29 (s, 2H, C H 2 OH),

5.69

(sbr, IN , C H 2 OH), 6.37 (s,1H, H-3),

9.01 (sbr, 1H, OH).

53.02

13c NMR (100 MHz, DMSO-o^) Ô

(3-M), 53.94 (C H 2 N), 59.62 (C H 2OH),

66.13 (2-M), 108.95 (C-3), 143.82 (C-6),
146.26

(C-5), 167.71 (C-2), 173.65 (C-4).

Elemental analysis: C 11H 15O 5 N requires C, 54.77%; H, 6.27%; N, 5.80%.
Found C, 55.07%; H, 6.16%; N, 5.53%.

Mass spectrum (FAB): M H+ (242, 100%).

171

Chapter 3

Infrared (KBr, cm'1 );

3270 (v o -H . C H 2OH), 2947-2902 ( V c-H . ring and morpholine, m),
2851 (v^c-H. N -CH 2 -. w), 1648 ( v c = 0 . m), 1609 (v c = 0 - m).
1578 (vc=G , m), 1448 (i/c = C , s), 1 2 5 0 (^ 0 -0 , m),
1231 (y C-N, m),1196 (Ô ring, rn), 1120 (Ô ring, m), 859

(3 1

ring, w).

5-Hydroxy-2-hydroxymethyl-6-piperidinomethyl-pyran-4-one, 75

5-Hydroxy-2-hydroxymethyl-pyran-4-one 8 (2.00 g, 14 mmol) was stirred into aqueous
ethanol (96%, 20 mL) at room temperature. Aqueous formaldehyde (37%, 2.27 g, 28 mmol)
and piperidine (2.38 g, 28 mmol) were mixed with cooling for 30 minutes and then added
dropwise to the ethanolic mixture prepared above over several minutes.

The resultant

mixture was stirred overnight and then concentrated under diminished pressure affording an
off-white solid. Recrystallisation from hot 96% ethanol furnished 75 as colourless, needle
crystals (2.65 g, 79%).

75

Melting point: 163-165 OQ (litIS mp. 166-168°C).

1.35 (m, 2H, 4-P), 1.47 (m, 4M, 3/5-P),

H NMR (400 MHz, DMSO-Ofe) Ô

2.39 (m, 4M, 2/6-P), 3.45 (s, 2H, CH 2 N),
4.29

(s, 2H, CH 2 OH), 6.30 (s, 1H, H-3),

OH groups exchanged.

23.69

13c NMR (100 MHz, DMSO-de) ô

(4-P), 25.49 (3-P), 53.74 (2-P), 54.49 (C H 2 N),

59.60 (C H 2 OH), 108.93 (C-3),143.65 (C-6),
146.82

(C-5), 167.52 (C-2), 173.55 (C-4).

Elemental analysis: C 12H 17O 4 N requires C, 60.24%; H, 7.16%; N, 5.85%.
Found C, 60.41%; H, 7.10%; N, 5.61%.

Mass spectrum (FAB): M H+ (240, 100%).
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Infrared (KBr, cm'1 );

3271 (v^O-H. CH 2 OH), 2945-2922 ( V c-H . ring and piperidine, m),
2860 (yc-H, N-GH 2 -, w), 1648 { v c = 0 , s), 1610 (vc= 0. m).
1581 (v^C=C. m), 1460 (vc=G . s), 1258 (\/C -0 . m),
1212 (y Q-N, m),1151 (Ô ring, m), 1090 (Ô ring, rn), 863 (jt ring, w).

3.2.2: The Synthesis Of Di-Mannich Bases Derived From Kojic Acid.

ÎN,N'-bis[(5-hydroxy-2-hydroxymethyi-pyran-4-one-6-yi)methyi]-1,4-diazacyciohexane,
78
5-Hyciroxy-2-hydroxymethyl-pyran-4-one 8 (2.00 g, 14 mmol) was stirred into aqueous ethanol
(96%, 20 mL) followed by aqueous formaldehyde (37%, 1.19 g, 14.7 mmol).

After 30

minutes, piperazine (0.53 g, 14.7 mmol) was added portionwise and stirring maintained for an
additional 1 hour during which time a white solid precipitated.

Upon refrigeration for 2 hours,

the solid was filtered off, washed thoroughly with 96% ethanol and dried in vacuo over KOH
pellets and P 2O 5 to furnish 78 as a white crystalline solid (2.29 g, 83%).

2

O 6

78

Melting point: 192-19 5 °G (decomp.).

3.27 (m, 8 H, N-GH 2 -CH 2 -N), 3.51 (s, 4M, 6'-GH 2 ),

1H NMR (400 MHz, DMSO-ofe) Ô

4.28 (sbr, 4M, GH 2 OH), 5.59 (sbr, 2H, G H pQH).
6.30

(s, 2H, H-3), 8.86 (s, 2H, OH).

52.19 (-N(GH 2 )2 -N), 53.38 (GH 2 N), 59.52 (GH 2 OH),

13G NMR (100 MHz, DMSO-o^) Ô

108.83

(G-3), 143.48 (G-6), 146.40 (G-5),

167.41 (G-2), 174.41 (G-4).

Elemental analysis: G 18H22O 8 N2 requires G, 54.82%; H, 5.62%; N, 7.10%.
Found G, 54.28%; H, 5.80%; N, 6.72%.
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Mass spectrum (FAB); M H+ (395, 64%).

Infrared (KBr, cm'"* ):

3286 (v'O-H. CH2OH, m, br),
2951*2901 (v c -H . ring and piperazine, m), 2840 (v c -H . N-GH 2 -, w),
1654 { v c = 0 , s), 1610 (v c = 0 . m), 1577 (\^C=C. m),
1460 (\^c=C. s), 1243 (\^C-0- m), 1197 (vc-N. m),1137 (Ô ring, m),
1087 (Ô ring, rn), 824 (jc ring, w).

|N,N'-bls[(5-hydroxy-2-hydroxymethyl-pyran-4-one-6-yl)melhyl]-frans-2,5-dimethyl-1,4diazacyclohexane, 79

5-Hydroxy-2-hydroxymethyl-pyran-4-one 8 (2.00 g, 14 mmol) was stirred into aqueous ethanol
(96%, 20 mL) followed by aqueous formaldehyde (37%, 1.19 g, 14.7 mmol).

After 30

minutes, frans-2,5-dimethylpiperazine (1.68 g, 14.7 mmol) was introduced and stirring
maintained for an additional 1 hour during which time a fine precipitate appeared. Upon
overnight refrigeration, the product was filtered off and washed alternately with ethanol and
diethyl ether. Drying under vacuum furnished 79 as a fine white powder (1.43 g, 50%).

OH

2 O 6
CH3

79

Melting point: 188-19 0 °C (decomp.).

1.04

1H NMR (400 MHz. DMSO-Ofe) ô

(m, 6 H, 2 x CH 3 ), 2.04 (m, 2H, -N-CH(CH 3 )-),

3.33 (m, 4H, CHp of piperazine ring),
3.55

(m, 4H, 6'-CH 2 ), 4.25 (sbr, 4H, C H 2OH),

5.65 (sbr, 2H, C H 2QH), 6.28 (s, 2H, H-3),
8.75

"13c NMR (100 MHz, DMSO-o^) Ô

174

(sbr, 2H, OH).

17.23

(C H 3 ), 48.58 (-N -C H (C H 3 )-CH 2 -),

54.67

(C H 2 N), 59.61 (C H 2 OH),

59.88

(-N-CH 2 -CH(CH 3 )-N-), 143.52 (C-6),
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13c NMR (100 MHz. cont...)

Ô

147.26 (C-5), 167.46 (C-2), 173.48 (C-4).

Elemental analysis: C 20 H26O 8 N2 requires C, 56.87%; H, 6.20%; N, 6.63%.
Found C, 56.44%; H, 6.36%; N, 6.21%.

Mass spectrum (FAB): M H+ 423, 78%; Others: 289, 50%; 273, 100%; 152, 55%, 136, 60%;
77, 83%.

Infrared (KBr, cm'1 ):

3262 (vQ -H. C H 2 OH, m, br),
2976-2905 ( 1/ c -H . ring and diazacyclohexane, m),

2845 (vc-H. N-CH2 -. w), 1654 (y c = o , s), 1624 (vc=Q. m),
1589 (y c=C. m), 1462 (v c = C . s), 1242 {vq-O, m),
1203 (y c -N , m),1075 (Ô ring, m), 1051 (Ô ring, m), 858 (jt ring. w).

N,N'-bis[(5-hydroxy-2-hydroxymethylpyran-4-one-6-yl)methyl]-1,4-diazacycloheptane,
80

5-Hydroxy-2-hydroxymethyl-pyran-4-one 8 (2.00 g, 14 mmol) was stirred into aqueous ethanol
(96%, 20 mL).

Aqueous formaldehyde (37%, 1.19 g, 14.7 mmol) and 1,4-diazacycloheptane

(0.70 g, 7 mmol) were mixed with aqueous ethanol (96%, 10 mL) for 60 minutes and then
added dropwise to the ethanolic mixture prepared above over several minutes. Stirring was
maintained for 1 hour during which time a thick white precipitated had formed. After overnight
refrigeration, the crude product was filtered off, washed liberally with aqueous ethanol and
dried in vacuo over KOH pellets and P 2O 5 to furnish

N

80

as a white solid (2.23 g, 78%).

N

80

Melting point: 178-181 ° C (decomp.).

H NMR (400 MHz, DMSO-ûfe) Ô

1.67

(m, 2H, -N C H 2 -CH 2 -CH 2 N-),

2.26

(sbr, 8 H, -other diazacycio protons),

3.64 (s, 4H, CH 2 N), 4.27 (s, 4H, CH 2 OH),
6.29
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27.12 (-NCH 2-ÇH 2 -CH 2 N-), 53.26 (-N-(CH 2 N-),

13c NMR (100 MHz, DMSO-cfe) Ô

(C H 2 N), 54.14 (-NÇH 2 -GH 2 -CH 2 N-).

53.49

59.60 (C H 2 OH), 108.89(0-3), 143.27 (0-6),
147.62

(0-5), 167.54 (0-2), 173.57 (0-4).

Elemental analysis: O 19H24O 8 N 2 requires 0, 55.87%; H, 5.92%; N, 6.85%.
Found 0 , 56.07%; H, 5.64%; N, 6.20%.

Mass spectrum (FAB): M H+ (409, 40%); 149,100% .

Infrared (KBr, cm'1 ):

3280 (v'O-H. O H 2 OH, m, br),
2 9 4 1 -2 9 0 3 ( y

c-H,

hng and d iazacycloheptane, m),

2846 (y C-H, N-OH 2 -, w), 1647 (y C=0 , s), 1611 { v c = 0 . m ) ,
1578 (v c = C . m), 1475 (v c = C . s), 1268 (i^C-Q. m),
1202 { v C-N. m),1091 (Ô ring, rn), 1038 (Ô ring, rn), 867 (jt ring, w).

3.2.3: The Synthesis Of Mono-Mannlch Bases Derived From Allomaltol.

5-Hydroxy-2-methyl-6>plperldinomethyi-pyran-4-one, 81

5-Hydroxy-2-methyl-pyran-4-one 56 (2.00 g, 15.86 mmol) was stirred into aqueous ethanol
(96%, 20 mL) at room temperature. Aqueous formaldehyde (37%, 2.57 g, 31.72 mmol) and
piperidine (2.70 g, 31.72 mmol) were mixed with cooling for 30 minutes and then added
dropwise to the ethanolic mixture prepared above over several minutes.

Stirring was

maintained for 1 hour and the reaction mixture concentrated under diminished pressure
affording an off-white solid. Recrystallisation from methanol-diethyl ether furnished 81 as
colourless, needle crystals (2.41 g, 68%).

OH3

2

^

6

81

Melting point: 139-141 °C.
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“' h NMR (400 MHz, DMSO-Gfe) ô

1.36 (m, 2H, 4-P), 1.47 (m, 4H, 3/5-P),
2.24

(s, 3H, C H 3 ), 2.39 (m, 4H, 2/6-P),

3.44 (s, 2H. C H 2 N), 6.20 (s. 1H, H-3),
OH group exchanged.

13c NMR (100 MHz. DMSO-ûfe) ô

19.41 (C H 3 ). 23.68 (4-P). 25.47 (3-P). 53.72 (2-P).
54.47

(C H 2 N). 111.16 (0-3). 143.26 (0-6).

146.84 (0-5). 164.56 (0-2). 173.46 (0-4).

Elemental analysis: O 12H 17O 3 N requires 0. 64.55%: H. 7.67%; N. 6.27%.
Found 0. 64.63%; H. 7.65%; N. 6.39%.

Mass spectrum (FAB): MH+ (224. 100%).

Infrared (KBr. cm‘1 ):

3292 {v O-H. ring OH). 2935-2874 ( v c-H. ring and piperidine, m).
2 8 5 0 (y c -H . N-OH 2 -, w). 1656 (^ 0 = 0 , s). 1615 (^ 0 = 0 . rn).
1580 (y c = 0 , m). 1450 ( ^ 0 = 0 , s). 1211 (VQ-O. m).
1190 (( /C-N, m).1149 (Ô ring, fri), 1110 (Ô ring, m). 873 (n ring, w).

5-Hydroxy-2-methyl-6-morphonnomethyl-pyran-4-one, 82

5-Hydroxy-2-methyl-pyran-4-one 56 (2.00 g. 15.86 mmol) was stirred into aqueous ethanol
(96%. 20 mL) at room temperature. Aqueous formaldehyde (37%, 2.57 g, 31.72 mmol) and
morpholine (2.76 g. 31.72 mmol) were mixed with cooling for 30 minutes and then added
dropwise to the ethanolic mixture prepared above over several minutes.

Stirring was

maintained for 1 hour and the reaction mixture concentrated under diminished pressure
affording a pale yellow solid. The crude product was dissolved in hot methanol (5 mL),
cooled and trituated with diethyl ether.

Following overnight refrigeration, the crystalline

deposit was filtered off. washed with diethyl ether and dried under vacuum to furnish 82 as
colourless, needle crystals (2.54 g. 71%).

4 .OH
OH3 2 ^ 6

82
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Melting point: 146-148°C.

2.24 (s, 3H, CH 3), 2.37 (m, 4H, 2/6-M),

■>H NMR (400 MHz, DMSO-de) ô

3.46 (s, 2H, CH 2 N), 3.54 (t, 4H, 3/5-M),
6.21 (s, 1H, H-3), 8.91 (s, 1H, OH).

19.43 (GH 3), 52.99 (3-M), 53.92 (CH 2 N),

13c NMR (100 MHz, DMSO-ofe) 6

66.09

(2-M), 111.17 (0-3), 143.42 (0-6),

146.24 (0-5), 164.76 (0-2), 173.53 (0-4).

Elemental analysis: O 11H 15O 4 N requires 0 , 58.66%; H, 6.71%; N, 6.22%.
Found 0 , 58.67%; H, 6.77%; N, 6.10%.

Mass spectrum (FAB): MH+ (226, 100%).

Infrared (KBr, cm'1):

3248 (y o -H , ring OH), 2964-2911 (y c -H , ring and morpholine, m),
2851 (y c -H , N-OH 2 -, w), 1619 { v c = 0, s), 1590 { v c = 0 , m),
1542 (y c = 0 , m), 1457 (y c = 0 , s), 1239 (i^Q-0. m),
1204 (i/C -N , m),1153 (6 ring, m), 1112 (6 ring, m), 862 {k ring, w).

3.2.4: The Synthesis Of Mono-Mannlch Bases Derived From Hydroxypyridin-4-ones.

5-Hydroxy-2-hydroxymethyi-1-methyi-6-piperidinomethyipyridin-4-one, 84

5-Hydroxy-2-hydroxymethyl-1-methyl-pyridin-4-one 59 (1.00 g, 6.45 mmol) was dissolved in
aqueous ethanol (80%, 10 mL) at room temperature. Aqueous formaldehyde (37%, 1.05 g,
12.90 mmol) and piperidine (1.10 g, 12.90 mmol) were mixed with cooling for 30 minutes and
then added dropwise to the ethanolic solution prepared above over several minutes. The
resultant mixture was refluxed for 24 hours during which time a fine precipitate appeared.
After cooling to room temperature and subsequent refrigeration,

the crude product was

filtered off and the filtrate concentrated under diminished pressure to afford a crystalline solid.
Both crops were combined and recrystallised from hot aqueous ethanol to furnish 84 as fluffy
needle crystals (0.72 g, 47%).
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84

Melting point: 195-19 7 °C (decomp).

1 H NMR (400 MHz, DMSO-Ofe) Ô

13c NMR (100 MHz, DMSO-cfe) Ô

1.37

(m, 2H, 4-P), 1.44 (m, 4H, 3/5-P),

2.36

(m, 4H, 2/6-P), 3.52 (s, 2H, CH 2 N),

3.68

(s, 3H, GH 3 ). 4.41 (s, 2H, CH 2 OH),

6.25

(s, 1H, H-3), OH group exchanged.

23.91

(4-P), 25.61 (3-P), 34.21 (CH 3 ),

52.40

(C H 2 N), 53.67 (2-P), 60.35 (CH 2 OH),

110.62

(0-3), 128.79 (0-6), 146.27 (0-5),

148.49

(0-2), 169.32 (0-4).

Elemental analysis: O 13H20O 3 N2 H 2 O requires 0, 58.76%; H, 8.20%; N, 10.36%.
Found 0 , 58.33%; H, 7.88%; N, 10.19%.

Mass spectrum (FAB): M H+ (253, 100%).

Infrared (KBr, cm'1 ):

3280 (v q -H . O H 2OH, m, br),

2934 (vc-H. ring and piperidine, m), 2841 ( y c-H, N-OH2 -R, w),
1620(1^0=0. s), 1576 (</G=Q, m), 1521 (^0=0, m),
1496 (VC=C, s), 1 2 4 7 (^ 0 -0 , m), 1205 (v q -n , m),1136 (ô ring, m),
1102 (Ô ring, rn), 864 (31 ring, w).

5-Hydroxy-2-hydroxymethyl-1-methyl-6-morpholinomelhyl-pyridin-4-one, 85

5-Hydroxy-2-hydroxymethyl-1 -methyl-pyridin-4-one 59 (1.00 g, 6.45 mmol) was dissolved in
aqueous ethanol (80%, 10 mL) at room temperature. Aqueous formaldehyde (37%, 1.05 g,
12.90 mmol) and morpholine (1.12 g, 12.90 mmol) were mixed with cooling for 30 minutes
and then added dropwise to the ethanolic solution prepared above over several minutes. The
resultant mixture was refluxed for 24 hours and subsequently concentrated to half-volume on

179

Chapter 3

a rotary evaporator. After refrigeration, the crude product was filtered off and recrystallised
from hot 96% ethanol to furnish 85 as a fluffy, white crystalline solid (0.86 g, 53%).

85

Melting point: 190-19 3 °C (decomp).

2.40 (t, 4M, 2/6-M), 3.53 (s, 2H, C H 2 N),

H NMR (400 MHz, DMSO-cfe) Ô

3.58 (s, 3H, C H 3 ), 3.69 (t, 4H, 3/5-M),
4.41 (s, 2H, G H 2 OH), 6.25 (s, 1H, H-3),
OH group exchanged.

34.30

NMR (100 MHz, DMSG-flfe) ô

(CH 3 ), 51.98 (CH 2 N), 52.89 (3-M),

60.34 (CH 2 OH), 66.22 (2-M), 110.70 (0-3),
127.98 (0-6), 146.46 (0-5), 148.60 (0-2),
169.39

(0-4).

Elemental analysis: O 12H 18O 4 N2 requires 0 , 56.68%; H, 7.14%; N, 11.02%.
Found 0, 55.94%; H, 7.16%; N, 10.29%.

Mass spectrum (FAB): M H+ (255, 100%).

Infrared (KBr, cm'^ ):

3232 (v o -H . C H 2 OH, m, br), 2957 ( vc_h. ring and morpholine, m),
2853 (v c -H . N-OH 2 -R. w), 1624 (v c = Q . s), 1575 (v c = 0 , m),
1517 (v c = 0 . m), 1456 (v c = 0 . s), 1247 (VQ-O, m),
1227 (vC -N . m),1118 (Ô ring, rn), 1094 (Ô ring, rn), 852 (ji ring. w).
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3.2.5: The Synthesis Of Mannich Bases Derived From Hydroxypyridin-2-ones.

4-Dimethyiaminomethyi-3>hydroxy-2(1 H)-pyridinone, 95

3-Hydroxy-2(1 H)-pyridinone 87 (5.55 g, 50 mmol) was stirred into aqueous ethanol (96%, 50
mL) at room temperature. Aqueous formaldehyde (37%, 8.12 g, 100 mmol) and aqueous
dimethylamine (40%, 11.27 g, 100 mmol) were mixed with cooling for 30 minutes and then
added dropwise to the ethanolic mixture prepared above over severai minutes. Stirring was
maintained for 6 hours after which time the reaction mixture was concentrated to dryness
affording a dark brown solid. Recrystallisation from chloroform in the presence of activated
charcoal furnished 95 as a white powder (6.73 g, 80%).

2

O H

95

Melting point: 189-192°C, decomp . (lit

H NMR (400 MHz, DMSO-c/e) S

mp. 192-195°C, decomp).

2.14

(s, 6 H, 2 X CH 3), 3.28 (s, 2H, CH 2 N).

6.10

(d,1H , 3J5,6 = 6.8 Hz, H-5),

6.80

(d, 1H, H-6), 8.30 (s, 1H, OH),

11.50

(s, 1H, NH).

45.06 (CH 3), 56.43 (CH 2 N), 106.75 (0-5),

■>30 NMR (100 MHz, DMSG-de) 5

122.78

(0-6), 125.94 (0-4), 144.74 (0-3),

157.91

(0-2).

Elemental analysis: O8 H 12O 2 N2 requires 0 , 57.13%; H, 7.19%; N, 16.66%.
Found 0 , 57.68%; H, 7.07%; N, 16.60%.

Mass spectrum (FAB): MH+ (169, 100%).
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Infrared (KBr, cm'"*):

3326 (i/Q -H , ring, m, br), 3131 (I'N -H . m),
2941-2863 (yc_H, CH 3 and ring , m), 1665 { v c = 0 , s),
1641 (i/c=0, m), 1566 (i^c=G. m), 1467 (yc=C, s),
1297 { v c - 0 , m), 1205 (i/C -N , m),1118 (5 ring, m), 855 {n ring, w).

3-Hydroxy-4-piperidinomethyl-2(1 H)-pyridinone, 96

3-Hydroxy-2(1 H)-pyridinone 87 (5.55 g, 50 mmol) was stirred into aqueous ethanol (96%, 50
mL) at room temperature. Aqueous formaldehyde (37%, 8.12 g, 100 mmol) and piperidine
(8.51 g, 100 mmol) were mixed with cooling for 30 minutes and then added dropwise to the
ethanolic mixture prepared above over several minutes. Stirring was maintained for 2 hours
and left to stand overnight.

The resultant precipitate was filtered off and the filtrate

concentrated to dryness under reduced pressure.

Both crops were combined and

recrystallised from chloroform in the presence of activated charcoal furnishing 96 as fluffy
needle crystals (6.87 g, 66%).

96

Melting point: 206-209°C , decomp. (lit 47 mp. 210-220°C, decomp).

I.4 0 (m, 2H, 4-P), 1.50 (m, 4M, 3/5-P),

H NMR (400 MHz, DMSO-de) ô

2.37

(m, 4M, 2/6-P), 3.36 (s, 2H, CH 2 N),

6.09

(d, 1H, 3Js,6 = 6.8 Hz, H-5),

6.88 (d, 1H, H-6), 8.27 (s, 1H, OH),
II.4 7 (s, 1H, NH).

13c NMR (100 MHz, DMSO-de) ô

23.52 (4-P), 25.28 (3-P), 53.66 (2-P),
56.02 (CH 2N), 106.31 (C-5), 122.48 (C-6),
125.27 (C-4), 144.65 (C-3), 157.54 (C-2).

Elemental analysis: C 11H 16O 2 N2 requires C, 63.44%; H, 7.74%; N, 13.45%.
Found C, 63.66%; H, 7.76%; N, 13.30%.
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Mass spectrum (FAB); MH+ (209, 100%).

Infrared (KBr, cm''*):

3299 (\^0-H. ring, m, br), 3123

( v^ N - H .

m),

2875-2775 (i^C-H. ring and piperidine, m), 1665 { v c = 0 , s),
1641 (i^c=0. m), 1566 (\^C=C. m), 1467 {vc=C> s),
1297 {vc-0, m), 1205 (i/C -N , m),11116 (Ô ring, m), 855 {n ring, w).

3-Hydroxy-4-morpholinomethyl-2(1 H)-pyridinone, 97

3-Hydroxy-2(1 H)-pyridinone 87 (5.55 g, 50 mmol) was stirred into aqueous ethanol (96%, 50
mL) atroom temperature. Aqueous formaldehyde (37%, 8.12 g, 100 mmol) and morpholine
(8.71 g, 100 mmol) were mixed with cooling for 30 minutes and then added dropwise to the
ethanolic mixture prepared above over several minutes. Stirring was maintained for 2 hours
and left to stand overnight.

The reaction mixture was subsequently concentrated under

diminished pressure affording a beige solid.

Recrystallisation from 96% ethanol in the

presence of activated charcoal furnished 97 as an amorphous white powder (7.19 g, 69%).

.O H

r

97

Melting point: 209-211^0, decomp. (lit

■*H NMR (400 MHz, DMSO-de) ô

mp. 229-231 °C , decomp).

2.35 (sbr, 4H, 3/5-M), 3.34 (s, 2 H, CH 2 N),
3.55

(sbr, 4H, 2/6-M),

6.14

(d, 1H , 3J 5,6 = 6.8 Hz, H-5),

6.81 (d, 1H, H- 6), 8.91 (sbr, 1H, OH),
11.51

13c NMR (100 MHz, DMSO-de) 6

(s, 1H, NH).

53.28 (3-M), 55.21 (CH 2 N), 66.17 (2-M),
106.89

(C-5), 122.82 (C- 6), 125.18 (C-4),

144.81 (C-3), 157.94 (C-2).
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Elemental analysis: C 10H 14O 3 N2 requires 0 , 57.13%; H, 6.71%; N, 13.32%.
Found 0, 57.46%; H, 6.80%; N, 13.36%.

Mass spectrum (FAB): MH+ (211, 100%).

Infrared (KBr, cm""! ):

3 2 8 0 ( y o - H , ring, m, br), 3 1 2 6 ( v n -H . m),

2923-2817 (\^C-H. ring and m orpholine, m), 1664 { v c = 0 , s),
1640 ( y c = 0 , m), 1567 (v^c=C. m), 1459 (\^C=C. s),
1 29 7

(vc-0. m).

1200

(vc-N.

m ),1 1 1 5 (0 ring, m),

868 (it

ring. w).

4,6-Dipiperidinomethyl-3-hydroxy-2(1 H)-pyridinone, 91

3-Hydroxy-2(1H)-pyridinone 87 (5.55 g, 50 mmol), paraformaldehyde (3.00 g, 100 mmol) and
piperidine (12.77 g, 150 mmol) were mixed with aqueous ethanol (96%, 50 mL) and refluxed
for 24 hours.

Upon cooling, the reaction mixture was concentrated under diminished

pressure affording a thick brown semi-solid. Recrystallisation from hot 96% ethanol in the
presence of activated charcoal furnished 91 as a cream coloured solid (11.76 g, 77%).

91

Melting point: 199-202°C , decomp. (lit

H NMR (400 MHz, CDCI3 ) Ô

13c NMR (100 MHz, CDCI3 ) Ô

184

mp. 180-182OC, decomp).

1.41

(m, 2H, 4',4-P), 1.47 (m, 2H, 6',4-P),

1.53

(m, 4H, 4',3/5-P), 1.59 (m, 4M, 6',3/5-P),

2.26

(m. 4M, 4',2/6-P), 2.45 (m, 4M, 6',2/6-P),

3.20

(s, 2H, 4'-CH 2 N), 3.44 (s, 2H, O'-CHgN).

5.68

(s, IN , H-5), 7.24 (s, 1H, OH),

9.62

(sbr, 1H, NH).

23.78

(4',4-P), 23.98 (6',4-P), 25.70 (4',3-P),

25.87

(6',3-P), 54.17 (4',2-P), 54.34 (6',2-P),

59.10

(4'-CH2N), 60.16 (6'-CH 2 N), 104.67 (C-5),
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IS C NMR (100 MHz, cont...) Ô

124.26

(C- 6), 132.70 (C-4), 145.84 (C-3),

158.12

(C-2).

Elemental analysis; C 17H27O 2 N3 requires C, 66.85%; H, 8.91%; N, 13.76%.
Found C, 66.65%; H, 8.58%; N, 13.42%.

Mass spectrum (FAB): M H+ (306, 100%). Others: (2M + H)+ (611, 12.4%), (221, 59.6%).

Infrared (KBr, cm'^ ):

3272 (v o -H . ring, m. br). 2932 ( v n -H. m),
2854-2795 (VC -H . ring and piperidines, m), 1652 ( y c = 0 , s),
1627 (v c = o . m), 1576 (y c = C , m), 1466 ( ^ 0 =0 , s),
1299 (yc-0, m), 1224 {v c-N , m),1112 (Ô ring, m), 855 ( ji ring, w).

4-N-Benzylmethylaminomethyl-^-hydroxy-2(1 H)-pyridinone, 98

3-Hydroxy-2(1H)-pyridinone 87 (5.55 g, 50 mmol) was stirred into aqueous ethanol (96%, 50
mL) at room temperature.

Aqueous formaldehyde (37%, 8.12 g, 100 mmol) and N-

benzylmethylamine (12.12 g, 100 mmol) were mixed with aqueous ethanol (96%, 10 mL) with
cooling for 30 minutes and then added dropwise to the ethanolic mixture prepared above over
several minutes. Stirring was maintained at room temperature for 24 hours during which time
an off-white precipitate had formed. The precipitate was filtered off, washed with cold ethanol
and recrystallised from hot aqueous ethanol in the presence of activated charcoal furnishing

98 as a white powder (8.55 g, 70%).

98

Melting point: 174-177°C.

2.08 (s, 3H, CH 3 ), 3.40 (s, 2 H, pyridinyl C H 2 ),

H NMR (400 MHz, DMSO-ofe) Ô

3.49 (s, 2 H, PhCH 2 ),
6.23 (d,1H , 3J5,6 = 6 . 8 H z , H-5),
6.85 (d, 1H, H-6), 7.32 (m, 5H, aromatic protons).
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■>H NMR (400 MHz, cont....) ô

13c NMR (100 MHz, DMSO-ûfe)

11.60 (sbr, 1H, NH).

41.84 (ÇH 3 ), 53.97 (pyridinyl C H 2 ). 61.18 (PhCHa).

Ô

106.56 (0-5), 122.98 (0-6), 126.38 (0-4),
144.62

(0-3), 157.93 (0-2).

Other aromatic carbons: 127.00, 128.25, 128.70,
138.80

(quaternary).

Elemental analysis: O 14H 16O 2 N2 requires 0 , 68.83%; H, 6.60%; N, 11.47%.
Found 0 , 69.00%; H, 6 .66%; N, 11.47%.

Mass spectrum (FAB): M H+ (245, 74%); 154 (38%); 120 (100%).

Infrared (KBr, cm‘1 ):

3274 (v'O-H. ring, m, br), 3123 ( y n -H. m),
3 0 2 6 - 2 8 7 7 (v ^ C -H .

aryl and

O H

3 , m),

1662

{ v c = 0 , s),

1559 { v c = 0 , m), 1506 (i/c=0. m), 1464 (yc=0. s),
1 2 9 2 ( y c - 0 , m ). 1 1 8 9 ( \ / C - N , m ) ,1 1 2 1

(Ô r i n g , m ) .

4-Dibenzylamlnomethy 1-1-ethoxycarbonylmethyl-3-hydroxy-2(1 H)-pyridinone, 100

1-Ethoxycarbonylmethyl-3-hydroxy-2(1H)-pyridinone 99 (1.97 g, 10 mmol), paraformaldehyde
(0.32 g, 10.5 mmol) and dibenzylamine (2.07 g, 10.5 mmol) were mixed with absolute ethanol
(60 mL) and heated to gentle reflux for 6 hours.

Upon cooling, the reaction mixture was

concentrated under diminished pressure affording a light brown coloured oil.

Following

trituation with aqueous ethanol and refrigeration overnight, the crude product was filtered off,
washed with absolute ethanol and recrystallised from 96% ethanol in the presence of
activated charcoal to furnish 100 as a hard, white solid (2.72 g, 67%).

O H 3O H 2O

100
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Melting point: 92-95°C.

1H NMR (400 MHz, DMSO-de) ô

1.18

(t, 3H, 3Jh,H = 3.6 Hz, CH 3CH 2O-),

3.39

(d, 2 H, CH 2 ), 3.49 (s, 4H, PhCJda),

4.12

(q, 2 H, 3Jh,H = 3.6 Hz, CH 3CH 2 O-),

4.69

(s, 2H, CH 2 CO),

6.38

(d, 1H, 3J5,6 = 6.8 Hz, H-5),

7.15 (d, 1H, H-6),
7.21-7.38 (m, 10H, aromatic protons),
9.16 (sbr, 1H, OH).

14.04 (CH 3 of ester), 49.85 (PhCHa),

13c NMR (100 MHz, DMSO-de) 5

50.22 (-NCH 2CO-), 57.24 (CH 2CO).
60.95 (CH 2 of ester), 105.54 (C-5), 115.36 (C-4),
126.54

(C- 6), 143.92 (C-3), 157.29 (C-2 ),

168.04 (COCH 2),
Aromatic carbons: 127.03, 128.31, 128.54,
138.80

(quaternary).

Elemental analysis: C 24H 26O 4 N2 requires C, 70.92%; H, 6.45%; N, 6.89%.
Found C, 69.99%; H, 6.48%; N, 6.61%.

Mass spectrum (FAB): MH+ (407, 100%). Others: 210 (28.4%); 196 (49.1%); 91 (76.1%)

Infrared (KBr, cm'1):

3256

(v 'O -H .

ring, m, br), 3025-2941 {vc-\-\, aryl, ring, alkyl, m),

1744 (i^ c=0. ester, s), 1653 { v c = 0 , s), 1599 { v c = 0 , m),
1588 (i/c=C, m), 1457 (i/c=C, s), 1264 {vQ-O, m),
1204 (y c -N , m),1071 (5 ring, m), 871 (71 ring, w).

1-Ethoxycarbonylmethyl-3-hydroxy-4-morpholinomethyl-2(1 H)-pyridinone, 101

1-Ethoxycarbonylmethyl-3-hydroxy-2(1H)-pyridinone 99 (3.00 g, 15.2 mmol) was stirred into
aqueous ethanol (96%, 30 mL) at room temperature. Aqueous formaldehyde (37%, 3.70 g,
45.6

mmol) and morpholine (3.97 g, 45.6 mmol) were mixed with cooling for 30 minutes and

then added dropwise to the ethanolic mixture prepared above. Stirring was maintained for 2
hours and then left to stand overnight during which time a solid precipitated. The precipitate
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was filtered off, washed with acetone and recrystallised from 96% ethanol to furnish 101 as a
white crystalline solid (3.56 g, 79%).

O

101
Melting point: 147-149°C.

■>H NMR (400 MHz, DMSO-de) 6

1.19

(t, 3H, 3Jh.H = 7.0 Hz, CH 3CH 2O-),

2.36

(sbr, 4H, 3/5-M), 3.36 (s, 2H, CHg),

3.57 (sbr, 4H, 2/6-M),
4.14

(q, 2H, 3Jh,H = 7.1 Hz, CH 3CH 2 O-),

4.69

(s, 2 H, NCH 2 CO),

6.21

(d, 1H, 3J 5,6 = 7.2 Hz, H-5),

7.09

(d, 1H, H- 6), OH group exchanged.

14.07 (CH 3 of ester), 50.21 (-NÇH 2CO-),

1 3c NMR (100 MHz, DMSO-de) 6

53.28 (3-M), 55.24 (CH 2 N), 60.96 (CH 2 of ester),
(2-M), 106.60 (C-5), 125.00 (C- 6),

66.19

127.70 (C-4),144.17 (C-3), 157.37 (C-2),
168.05

(COCH 2).

Elemental analysis: C 14H 20 O 5N 2 requires C, 57.75%; H, 6.80%; N, 9.45%.
Found C, 57.87%; H, 6.81%; N, 9.33%.

Mass spectrum (FAB): MH+ (297, 100%).

Infrared (KBr, cm'1):

3444 ( 1/ 0 -H, ring, m, br),
2964-2864

(\/c -H .

ring and morpholine, m), 1737

(v c = 0 .

ester, s),

1665 ( y c = 0 , s), 1604 { v c = 0 , m), 1558 (y c = C , m),
1454

(y c = C ,

s), 1265

867 {% ring, w).
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m), 1208 (i/C -N , m),1111 (Ô ring, m),
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3-Hydroxy-4-methyl-2(1 H)-pyridinone, 102

3-Hydroxy-4-morpholinomethyl-2(1H)-pyridinone 97 (5.00 g, 23.8 mmol) was stirred into a
mixture of cyclohexene (80 mL) and absolute ethanol (40 mL). After 30 minutes, the reaction
mixture was treated with 10% palladium-on-carbon catalyst ( 1.0 g) and acidified with
concentrated hydrochloric acid (15 drops). The mixture was then refluxed for 72 hours after
which time TLC analysis indicated the consumption of the Mannich base. After removing the
catalyst by gravity filtration, the filtrate was concentrated under diminished pressure to afford
a light brown, crystalline solid.

Subsequent recrystallisation from 96% ethanol in the

presence of activated charcoal furnished 102 as a white crystalline solid (2.17 g, 73%).

6 g

4

C H3

102

Melting point: > 250^0.

1H NMR (400 MHz, DMSO-ofe) Ô

1.99 (s, 3H, G H 3 ), 5.98 (d, IN , 3 js ,6 = 6.8 Hz, H-5),
6.76 (d, 1H, H-6), 8.62 (sbr, 1H, OH),
11.54

13c NMR (100 MHz, DMSO-cfe) Ô

(sbr, 1H, NH).

14.87 (C H 3 ), 109.01 (C-5), 122.70 (C- 6),
125.61 (C-4), 143.93 (C-3), 157.77 (C-2).

Elemental analysis: C 6 H7 O 2 N requires C, 57.59%; H, 5.64%; N, 11.19%.
Found C, 57.47%; H, 5.75%; N, 11.13%.

Mass spectrum (FAB): MH+ (126,10.3% ); M+ (125, 100%).

Infrared (KBr, cm‘1 ):

3276 (v q -H . ring, m, br), 3098 ( v n-H. w),
3025-2941 (v c -H . ring and alkyl, m), 1629 (v c = Q , s),
1560 (v c = o . m), 1470 (v c = C , m), 1457 (vc= C , s),
1286 (vQ -o , m), 1202 (VQ-N, m),1113(0 ring, m), 850 (31 r in g . w).
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1-Ethoxycarbony lmethyl-3-hydroxy<4-methyi-2(1 H)-pyridinone, 103

1-Ethoxycarbonyl-3-hydroxy-4-morpholjnomethyl-2(1H)-pyridinone 101 (5.00 g, 16.87 mmol)
was stirred Into a mixture of cyclohexene (80 mL) and absolute ethanol (40 mL). After 30
minutes, the reaction mixture was treated with 10% palladium-on-carbon catalyst ( 1.0 g) and
the mixture refluxed for 24 hours after which time TLC analysis indicated the consumption of
the Mannich base.

After removing the catalyst by gravity filtration, the filtrate was

concentrated under diminished pressure to afford an off-white crystalline solid. Subsequent
recrystallisation from absolute ethanol furnished 103 as fluffy, needle crystals (2.60 g, 73%).

r iV

C H 3C H 2O.

6 % 4

CH3

103

Melting point; 157-159°C.

1H NMR (400 MHz, DMSO-cfe) Ô

1.19

(t, 3H, 3Jh.H = 7.0 Hz, -OCH 2 CH 3 ),

2.01 (s, 3H, ring CH 3 ).
4.13

(q, 2H, 3Jh.H = 7.2 Hz, -OCH 2 CH 3 ),

4.68

(s, 2 H, -NCH 2 -),

6.06 (d, 1H, 3J5,6 = 6.8 Hz, H-5),
7.06 (d. 1H, H-6), 8.76 (s, 1H, OH).

13c NMR (100 MHz, DMSO-(%) Ô

14.09

(C H 3 of ester), 14.87 (ring CH 3 ),

50.16

(-NÇH 2 -), 60.95 (ÇH 2 of ester),

108.72 (C-5), 125.50 (C- 6), 127.50 (C-4),
143.27

(C-3), 157.21 (C- 2), 168.12 (ÇOCH 2 ).

Elemental analysis: C 10H 13O 4 N requires C, 56.86%; H, 6.20%; N, 6.63%.
Found C, 56.63%; H, 5.98%; N, 6.46%.

Mass spectrum (FAB): M H+ (212, 100%).
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Infrared (KBr, cm""*):

3274 (yo_H, ring, m, br), 2953 (v'C-H. ring CH 3 , w),
1738 ( y c = 0 , ester, s), 1666 { v c = 0 , m), 1604 { v q ^ q , m),
1560

m), 1465

(i^ c = C .

(y c = C ,

s), 1278

(I'C -O .

s),

1207 {vc-N, s), 1104 (8 ring, m), 850 (tc ring, w).

1,9a-Dihydroxy-5a,6,7,8,9,9a-hexahydro-5H-[1]-benzopyrano-[2,3-c]-pyridine, 104

The precursor, 3-hydroxy-4-morpholinomethyl-2(1H)-pyridinone 96 was prepared and
characterised as described previously.

Cyclohexanone (3.93 g, 0.04 mol) and pyrrolidine (2.84 g, 0.04 mol) were mixed with
dehydrated benzene (50 mL) and refluxed for 6 hours in a flask attached to a Dean-Stork
water separator during which time 0.5 mL of water was collected. The reaction mixture was
subsequently concentrated to dryness under diminished pressure. The residue was then
treated with 96 (4.20 g, 0.02 mol) and dehydrated dioxane (60 mL) and refluxed for an
additional 12 hours after which time the reaction mixture was concentrated to dryness. Water
(50 mL) was added to the residue and the resultant mixture heated for 2 hours.

Upon

cooling, the reaction mixture was rotary evaporated to dryness and the crude product thrice
recrystallised from aqueous ethanol to furnish 104 as a colourless powder (3.27 g, 74%).

12 OH

104

Melting point: 240-242°C.

H NMR (400 MHz, DMSO-de) 5

1.51

(m, 8 H, cyclohexanone ring),

2.91

(q, 1H,|

^JH-7a, H- 8 , ~ 6.2 Hz, H-7a),
2.78

(q, 1H,j

^JH-7b, H- 8 , ~ 6.2 Hz, H-7b),
5.87

(t, 2H, ±pH-5 and ±aH-5),

5.97 (d, 1H, 3j 5,6 = 6.8 Hz, pH-5),
6.25

191

(s, 1H, ±aOH-13), 6.46 (s, 1H, ±pOH-13),

Chapter 3

1|H NMR (400 MHz, cont....) 5

H NMR (200 MHz, DMSO-c/e) §

6.75

(d, 1H, pH-6), 6.79 (t, 2H, ±pH -6 and ± aH - 6).

5.86

(d, 1H, ±aH-5), 5.88 (d, 1H, ±|3H-5),

5.89

(d, 1H, pH-5), 6.27 (s, 1H, ±ccGH-13),

6.48 (s, 1H, ±P0H-13), 6.78 (d, 1H, ^iH-6),
6.80

13c NMR (100 MHz, DMSO-c/e) Ô

(d, 1H, ± a H - 6), 6.81 (d, 1H, ±PH-6).

22.82, 23.05, 24.20 (0-10, triplicate); 24.41, 24.98,
27.30

(0-11, triplicate); 27.42, 28.62, 28.71

(0-9, triplicate); 28.85, 32.90, 36.02 (0-12, triplicate);
36.50, 37.50, 38.02 (0-8, triplicate); 41.30 (PO-7),
41.41

(pO-7), 48.89 (aO-7), 96.40 (PO-13),

96.77 (aO-13), 211.94 (pO-13), 106.26 (aO-5),
106.53

(pO-5), 108.43 (pO-5), 122.56 (pO-6),

124.10

(pO-6), 124.28 (ctO-6), 125.57 (PO-4),

127.74 (aO-4), 127.93

(|liO - 4 ) ,

140.74 (pO-3),

141.74 (aO-3), 143.87 (pO-3), 156.98 (PO-2),
157.14

(aO-2), 157.79 (pO-2), 211.94 (pO-13),

Elemental analysis: O 12H 15O 3N requires 0 , 65.14%; H, 6.83%; N, 6.33%.
Found 0 , 65.05%; H, 6 .86%; N, 6.34%.

Mass spectrum (FAB): MH+ (222, 100%).

Infrared (KBr, cm'^):

3276

(v 'O -H .

ring, m, br), 1584 (v c = 0 . m), 1457 {vc=C> m),

1056 (5 ring» rn), 876 (tc ring, w).
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4.0: INTRODUCTION

A recurring problem with attempts to couple three kojic acid 8 moieties with formaldehyde to
the cyclic tri-amine triazacyclododecane (TACD, 106) via the Mannich reaction consistently
led to the formation of a crystalline solid subsequently identified as the carbon-linked
tetradentate, bis(5-hydroxy-2-hydroxymethyl-pyran-4-one-6-yl)methane 108.

O

HH

108

The avid iron(lll) chelation properties exhibited by this compound prompted further
investigations into the synthesis, characterisation and aqueous solution behaviour of a
number of analogues utilising other saturated aliphatic aldehydes.

The reaction of 8 with formaldehyde and other aldehydes to furnish solid derivatives was first
reported in 1938^ when the products were characterised by

a)

elemental analysis which routinely gave a negative result for the presence of nitrogen

b)

reaction with thionyl chloride {SOCI2) to form dichloro-organo products and

c)

formation of tetra-acetate esters.

This present study involves a modified synthesis and confirmatory structural characterisation
of these tetradentate chelators. Characterisation was extended to include the aqueous
solution behaviour of a number of synthesised carbon-linked tetradentates chelators
quantified in terms of ionisation constants, p/<n (Chapter 6).

Furthermore, compound 108 was submitted for biological evaluation as a suitable ligand for in
vitro iron(lll) mobilisation in mammalian cell systems in direct comparison with the pyridin-4one,

1,2-dimethyl-3-hydroxypyridin-4-one

(13, deferiprone).

Deferiprone has been

extensively tested for in vitro iron(lll) mobilisation in mammalian cell systems and in vivo in
animals. ^-11
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The biological assay was based on that of Porter ef a/ ^^ in which a hepatocyte cellular
system was used to permit the simultaneous comparison of celiular iron uptake and toxicity.
The test has been used and modified in a number of laboratories and has been extended to
assess the comparative efficacy / toxicity ratio for many novei compounds. Whereas Hider et
a / u s e d the test acutely, it is now considered that a more meaningful result may be
attained if the cultured cells are exposed to the chelator over a number of days.
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4.1 : RESULTS AND DISCUSSION

The synthesis of the carbon-linked tetradentate chelators bis{5-hydroxy-2-hydroxymethylpyran-4-one-6-yl)methane 108, T, 1'-bis(5-hydroxy-2-hydroxymethyl-pyran-4-one-6-yl)propane
109

and T,1'-bis(5-hydroxy-2-hydroxymethyl-pyran-4-one-6-yl)butane 110 (Scheme 4.1)

were effected by reacting kojic acid 8 (1 mol. equiv.) with the relevant aldehyde (0.5 mol.
equiv.) and dimethylamine (0.5 mol. equiv.) as the catalyst in a modified procedure to that
already described. ^

Oo.

OH

OH

HO

HO

R

R = H, 108 (53%)
R = CH 2 CH 3 , 109(51% )
R = (CH 2 )2 CH 3 . 110(62% )

Reagents and conditions:

RCHO (0.5 mol. equiv ), (GH3 )2 NH (0.5 mol. equiv.),

a)

96% EtOH, room temperature, 24 hours, products
recrystallised from water.

Scheme 4 .1 :

Crude 108

Synthesis of tetradentate chelators 108 110 from kojic acid 8.

initially precipitated from the reaction mixture as a fine white solid and was

subsequently purified by recrystallisation from hot water to furnish the analytically pure
compound. Chelators 109 and 110 remained in solution thus necessitating chromatographic
separation from traces of un reacted 8 The impure products were obtained by combining the
eluates containing the desired compound (as determined by analytical t i e.) and removing the
eluant. Recrystallisation from hot water in the presence of activated charcoal afforded pure
109 or 110 in good yield. Surprisingly, a similar procedure undertaken with acetaldehyde
failed to yield an isolable product.

The isolated compounds were readily characterised by standard chemical and spectroscopic
techniques. Proton nuclear magnetic resonance spectroscopic analysis of the compounds
discloses the disappearance of the singlet resonance attributable to the H -6 proton in the
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parent ligand (Ô 7 . 14)"* ^ and the presence of conspicuous signals assignable to the
methylene (5 4.03, 108) and the methine protons (5 4.60, 109; 5 4.72, 110) which were
diagnostic.

Characteristic chemical shifts for the remaining proton resonances were found to

be consistent with previousiy assigned C -6 substituted hydroxypyran-4-ones.^^’ ^® Similarly,
the assignment of the carbon-13 resonance signals was readily undertaken by direct
comparison with 8 and known hydroxypyran-4-ones"*^ (Table 4.1).

Table 4.1 :

Carbon-13 nmr^ spectral data of carbon-linked tetradentate chelators.
0

H H

Q

R

Carbon

108

109

110

C-2

167.46

167.47

167.55

C-3

109.06

108.79

108.85

C-4

173.43

173.44

173.52

C-5

145.46

147.85

148.07

C -6

142.64

142.19

142.11

C-7

26.85

37.49

35.33

22.43 (-ÇH 2CH 3)

31.06 (

11.72 (-CH 2ÇH 3)

20.02 (

Others (R)

13.56 (

a = Spectra recorded at 100 MHz in DMSO-de (6c = 39.7, septet).

A detailed analysis of the infrared spectra of compounds 108-110 shows a characteristic,
reproducible four-band spectral

p a tte rn ^

8-22 indicative of v c = 0

and v c = C stretching

modes. The resolution of these two highly mixed modes is complicated by mutual coupling.
Table 4.2 summarises the infrared absorption bands and their assignments based on
previously reported work on hydroxypyran-4-one systems.
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Table 4.2:

Selected infrared absorption bands (cm'^)^ and their assignments of the
tetradentate chelators 108-110.

108

Assignment

110

109

v'O-H

3177 (sbr)

3253 (sbr)

3328 (Sbr)

'/c = o

1662 (m)

1648 (s)

1652 (m)

1631 (s)

1628 (s)

1625 (m)

1583 (m)

1586 (s)

1578 (m)

1473 (s)

1442 (s)

1449 (s)

'^C=C

a = Spectra recorded as KBr discs and referenced to polystyrene. Abbreviations are as follows: v,
stretching mode; s, strong absorption; m, medium absorption; br, broad.

The determined elemental composition of the compounds was within ± 0.4% of the calculated
values.

4.1.1: Mechanisms

The formation of the tetradentate compounds 1 0 8 -1 1 0 is envisaged to proceed in an
analogous manner to that described for the synthesis of Bakerlite-type

r e s in s .2 3 '2 5

The condensation of aromatic ring systems with aldehydes or ketones is an example of the
hydroxyalkylation reaction. Although this reaction can be employed to prepare alcohols, the
initially formed product invariably condenses further with another molecule of the aromatic
substrate to yield diarylated derivatives. The diarylation process is especially common with
phenols forming

b is p h e n o ls .^ G -2 7

^ more specific application of this reaction involves the

hydroxyméthylation of phenols with formaldehyde (Lederer-Manasse reaction).
control of the reaction is

r e q u ir e d ^ S

Rigorous

since it is possible for the para- and both ortho- sites to

undergo further hydroxyméthylation and for each of these to be re-arylated so that highly
cross-linked, high molecular weight polymeric Bakerlite-type structures are produced.

The reaction may be catalysed by either acids or bases. When acids are utilised, the
attacking species is the carbocation R2 C+-OH formed from the aldehyde or ketone and the
catalyst. In basic media, the reaction may proceed according to Scheme
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OH

O

O'
HO'

^

,CH2-0-

H V H

CHoO

0

)
- H \ +H'

OC °

phenol

OH

O'
more phenol
more CHgO

etc.

Scheme 4.2:
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In the case of para-substituted phenols I.e. 4 -methyl phenol, the condensation reaction
proceeds exclusively at the ortho- position.

If it is assumed that 8 reacts as a para-

substituted phenol then one can envisage a similar mechanism.

Dimethylamine was employed as the catalyst to promote the formation of the kojate anion
111 which subsequently proceeded to attack the saturated aldehyde via qn addition;
mechanism furnishing the hydroxymethylated product 112.

(GH3)2NH
HO

RCHO

11 1

OH

-H"", +H'"

HO

C H -0 -

ÇHR

112

The second step is believed to involve a concerted rearrangement resulting in the production
of the reactive intermediate 113 with the concomitant release of water.

■>-

HO

H

HO,

C H -rO H
R

R

113
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A second mole equivalent of

111

then reacts with

113

to generate the bis-pyranone products

1 0 8 -1 1 0 .

OH

HO

HO

OH

R

R

VY

oo.
HO

OH
R

R = H,

108

R = -C H 2 C H 3 , 109

R = -(C H 2 )2 CH 3 .

110

By analogy, these aldehyde products may correspond to the low molecular weight polymeric
species which appear in the initial stages of phenolic resin formation. Further reactions of
compounds

1 0 8 -1 1 0

are prevented at this stage since the ortho- and para- positions on the

pyranone moieties are blocked.

During the course of this work, it was observed that conducting the reaction at elevated
temperatures occasionally resulted in the formation of resinous products of indeterminate
composition. These resinous substances are postulated as polymeric derivatives formed
from molecules of 8 condensing via the 5-hydroxymethyl moiety of one molecuie and the C -6
site of a second molecule. Polymer formation could conceivably result by a repetition of this
process.

The above observation was particulariy prominent when acetaldehyde was employed, even
at room temperature.

Modifications of the standard procedure failed to yield the desired

tetradentate aithough work is proceeding to unravel this anomaiy.
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4.1.2: Biological studies

Hepatocytes were isolated by collagenase perfusion of the livers from adult male Wister
rats.29 The cells were subsequently established in culture on collagen coated Petri dishes at
around 2 x 1 0 ® cells per dish in serum-free culture medium (after Page et a/®®).

Viable

hepatocytes were labelled and iron loaded by incubation with radio-labelled ®^Fe-ferritin for
24 hours.

The hepatocyte preparations were incubated subsequently with the following

chelators: a) desferrioxamine, b) deferiprone 13, c) maltol and 108 at a concentration of 50
|iM in fresh medium for 2, 4, 6 , 8 or 10 days and the intracellular iron determined and
compared with control incubations containing no chelator. The concentration of 50 pM was
chosen since desferrioxamine is known to be fully effective at this level. At this concentration,
maltol is only partially effective but is used to test the sensitivity of the system.

At 50 pM, the hexadentate chelator desferrioxamine 6a mobilises 90% of the intracellular iron
in 10 days whereas the control bidentate chelators, deferiprone 13 and maltol 7 mobilised
100% and 20% respectively. These results were expected and acted as good controls for
tests with the experimental compound.

The N-alkyl-3-hydroxypyridin-4-one chelators coordinate iron(lll) in a three to one ratio with
an exceptionally high stability constant (P3 = 10®^) which is five times the order of magnitude
of desferrioxamine.®"*

The relative higher potency of desferrioxamine is attributed to its

hexadentate chelating properties.

Hider at a/

have identified that a variety of

hydroypyridin-4-one compounds with increased lipophilicity have similar stability constants
and are more efficacious than the hydrophilic compounds such as deferiprone.

However,

they do show greatly increased toxicity in vitro and in vivo which negates their utility as iron
mobilisation agents. A second factor of importance in iron mobilisation is the relative partition
coefficients of the free and complexed forms of the chelator.

Deferiprone appears to be a reasonable comprise between toxicity and efficacy from the
experimental studies and was initially developed since it was more efficacious than
desferrioxamine in mobilising ferritin-bound iron.

However, deferiprone though clinically

effective has a narrow therapeutic index and may induce neutrophil depletion®®’ ®^ jp
susceptible individuals and there is some concern on other aspects of toxicity.®®

Patients often require zinc repletion®®- 36-39 after periods of treatment. The compound may
also be poorly tolerated in some individuals because it has a bitter taste.
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The tetradentate bis(5-hydroxy-2-hydroxymethyl-pyran-4-one-6-yl)methane 108 also
achieved 100% cell depletion of iron following the same time course as desferrioxamine or
deferiprone.

In addition, there was no evidence of cell toxicity as judged by lactate

dehydrogenase (LDH) release into the incubation medium. The detailed results are depicted
in Figure 4.1.

Compound 108 has been demonstrated to be efficacious in the in vitro system. It is likely
that the tetradentate and its iron(lll) complex(es) cross the cell membrane. The data also
suggests that 108 may have a flatter, and from a clinical viewpoint, more manageable doseresponse relationship. Although not reported here, the more lipophilic chelators have been
shown to enhance the rate of iron mobilisation and this explains their apparent increased
potency in short term tests. However, over a longer test period less lipophilic chelators would
be expected to be at least as effective.

The results of this in vitro study support the case that more hydrophilic compounds may be
interesting as iron mobilisation agents. The tests employed here do not address whether 108
has acceptable bloavailability or toxicity in vivo. This would need to be investigated in
appropriate model systems.
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Figure 4.1: C ellular iron m obilisation,

lron-59 radio-labelled hepatocytes incubated w ith 50

,uM co nce ntra tion s of the follow ing chelators:

a) desferrioxam ine, 6 a (□ ); 1,2-dim ethyl-3-

hydroxypyridin-4-one, 13 (o); bis(5-hydroxy-2-hydroxym ethyl-pyran-4-one-6-yl)m ethane, 108
(A) and 3 -h yd ro xy-2 -m e th yl-p yra n -4 -o n e , 7 ( 0

).

Each v a lu e is th e m ea n of th re e

observations. Standard deviations less than 10% of the mean.
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4.2: CONCLUSIONS

The successful syntheses of a number of carbon-linked tetradentate chelators based on kojic
acid were effected by a modification of the Mannich reaction.

The results imply that such compounds are potentially important side-products of the
aminomethylation reaction. Under conditions commonly employed in the Mannich reaction,
the predominant product is the aminomethylated derivative with little or no significant
quantities of impurities. By careful control of the reaction conditions, it is now possible to
suppress the aminomethylation process in favour of dimeric, Bakerlite-type structures.

It is suggested that the modified reaction may be employed for use with other substrates
particularly the hydroxypyridin-4-one and hydroxypyrid-2-ones thus permitting the
development of new classes of metal(lll) ion chelators.

The tetradentate, bis(5-hydroxy-2-hydroxymethyl-pyran-4-one-6-yl)methane has been
demonstrated to be as efficacious in the mobilisation of intracellular iron in the in vitro system
as the clinically approved chelator, deferiprone.

Investigations currently under way aim to assess the potential of these compounds as metal
(III) chelation agents with acceptable bioavailability.
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4.3: EXPERIMENTAL

4.3 a)

General Procedures

Melting points were determined on a Gallenkamp capillary melting point apparatus and are
uncorrected.

Microanalyses (C and H) were carried out by the Microanalytical Section of the Department of
Chemistry, University College London.

The infrared spectra were determined as potassium bromide (KBr) discs in the range 4000500 cm’ "' with a Perkin Elmer 1605 FT-IR spectrometer and were referenced to polystyrene
film. Absorptions are reported in reciprocal centimetres (cm'"*). The following abbreviations
were used: v , stretching; 5, in-plane bend; n, out-of-plane bend; s, strong absorption; m,
medium absorption; w, weak absorption; b, broadened band and s, shoulder.

The proton nuclear magnetic resonance

H NMR) spectra were recorded on a Varian VXR-

400 (400 MHz) spectrometer with the chemical shifts reported in parts per million (5). The
following solvents were used as indicated: dimethylsulphoxide-dg (DMSO-dg). The residual
protic solvent signal i.e. CgDgHSzzO (5 h = 2.52 ppm) was used as the internal reference.
The following abbreviations were used to denote multiplicity: s (singlet), d (doublet), t (triplet),
q (quartet), sxt (sextet), m (multiplet) and br (broad).

The carbon nuclear magnetic resonance ('•^C NMR) spectra were recorded at 100 MHz
using the residual resonances of (0 0 3 )28=0 (8c = 39.7 ppm) as an internal reference.

Mass spectra (fast atom bombardment, FAB) were recorded on a VG7070 double focusing
mass spectrometer interfaced with a VG ZAB SE data system by the Mass Spectrometry
Service, Department of Chemistry, University Coilege London.

Commercially available, plastic-backed silica gel (UV 254) plates were used for analytical thin
layer chromatography (t.I.c.) and eluted in aqueous ethanol (96%).

Visualisation was achieved by either a) UV visualisation, b) iron(lll) nitrate staining or a
combination of a) and b).

All reagents were used as received unless otherwise stated.
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4.3 b) Biological studies

The following experimental procedures and final report were supplied by Vitra
Pharmaceuticals Ltd. who arranged the evaluation of the test compound.

I)

Hepatocyte isolation

The method employed is essentially that described previously.^®

The attainment of an intimate exposure of the intercellular spaces to collagenase and
hyaluronidase was achieved by the use of a buffered medium containing the enzymes which
was continuousiy circulated through the liver via the portal vein.

A perfusion medium

reservoir containing calcium-free Hank's solution^®, collagenase (0.05%) and hyaluronidase
(0.10%) was incubated at 37°C in a thermostatted cabinet and oxygenated with a 95% O 2 /
5% CO 2 gas mixture.

The rats were anaesthetised, the abdomen opened and the portai vein cannulated. The
inferior vena cava was then ligated just above the level of the renal veins. Once the chest
cavity was exposed, the thoracic portion of the inferior vena cava was cannulated via the right
atrium.

The liver was subsequently perfused at a rate of 50-60 mL min'"* by an automated pump and
the perfusate directed back to the reservoir and re-circulated. Initially, the system comprised
of enzyme-free medium (150 mL). The first 50 mL of perfusate was aliowed to pass through
the liver directly to the waste thus flushing all blood from the system. The outflow was then
directed back to the reservoir and the enzymes added.

After perfusion was maintained for 20-30 minutes, the iiver was excised and dispersed into
fresh enzyme medium (10-20 mL) at 4 °C .

More enzyme medium was added to a final

suspension volume of 50 mL. The resulting suspension was divided into two equal volumes
and transferred into separate conicai flasks (250 mL capacity) followed by incubation and
shaking at 3 7 ° C for 15 minutes. The pH of the suspension was maintained at 7.4 by the
addition of sodium bicarbonate as required.

Cell viability was estimated by fluorescence microscopy using ethidium bromide and acridine
orange to locate dead and live cells^^ respectively.

Suspensions containing less than 80% viable cells were not used as these resulted in
insufficient ceils after primary adherence. The suspension was finally filtered through nylon
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mesh and the cells separated from the debris by centrifugation (50 g, 2 minutes). The
supernatant was removed affording viable, intact hepatocytes for culturing.

ii)

Hepatocyte cultivation^^

The hepatocyte pellet was re-suspended in fresh medium at 4 °C and aliquots of the
suspension (2.5 mL) were placed onto plastic culture dishes that had been previously double
coated with rat tail collagen.42

iii)

Intraceliular mobilisation of iron

The cells were labelled and iron loaded by incubation with radio-labelled ^^Fe-ferritin for 24
hours after the method described by Porter. The hepatocyte preparations were incubated
subsequently with the following chelators: a) desferrioxamine, 6a; b) deferiprone, 13; c)
maltol, 7 and compound 108 at a concentration of 50 pM in fresh medium for 2, 4, 6 , 8 or 10
days.

In order to measure the time course of 59pe in the presence of the chelators, the

medium was removed for 59pe counting and replaced with fresh medium. Intracellular iron
efflux was determined by y counting and compared with control incubations containing no
chelator.
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4.3 c) Materials

5-Hydroxy-2-hydroxymethyl-pyran-4-one - Fluka A. G. and Avocado
Formaldehyde (37% aqueous solution) - Aldrich Chemical Company
Dimethylamine (40% aqueous solution) - Aldrich Chemical Company
Activated charcoal - BDH
Propionaldéhyde - Aldrich Chemical Company
Silica gel (Kieselgel 60, 230-400 mesh) - Merck
Butyraldéhyde - Aldrich Chemical Company

Analytical TLC plates (Whatman PE SILG/UV 254, 250 pm) - Whatman Paper Company

Deuterated solvents: a) Dimethylsulphoxide-dg, 99.5% D, Gold Label (Aldrich ).

All other solvents were obtained as Analar grade or better - BDH.

252

Chapter 4

4.3.1: The Synthesis Of Carbon Linked Tetradentate Cheiators

Bis(5-hydroxy-2-hydroxymethyl-pyran-4-one-6-yi)methane, 108

5-Hydroxy-2-hydroxymethyl-pyran-4-one 8 (2.00 g, 14 mmol) was stirred into aqueous
ethanol (96%, 20 mL) at room temperature. Aqueous dimethylamine (40%, 0.80 g, 7.1 mmol)
and aqueous formaldehyde (37%, 0.58 g, 7.1 mmol) were mixed with ethanol (2 mL) for 30
minutes and then added dropwise to the ethanolic mixture prepared above over several
minutes. Stirring was maintained at room temperature for 24 hours during which time a fine
white precipitate appeared. Upon refrigeration for 6 hours, the reaction mixture was filtered
and the resultant solid recrystailised from hot water to furnish 108 as a fine white powdery
solid (1.11 g, 53%).

108

Meiting point: 245-246°C (lit^mp. 248.3-249°C, corrected).

4.03 (s, 2 H, -CH 2-), 4.24 (sbr, 4M, 2 x CH 2OH),

H NMR (400 MHz, DMSO-de) ô

5.65 (sbr, 2H, 2 x CHpOH). 6.30 (s,2H, 2 x H-3),
9.08 (sbr, 2H, 2 x OH).

26.85 (-CH 2-), 59.44 (GH 2OH), 109.06 (C-3),

13c NMR (100 MHz, DMSO-cfe) ô

142.64 (0-6), 145.46 (C-5),167.46 (0-2),
173.43 (0-4).

Elemental analysis: O 13H 12O 8 requires 0 , 52.71%; H, 4.08%.
Found 0 , 52.53%; H, 4.35%.

Mass spectrum (FAB): MH+ (297, 94%).

Infrared (KBr, cm'1):

3177 (v q -H . OH2OH), 3059 (vc-H. ring, m), 1662 (vc=0, m),
1631 (vc=0, s), 1583 (vc=0, m), 1473 (vc=0, s), 1227 ( v q -O, m),
1142 (Ô ring, rn), 1074 (Ô ring, rn), 864 (tc ring, w).
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1 -1 '-Bis(5-hydroxy-2-hydroxymethyl-pyran-4-one-6-yl)propane, 109

5-Hydroxy-2-hydroxymethyl-pyran-4-one 8 (2.00 g, 14 mmol) was stirred into aqueous
ethanol (96%, 20 mL) at room temperature. Aqueous dimethylamine (40%, 0.80 g, 7.1 mmol)
and propionaldéhyde (0.41 g, 7.1 mmol) were mixed with ethanol (2 mL) for 30 minutes and
then added dropwise to the ethanolic mixture prepared above over several minutes. Stirring
was maintained at room temperature for 24 hours after which time analytical thin layer
chromatography revealed the presence of a slower moving compound (RfEtOH = 0.75) and a
trace of the starting material 8 (RfEtOH =0.85) upon visualisation with acidified iron(lll) nitrate
solution.

The reaction mixture was concentrated under diminished pressure affording a

brown oil. This material was subsequently chromatographed on silica gel (Kieselgel 60, 230400 mesh, 15 cm x 2.5 cm) using aqueous ethanol as the eluant. Successive fractions (5
mL) were analysed via analytical TLC and those determined to contain the less mobile
chelate were combined and rotary evaporated to dryness. Recrystallisation from hot water in
the presence of activated charcoal furnished

109

H H

as colourless needle crystals (1.16 g, 51%).

O

HO

H

109

Melting point: 211-213°C (lit^mp. 217.5-218°C, corrected)

0.88 (t, 3H, 3Jh,H = 7.4 Hz, -CH 2 CH 3),

1H NMR (400 MHz, DMSG-c/e) 5

1.94 (q, 2H, 3j|_|,H = 7.5 Hz, -CH 2 CH 3)
4.30 (sbr, 4H, 2 x CH 2 OH),
4.60 (t, 1H, 3j|_|,|_| = 8.0 Hz, methine H),
5.63 (t, 2H, 3J h ,H = 6.2 Hz, 2 x CHpOHL
6.30 (s, 2H, 2 X H-3), 9.03 (s, 2H, 2 x OH).

11.72 (-CH 2Ç H 3), 22.43 (-ÇH 2CH 3), 37.49 (C-7),

13c NMR (100 MHz, DMSO-de) 5

59.52 (ÇH 2OH), 108.79 (C-3), 142.19 (C-6),
147.85 (C-5), 167.47 (C- 2), 173.44 (C-4).
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Elemental analysis: C 15H 16O 8 requires 0 , 55.56%; H, 4.97%.
Found 0 , 55.60%; H, 4.84%.

Mass spectrum (FAB): MH+ (325, 83%).

Infrared (KBr, cm'"*):

3253 (\^0-H. CH 2OH), 2967 (i^c-H. ring and alkyl, m),
1648

{vc=

0 , s), 1628

{vc=

0 , s), 1586 (y c = C , m), 1442

(v^c=C .

s),

1 2 4 1 '(i'C -0 . m), 1097 (Ô ring, m), 1032 (6 ring, m), 824 (tt ring, w).

1 -1 '-Bis(5-hydroxy-2-hydroxymethyl-pyran-4-one-6-yl)butane, 110

5-Hydroxy-2-hydroxymethyl-pyran-4-one 8 (2.00 g, 14 mmol) was stirred into aqueous
ethanol (96%, 20 mL) at room temperature. Aqueous dimethylamine (40%, 0.80 g, 7.1 mmol)
and butyraldéhyde (0.51 g, 7.1 mmol) were mixed with ethanol (2 mL) for 30 minutes and
then added dropwise to the ethanolic mixture prepared above over several minutes. Stirring
was maintained at room temperature for 24 hours after which time analytical thin layer
chromatography revealed the presence of a slower moving compound (RfEtOH = 0.71) and a
trace of the starting material 8 (RfEtOH =0.85) upon visualisation with acidified iron(lll) nitrate
solution.

The reaction mixture was concentrated under diminished pressure affording a

brown oil. This material was subsequently chromatographed on silica gel (Kieselgel 60, 230400 mesh, 15 cm x 2.5 cm) using aqueous ethanol as the eluant. Successive fractions (5
mL) were analysed via analytical TLC and those determined to contain the less mobile
chelate were combined and rotary evaporated to dryness. Recrystallisation from hot water in
the presence of activated charcoal furnished 110 as colourless needle crystals (1.47 g, 62%).

HO

H

110

Melting point: 184-186°C (lit^mp. 192.4-193°C, corrected).
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0.88 (t, 3H, 3Jh,H = 7.4 Hz, -CH 2CH 2CH 3),

NMR (400 MHz, DMSO-de) ô

1.25 (sxt, 2H, 3Jh,H = 7.5 Hz, -CH 2CH 2 CH 3)
1.90 (q, 2H, 3Jh,H = 7.6 Hz, -GH 2 CH 2CH 3)
4.29 (sbr, 4H, 2 x CH 2 OH),
4.72

(t, 1H, 3j|_|,|_| = 8.0 Hz, methine H),

5.63

(sbr, 2H, 2 x CHpOH). 6.29 (s, 2H, 2 x H-3),

9.04

(s, 2H, 2 X OH).

13.56 (-CH 2CH 2Ç H 3), 20.02 (-CH 2ÇH 2 CH 3),

13c NMR (100 MHz, DMSO-de) 6

31.06 (-ÇH 2CH 2 CH 3), 35.33 (C-7),
59.59 (ÇH 2OH), 108.85 (C-3), 142.11 (C-6),
148.07 (C-5), 167.55 (C-2), 173.52 (C-4).

Elemental analysis: C ie H ls O s requires C, 56.80%; H, 5.36%.
Found C, 56.60%; H, 5.29%.

Mass spectrum (FAB): MH+ (339,100% ).

Infrared (KBr, cm'1):

3328 (v^o-H. CH 2OH), 2974 (i^C-H. ring and alkyl, w),
1652 (i/c= 0, m),1625 { v c = 0 , m),1578
1206

(v 'C -0 >

rn), 1076
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(Ô

(i/C = C .

s), 1449 { vc=C, s),

ring, rn), 1033 (5 ring, rn), 827

( tc

ring,

w ).
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5.0: INTRODUCTION

Many micro-organisms secrete low molecular weight, virtually ferric specific ligands termed
siderophores,"*"^ the biosyntheses of which are carefully regulated by iron and function to
supply iron to the cell.

The well-documented recognition that desferrioxamine B (DFO, 6a)**, a naturally occurring
siderophore promotes the excretion of iron® from iron-overloaded patients®’ "I® has led to a
world-wide program of research directed towards the development of synthetic siderophore
analogues. Desferrioxamine B although prescribed clinically possesses a number of sideeffects.^^’ ^® Research has endeavoured to address the fundamental properties of potential
synthetic substitutes by tailoring parameters such as metal(lll) ion specificity and toxicity to
give an improved performance in chelation therapy. In response, a range of novel bidentate
and hexadentate ligands containing the 3-hydroxy-2(1H)-pyridinone moiety have been
designed and synthesised^^ with properties suited for use as effective orally active iron(lll)
chelation agents.

V
NH

NH

OH

HO

Figure 5.1 :

r

The structures of the hexadentate chelators a) N,N,N,-tris[2-(3-hydroxy-20 X 0 -1 , 2-dihydropyridin-1-yl)acetamido]ethylamine (R = H) and b) N,N,N-tris

[2-(3-hydroxy-4-methyl-2-oxo-1,2-dihydropyridin-1-yl)acetamido]ethylamine
(R= OH 3)
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The hexadentate chelator, N,N,N,-tris[2-(3-hydroxy-2-oxo-1,2-dihydropyridin-1-yl)acetamido]ethylamlne (CP 130, Fig. 5.1a) which provides octahedral co-ordination of iron(lll) has been
shown to be efficacious in the intracellular mobilisation of iron in both the in vitro and in vivo
system. The crystal structure of the iron(lll)-CP 130 has recently been reported.^ ^

The work reported herein describes an improved synthesis and purification of CP 130 and
discloses for the first time the synthesis of a new analogue of CP 130 in which a methyl
substituent has been introduced onto the bidentate chelating moiety to furnish CP 131.

Hexadentate CP 130 was synthesised by the amide coupling of three 3-hydroxy-2(1 H)pyridinone bidentate moieties to the tripodal tetraamine, tris(2-aminoethyl)amine.

The

protection of the hydroxyl functionality as a benzyl ether as described in an earlier
publication"* 4 was found to be superfluous. The active ester of the intermediate carboxylic
acid was formed with N-hydroxyphthalimide rather than N-hydroxysuccinimide to furnish an
active ester which was soluble in tetrahydrofuran. Coupling was attained by condensing each
of the primary amine functions of the tripodal amine, tris(2-aminoethyl)amine with one
molecule of the activated ester. Anion exchange chromatography on a quaternary amine
medium was used to purify the chelator. The introduction of the methyl substituent on CP

130 was effected by aminomethylation of the pyridin-2-one ethyl ester.

Subsequent

hydrogenolysis of the resultant Mannich base afforded the alkyl substituted ester which was
saponified to furnish a carboxylic acid. Amide coupling was undertaken as reported for CP

130.

The resultant hexadentate chelator CP 131 did not require anion exchange

chromatographic purification.
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5.1 : RESULTS AND DISCUSSION

5.1.1 :

The Syntheses Of Bidentate 3>Hydroxy*2(1 H)-pyridinone Ligands

The preparation of N-alkylated derivatives of 3-hydroxy-2(1 H)-pyridinone 87 with alkyl halides
was first described by Bickel and Wibaut"*® and initially appeared to provide a convenient
route to the syntheses of tetra- and hexadentate chelators with di- and trihalogenoalkanes.
However, the utility of this methodology was limited due to the unsatisfactory yields of the
desired products. Instead, the introduction of an easily coupled functional group was realised
with the reagent, ethyl bromoacetate.

3-Hydroxy-2(1 H)-pyridinone 87 was cleanly converted to the N-substituted ethyl ester, 1ethoxycarbonylmethyl-3-hydroxy-2(1H)-pyridinone 99 by reflux in a five molar excess of ethyl
bromoacetate under an inert atmosphere of nitrogen (Scheme 5.1).

87

Reagents and conditions: a)

99

BrC H 2002Et (5 mol. equiv.), N2 , reflux, 12 hours,
77% (from EtOH).

Scheme 5.1 :

Synthesis of 1-ethoxycarbonylmethyl-3-hydroxy-2(1 H)-pyridinone 99 from
3-hydroxy-2(1H)-pyridinone 87

The conversion of the crystalline ester 99 to the desired carboxylic acid, 1-carboxylmethyl-3hydroxy-2(1 H)-pyridinone, 114 was effected by base saponification. Dissolution of 99 in 4M
sodium hydroxide followed by the cautious addition of concentrated hydrochloric acid
precipitated crystals of the neutral, less soluble acid (Scheme 5.2). |See Experimental.

The resultant free acid was readily filtered off and judged to be of sufficient purity that no
additional processing was required.
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O

C H 3 C H ,0 ^ ^ ^ œ

^

HO

114

99

Reagents and conditions: a)

Scheme 5.2:

OH

|i) 4 M NaOH, ii) c. HQI dropwise with cooling, 83%.

Synthesis of 1-carboxylmethyl-3-hydroxy-2(1 H)-pyridinone, 114 from
1-ethoxycarbonylmethyl-3-hydroxy-2(1 H)-pyridinone 99.

In the earlier synthesis'*^, the ester 99 was saponified and the 3-hydroxy moiety
simultaneously protected by refluxing with an ethanolic mixture of benzyl chloride and sodium
hydroxide to afford the3-benzyloxy derivative. De-benzylation was achieved with considerable
difficulty"*^ in the final stage of the reaction using either catalytic transfer hydrogenolysis or
hydrogen bromide-acetic acid hydrolysis. The need to mask the 3-hydroxy moiety has now
been shown to be superfluous thus simplifying the syntheses of the hexadentate chelators

CP 130 and CP 131.

The synthetic route envisioned for the preparation of the hexadentate chelator CP 131
necessitiated the regioselective introduction of a methyl substituent onto the bidentate 3hydroxy-2(1H)-pyridinone moiety. It has been subsequently demonstrated that 3-hydroxy2(1H)-pyridinone readily undergoes mono-aminomethylation exclusively at the position ortho
to the 3-hydroxy

f u n c t io n ^

2(1 H)-pyridinone Mannich

8-19 under facile conditions to furnish 4-aminomethyl-3-hydroxyb a s e s . ^8

The corresponding Mannich reaction of the ethyl ester 99 with three mole equivalents each of
formaldehyde and morpholine gave a crystalline product readily identified as the 4-substituted
Mannich base, 1-ethoxycarbonylmethyl-3-hydroxy-4-morpholinomethyl-2(1H)-pyridinone 101
(Scheme 5.3).
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O

^

O

C H sC H ^O ^

a)

_

99

101

Reagents and conditions:

37% formaldehyde, 3 mol. equiv.; morpholine, 3 mol. equiv. ;
96% ethanol, 2 hrs, r.t, 79% (from EtOH).

Scheme 5.3 :

Synthesis of 1-ethoxycarbonylmethyl-3-hydroxy-4-morpholinomethyl-2(1 H)pyridinone 101 from 1-ethoxycarbonylmethyl-3-hydroxy-2(1 H)-pyridinone 99.

The Mannich base 101 was readily further transformed to the methyl intermediate 1ethoxycarbonylmethyl-3-hydroxy-4-methyl-2(1H)-pyridinone 103 under standard palladium
catalysed transfer hydrogenolysis conditions (Scheme 5.4).

The utilisation of this

methodology was justified on the basis of documented research demonstrating the
compatibilty of the reaction conditions in the presence of a variety of ester functionalities. 21

CH 3CH 2O

OH

a)

OH

►
CH 3

101

Reagents and conditions: a)

103

10% palladium-on-carbon catalyst, cyclohexene, absolute
ethanol, reflux, 24 hours, 73% (from abs. EtOH).

Scheme 5.4:

Synthesis of

1-ethoxycarbonylmethyl-3-hydroxy-4-methyl-2(1H)-pyridinone,

103 from 1-ethoxycarbonylmethyl-3-hydroxy-4-morpholinomethyl-2(1 H)pyridinone ,101

The target carboxylic acid, 1-carboxylmethyl-3-hydroxy-4-methyl-2(1H)-pyridinone 115 was
finally realised upon base saponification of the ester in a manner described previously
(Scheme 5.5).
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CH 3CH 2O

HO^ ^

A . ^OH

a)

CH3

103

Reagents and conditions: a)

Scheme 5.5:

115

i) 4 M NaOH, ii) c. HOI dropwise with cooling, 80%.

Synthesis of 1-carboxylmethyl-3-hydroxy-4-methyl-2(1 H)-pyridinone,
from 1-ethoxycarbonylmethyl-3-hydroxy-4-methyl-2(1 H)-pyridinone,

115
103

The bidentate 3-hydroxy-2(1H)-pyridinone chelators described here were all isolated as
crystalline solids and characterised according to conventional procedures.

An analysis of the proton nuclear magnetic resonance spectra reveals readily assignable
resonances which are characteristic of this class of compound.^® The signal attributable to
the H-4 proton in the derivatives

and

99

apparent in the substituted compounds
has occurred. The bidentates

97

and

114

(ô 6.78 and ô 6.72 respectively) is no longer

101, 103

115

and

115

thus confirming that 4-substitution

are further characterised by the appearance of an

unambiguous singlet (0 2 .01-6 2.16) corresponding to the methyl substituent. The proton
NMR data are summarised in Table 5.1 together with the vicinal (®Jh.H) coupling constants
which are consistent with previously reported results.

In addition to the preservation of the characteristic four band infrared spectral profile
1 4 0 0

cm""*) of the

p y rid in o n e s ,2 2 -2 6

q new absorption band (v C = 0 ,

observed for the carbonyl component of the ester derivatives
shorter wavelengths in the carboxylic acid forms,

The carboxylic acids

114

and

115

114

and

115

9 9 , 101

1 7 3 7 -1 7 4 3

and

(1 7 0 5 -1 7 1 7

103

(1 6 0 0 -

cm ’"*) is

which shifts to

cm'"* ).

were subsequently utilised in the preparation of active

esters prior to amide coupling.
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T able 5.1 :

Proton nmr^ spectral data of 3-hydroxy-2(1 H)-pyrldinones ligands.

OH

Chemical shifts (ô, ppm)

Proton

OH

H-5

99

b*

6.10

H-6

Others (R"*)

7.13

Others(R^

R"* =-C ld2C 02C H 2C H 3

R ^ = H , 6.78

4.70, 4.13, 1.19
101

b*

6.21

7.09

R "'=-C H 2C 02C H 2C H 3
4.69,4.14,

1.19

R‘^=CH2 -mor, 3.36
2/6-M ,3.57
3/5-M, 2.36

103

8.76

6.06

R'* = -CH 2 CO 2 CH 2 CH3

7.06

R*^=-CH 3 , 2.01

4.68. 4.13, 1.19
114

9.16

6.08

7 .1 2 .

R^ = -C H 2 0 0 Q H

r ‘^ = H , 6.72

4 .6 3 , c*
115

b*

6.33

7.02

R"» = -CH 2 COOH
4 .5 3 , c*

a = Spectra recorded at 400 MHz In DMSO-de (ôc = 39.7, septet) or D 2O
b = OH group exchanged
c = Not observed

Coupling constants (Hz)

Compound

34,5

Js,6

99

7.2

7.0

101

7.2

103

7.0

114

7.2

7.0

115

6 .8

273

R***=-CH 3 . 2.16

Chapter 5

5.1.2:

Active Ester Formation

The introduction of an aliphatic acyl group at the ring nitrogen of the bidentate 3-hydroxy2(1H)-pyridinone gave suitably reactive substrates for amide coupling.

Carboxylic acids 114 and 115 were converted to active esters using dicyclohexylcarbodiimide
(DCCI) as the activating reagent to facilitate amide coupling. In the earlier s y n th e s is ,th e
ester of N-hydroxysuccinimide was employed but led to active esters which were insoluble in
tetrahydrofuran (THF) and precipitated with the side-product, dicyclohexylurea (DCU). This
step has been modified by use of an ester of N-hydroxyphthalimide furnishing THF-soluble
phthalimide active esters, 3-hydroxy-1-phthalimyl-oxycarbonymethyl-2(1H)-pyridinone 116
and 3-hydroxy-4-methyl-1-phthalimyl-oxycarbonymethyl-2(1H)-pyridinone 117 from which
DCU could be removed by gravity filtration (Scheme 5.6).

a)

R = H,114
R = CH3,115

R = H, 116
R = CHs, 117

Reagents and conditions: a)

N-hydroxyphthalimide in THF (1.5 mol. equiv.),oC, 20 mins.,
dicyclohexylcarbodiimide in THF (1.5 mol. equiv.),0*C, 20
mins followed by 1 hour at room temperature.

Scheme 5.6:

The synthesis of phthalimide active esters, 116 and 117.

The mechanism of formation of the phthalimide active ester is envisioned to proceed via the
intermediacy of an 0-acyl isourea^^ (Scheme 5.7, A). DCCI is a weak base and undergoes
nucleophilic addition with the carbonyl moiety of the carboxylic acid.
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R
R ^ o

o

o

0"'^ON-(3^ 0"K“'^N-(3^0~!T6'N-0
DCCI

Scheme 5.7:

0-acyl isourea (A)

N-acyl urea (B)

The synthesis of acyl ureas, A and B.

The above scheme also depicts the well known side-reaction in which the 0-acyl isourea
rearranges to the unreactive N-acyl urea (B). This rearrangement is effectively suppressed
by the use of N-hydroxyphthalimide which reacts with 0-acyl isourea before rearrangement
can occur to furnish the desired phthalimide active esters and the THF-insoluble DOU
(Scheme 5.8).

O

R ^ °

o

O

/ —\ V " "
/—\
v n - c —N—

(

Phthalimide active esters

Dicyclohexylurea (DOU)

(R = 3-hydroxy-2(1 H)-pyridinyl group)

Scheme 5.8:

( y

The synthesis of phthalimide active esters.
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The syntheses of the phthalimide active esters were effected by reacting the relevant
carboxylic acid with a slight excess of N-hydroxyphthalimide and dicyclohexylcarbodiimide
(DCCI) in THF thus ensuring the consumption of the acyl substrate. Active ester formation
was deemed complete as evidenced by the precipitation of dicyclohexylurea (DCU). Upon
removal of the DCU by gravity filtration, the resultant filtrate containing the relevant
phthalimide active ester was used directly in the amide coupling step without isolation.

5.1.3:

Amide Coupling: The Syntheses of Hexadentate 3-hydroxy-2(1 H)-pyridinone
ligands, CP 130 and CP 131

The phthalimide active esters described above are particularly susceptible to amine
nucleophiles thus permitting the synthesis of a wide range of amide linked, oligodentate
ligands.

Hexadentate chelators CP 130 and CP 131 were formed by use of the tripodal

tetraamine, tris(2-aminoethyl)amine according to Scheme 5.9.

V

a)

sR = H, 116

R = H, CP130

R = CH3, 117

R = CH3, CP 131

Reagents and conditions: a)

Tris(2-aminoethyl)amine (0.2 mol. equiv.), triethylamine (3.0
mol. equiv.), THF, room temperature, 1 hour.

Scheme 5.9:

The synthesis of hexadentate chelators, CP 130 and CP 131.

The condensation of the active esters with the tripodal amine was facilitated by maintaining
the molar ratio of the activated ester in excess of 5:1 with respect to the tetraamine.
Triethylamine was introduced to function as a sacrificial amine and promote the addition of
the tetraamine to the active esters (Scheme 5.10).
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R

.0
HcN,

O

O

NHc

NH

H
N

Y

O

N
N-hydroxyphthalimide
HgN

(NHP)

He

two further condensations

2 NHP

R

P
NH

Scheme 5.10:

Amide coupling of phthalimide active esters to form hexadentate chelators
CP 130 (R = H) and CP 131 (R = CH 3).
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The reaction of active ester 116 initially resulted in the precipitation of a bright, orange
coloured solid. This soiid was re-dissoived in absolute ethanol overnight.

Foliowing the

removai of the soivents under vacuum, sufficient aqueous sodium hydroxide was added to
dissolve the solids and hydroiyse any remaining active ester. The THF-insoiubie by-product,
N-hydroxyphthalimide was removed by fiitration and the basified filtrate containing crude CP

130 purified by anion exchange chromatography (Section 5.1.4).

Phthaiimide active ester 117 was reacted in a simiiar manner. However upon dissolution of
the crude solid in absolute ethanol and overnight stirring of the reaction mixture, the desired
hexadentate chelator CP 131 precipitated as an off-white powder. Filtration of the reaction
mixture foi lowed by copious washing of the filter cake with absoiute ethanoi furnished pure

CP 131 as evidenced by standard characterisation procedures in an overali yield of 40%
based on tris(2-aminoethyl)amine.

5.1.4:

Purification: Anion Exchange Chromatography

The application of synthetic resins as ion exchangers was utilised for the purification of the
hexadentate cheiator, N,N,N,-tris[2-(3-hydroxy-2-oxo-1,2-dihydropyridin-1 -yl)acetamido]ethylamine CP 130.

These insoluble, high moiecular weight materials have selective

adsorption properties as ion exchangers which are greatly influenced by the pH and ionic
strength of the mobile phase. For the purpose of this work, a quaternary ammonium ceilulose
(trimethylhydroxy-propylceliulose, hydrochioride salt) anion exchanger (Whatman QA 92) was
employed in a batch method.

This materiai is a white, amorphous wet powder in

microgranular form and is particularly suited to the wide pH range required.

The net charge of the hexadentate chelator between the range pH 0-14 was initially
calculated from the four pKa values previously reported.28 Figure 5.2 depicts the piot of net
charge versus pH generated from the data.

This shows that in the range pH > 11, the

hexadentate cheiator has a net charge of -3.0 and wouid therefore be expected to bind
strongly to the exchange medium whiist permitting any contaminants to be washed away.
Contrastingiy, in the range pH < 4, the net charge is +1.0 and the chelator should be readily
recovered by elution.

By the application of this technique, an excelient separation of the

hexadentate CP 130 from known impurities inciuding traces of the iron(iii) complex was
achieved. The desired product was obtained as a colourless solid (33% based on tris(2aminoethyl)amine) upon lyophilisation of the aqueous solution,

it is anticipated that the

technique of anion exchange chromatographic purification may be extended to a iarge range
of oiigodentate chelators based on 3-hydroxy-2(1 H)-pyridinones.
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Figure 5.2: T he net charge of the hexadentate cheiator N .N ,N -tris[2 -(3 -h ydroxy-2 -o xo-1 ,2dihydropyridin-1-yl)acetam ido]ethylam ine, CP 130 between the range pH 0-14. The plot was
generated from the four p/Cg values previously reported.^8
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5.1.5: Partition Coefficients

The partition coefficient (Kpar) of the hexadentate chelator N,N,N-tris[2-(3-hydroxy-4-methyl2 -0 X 0 -1 ,2-dihydropyridin-1-yl)acetamido]ethylamine, CP131 between an aqueous phase

buffered at pH 7.2 (4-morpholine-propane-sulphonic acid, MOPS) and octanol was calculated
at Kpar — 1 51.

Figure 5.3 depicts the absorbance profiles of the hexadentate chelator in MOPS buffer prior
to partitioning (upper profile) and in the buffered aqueous phase after partitioning in octanol
(lower profile). The absorbance data at 295.6 nm was utilised in the calculation of the value
of Kpar-

The profile of the partition coefficient as a function of wavelength is shown in Figure 5.4. A
visual analysis reveals the presence of a plateau in the region 270-325 nm. The inherent
inaccuracies in the "shake flask" method employed here may account for the anomalous
readings between 250-260 nm. A more robust procedure for the determination of partition
coefficients has been reported in the literature and utilises a filter probe device.29

As expected, the introduction of three methyl substituents greatly influences the lipophilic
character of the ligand. The partition coefficient calculated for CP 131 (Kpar = 1 .5 1 ) is much
higher than that reported for the analogous ligand N,N,N,-tris[2-(3-hydroxy-2-oxo-1,2dihydropyridin-1-yl)acetamido]ethylamine, CP 130 (Kpar = 0 .025)."* ^

Further work is continuing to establish the partition coefficient of the iron(lll) complex of
N,N,N-tris[2-(3-hydroxy-4-methyl-2-oxo-1,2-dihydropyridin-1-yl)acetamido]ethylamine.
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Figure 5.3:

A b sorb an ce pro file s of th e h e xa de ntate c h e ia to r N ,N ,N -tris[2 -(3 -h ydroxy-4 -

m ethyl-2-oxo-1,2-dihydropyridin-1-yl)acetam ido]ethylam ine CP 131 in M OPS buffer prior to
partitioning (upper profile) and in the buffered aqueous phase after p artitioning in octanol
(lower profile).
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282

Chapter 5

5.2: CONCLUSIONS

An improved synthesis and purification of the hexadentate chelator, N,N,N,-tris[2-(3-hydroxy2 -0 X 0 -1

,2-dihydropyridin-1 -yl)acetamido]ethylamine based on the bidentate moiety 3-hydroxy-

2(1H)-pyridinone is described. The omission of a protecting group on the 3-hydroxy function
causes no apparent decrease in the overall yield and makes a considerable simplification to
the synthesis.

The hydroxy group of N-hydroxyphthalimide appears to react much faster with the adduct of
dicyclohexylcarbodiimide and the carboxylic acid than the 3-hydroxy moiety of the pyridinone.
It is possible that even if an ester with 1-carboxymethyl-3-hydroxy-2(1 H)-pyridinone is formed,
it is also an active ester susceptible to amine nucleophiles and therefore giving no final side
products.

Anion exchange chromatography gives an excellent separation of the free chelator from
known impurities including a trace of the iron(lll) complex.

A new hexadentate chelator, N,N,N-tris [2-(3-hydroxy-4-methyl-2-oxo-1,2-dihydropyridin-1-yl)
acetamido]ethylamine was synthesised utilising the Mannich reaction with a higher partition
coeffecient into octanol.

Further investigations into the synthesis of the hexadentate chelators based on substituted 3hydroxy-2(1H)-pyridinones are planned.
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5.3: EXPERIMENTAL

5.3 a)

General Procedures

Melting points were determined on a Gallenkamp capillary melting point apparatus and are
uncorrected.

Microanalyses (0, H, N,) were carried out by the Microanalytical Section of the Department of
Chemistry, University College London.

The infrared spectra were determined as potassium bromide (KBr) discs in the range 4000500 cm"^ with a Perkin Elmer 1605 FT-IR spectrometer and were referenced to polystyrene
film. Absorptions are reported in reciprocal centimetres (cm""*). The following abbreviations
were used: v , stretching; 5, in-plane bend; n, out-of-plane bend; s, strong absorption; m,
medium absorption; w, weak absorption; b, broadened band and s, shoulder.

The proton nuclear magnetic resonance

H NMR) spectra were recorded on a Varian VXR-

400 (400 MHz) spectrometer with the chemical shifts reported in parts per million (8). The
following solvents were used as indicated: dimethylsulphoxide-dg (DMSO-de) or D2O The
residual protic solvent signal I.e. C 2 D 5 HS = 0 (ÔH = 2.52 ppm) was used as the internal
reference. Compounds run in D2 O were referenced to 3-(trimethylsilyl)-1-propanesulphonic
acid, sodium salt). The following abbreviations were used to denote multiplicity: s (singlet), d
(doublet), t (triplet), q (quartet), sxt (sextet), m (multiplet) and br (broad).

The carbon nuclear magnetic resonance (^^C NMR) spectra were recorded at 100 MHz
using the residual resonances of (^ 03 )28=0 (5c = 39.7 ppm) as an internal reference.

Mass spectra (fast atom bombardment, FAB) were recorded on a VG7070 double focusing
mass spectrometer interfaced with a VG ZAB SE data system by the Mass Spectrometry
Service, Department of Chemistry, University College London.

Commercially available, plastic-backed silica gel (UV 254) plates were used for analytical thin
layer chromatography (t.I.c.) and eluted in aqueous ethanol (96%).

Visualisation was achieved by either a) UV visualisation, b) iron(lll) nitrate staining or a
combination of a) and b).

All reagents were used as received unless otherwise stated.
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5.3 b) Determination of Partition Coefficients

The partition coefficient of the hexadenate chelator N, N, N-tris[2-(3-hydroxy-4-methyl-2-oxo1,2-dihydropyridin-1-yl)acetamido]ethylamine, CP 131 was determined spectrophotometricaliy
using a modification of the shake flask method.

The ligand was prepared at approximately 0.1 mM in 50 mM MOPS buffer (pH = 7.2) from a
stock aqueous solution of known concentration. Both the buffer and ligand solutions were
prepared in water distilled from a Barnstead E-pure water purifier at18 MQcm""*.

All spectra were recorded on a Lambda 5 UVWis spectrophotometer equipped with a
thermostatted cell holder maintained at 2 5 .0 °C ± 0.01 ° C

using a Grant-Barrington

thermocirculator. The cuvette was 1 cm length quartz.

The full spectrum of the buffered solution of the ligand was recorded over the range 200-350
nm.

An equivalent volume of octan-1-ol was added and mixed thoroughly such that an

emulsion of the immiscible phases was formed.

After thermal equilibration, the aqueous

phase was carefully removed and analysed as before.

The data were collected on a computer interfaced to the spectrophotometer and analysed to
obtain data in two forms:

a) full UV spectra between 200 nm and 350 nm,
b) partition coefficient (Kpar) as a function of wavelength.
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5.3 c)

Materials

2,3-Dihydroxypyridine - Aldrich Chemical Company
Ethyl-1-bromacetate - Aldrich Chemical Company
Nitrogen (oxygen-free) - BOC
Activated charcoal - BDH
Formaldehyde (37% aqueous solution) - Aldrich Chemical Company
Morpholine - Aldrich Chemical Company
Cyclohexene - Aldrich Chemical Company
Palladium hydroxide catalyst - Aldrich Chemical Company
Sodium hydroxide - BDH
Hydrochloric acid - BDH
N-hydroxyphthalimide - BDH
Potassium hydroxide - BDH
Tetrahydrofuran - Aldrich Chemical Company
Dicyclohexylcarbodiimide - BDH
Tris(2-aminoethyl)amine - Fluka A. G.
Triethylamine - Aldrich Chemical Company
Phosphorus pentoxlde - FIsons
QA92 quaternary ammonium cellulose anion exchange resin - Whatman Paper Company
4-Morpholine-propane-sulphonic acid (MOPS) - Aldrich Chemical Company.
Octan-1-ol - Aldrich Chemical Company.

Analytical TLC plates (Whatman PE SILG/UV 254, 250 |im) - Whatman Paper Company

Deuterated solvents: a) Dimethylsulphoxide-de, 99.5% D, Gold Label,
b)

D 2O

All purchased from the Aldrich Chemical Company.

All other solvents were obtained as Analar grade or better - BDH.
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5.3.1

: The Synthesis Of Bidentate 3-Hydroxy-2(1 H)-pyridinone Ligands

1-Ethoxy carbonylmethyi-3-hydroxy-2(1 H)-pyridinone, 99

3-Hydroxy-2(1H)-pyridinone 87 (11.1 g, 0.1 mol) and ethyl bromoacetate CAUTiON (83.5 g,
0.5 mol) were mixed, the vessel flushed with nitrogen for 1 hour and then refluxed under a
continuous nitrogen purge for 12 hours.

Upon cooling, the resultant beige coloured

precipitate was filtered off, washed with acetone and recrystallised from 96% ethanol in the
presence of activated charcoal to furnish 99 as colourless needle crystals (15.2 g, 77%).

O

CH3 CH2 O

OH

99

Melting point: 151-153 ° C (lit 14 mp. 150-152°C).

1.19 (t, 3H, 3Jh,H = 7.6 Hz, CH 3 CH 2 O-),

1H NMR (400 MHz, DMSO-Ofe) Ô

4.13 (q, 2 H, 3Jh,H = 7.2 Hz, GH 3 CH 2 O-),
4.70 (s,2H , NCH 2 CO),
6.10 (t, 1H, 3 j h .H = 6.4 Hz , H-5),
6.78 (d, 1H, 3 j 4,5 = 7.2 Hz , H-4),
7.13 (d, 1 H ,3 j5 ,6 = 7.0H z, H-6),
OH group exchanged.

13c NMR (100 MHz, DMSO-ofe) Ô

14.08

(CH 3 of ester), 50.34 (-NÇH 2 CO-),

60.98 (OH 2 of ester), 105.24 (0-5), 115.38 (0 - 6),
128.89 (0-4), 146.69 (0-3), 157.91 (0-2),
168.05 (ÇOOH 2 ).

Elemental analysis: O 9 H 11O 4 N requires 0 , 54.82%; H, 5.62%; N, 7.10%.
Found 0 , 54.50%; H, 5.46%; N, 6.91%.

Mass spectrum (FAB): M H+ (198, 65%).
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Infrared (KBr, cm'"*):

3446 (yQ -H , ring, m, br), 3110-3002 (y c -H , ring , w),
1743 ( y c = 0 . ester, s), 1662 { v c = 0 , s), 1609 ( y c = 0 , rn),
1551 (y c = C . rn), 1458 (y c = C , s), 1294 (y c - 0 . m),
1206 (y c -N . m),1063 (Ô ring, m), 878 {k ring, w).

1-Ethoxycarbonylmethy l-3-hydroxy-4-morpholinomethyl-2(1 H)-pyridinone, 101

Compound 101 was prepared and characterised as described earlier.

Full details are

provided in Chapter 3.

1-Ethoxycarbonylmethyl-3-hydroxy-2(1H)-pyridinone 99 (3.00 g, 15.2 mmol) was stirred into
aqueous ethanol (96%, 30 m l) at room temperature. Aqueous formaldehyde (37%, 3.70 g,
45.6 mmol) and morpholine (3.97 g, 45.6 mmol) were mixed with cooling for 30 minutes and
then added dropwise to the ethanolic mixture prepared above. Stirring was maintained for 2
hours and then left to stand overnight during which time a solid precipitated. The precipitate
was filtered off, washed with acetone and recrystallised from 96% ethanol to furnish 101 as a
white crystalline solid (3.56 g, 79%).

O

CH3CH2O

6 5 4

101

1-Ethoxycarbonylmethy l-3-hydroxy-4-methyl-2(1 H)-pyridinone, 103

Compound 103 was prepared and characterised as described earlier.

Full details are

provided in Chapter 3.

1-Ethoxycarbonyl-3-hydroxy-4-morpholinomethyl-2(1H)-pyridinone 101 (5.00 g, 16.87 mmol)
was stirred into a mixture of cyclohexene (80 mL) and absolute ethanol (40 mL). After 30
minutes, the reaction mixture was treated with 10% palladium-on-carbon catalyst (1.0 g) and
the mixture refluxed for 24 hours after which time TLC analysis indicated the consumption of
the Mannich base.

After removing the catalyst by gravity filtration, the filtrate was
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concentrated under diminished pressure to afford an off-white crystalline solid. Subsequent
recrystallisation from absolute ethanol furnished 103 as fluffy, needle crystals (2.60 g, 73%).

O
C H

3C

H

2O .

OH

103

1-Carboxylmethyl-3-hydroxy-2(1 H)-pyridinone, 114

1-Ethoxycarbonylmethyl-3-hydroxy-2(1H)-pyridinone 99 (9.86 g, 50 mmol) was dissolved in
aqueous sodium hydroxide (4M, 50 mL). After 20 minutes, concentrated hydrochloric acid
was added dropwise with cooling until a faint precipitate just appeared.
crystals of 114 precipitated.

Upon standing,

Filtration of the product and drying in vacuo

furnished

analytically pure 114 (7.02 g, 83%).

114

Melting point: 201-203 °C.

4.63 (s,2H, NGH 2 CO),

1 H NMR (400 MHz, DMSO-ûfe) Ô

6.08

(t. 1H,

6.72 (d,

3 J

h

.H

1 H ,3 J 4 ,5

=

=

6 . 4 H

7 . 2 H

z

H-5),

z

,

,

H-4),

7.12(d, 1H. 3J5,6 = 7 .0 Hz , H-6),
9.16 (s, 1H, ring OH), COOH group not observed.

50.32 (-NÇH 2CO-), 105.13(0-5), 115.35 (0-6),

130 NMR (100 MHz, DMSG-ofe) Ô

129.07 (0-4), 146.72 (0-3), 157.99 (0-2),
169.40 (ÇOOH 2 ).
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Elemental analysis: G 7 H7 O 4 N requires 0, 49.71%; H, 4.17%; N, 8.28%.
Found 0 , 50.18%; H, 3.79%; N, 7.92%.

Mass spectrum (FAB): MH+ (170, 81%).

Infrared (KBr, cm'"' ):

3261 (\^0-H. ring, m, br), 3008 ( v q -H. COOH, w),
2979-2891 (v c -H . ring , w), 1705 ( v c = 0 . acid, s),
1652 ( y c = 0 . pyridinone, s), 1599 ( v c = 0 . pyridinone, m),
1560 (\^C=C. m), 1462 {vc=C> s), 1287 (VQ-O. m),
1207 (y C-N, m),1077 (Ô ring, m), 882

(3 1

r in g .

w).

1-Carboxylmelhyl-3-hydroxy-4-melhy 1-2(1 H)-pyridinone, 115

1-Ethoxycarbonylmethyl-3-hydroxy-4-methyl-2(1H)-pyridinone, 103 was treated in an similar
manner to that described for 114 furnishing 115 as small crystals (Yield = 80%).

6

4 CH3

5

115

Melting point: 246 ° C (decomp.).

1H NMR (400 MHz, D 2O) Ô

2.16 (s, 3H, C H 3 ), 4.53 (s, 2 H, -NCH 2 -).
6.33 (d, 1 H ,3 J5 ,6 =
7.02

13c NMR (100 MHz, D 2 O) Ô

7 .2 H z ,

H-5),

(d, 1H, H-6), OH groups exchanged.

17.32 (ÇH 3 ), 55.84 (-NÇH 2-). 114.11
130.92

(C- 6), 132.99 (C-4), 145.26 (C-3),

160.50 (C- 2), 177.27 (ÇOCH 2 ).

Elemental analysis: C 8 H9 O 4 N

requires C, 52.46%; H, 4.95%; N, 7.65%.
Found C, 52.20%; H, 5.10%; N. 7.41%.

Mass spectrum (FAB): MH+ (184, 25%).
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Infrared (KBr, cm'1 );

3300 (yQ -H, ring, m, br), 3020 ( v^OH. COOH, w),
2969-2938 (v c -H . ring and OH 3 , w), 1717 ( v c = 0 . acid, s),
1653 ( v c = 0 . pyridinone, s), 1586 (v^c=0. pyridinone, m),
1540 (v c = C . m), 1472 {vc=C> s), 1266 (^C -O . m),
1208 { v Q-isi, m),1079 (Ô ring, rn), 892

(3 1

ring. w).

3-Hydroxy-1 -phthalimy l-oxycarbonylmelhyl-2(1 H)-pyridinone, 116

To a solution of 1-carboxyimethyi-3-hydroxy-2(1H)-pyridinone, 114 (3.38 g, 0.02 mol) and Nhydroxyphthaiimide (4.89 g, 0.03 mol) in cooled (°C ) tetrahydrofuran (100 mL) was added a
IM F solution (15 mL) of dicyclohexylcarbodiimide (DCCI, 6.19 g, 0.03 mol).

Stirring was

maintained at ° C for 20 minutes during which time a white precipitate of dicyclohexylurea
(DCU) appeared. The solution was permitted to warm to room temperature and stirred for a
further 1 hour prior to removing the THF-insoluble DCU via filtration. The resultant filtrate
containing 116 was used immediately in the next step.

116

N, N, N-tris[2-(3-hydroxy-2-oxo-1,2-dihydropyridin-1-yl)acetamido]ethylamine, CP 130

To the filtrate obtained above was added a THF solution (15 mL) of tris(2-aminoethyl)amine
(0.57 g, 4 mmol) and triethylamine (6.07 g, 60 mmol) dropwise over several minutes at room
temperature. Stirring was maintained for 1 hour during which time a bright orange coloured
solid precipitated. The product was re-dissolved in absolute ethanol and stirring continued
overnight. The reaction mixture was evaporated to dryness affording crude CP 130 as an
orange solid. Sufficient aqueous sodium hydroxide (1 M) was added to dissolve the crude
chelator and hydrolyse any remaining phthalimide active ester.

The THF-insoluble side

product, N-hydroxyphthalimide was removed by filtration and the filtrate containing the
desired product purified as follows.
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5.3.2: Anion Exchange Chromatography

N,N,N,-trls[2-<3-hydroxy-2-oxo-1,2-dlhydropyrldin-1-yl)acetamido]ethy!amine, CP 130

The filtrate was added to a slurry of Whatman QA92 quaternary ammonium cellulose anion
exchange resin (10 g) in purified water (40 mL) and carefully titrated to pH 11 with aqueous
sodium hydroxide and allowed to stand with intermittent stirring. After 1 hour the resin was
filtered and washed twice with distilled water (40 mL). The anion exchange resin was re
suspended in water and titrated to pH 4 with aqueous hydrochloric acid. After standing for 1
hour with intermittent stirring, the resin was re-filtered and washed once with water (20 mL).
The filtrate and acidic washings were subsequently combined and lyophilised affording CP

130 as a colourles solid (0.79 g, 33% based on tris(2-aminoethyl)amine).

s
r

O

CP 130

Melting point: 180-182°C (lit

mp. 178-180°C, decomp.).

3.17 (sbr, 6 H, 3 X NHCH 2 ).

1H NMR (400 MHz, DMSO-ob) ô

3.29 (sbr, 6H, 3 x CH 2 N),
4.47 (s, 6H, 3 X NCH 2 CO),
5.92 (t, 3H, 3Jh,H = 6.8 Hz, 3 x H-5),
6.56

(d, 3H, ^J 4,5 = 5.6 Hz, 3 x H-4),

6.93 (d, 3H, 3J5,6 = 6.8 Hz, 3 x H-6),
8.22 (sbr, 3H, 3 x NH), 8.92 (sbr, 3H, 3 x OH).
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13c NMR (100 MHz, DMSO-de) ô

36.81 (C- 10), 51.38 (C-9), 53.18 (C-7), 104.85 (C-5),
115.18 (C- 6), 129.55 (C-4), 146.60 (C-3),
157.92

(C-2), 167.07 (C- 8).

Elemental analysis: C 27H 33O 9N 7 requires C, 54.09%; H, 5.55%; N, 16.35%.
Found C, 54.61%; H, 6.00%; N, 16.11%.

Mass spectrum (FAB): MH+ (600, 7%).

Infrared (KBr, cm‘ 1):

3294 ( \ / n -H. m), 3076 (i/Q -H , ring, w),

2959-2855 (v'C-H. ring and -CH2 -, w), 1713 (v'c= 0 . s),
1651 {v c = Q , pyridinone, s), 1590 {v c = 0 , pyridinone, m),
1552 {vc=C> m), 1462 {vc=C< s), 1276

{v

q

-O,

m), 1205 (\^C-N. m).

3-Hydroxy-4-methyl-1 -phthalimyl-oxycarbonylmethy 1-2(1 H)-pyridinone, 117

1-Carboxylmethyl-3-hydroxy-4-methyl-2(1H)-pyridinone, 115 (3.66 g, 0.02 mol) was dissolved
in tetrahydrofuran (45 mL) and subsequently treated with N-hydroxyphthalimide (4.89 g, 0.03
mol). The resultant mixture was cooled in an ice-bath and stirred for 1 hour. To the cooled
mixture was introduced a THF solution (15 mL) of dicyclohexylcarbodiimide (DCCI, 6.19 g,
0.03 mol) slowly over several minutes. Stirring was maintained at °C for a further 1 hour
during which time dicyclohexylurea (DCU) appeared as a white solid.

The mixture was

allowed to warm to room temperature before removing the THF-insoluble DCU via filtration.
The filtrate containing the phthalimide active ester 117 was used directly in the next step
without further purification.

O
O

'H’rùZ
117
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N, N, N-tris[2-(3-hydroxy-4*methyl-2-oxo-1,2-dihydropyridin>1-yl)acetamido]ethylamine,
CP131

To the filtrate obtained above was added a THF solution (10 mL) of tris(2-aminoethyl)amine
(0.57 g, 4 mmol) and triethylamine (6.07 g, 60 mmol) dropwise over several minutes. The
reaction mixture was stirred at room temperature for 1 hour prior to treatment with absolute
ethanol (50 mL) and stirring continued overnight after which time CP 131 precipitated as an
off-white solid. The solid was filtered off, washed thoroughly with absolute ethanol and dried
in vacuo over P2 O 5 and KOH pellets affording CP 131 as a fine white powder (1.03 g, 40%
based on tris(2-aminoethyl)amine).

NH

s
r
OH

HO

CP 131

Melting point: 231-233°C.

1.99 (sbr, 9H, 3 x CH 3 ), 3.14 (sbr, 6 H, 3 x NHCHa),

1H NMR (400 MHz, DMSO-dfe) ô

3.36 (sbr, 6H, 3 x C H 2 N),
4.51 (sbr, 6 H, 3 x NCH 2 CO),
6.00

(d, 3H, 3J5,6 = 6.8 Hz, 3 x H-5),

6.97 (d, 3H, 3 x H-6), 8.03 (sbr, 3H, 3 x NH),
8.57

(sbr. 3H. 3 x O H ).

14.85 (CH 3 ), 37.24 (C-10). 51.09 (C-9), 53.29 (C-7),

13c NMR (100 MHz. DMSO-de) ô

108.30 (C-5), 125.16 (C- 6), 128.10 (C-4),
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143.17 (C-3), 157.24 (C-2), 166.96 (C- 8).

13c NMR (100 MHz, cent....)

Elemental analysis: C 33H 39O 9N 7 requires C, 56.15%; H, 6.13%; N, 15.28%.
Found C, 55.87%; H, 6.53%; N, 15.13%.

Mass spectrum (FAB): MH+ (642, 76%).

Infrared (KBr, cm'1):

3298 ( \ / n -H. m), 3076 (i/Q -H , ring, w),
2947-2855 (v'C-H. ring and -CH 2-, w), 1700 ( v c = 0 >s),
1654 ( i/c = 0 , pyridinone, s), 1593 ( 1^0 = 0 . pyridinone, m),
1558 (y 0 = 0 , m), 1464 (v o=C. s), 1282 ( 1/ 0 - 0 . m), 1211 (y o -N , m).
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6.0: INTRODUCTION

One of the objectives of this research is to characterise the aqueous solution behaviour and
m etal(lll)

ion

coordination

chemistry

of

representative

hydroxypyranone

and

hydroxypyridinone ligands synthesised and characterised as described in Chapters 2 ,3 and
4.

The solution behaviour can be quantified in terms of ionisation constants {pK^) and

stability constants (log Kp). These parameters are of considerable importance in analytical
chemistry since they provide information concerning the concentrations of various metalligand complexes under specific equilibrium conditions.

The concentrations of complex

species under physiological conditions affects the biological activity.

6.0.1 : Potentiometric Methods

Many metal-ligand equilibria in aqueous media can be considered as competitive binding of
protons and metal ions for a particular chelating moiety of the ligand. The addition of metal
ions to a solution of protonated ligand liberates protons thus lowering the pH of the solution.
The stronger the affinity of the metal ion for the ligand relative to proton, the greater the
proportion of protons displaced.

Hence, a metal ion which forms a complex of infinite

stability would quantitatively displace the protons from the ligand. As a result, the titration
curve of pH against volume of base would resemble that of a strong acid.

In contrast, a

complex of negligible stability would give a titration curve resembling that of the ligand alone.
Between these two extremes the magnitude and stoichiometry of stability constants may be
calculated from the depression of the titration curve of the ligand upon addition of metal ions.

6.0.2: Spectrophotometric Methods

In a multicomponent solution containing metal ion, metal-ligand complexes and free ligand in
various states of ionisation, the absorbance at a single wavelength is given by the sum of the
absorbances of the individual species present (Beer-Lambert Law). When full spectra are
recorded, the observation of a shift in Irnax af disparate metal-ligand equilibrium conditions
is the most direct evidence of more than one absorbing species. If the X ^ax ceases to vary
as one experimental condition is systematically varied then one can assume that only one
absorbing species is present in appreciable concentration.

If the multicomponent system can be well approximated over a certain range of conditions by
a one or two component system, simple linear or quadratic algebra may be employed to
model the system."'

Even under these conditions accuracy is much improved by

multiwavelength data. The data in this case consists of absorbances at W wavelengths for a
set of M spectra to give a M x W data matrix.
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The appearance of an isosbestic point(s) is often taken as evidence of a two component
system although further tests should be performed to qualify this premise.^

In a two

component system under appropriate conditions (e.g. excess metal ion), an algebraic
linearisation would permit a stability constant and extinction coefficient to be determined from
the intercept and gradient of a straight line after linear regression.

However, non-linear

regression analysis of the untransformed data has many advantages. The use of non-linear
regression analysis and its advantages in the analysis of equilibrium data have been
documented in the literature.^ Sophisticated programs for the analysis of complex equilibria
by potentiometric and spectrophotometric methods have been available for many years.
These include LETAGROP VRID^, SCOGS^, MINIQUAD^, DALSFEK^, SQUAD^and
BEST"*® which are all well

re v ie w e d " *

'*■^2 as well as PK-OPT and STAB-OPT^^"^^, the

programs used in this work.

The reliability of stability constants estimated from this type of data has been reviewed.^®

6.0.3: Non-Linear Model Dependent Analysis

The method of non-linear regression analysis can be divided into two parts.

Firstly, the

mathematical model of the multicomponent equilibrium must be expressed in terms of model
parameters.

Secondly, the parameters must be optimised to minimise the sum of the

squares of residuals between the theoretical and experimental points. Both of these tasks
were performed with an updated version of the computer program NONLIN15^^‘ ^^ (now
known as STAB-OPT) written in Visual Basic for Windows.

6.0.4: Mathematical Modelling Of Multicomponent Equilibria

A general description of multicomponent equilibria which can be applied to both
potentiometric and spectrophotometric titrations follows.

The three component system of a solution of a metal ion, ligand and protons can be
expressed as a set of chemical equilibria (Equation 1) of species with stoichiometries defined
by p, q and r. A complete glossary of terms is given in Table 6.1.
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Table 6.1 : Glossary Of Terms

h

Free hydrogen ion concentration

I

Free ligand concentration

m

Free metal concentration

Hj

Total analytical hydrogen ion concentration

Lj

Total analytical ligand concentration

Mj

Total analytical metal concentration

Pj

Metal ion stoichiometry of the

qj

Ligand stoichiometry of the

complex

rj

Proton stoichiometry of the

complex

Sj

Concentration of the

Bj

Cumulative formation constant of the

NS

Total number of complexes

Kw

[H + ]. [0H-]
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pm + ql + rh

m p l^ h r

A matrix of pj, qj and rj values then describes the stoichiometry of the

(1)

complex species.

The concentrations of all the species in aqueous solution including mixed ligand hydroxy
and polynuclear species comply with the three mass balance equations (Equations2a-c).

NS
Mj = m + S
PySj
j= 1

(2a)

Lj =

I + S qySj

(2b)

Ht = h + S rySj- Kw/h

(2c)

The concentrations Sj must also satisfy the equilibrium equation (Equation 3) which
expresses the Law of Mass Action,

Sj
Pj =
Pj qj q
m I h

(3)

Therefore
Pj qj rj
Sj = Bym I h

(4)

Combining Equations (2a-c) and (4) gives Equations (5a-c),

NS
Mr = S
y=1

Pj qj
Py By m I h
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NS
Lt =

X
y=i

NS
Hj =

X

Pj qj

rj

qy By m I h

Pj qj

(5b)

rj

ry 0j m I h -Kw/h

(5c)

y= 1

The stability constants py and the stoichiometry constants py, qy and ry must be known to
solve Equations 5a-c in which M j, L j and H j are the dependant variables and m, I and h are
the independent variables.

In experimental work, the reverse is usually the case with the

analytical concentrations M j, L j and H j known and m, I and h unknown.

For complex systems. Equations 5a-c are polynomials in m, I and h and are not analytically
soluble as functions of M j, L j and H j. Simplifying assumptions may be made which enable
analytical solutions to be obtained."*'

Without such assumptions,

iterative numerical methods such as the Newton-Raphson

iteration in three variables must be employed. For given M j, L j and H j the values of m, I
and h can then be calculated from which a titration curve of -log h versus H j can be
constructed.

If the extinction coefficients of all the species are known, then a

spectrophotometric titration curve may also be constructed.

In the special case of spectrophotometric determination of pKa values, the independent
variable is pH from which h can be calculated (10'*^). Since in this case all the species are
first order in ligand (q = 1) a full, non-iterative analytical solution is possible.

Lt = I + I S

rj
Sj = By I h
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J

where

Therefore

By = f l (1/Kai)
i= 1

rj
L j = I + Z By I h

Lj = I (1 + I

rj
By h )

rj
I = L j \ (1 + Z By h )

Now I and h are known, all Sy species curves can be calculated from Equations 5a-c.

6.0.5: Optimisation Of Parameters

The program STAB-OPT uses the Gauss-Newton-Marquardt algorithm to evaluate the
optimal set of model parameters for which the sum of the squares of residuals between the
theoretical and experimental points is at its minimum.

Global optimisation of the parameters common to a set of experiments gives more reliable
values and improved probability of rejection of a spurious model function. Parameters such
as stability constants must be by definition (assuming ideality) be constant and therefore
common to a set of titrations. For parameters which are not constant throughout a set of
titrations, an alternative method of global optimisation is required. The method employed
recognises the experimental ease with which some variables such as concentration may be
increased by a known factor even when the absolute values are unknown. For example, in a
set of titrations in which the metal concentration is increased between titrations by addition of
X, y, z mL etc. of a stock solution, the factors x, y, z etc. may be entered into STAB-OPT and

held constant while the metal concentration is optimised. Experimentally, this is performed by
repetitive titration of a stock ligand solution but with the addition of say 10 pL stock metal
solution between titrations. Dilution effects from such additions and the titrant volume are all
handled by STAB-OPT. This process can help to eliminate small systematic errors.

Now implementing these techniques in the program STAB-OPT, the pKa values and log K-|
values of representative ligands are characterised.
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For convenience, this work is divided into two sections. Part A describes the determination of
p/Ca values followed by investigations into the metal(lll) ion coordination chemistry of a
selected number of ligands (Part B).
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6.1 : DETERMINATION OF pKg VALUES (PART A)

6.1.1:

Background

The most convenient method for the determination of ionisation constants is potentiometric
titration. This procedure necessitates the measurement of pH using a cell composed of two
half ceils (each commonly referred to as an electrode). The potential difference between the
electrodes is a measure of the hydrogen ion activity in the solution between the electrodes.
The most commonly used electrode system for potentiometric analysis is a glass electrode in
combination with a saturated calomel reference electrode.

For p/Ca determinations in which potentiometry proves inapplicable, as is the case for ligands
of low solubility, the method of choice becomes ultraviolet spectrophotometry where both the
ligand and its conjugate base have distinct UV spectra. The p/Ca is derived from
measurements of the proportions in which these two species occur, over a range of pH
values.

6.2:

EXPERIMENTAL

All ligands were synthesised and purified as described in Chapter 2, 3 and 4.

Simultaneous potentiometric and spectrophotometric titrations were performed on a purpose
built automated titrator^ ^ comprising a stepper motor driven micrometer mounted 1 mL
syringe (Agia) and a Corning A 250 pH meter. The computer program which controls the
titrater senses equilibria and continues to acquire values of pH until the slope of pH against
time plus twice the standard error of the slope is less than 0.0002 pH units per second. A
glass electrode and calomel reference electrode were employed. The water-jacketed titration
vessel was maintained at 25.0°C ± 0.01 °C by a Grant-Barrington thermocircuiator.

Spectra were recorded on a Perkin-Elmer Lambda 5 UVWis spectrophotometer equipped
with a thermostatted Heilma 2 mm flow cell maintained at 25.0°C.

Data were collected on a computer interfaced to the spectrophotometer and titration
apparatus. Three titrimetric data types could be recorded automatically namely:

a) full UV spectra between 230-330 nm,
b) absorbance at a single wavelength versus pH and
c) pH versus titrant volume.
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Water was distilled and deionised from a Barnstead E-Pure water purifier at 18 Mf2 cm’ ^.
Potassium chloride (BDH, Analar) was used to maintain ionic strength. Hydrochloric acid and
potassium hydroxide solutions were Aldrich standard solutions.

6.2.1 : General Procedure For The Calibration Of Eiectrodes

The titration vessel was loaded with potassium chloride solution (15 mL, 0.1 M) and allowed
to reach thermal equilibrium. Aqueous hydrochloric acid (0.2044 M, 200 pL) was added in
one addition. This solution was subsequently titrated with aqueous potassium hydroxide
(0.1968 M, 400 pL) in 5 pL stepwise additions. The experimental set-up was designed so as
to permit the course of the titration to be monitored visually on the computer monitor.

6.2.2:

General Procedure For The Potentiometric Titration Of Ligands

The general method follows on directly from the calibration above without removal of the
electrodes.

6.2.3:

A typical procedure is exemplified by the flow chart in Figure 6.1.

Potentiometric Titration of 5-Hydroxy-2-hydroxymethyi-1-propyi-pyridin-4-one,
61.

Immediately following calibration, aqueous hydrochloric acid (0.2044 M, 500 pL) was
introduced into the titration vessel in a single addition. Ligand 61 (33.87 mM, 250 pL) was
added followed by stepwise titration with aqueous potassium hydroxide (0.1968 M, 450 pL) in
5 pL steps.

6.2.4:

Potentiometric Titration Of N,N*-bis[(5-hydroxy-2-hydroxymethyi-pyran-4-one-6yi)methyi]-1,4-diazacyclohexane, 78.

The ligand solution was prepared as follows. To 10.5 mg of ligand was added distilled water
(1 mL) followed by aqueous hydrochloric acid (0.2044 M, 300 pL) to aid dissolution.

Potassium chloride (15 mL, 0.1 M) was titrated with aqueous hydrochloric acid (0.2044 M,
150 pL) in one step.

This solution was subsequently titrated with aqueous potassium

hydroxide (0.1968 M, 300 pL) in 5 pL stepwise additions. Next, ligand solution (60 pL) was
introduced in one aliquot followed by the stepwise titration with potassium hydroxide (0.1968
M, 300 pL) in 10 pL additions. The reaction was monitored at 274 nm.
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BASE (KOH, 0.1986 M)

ACID (HCI, 0.2044 M)

200 |iL in one addition

400 |iL in 5 pL additions

450 pL in one addition

250 pL of ligand at
known concentration

450 pL in 5 pL additions

Figure 6.1 :

Schem atic representation of a typical calibration and potentim etric
titration of a ligand used in the determ ination of p/<a values.
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6.2.5:

Potentiometric Titration Of Bis(5-hydroxy-2-hydroxymethyi-pyran-4-one-6-yl)
methane, 108.

The ligand solution was prepared as follows. Ligand 108 (8 . 6 mg) was dissolved in aqueous
potassium chloride (0.1 M, 1.45 mL) and aqueous potassium hydroxide (0.1968 M, 300 |xL).
Following calibration, aqueous hydrochloric acid (0.204 M, 250 pL) was introduced into the
titration vessel and the buffered solution titrated with aqueous potassium hydroxide (0.1968
M, 400 pL) in 5 pL steps. The reaction was monitored at 310 nm.

6.2.6:

Potentiometric Titration Of 1 ',1 '-bis(5-hydroxy-2-hydroxymethyi-pyran-4-one-6yi)butane, 110.

Ligand 110 was prepared and analysed in a similar manner to above. The reaction was
monitored at 310 nm.
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6.3.: RESULTS AND DISCUSSION (PART A)

6.3.1

:

Results Of The Simultaneous Potentiometric And Spectrophotometric Titration
Of 5-Hydroxy-2-hydroxymethyi-1-propyl-pyridin-4-one, 61

The three types of data derived from the simultaneous potentiometric and spectrophotometric
titration of 61 are shown in Figures 6.2-6 4.

Upon inspection of the results of the UV spectrophotometric titration (Figure 6.2), it is
observed that there are two isosbestic points at 257 nm and 294 nm confirming the presence
of three absorbing species. This observation is consistent with the premise of two pairs of
transformations namely

P^a2
LH2 +

pKa1

^

LH

■ ^ e= = = = ^ \_ -

where U-lg"*" = doubly protonated ligand
LH

= protonated ligand

L"

= deprotonated ligand

The isosbestic point at 294 nm can be attributed to the transformation

CHg

LH
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Figure 6,2: UV spectrophotom etric titration of 5-hydroxy-2-hydroxym ethyl-1-propyipyridin-4-one. 61 at 8 47 x lO '^M . T he absorbance at 276 nm is used in Figure 6.3.
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whereas the isosbestic point at 257 nm corresponds to the following equilibrium

OH
^

+ H""

HO

CH3

LH

Figure 6.3 depicts the plot of absorbance at 276 nm versus corrected pH (pH - electrode
zero). The experimental points are shown together with the theoretical "best" curve obtained
by refinement with STAB-OPT. Analysis of the data in STAB-OPT permitted refinement of
the extinction coefficients of the contributing species and the determination of the two p/<a
values (Table 6.2). The Eq value cannot be optimised from the spectrophotometric data and
was therefore arbitrarily set to zero, so that the optimised pKa values are uncorrected for E q .
The recorded pKa values although including the set value of Eg = 0 allow the spacing
between the two pKa values to be determined.

From the spectrophotometric data, the

parameters pKai and Eg were optimised to give uncorrected p/<a values.

The simultaneously obtained potentiometric titration plot is given in Figure 6.4. As before the
refinement of parameters was undertaken using STAB-OPT. The equivalence region was
initially examined to obtain parameters for initial acid (A), total ligand (Lj) and Kw, the ionic
product of water. These parameters were optimised together with the Eg value while the
corrected pKa were obtained by subtraction of Eg from the fixed pK^ parameters.

These parameters are listed in Table 6.3.
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Figure 6.3: Absorbance at 276 nm versus corrected pH during the UV
spectrophotom etric titration of 5-hydroxy-2-hydroxym ethyl-1-propyl-pyridin-4-one, 61
Experim ental points are overlaid with the "best" curve generated for the param eters
in Table 6.2
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Table 6.2: Parameters for the spectrophotometric titration of 5-hydroxy-2hydroxymethyi-1 -propyi-pyridin-4-one, 61

LH2+

LH

L-

^max(nm)

280.2

282.1

312.1

e(274) IV|-1cm-1

1095.3

2338.8

648.9

pKa*

8.58

3.19

corrected by subtraction of the Eq value determined overleaf.
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Figure 6.4: Potentiom etric titration of 5-hydroxy-2-hydroxym ethyt-1-propyl-pyridin-4one, 61 at 8.47 x lO '^M . Experimental points are overlaid with the "best" curve
generated from the refined param eters in Table 6.3.
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Table 6.3: Parameters for the potentiometric titration of 5-hydroxy-2hydroxymethyi-1-propyi-pyridin-4-one , 61 refined with
STAB-OPT

Total Ligand (M)

8.47 X 10-6

Initial Acid (M)

0.2044

Initial Base (M)

0.1968

Electrode Zero /

(Eq)

0.9922

P^al

8.58

p/<a2

3.19

p/Cw

13.46

Electrode Slope (59.16 mV)

1 .0 0

Initial Volume (mL)

15.0

Additional Volume (mL)

1.35

Volume Of Base (mL)

0.45
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6.3.2 : Results Of The Simultaneous Potentiometric And Spectrophotometric Titration
of N,N'-bis[(5-hydroxy-2-hydroxymethyl-pyran-4-one-6-yl)methyl]-1,4diazacyclohexane, 78.
The tetradentate chelator 78 was prepared as described previously and was found to be
sparingly soluble in distilled water. Dissolution was achieved by the addition of a small
volume of aqueous hydrochloric acid (0.2044 M, 150 nL). Analysis was undertaken as
described earlier.

The family of spectral curves resulting from the UV spectrophotometric titration of 78 are
shown in Figure 6.5. Visual analysis of the profile of the spectral curves initially suggests the
appearance of only two contributing absorbing species at 274 nm and 324 nm, separated by
a complex isosbestic point(s) region located at 296 nm.

However, the spectral curves

conceal the absorption profiles of at least three other species and in actuality, the presence of
five contributing species are detectable when subjected to a more rigorous analysis.

These species are depicted below;

OH

HO
2

-H

+H

HO

LH'

+H

OH

HO
OH

HO

LHg
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LH2+

+H

-H

HO

O'

OH

LH2 2+

Refinement of the extinction coefficients of all the contributing species and the evaluation of
the four p/<a values was undertaken with STAB-OPT from the absorbance data at 274 nm.

The experimental points and the theoretical "best" curve are given in Figure

. . The

6 6

resulting parameters are listed in Table 6.4.

The plot of the potentiometric data is depicted in Figure 6.7. STAB-OPT was used to refine
the parameters that were subsequently optimised together with the data derived from the
spectrophotometric analysis. These parameters are listed in Table 6.5.
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Figure 6.5: UV spectrophotometric titration of N, N'-bis[(5-hydroxy-2-hydroxymethylpyran-4-one-6-yl)methyl]-1,4-diazacyclohexane,

78

The absorbance at 274 nm is used in Figure 6.6.
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Figure 6.6:

Absorbance at 274 nm versus uncorrected pH during the UV

spectrophotometric titration of N, N'-bis[(5-hydroxy-2-hydroxymethyl-pyran-4-one-6yl)methyl]-1,4-diazacyclohexane,

78.

Experimental points are overlaid with the "best"

curve generated from the parameters in Table 6.4.

331

Chapter 6

Table 6.4; Parameters for the spectrophotometric titration of N,N'-bis[(5hydroxy-2-hydroxymethyl-pyran-4-one-6-yl)methyl]-1,4-diaza
cyclohexane, 78.

LH2^+ LH2+ LH2

^max (nm)

273.7

e(274) IV|-1cm-1

1288

pKa*

LH"

------

324.2

1543

3.85

7149

5.34

8122

9.96

* corrected by subtraction of the Eq value determined overleaf.
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Figure 6.7: Potentiometric titration of N, N'-bis[(5-hydroxy-2-hydroxymethylpyran-4-one-6-yl)methyl]-1,4-diazacyclohexane.

78

at 1.23 x l O ' ^ M . Experimental

points are overlaid with the "best" curve generated from the refined parameters in
Table 6.5.
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Table 6.5: Parameters for the potentiometric titration of N,N'-bis[(5hydroxy-2-hydroxymethyi-pyran-4-one)methyi]-1,4-diaza
cyclohexane, 78

Total Ligand (M)

1.23 X 10-6

Initial Acid (M)

0.2044

Initial Base (M)

0.1968

Electrode Zero /

(Eq)

1 .0 0

pKa^

9.961

pKa2

7.776

pKas

5.343

p/<a4

3.848

pKw

13.502

Electrode Slope (59.16 mV)

1 .0 0

Initial Volume (mL)

15.0

Additional Volume (mL)

0.95

Volume Of Base (mL)

0.40
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6.3.3

Results Of The Simultaneous Potentiometric And Spectrophotometric Titration
Of Bis(5-hydroxy-2-hydroxymethyi-pyran-4-one-6-yi)methane, 108

Ligand 108 was analysed In a manner similar to that described above.

Figure 6 . 8 represents the family of spectral curves resulting from the UV spectrophotometric
titration of ligand 108. Preliminary visual analysis shows that the family of titration curves are
essentially symmetrical In form with absorption maxima of the diprotonated (LHg, 277.1 nm)
and dianlonic (L^', 331.3 nm) clearly discernible. Additionally, a third absorption maxima at
323.4 nm Is attributable to the Intermediate species, LH'.

A more detailed Inspection reveals the presence of two Isosbestic points In close proximity to
one another at approximately 300 nm. The appearance of these two Isosbestic points
confirms the presence of three contributing species conforming to the set of equilibria

H

O

H H

O

+H"'
-H
2-

LH

And

H

O

O
+H
-H

LHg

LH"

Refinement of the extinction coefficients of the contributing species and the evaluation of the
two p/<a values was undertaken with STAB-OPT from the absorbance data at 310 nm. At
this selected wavelength, an Increase In absorbance as the solution pH Increases Is observed
and the plot takes on the characteristics of an acid-base titration curve. Experimental points
and the theoretical "best" curve are given In Figure 6.9. The resulting parameters are listed In
Table 6 .6 .
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Figure 6.8: UV spectrophotom etric titration of bis(5-hydroxy-2-hydroxym ethyl-pyran4-one-6-yl)m ethane,108 at 1.33 x 10‘^M . The absorbance at 310 nm is used in
Figure 6.9.
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Figure 6.9; Absorbance at 310 nm versus corrected pH during the UV
spectrophotom etric titration of bis(5-hydroxy-2-hydroxym ethyl-pyran-4-one-6yl)m ethane,108. Experimental points are overlaid with the "best" curve generated
from the param eters in Table 6.6.
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Table 6.6: Parameters for the spectrophotometric titration of bis(5-hydroxy-2-hydroxymethy!-pyran-4-one-6-yl)methane, 108

^max

e(310)

pKa

l2-

LH-

LH2

277.1

323.4

331.3

1690.74

1484.53

308.91

9.29

6.69

corrected by subtraction of the Eq value determined overleaf.
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The plot of the potentiometric titration data is depicted in Figure 6.10. STAB-OPT was used
to refine the parameters that were subsequently optimised together with the data derived
from the spectrophotometric analysis. These parameters are listed in Table 6.7.
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Figure 6.10: Potentiom etric titration of bis(5-hydroxy-2-hydroxym ethyl-pyran-4-one-6yl)m ethane,108 at 1.33 x IG '^M . Experim ental points are overlaid with the "best"
curve generated f r o m the refined param eters in Table 6.7,
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Table 6.7: Parameters for the potentiometric titration of bis(5-hydroxy2-hydroxymethyl-pyran-4-one-6-yl)methane, 108 refined with
STAB-OPT

Total Ligand (M)

1.33 X 10-5

initial Acid (M)

0.2044

Initial Base (M)

0.1968

Electrode Zero /

0.8444

Eq)

P^a1

9.294

P^a2

6.685

P^w

13.427

Electrode Slope (59.16 mV)

1 .0 0

Initial Volume (mL)

15.0

Additional Volume (mL)

1.25

Volume Of Base (mL)

0.40
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6.3.4:

Results Of The Simultaneous Potentiometric And Spectrophotometric Titration
Of 1',1 '-bis(5-hydroxy-2-hydroxymethyl-pyran-4-one-6-yl)butane, 110

Ligand 110, a homologue of 108 was analysed as In the previous experiment.

Figure 6.11 shows the UV spectrophotometric titration curves between 230 nm and 330 nm
and depicts the spectral region containing only the dianlonic (L^") contributing species. As
observed for 108, two Isosbestic points are revealed Indicating the additional presence of the
two remaining species LH" and LH 2 (not shown).

R efinem ent of the extinction coefficients and determination of the two p/Ca values was
performed utilising absorbance data at 310 nm. The plot of the absorbance data versus pH Is
given In Figure 6.12. The resulting parameters are listed In Table 6.8.

Similarly the potentiometric titration data as depicted In Figure 6.13 was analysed with STABO PT. Table 6.9 Includes the optimised parameters.
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Figure 6.11 : UV spectrophotom etric titration of 1',1'-bis(5-hydroxy-2-hydroxym ethylpyran-4-one-6-yl)butane,110 at 1.35 x 1 0'^M . The absorbance at 310 nm is used in
Figure 6.12.
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spectrophotom etric titration of 1',1'-bis(5-hydroxy-2-hydroxym ethyl-pyran-4-one-6yl)butane. 110 . Experimental points are overlaid with the "best" curve generated
from the param eters in Table 6.8
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Table 6.8: Parameters for the spectrophotometric titration of 1',1 -bis
(5-hydroxy-2-hydroxymethyi-pyran-4-one-6-yi)butane, 110

LH-

^max

280.0

e(310)

535.3

pKa

LH2

328.8

1198.9

9.64

1392.4

6.70

corrected by subtraction of the Eq value determined overleaf.
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Figure 6.13; Potentiom etric titration of at 1',1'-bis(5-hydroxy-2*hydroxym ethyl-pyran4-one-6-yl)butane,110 1.35 x 1 0 '^M . Experim ental points are overlaid with the "best"
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Table 6.9 : Parameters for the potentiometric titration of 1',1 -bis
(5-hydroxy-2-hydroxymethyi-pyran-4-one-6-yi)butane, 110
refined with STAB-OPT

Total Ligand (M)

1.35 X 10-5

Initial Acid (M)

0.2044

Initial Base (M)

0.1968

Electrode Zero / (Eg)

1.0704

P^al

9.635

P^a2

6.700

pKw

13.473

Electrode Slope (59.16 mV)

1 .0 0

Initial Volume (mL)

1 0 .0

Additional Volume (mL)

0.40

Volume Of Base (mL)

0.40

347

Chapter 6

The aqueous solution behaviour of representative hydroxypyranone and hydroxypyridinone
bidentate ligands have been quantified in terms of ionisation constants (pKa).

The p/Cai and pKa 2 values are both affected by the heterocyclic atom and the substituent
ortho to the hydroxyl moiety.

Existing reports20"23 show that replacing the heterocyclic

oxygen of maltol 7 with nitrogen increases the pK^i value of the 3-hydroxyl function from 8.6
to 9.7; an increase of 1.1 units.

The work reported herein shows that a similar change in pKa is obtained by replacing the
heterocyclic oxygen of the analogous ligand, 5-hydroxy-2-hydroxymethyl-pyran-4-one 8
(Table 6.10).

5-hydroxy-2-hydroxymethyl-1-propyl-pyridin-4-one, 61 is amphoteric in character and exhibits
two ionisation constants. The first of these (p/Cai = 8.85) corresponds to the deprotonation of
the 5-hydroxyl moiety of the pyridin-4-one ring. A second ionisation constant (pK'a2 = 3.19) is
attributable to the formation of the dihydroxypyridinium cation and represents a moderately
strong acid comparable to that of formic acid (p/<a = 3.75)."*® Empirically, the stronger the
acid, the lower the pK^ value; the stronger a base, the higher its pK^.

A comparison of the pK^i value with the analogous ligand 5-hydroxy-2-hydroxymethyl-pyran4-one 8 indicates that the pyranone is a stronger acid. Ligand 8 possess a pKa^ value of
7.61^® compared to that of 5-hydroxy-2-hydroxymethyl-1-propyl-pyridin-4-one {pKa^ = 8.58).
The higher pK^ value of the pyridin-4-one is most likely due to the effect of the ring nitrogen
atom, which is better able to délocalisé electrons into the ring than the ring oxygen of the
hydroxypyranone, thereby destabilising the pyridinoate anion relative to the pyronate anion.
Additionally, N-substitution may permit tailoring of a number of properties such as water
solubility, lipophilicity and hydrolytic stability without adversely compromising the
thermodynamic stability constants of the ligands when complexed with metal(lll) ions.

The most significant result of these studies is the observation that the transformation of a
pyranone to a pyridinone results in a pKa increase of about 1.1 units. Similarly, substitution
at the C -2 position by a methyl group also raises the pK^ value by a comparable factor.

Table 6.10 summarises these two assertions with data cited from the literature.
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Table 6.10: Comparison of the first and second ionisation constants
of a selected number of pyran-4-one and pyrldin-4-one
bidentate chelators

Ligand

pKal

Ligand

pKial

PKa2

ApKal
for change
in hetero
atom

O

&

.OH

8.6
O'

3.6

1.1

8.58

3.19

0.97

CH 3

N

'C H 3

9.7

CH 3

13

O
OH
7.61

HO

HO

CH3

61

ApKal

for méthylation

1.12

0.99

ortho to -OH
group

Data for Ligand 7 taken from Ref. 23
Data for Ligand 13 taken from Ref. 20
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The carbon linked tetradentate chelators bls(5-hydroxy-2-hydroxymethyl-pyran-4-one-6yl)methane 108 and 1',T-bis(5-hydroxy-2-hydroxymethyl-pyran-4-one-6-yl)butane 110 were
also studied in terms of ionisation constants. An analysis of the experimentally determined
p/Cai values indicates a progressive increase in the pK^i of the ligand and hence basicity as
the number of carbon atoms attached to the linking methylene carbon increases.
Furthermore, the small discrepancy in the pKa2 values of thesejtetradentates suggests that it
is the nature of the alkyi substituent that largely determines the degree of ionisation.

All three of the tetradentate chelators described in this work have the potential of strong co
ordination with metal(lll) ions. Each molecule has two identical chelating moieties both of
which possess an ionisable hydroxyl group. The pKa values of these identical groups are,
therefore, highly correlated. Further analysis of the pK"a data by non-iinear regression may
be undertaken with constraints to deal with the tenet of the high correlation between these
values. In the case of n identical subunits, purely statistical factors would lead to npK'a values
with the i^^ pKa given by Equation 1.

pKai = pKa(int) - log{(n - i + 1 / 1)}

(1)

where pKa(int) is the intrinsic pKa of the site.

For the tetradentates 108 and 110, n = 2 and the two pKai values would then equate to:

pKai = pKa(int) - log 2

Interaction between the two identical sites of each ligand introduces an additional term,
largely coulombic, for each pKa which is assumed in Equation 2 to increase linearly with the
charge on the species from which a proton is dissociating

pKai = pKa(int) + b(i -1 ) + (i - 2) log 2

(2)

where i = 2 and b = interaction term.

Both the large coulombic and electronic interactions are reflected in the UV spectral profiles
of the ligands which lead to a shift in the Irnax of the absorption maxima.
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As indicated in the introduction to this chapter, the metal(lll) ion coordination chemistry of
hydroxypyranone and hydroxypyridinone bidentate ligands is of considerable importance in
analytical chemistry. The following section details the results of an in-depth study on the
gallium(lll) and indium(lll) complexes of representative ligands.
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6.4: DETERMINATION OF LOG Ki VALUES (PART B)

6.4.1: Background

The principal requirements for the determination of the stability constants of a iigand and its
various metai-ligand complexes are that all species should absorb in the uitraviolet or visible
region of the spectrum, and that the absorption of any iigated compiex should differ from that
of the parent ligand in wavelength or absorption intensity (and, preferably, in both). All the
hydroxypyranone and hydroxypyridinone iigands investigated here dispiay significant shifts to
ionger waveiengths in the UV spectrum upon metal chelation and it is this property that is
exploited here. In addition, the experiments were performed at iow pH so as to minimise any
hydrolysis of the free metal. This was undertaken to simpiify the number of possible species
and hence restrict anaiysis to the ligand (HL) and the 1:1 metai-ligand (ML) complexes.

6.4.2: Interaction with metal(lll) ions

The interaction of Ga(lll) and In(lll) with hydroxypyranone and hydroxypyridinone ligands
resuits in the formation of non-coloured complexes in acidic aqueous solution. In contrast,
the respective ferric compiexes are strikingiy characterised by their intense red or blue
colouration which is attributabie to spin-allowed ligand-to-metal charge-transfer (LMCT)
transitions.^^

In aqueous solution, a number of complexes could be formed by the interaction of gallium(lll)
metai ion and the iigand 5-hydroxy-2-hydroxymethyl-pyran-4-one 8.

The metal-iigand

complexes ML, ML 2 and ML3 are shown overleaf with the aquo components omitted for
ciarity (Figure 6.14 a).

In principle, all the possible species of proton (H), metal (M), ligand (L), mixed-iigand and
polynuciear compiexes may be represented by the accompanying stoichiometry modei
(Figure 6.14 b).

Under conditions of low pH however, there is insignificant hydrolysis of the free metal of the
ML complex. Additionally, the experiments were designed so as to restrict the metai-ligand
complex formation to the 1:1 species thereby ensuring that only the underlined species were
present.
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OH

HO

HO
O,
GaC")

ML2

ML

OH

OH
HO

ML3

Figure 6.14 a); The possible metai-ligand complexes ML, M L 2 and ML3 formed from the
interaction of gallium(lll) and 5-hydroxy-2-hydroxymethyl-pyran-4-one, 8
Water molecules are omitted for clarity.

Stoichiometry

M

L

H

ML

1

1

0

ML 2

1

2

0

ML3

1

3

0

MLOH

1

1

-1

M2 L2 OH 2

2

2

-2

LH

0

1

1

LH 2

0

1

2

M

1

0

0

L

0

1

0

Figure 6.14 b): Stoichiometry model representing all the possible species of proton (H),
metal (M), ligand (L), mixed-ligand and polynuciear complexes of Ga(lll) and
ligand, 8.
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6.5: EXPERIMENTAL

All ligands were synthesised and purified as described previously.

Spectra were recorded on a Perkin-Elmer Lambda 5 UVWis spectrophotometer equipped
with thermostatted cell holders maintained at 2 5 .0 °C ± 0.01 °C using a Grant-Barrington
thermocirculator. Cuvettes were 1 cm length quartz.

Data were collected on a computer interfaced to the spectrophotometer and analysed with
STAB-OPT to obtain data in three forms:

a) full UV spectra between 200 nm and 350 nm,
b) absorbance data at a single wavelength versus metal concentration and
c) spéciation as a function of metal concentration.

Water was distilled and deionised from a Barnstead E-Pure water purifier at 18 MQ cm'"*.

Aqueous hydrochloric acid solutions were prepared from a standard solution (1.004 M,
Aldrich). The gallium and indium metal solutions each containing 1000 pg mL'^ of the
individual metal in one weight percent of nitric acid were purchased as atomic absorption
standard solutions (Aldrich). Calculated standard concentrations were Ga(lll), 14.487 mM
and In(lll), 8.795 mM.

All titrants were dispensed using manually operated Gilson pipettes.

6.5.1: General Procedure For The UV Spectrophotometric Titration Of Ligands.

To 3.0 m l of acid buffer (10 mM or 100 mM HOI) was introduced stock ligand solution (30 pL,
8.0

mM) and after thermal and chemical equilibration, a spectrum recorded. The solution was

subsequently titrated with the relevant stock metal solution in 10 pL steps and after each
addition allowed to equilibrate as before prior to recording further spectra.
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6.6:

6.6.1 :

RESULTS AND DISCUSSION (PART B)

Results of the UV spectrophotometric titration of 5-hydroxy-2-hydroxymethyipyran-4-one, 8 with Ga(ill) at pH 1 and pH 2

The results of the UV spectrophotometric titration of 5-hydroxy-2-hydroxymethyl-pyran-4-one
8 with Ga(ill) at pH 1 are depicted in Figure 6.15.

A preliminary inspection reveals the appearance of a single isosbestic point at 284.5 nm
consistent with the presence of the two contributing species namely the protonated ligand HL
and the 1:1 metai-ligand complex ML.

The isosbestic point can be attributed to the

transformation of HL to ML as the metal ion concentration increases.

H + LH
M + L

LH2
■*

ML (charge omitted for clarity)

Upon the incremental addition of Ga(lll), the concentration of the metai-ligand complex is
shown to increase while the concentration of the protonated ligand decreases. The nearly
uniform incremental increase in absorbance as the metal-ion is increased indicates that under
the conditions of the experiment it is evident that the condition of saturation has not been
attained at pH 1. Conversely, the corresponding experiment run at pH 2 displays distinct
saturation behaviour (Figure 6.16).

A qualitative inspection reveals that the system at pH 2 is approaching saturation as
evidenced by the decrease in the change of absorbance upon addition of equal aliquots of
gallium metal. This observation is fully explained by the fact that the proton concentration in
this latter system has been effectively reduced by a factor of ten, thus facilitating the
formation of the 1:1 metai-ligand complex. It can be concluded therefore that the conditional
affinity of the kojic acid ligand 8 for Ga(lll) is much lower at pH 1 than at pH 2. In other
words, the binding of gallium metal is competing with the binding of protons for the ligand.

The absorbance data at 320 nm for each one of the family of absorbance curves were
globally optimised with STAB-OPT to refine the extinction coefficients of the contributing
species and determine the log Ki value. Experimental points together with the theoretical
"best" curve simulated from the parameters in Table 6.11 are shown in Figure 6.17. Analysis
of the plot of the absorbance at 320 nm versus concentration of Ga(lll) at pH 2 reveals
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characteristics of a typical binding curve. At pH 1, the curve is more depressed indicating a
low affinity of the ligand for metal due to the greater competition with the protons.

Figure 6.18 shows the calculated spéciation derived from the optimised parameters as a
function of metal concentration of 5-hydroxy-2-hydroxymethyl-pyran-one 8 with Ga(lll) at pH 1
and pH 2. The concentrations of the various species are normalised and are shown as the
proportion of the total metal involved. At pH 2, the HL and ML curves intersect at a gallium
concentration of 0.00015 M which corresponds to a system consisting of 50 % HL and 50%
ML. The free metal-ion concentration at the crossover is proportional to the hydrogen ion
concentration. Conversely, at pH 1 no crossover is observed. However, the plot indicates
that at an increased metal concentration the condition of equilibrium between HL and ML will
eventually be reached.
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Figure 6.15: UV spectral profile of 5-hydroxy-2-hydroxym ethyl-pyran-4-one, 8
(nom inally 8.0 x lO '^ M ) at pH 1 titrated with gallium nitrate (14.487 mM) in 10 uL
aliquots.
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Figure 6.16; UV spectral profile of 5-hydroxy-2-hydroxym ethyl-pyran-4-one, 8
(nom inally 8.0 x 10‘^M ) at pH 2 titrated with gallium nitrate (14.487 mM) in 10 uL
aliquots.
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Table 6.11 : Parameters for the UV spectrophotometric titration of
5-hydroxy-2-hydroxymethyi-pyran-4-one, 8 at 320 nm
with Ga(iii) at pH 2

pH

1

e GaL (M"'*cm"'*)

438.6

Log Ki

9.53 ±0.01

Total Ligand (L)

B.Ox 10'5

Total Metal (M)

9.5 X 10-3

Volume Of Buffer (mL)

3.0

Initial Titrand Volume (mL)

0.03

Absolute Background

-0.006

Stoichiometry

M

L

H

ML

1

1

0

ML2

1

2

0

ML3

1

3

0

MLOH

1

1

-1

M2 L2OH 2

2

2

-2

LH

0

1

1

LH2

0

1

2

M

1

0

0

L

0

1

0
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Figure 6.17: G lobally optim ised single w avelength titration data of 5-hydroxy-2hydroxym ethyl-pyran-4-one, 8 with G a (lll) at pH 1 {#) and pH 2 (o). Experim ental
points are overlaid with the "best" curve generated from the param eters in Table
6 . 11.
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Figure 6.18: C alculated spéciation of 5-hydroxy-2-hydroxym ethyl-pyran-4-one, 8 with G a (lll)
at pH 1 and pH 2 .

HL and ML denote the protonated and 1:1 m etal-ligand com plexes

respectively.
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6.6.2:

Results of the UV spectrophotometric titration of 5-hydroxy-2-hydroxymethyipyran-4-one, 8 with in(iii) at pH 1 and pH 2

The solution used in these experiments was from the same stock ligand solution employed in
the UV spectrophotometric titration with Ga(lll).

Titrations were carried out with stock indium metal solution (8.795 mM) in 10 pL additions.
Figures 6.19 and 6.20 show the results of the UV spectrophotometric titrations at pH 1 and
pH 2 respectively.

It can be deduced from an inspection of both families of spectral curves that the affinity of In
(III) for 8 is lower than that observed for Ga(lll) at either pH 1 or pH 2. The presence of the
1:1 indium-ligand (ML) and protonated ligand (HL) species are visible and are indicated by
an isosbestic point at 284.5 nm. The absorbance data at 320 nm for the family of absorbance
curves at pH 2 were optimised as in Section 6.6.1 to evaluate log K-j. The parameters are
listed in Table 6.12.
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Figure 6.19:

UV spectral profile of 5-hydroxy-2-hydroxym ethyl-pyran-4-one, 8

(nom inally 8.0 x 10 ‘^M ) at pH 1 titrated with indium nitrate (8.795 mM) in 10 uL
aliquots.
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Figure 6.20: UV spectral profile of 5-hydroxy-2-hydroxym ethyl-pyran-4-one, 8
(nom inally 8.0 x lO ’^M ) at pH 2 titrated with indium nitrate (8.795 mM) in 10 uL
aliquots.

364

400

Chapter 6

Table 6.12: Parameters for the UV spectrophotometric titration of 5hydroxy-2-hydroxymethyi-pyran-4-one, 8 at 320 nm
with In(iii) at pH 1 and pH 2

pH

1

8 InL (M'^cm"^)

1621.369

Log K i

8.69 ± 0.03

Total Ligand (L)

8.0 X 10-5

Total Metal (M)

1.0 X 10-3

Volume Of Buffer (mL)

3.0

Initial Titrand Volume (mL)

0.03

Absolute Background

0.041

Stoichiometry

M

L

H

ML

1

1

0

ML 2

1

2

0

ML 3

1

3

0

MLOH

1

1

-1

M 2 L2 O H 2

2

2

-2

LH

0

1

1

LH 2

0

1

2

M

1

0

0

L

0

1

0
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6.6.3:

Results of the UV spectrophotometric titration of 5-hydroxy-2-hydroxymethyl-6morphoiinomethyl-pyran-4-one, 74 with Ga(lll) at pH 1 and pH 2

The morpholino Mannich base of 5-hydroxy-2-hydroxymethyl-pyran-4-one, 74 was
investigated in a similar manner to that described in Section 6.6.2.

Figures 6.21 and 6.22 show the families of absorbance curves obtained from the UV
spectrophotometric titration of 74 with Ga(lll) at pH 1 and pH 2 respectively.

Inspection of these two plots shows that they closely resemble the parent ligand profiles with
Ga(lll) at the respective solution pH values. As noted for the parent ligand, the protonated
ligand (HL) and the 1:1 metal-ligand (ML) complex species are present. An isosbestic point
at 289.3 nm is also observed. This value represents a shift to a longer wavelength of 4.8 nm,
a reflection in part of the small effect substitution plays on the chelating ability of the pyran-4one ligand.

Global optimisation of the absorbance data at 319.6 nm for each one of the family of spectral
curves employing STAB-OPT was undertaken.

Parameters are listed in Table 6.13. The

resultant graphs are depicted in Figure 6.23.

Calculated spéciation of the two contributing species at pH 1 and pH 2 are presented in
Figure 6.24.
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Figure 6.21 : UV spectral profile of 5-hydroxy-2-hydroxym ethyl-6-m orpholinom ethylpyran-4-one, 74 (nom inally 8.0 x 10‘^M ) at pH 1 titrated with gallium nitrate
(14.487 mM) in 10

aliquots.
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Figure 6.22;

UV spectral profile of 5-hydroxy-2-hydroxym ethyl-6-m orpholinom ethyl-

pyran-4-one, 74

(nom inally 8.0 x IC ^ M ) at pH 2 titrated with gallium nitrate

(14.487 mM) in 10 uL aliquots.
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Table 6.13: Parameters for the UV spectrophotometric titration of
5-hydroxy-2-hydroxymethyl-6-morpholinomethyl-pyran-4one, 74 at 319.6 nm with Ga(iii) at pH 1 and pH 2.

pH

e GaL (M'^cnr^)

9241.444

Log Ki

9.39 ± 0.005

Total Ligand (L)

8.043

Total Metal (M)

9.5

Volume Of Buffer (mL)

3.0

Initial Titrand Volume (mL)

0.03

Absolute Background

0.048

X

X

10-5

10-3

0.041

Stoichiometry

M

L

H

ML

1

1

0

ML2

1

2

0

ML3

1

3

0

MLOH

1

1

-1

M 2 L2OH 2

2

2

-2

LH

0

1

1

LH2

0

1

2

M

1

0

0

L

0

1

0
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Figure 6.23: Globally optim ised single w avelength titration data of 5-hydroxy-2hydroxym ethyl-6-m orpholinom ethyl-pyran-4-one, 74 with G a (lll) at pH 1 (•) and pH
2 (o). Experimental points are overlaid with the "best" curve generated from the
param eters in Table 6.13,
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Figure 6.24: Calculated spéciation of 5-hydroxy-2-hydroxym ethyl-6-m orpholino-m ethyl-pyran4-one, 74 with G a (lll) at pH 1 and pH 2.
ligand com plexes respectively.
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6.6.4:

Results of the UV spectrophotometric titration of 5-hydroxy-2-hydroxymethyi-6morphoiinomethyi-pyran-4-one, 74 with In(iil) at pH 1 and pH 2

The UV spectrophotometric titration of 5-hydroxy-2-hydroxymethyi-6-morpholinomethyi-pyran4-one, 74 with In(lii) was carried out in a manner similar to that described in Section 6.6.3.

Figures 6.25 and 6.26 show the families of absorbance curves obtained at pH 1 and pH 2
respectively. The global optimisation of the single wavelength (319.6 nm) titration data is
depicted in Figure 6.27, the points of which are overlaid with the "best" curve generated from
the parameters in Table 6.14.

Calculated spéciation is shown in Figure 6.28.
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Figure 6.25: UV spectral profile of 5-hydroxy-2-hydroxym ethyl-6-m orpholino-m ethylpyran-4-one, 74 (nom inally 8.0 x 1 0 '^M ) at pH 1 titrated with indium nitrate
(8.795 mM) in 10 jiiL aliquots.
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Figure 6,26; UV spectral profile of 5-hydroxy-2-hydroxym ethyl-6-m orpholino-m ethylpyran-4-one, 74 {nom inally 8.0 x 10‘^ M ) at pH 2 titrated w itfi indium nitrate
(8.795 mM) in 10 ^ L aliquots.
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Figure 6.27: G lobally optim ised single w avelength titration data of 5-hydroxy-2hydroxy-m ethyl-6-m orpholino-m ethyl-pyran-4-one, 74 with In(lll) at pH 1 L») and
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param eters in Table 6.14.
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Table 6.14: Parameters for the UV spectrophotometric titration of
5-hydroxy-2-hydroxymethyi-6-morphoiinomethyi-pyran-4one, 74 at 319.6 nm with in(iii) at pH 1 and pH 2.

pH

e InL (M'^cnT^)

3279.931

Log Ki

8.50 ± 0.08

Total Ligand (L)

8.50

Total Metal (M)

1.0

Volume Of Buffer (mL)

3.0

Initial Titrand Volume (mL)

0.03

Absolute Background

0.0453

X

X

10-5

10-3

0.0424

Stoichiometry

M

L

H

ML

1

1

0

ML2

1

2

0

ML3

1

3

0

MLOH

1

1

-1

M 2 L2OH 2

2

2

-2

LH

0

1

1

LH2

0

1

2

M

1

0

0

L

0

1

0
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Figure 6.28: Calculated spéciation of 5-hydroxy-2-hydroxy-methyl-6-morpholinomethyl-pyran-4-one, 74 with In(lll) at pH 1 (•) and pH 2 (o).
protonated and 1:1 metal-ligand complexes respectively.
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6.6.5:

Results of the UV spectrophotometric titration of 3-hydroxy-2(1 H)-pyridlnone,
87 with Ga(iii) at pH 1 and pH 2

A qualitative analysis of the results of the UV spectrophotometric titration of 3-hydroxy-2(1 H)pyridinone, 87 with Ga(lll) at pH 1 and pH 2 (Figures 6.29 and 6.30) establishes the fact that
the 1:1 metal-ligand complex exhibits a more pronounced absorption In the ultraviolet
spectrum than the protonated ligand. The absorbance due to the protonated ligand is difficult
to discern but is located at about 325 nm.

Upon closer inspection, the profile of both of the families of absorbance curves further
demonstrate the decreased binding affinity of the ligand for Ga(lll) at increased proton
concentration. Hence, at pH 2 (Figure 6.32) the binding curve approaches saturation at a
much lower metal-ion concentration than is the case at pH 1 (Figure 6.31).

Using the computer program STAB-OPT, the data for each of the above experiments was
optimised, the results of which are listed in Table 6.15.

Figure 6.33 illustrates the calculated spéciation. At pH 2, the condition of 50 % HL and 50 %
ML is achieved at a gallium metal concentration of 5.35 x 10’^ M. Under conditions of a ten
fold increase in the proton concentration, the condition M U H L = 1 is attained at a metal
concentration of 4.5 x 10"^ M (i.e. the affinity of the ligand for Ga(lll) at pH 2 is increased by a
factor of 8.4 when compared to the affinity at pH 1).
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Figure 6.29: UV spectral profile of 3-fiydroxy-2(1 H)-pyridinone, 87 (nominally 8.0 x
10'^M ) at pH 1 titrated with gallium nitrate (14.487 mM) in 10 |.iL aliquots.
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Figure 6.30;

UV spectral profile of 3-hydroxy-2(1 H)-pyridinone, 87 (nominally 8.0 x

10'^M ) at pH 2 titrated with gallium nitrate (14.487 mM) in 10 uL aliquots.
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Figure 6.31 ; Optimised single wavelength (289.6 nm) titration data of 3-hydroxy2(1 H)-pyridinone, 87 with Ga(lll) at pH 1. Experimental points are overlaid with the
"best" curve generated from the parameters in Table 6.15.

381

0.0010

1.4

E

1.3

o
G<

O

1.2

CJ

Lv
OC

<

1.1

1.0
0.0000

0.0002

0.0004

0.0006

0.0008

[Ga] (M)

Figure 6.32: Optimised single wavelength (309,6 nm) titration data of 3-hydroxy2(1H)-pyridinone, 87 with Ga(lll) at pH 2. Experimental points are overlaid with the
"best" curve generated from the parameters in Table 6.15.
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Table 6.15:

Parameters for the UV spectrophotometric titration of
3-hydroxy-2(1 H)-pyridinone, 87 with Ga(lll) at pH 1
and pH 2.

2

pH

1

e GaL (M'^crrr'*)

2 0 1 9 9

Log Ki

1 1 .3 0

±

0 .0 0 2

Total Ligand (L)

8 .3 4 1

X

1 0 '5

Total Metal (M)

9 .5

Volume Of Buffer (mL)

3 .0

3 .0

Initial Titrand Volume (mL)

0 .0 3

0 .0 3

Absolute Background

0 .0 5

0 .0 5 0 5

X

1 5 4 0 0

1 1 .3 5

8 .3 4 1

± 0 .0 5

x IO - -

1 0 -3

Stoichiometry

M

L

H

ML

1

1

0

ML 2

1

2

0

ML 3

1

3

0

MLOH

1

1

-1

M2 L2OH 2

2

2

-2

LH

0

1

1

LH2

0

1

2

M

1

0

0

L

0

1

0
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Figure 6.33:
and pH 2.

Calculated spéciation of 3-hydroxy-2(1H)-pyridinone. 87 with G a(lll) at pH 1

HL and ML denote the protonated and 1:1 metal-ligand complexes respectively.
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6.6.6:

Results of the UV spectrophotometric titration of 3-hydroxy-4-morphoiinomethyi-2(1H)-pyridinone, 97 with Ga(iii) at pH 1 and pH 2.

3-Hydroxy-4-morpholinomethyl-2(1H)-pyridinone, 97 was synthesised and purified as
described earlier.

The results of the UV spectrophotometric titration of 3-hydroxy-4-morpholinomethyl-2(1 H)pyridinone, 97 with Ga(lll) at pH 1 and pH 2 are depicted in Figures 6.34 and 6.35. From an
inspection of both families of absorbance curves, it is evident that the general profile of the
two graphs is comparable to that of the parent ligand, 87.

An analysis of the globally optimised single wavelength titration data obtained at 309.6 nm
leads once again to the general conclusion that the affinity of the ligand for Ga(lll) studied in
this work is greater at pH 2 than at pH 1 (Figure 6.36). The parameters derived from this
optimisation procedure are given in Table 6.16.

A comparison of the log K-| values of the parent ligand, 87 and the monosubstituted Mannich
base, 97 demonstrates that the effect of substitution on the chelating ligand is to depress the
1:1 metal-ligand stability constant.

This observation is more pronounced in the

hydroxypyridinone series than in the hydroxypyranone series.

Calculated spéciation is shown in Figure 6.37
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Figure 6.34:

UV spectral profile of 3-hydroxy-4-morpholinomethyl-2(1 H)-pyridinone,

97 (nominally 8.0 x 10'^M ) at pH 1 titrated with gallium nitrate (14.487 mM) in 10 jiiL
aliquots.
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Figure 6.35:

UV spectral profile of 3-hydroxy-4-morpholinomethyl-2(1 H)-pyridinone.

97 (nominally 8.0 x lO '^M ) at pH 2 titrated with gallium nitrate (14.487 mM) in 10 uL
aliquots.
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!

Globally optimised single wavelength titration data of 3-hydroxy-4-

morpholinomethyl-2(1H)-pyridinone, 97 with Ga(lll) at pH 1 (•) and pH 2 (o)
Experimental points are overlaid with the "best" curve generated from the
parameters in Table 6.16.
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Table 6.16:

Parameters for the UV spectrophotometric titration of
3-hydroxy-4-morpholinomethyl-2(1 H)-pyridinone, 97
with Ga(lll) at pH 1 and pH 2.

pH
eG aL (M''*cm '‘l)

2 1 1 8 5 .4

Log Ki

9 .8 9

±

0 .0 0 2

Total Ligand (L)

8 .0 9

Total Metal (M)

9 .5

Volume Of Buffer (mL)

3 .0

3 .0

Initial Titrand Volume (mL)

0 .0 3

0 .0 3

Absolute Zero

0 .0 5 1 9

0 .0 4 9 1

X

X

1 0 -5

1 0 -3

Stoichiometry

M

L

H

ML

1

1

0

ML2

1

2

0

ML 3

1

3

0

MLOH

1

1

-1

M 2 L2OH 2

2

2

-2
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0
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1
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0

0
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Figure 6.37:

Calculated spéciation of 3-hydroxy-4-morpholinomethyl-2(1 H)-pyridinone, 97

with G a(lll) at pH 1 and pH 2.

HL and

complexes respectively.
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The stability of a metal-ligated complex is quantitatively expressed by means of a stability
constant (log K i). Evaluation of metal-ligand stability constants is of considerable importance
in clinical chemistry since bidentate and multidentate chelators have been utilised in the
sequestration and elimination of toxic

m e ta l-io n s ,2 5 -3 0

tissue imaging with radioactive

nuclides29'30.32 or as tissue-specific paramagnetic ^H NMR contrasting agents.^^'^^

An analysis of the experimentally determined log K-j values at low pH shows that the parent
hydroxypyranone, 5-hydroxy-2-hydroxymethyl-pyran-4-one 8 possesses a slightly higher
stability constant (log K-| = 9.53) than its corresponding 6-morpholinomethyl Mannich base
(log K-| = 9.39). This observation is indicative of the greater affinity of the former ligand for
gallium metal.

It is additionally

noted that the affinities of these two hydroxypyranone

bidentate ligands for indium metal is lower by approximately one log unit. Furthermore, this
trend is also apparent in the hydroxypyridinone series investigated in this work.

The ligand 3-hydroxy-2(1 H)-pyridinone, 87 has a greater affinity for both gallium and indium
metal ions of all the bidentate ligands studied here. Perhaps the more significant result of
these experiments is the apparent linear correlation between the log K-| values of a variety of
dioxy-ligands with Fe(lll) and the log K-| values of the same ligands with another metal(lll) ion
particularly gallium and indium.

The statistical limitations of constructing a graph with

insufficient data points have not been addressed here.

The correlation may be expressed mathematically as

Log Ki (GaL) = gradient x log K-| (FeL) + constant
or

Log K-| (InL) = gradient x log K-| (FeL) + constant

where GaL and InL represent the 1:1 metal ligand complex species.

Figure 6.38 depicts the results of such a plot. Utilising this graph, the predicted values for the
stability constants of 1:1 metal-ligand complexes of other pyran-4-one, pyridin-2-one and
pyridin-4-one ligands may be ascertained without resorting to an exhaustive determination of
all possible combinations. An example is given with the ligand maltol, 3-hydroxy-2-methylpyran-4-one 7. The predicted value of log K-| (Ga-maltol) = 10.94 is obtained from the
constructed plot.
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Figure 6.38; The relationship between log K(FeL) and log K(GaL) for a variety
of hydroxypyran-4-one, hydroxy-2(1H)-pyridinone and hydroxy-4(1H)-pyridinone
ligands (L). Entry 1 = 8, log K(FeL) = 9,2;21 log K (GaL) = 9,53. Entry 2 = 87,
log K(FeL) = 12.13;21 log K (GaL) = 11.35. Entry 3 = 13, log K(FeL) = 15.14:33
log K (GaL) = 13.17.34 Other values determined in this work. Parameters are
as follows: gradient = 0.61 ; intercept = 3.90.
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By analogy, it should be possible to predict the values of logK2 and logKg from logKi based
on the large number of complexes previously characterised
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6.7: CONCLUSIONS

The ionisation (pKa) and stability (log K i) constants of representative 3-hydroxy-4(1H)pyranone and 3-hydroxy-2(1 H)-pyridinone ligands have been determined by potentiometric
and spectrophotometric titrimetric techniques.

All the ligands studied in this work form non-coloured 1:1 five membered ring metal-ligand
complexes with Ga(lll) and In(lll) metal ions. Those bidentate chelates investigated here
have been shown to possess a greater conditional affinity for Ga(lll) at pH 1 and pH 2 than In
(III) under the same experimental conditions.

A linear correlation between the stability constants of the 1:1 ferric ion-ligand complexes and
the stability constants of the same ligands with Ga(lll) has been elucidated.
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7.0: INTRODUCTION

The scope of the current work described in the thesis concerned the synthesis,
characterisation and aqueous solution behaviour of a number of bidentate and oiigodentate
metal(lll) chelating ligands based on the common 3-hydroxypyran-4-one, 3-hydroxy-2(1H)pyridinone and 3-hydroxy-4(1 H)-pyridinone moieties. As a result of these investigations, a
number of novel chelating agents which may find application in the treatment of pathologies
associated with metal(lll) overload have been identified.

The principal aqueous solution properties of candidate ligands have been quantified in terms
of their stability (log Kp) and ionisation (p/Cn) constants. Other important parameters such as
water solubility, cell membrane permeability, oral bioavailability and toxicity were not
addressed since they were beyond the remit of this work.

However, they are equally

important in the design strategy for safe, effective oral chelation agents. These features are
now discussed in relation to the continuing search for an orally active, specific iron chelator to
replace the naturally occurring siderophore, desferrioxamine as a treatment for a number of
inherited disease states associated with the gradual accumulation of iron.

In addition to their application for the treatment of iron overload pathologies, iron chelators
are finding use in the treatment of other disease states. The unexploited potential of iron(lll)
chelators in a selected number of pathologies are highlighted thus establishing the central
role that iron plays in many cellular events and undesirable metabolic processes.

The discussion begins with a description of a potentially exploitable, biosynthetic route to
maltol; an important starting material for the synthesis of other chelating ligands.
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7.1 : Biosynthesis of 3-hydroxy-2-methyl-pyran-4-one (maitol)

The current requirement for an alternative, commercially viable synthesis of the naturally
occurring pyran-4-one, maltol

7

has led to the Instigation of research programs directed

towards the construction of the key Intermediate 1,2,3-trihydroxy-4-ketotetrahydropyran
skeleton

38.

Previous w o r k ^ " ^

demonstrated that 3 8 may be readily transformed Into the

desired 3-hydroxypyran-4-one template upon treatment with aqueous acid (Figure 7.1).

RO

O

R

38

R = H or alkyl group

Figure 7.1

However, despite numerous attempts, the low yields of

38

obtained from the lengthy,

multistep manipulations Involved has rendered this approach Impractical beyond the
laboratory stage. The novel approach adopted In Chapter 2 of this thesis as a route to

38

proved Inconclusive, providing only circumstantial evidence for the required transformation.

During the Investigations reported herein, the realisation of a biosynthetic route to maltol that
utilises deoxy sugars was uncovered. Deoxy sugars are ubiquitous In nature and contribute
to a diverse repertoire of biological actlvltles.^'^ Among the vast number of dideoxyhexoses
found In nature, a class of 3,6-dldeoxyhexoses found solely In the llpopolysaccharlde
components of Gram-negative bacterial cell envelopes have attracted particular attention due
to their high Immunogenlclty.^"® An Important biochemical transformation In the biosynthesis
of these unusual carbohydrates Is C-3 deoxygenation.

The nature of the biosynthetic precursor of four of the five known 3'-6'-dideoxyhexoses:
paratose, abequose, tyvelose and ascarylose122 has been shown to be C D P -g lu c o s e ^ , while
the fifth, colltose Is derived from GDP-glucose."'^ Recently, the enzymes Involved In the
synthesis of ascarylose have been purified.

In addition, a detailed mechanistic study^ ^

has revealed that the formation of ascarylose 122 Involves the conversion of a-D-glucose-1phosphate 119 via CDP- glucose 120 to CDP-4'-keto-6'-deoxyglucose 121 (Figure 7.2).
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OH

HO

HO

OTP

CHpOH

2-OoPO

OH

OH

OH

OH

NAD

CH

CDPO

CDPO

119

HO

121

120

further steps

CDPO ^O ^CHg
122

Key:

OTP = cytosine triphosphate
NAD+ = nicotinamide adenine dinucleotide
E i = a-D-glucose-1-phosphate- cytidylytransferase"*®
E2 = CDP-D-glucose-4,6-dehydratase^ ^

Figure 7.2:

Biosynthetic route to ascarylose, 122

The transformation of 120 to 121 in a single step is particularly attractive since it affords a
structure comparable to 38 (Fig. 7.1).

CDP-4'-keto-6'-deoxyglucose 121 is a stable

intermediate"*® and suggests that if isolable, it may undergo a similar transformation in
aqueous acid to furnish maltol.

It is postulated that with the advances in molecular biology and fermentation technology, a
suitable mutant cell line of a bacterium such as Streptomvces ariseochromoaenes may be
employed to biosynthetically transform a-D-glucose into CDP-4'-keto-6'-deoxyglucose.
Alternatively, by altering the fermentation conditions to inhibit further biosynthetic
transformations, the selected micro-organism would accumulate the desired intermediate.
Upon isolation of the metabolite from the fermentation medium, acid hydrolysis is anticipated
to lead to the formation of maltol. This plausible approach is ideally suited to a large scale
process and may yet find application as a commercially viable alternative to the production of
maltol.
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7.2: Iron chelating agents with clinical potential

Iron is one of the most abundant elements in the biosphere"* ^ and is an essentiai prerequisite
for virtuaiiy aii forms of iife with the possibie exception of lactic acid bacteria.^O it is of criticai
importance for a wide variety of ceiluiar events due to its facile redox chemistry and high
affinity of both redox states, iron(ll) and iron(iil) for oxygen. These same properties also
render iron toxic when levels exceed the normal binding capacity of the ceil.

iron metabolism in humans is characterised by a highly efficient recycling
no specific mechanism for eliminating this transition metai.
cannot be effectively cleared, the introduction of "excess

p r o c e s s 2 ‘* * 2 4

with

Since elevated levels of iron

ir o n " 2 5 -2 7

into this closed metabolic

loop leads to chronic overload and ultimately to iron toxicity. As a result of this potential
toxicity, selective iron chelators are finding application in the treatment of pathologies
associated with iron o v e rio a d .2 8

in addition, they appear to have potential in treating

conditions where a localised or temporary increase in iron concentration causes an
unfavourable pathoiogy;^® for instance, in reperfused tissue (heart disease and stroke) and in
the Parkinsonian brain.

Non-haem iron-containing enzymes such as ribonucleotide reductase^® and lipoxygenase^^
can be selectively inhibited by iron chelators; an approach currently being investigated for the
treatment of

m a ia r ia 3 2 - 3 3

a n d

asthma.

7.3: Design strategy for bidentate and oligodentate hydroxypyranone and hydroxypyrldlnone chelators

Many candidate ligands for effective oral iron(iii) chelation therapy have been precluded on
the grounds that they lack sufficient oral activity to produce a negative iron balance in
chronically transfused patients, or because of unacceptable toxicity. Although the toxicity of
iron chelators can be reduced by the use of compounds with a high affinity for iron(lil), a
number of physiochemical properties which are advantageous for oral absorption also tend to
lead to increased toxicity. This toxicity is due to the fact that the properties of compounds
which favour absorption from the gastrointestinal tract, namely low molecular weight, neutral
charge and lipid solubility, may also favour penetration of the central nervous system; an
undesirable feature for many iron overload therapies.

The importance of these physiochemical properties in relation to the design of oral iron(iii)
chelators warrant further discussion.
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7.3.1: Oral bioavailability

A major distinguishing feature between bidentate and oligodentate ligands is molecular size.
Bidentate ligands based on the hydroxypyran-4-one and hydroxypyridin-4-one moieties
typically fall in the molecular weight range of 100-250, whereas the large hexadentate ligands
fall in the range 400-1000.

The prevalent factors influencing the absorption of oral iron(lll) chelating ligands from the
gastrointestinal tract include the oil/water partition coefficient, ionic state and the molecular
weight. Whereas there is considerable quantitative information for the first two parameters,
few studies have been devoted to the latter.

Travis and

M e n z ie s ^ ^

have reviewed the

current state of knowledge of the different pathways available for the absorption of molecules
in the molecular weight range 100-500. It is generally thought that the transcellular route is
more dominant for molecules with molecular weights <200. This route involves diffusion into
the enterocyte and in principle therefore, utilises 95% of the surface area of the intestine.
The alternative (paracellular) route is favoured by molecules with molecular weights in excess
of 200 and exploits only a small fraction of the total surface area available.

Permeation of molecules through the basement membrane, extracellular matrix and across
the capillary endothelium is common to both the transcellular and paracellular pathways.
These regions appear to present little impediment to the diffusion of molecules below a
molecular weight of 1000.^^

In a systematic study of the oral bioavailability of non-metabolisable sugars and chromiumEDTA complexes in man, negligible absorption was observed with compounds possessing
molecular weights > 350 .

These observations are in agreement with the poor oral

availability of peptide analogues with molecular weights in excess of 600 and of penicillin
analogues which lack affinity for peptide translocation systems.

For stable, hexadentate

iron(lll) ligands possessing molecular weights in excess of 350, the oral bioavailability is
predicted to be low, typically 5%.

By virtue of their lower molecular weights, bidentate ligands are likely to have a much higher
bioavailability than hexadentate ligands.

This is certainly the experience with 3-

hydroxypyridin-4-ones, such as deferiprone which have been studied in m an.^^'38 The
novel tetradentate chelators described in Chapter 4 of this thesis possess intermediate
molecular weights between bidentate (150-250) and hexadentate (400-1000) ligands. As a
result, they are anticipated to exhibit effective oral bioavailability and minimal entry into the
central nervous system via the blood-brain barrier.
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7.3.2:

Penetration of the blood-brain barrier: Influence of the partition coefficient
(Kpar)

The influence of the molecular weight of a compound on the relationship between the
partition coefficient (octanol/water, Kpar) and the permeability coefficient for the blood-brain
barrier in the rat has been extensively studied by L e v i n . A l t h o u g h there is an excellent
linear correlation between Kpar (mol. wt."^/^) and permeability for molecules with a molecular
weight < 300, no such relationship is apparent for larger molecules (mol. wt. >500).

These observations suggest that most hexadentate ligands are predicted to penetrate the
blood-brain barrier inefficiently at best. The hexadentate ligand N, N, N-tris[2-(3-hydroxy-20 X 0 -1 ,2-dihydropyridin-1-yl)acetamido]ethylamine CP 130 exhibits a partition coefficient of

Kpar = 0.025 in the free form^O whereas the novel alkylated derivative CP 131 is calculated
to have a Kpar value of 1.51. The increase in Kpar for the latter ligand is attributable to the
introduction of three methyl substituents thus imparting more lipophilic character.

In contrast, bidentate ligands will penetrate relatively easily; an undesirable feature for most
therapies. However, penetration of low-molecular weight ligands is strongly dependant on
Kpar values, and molecules with Kpar values <0.05 penetrate

p o o r ly . 41

Thus if bidentate or

tetradentate ligands are employed with Kpar values in this region, then entry to the central
nervous system is predicted to be

m in im a l.

42

7.3.3: Metabolism of candidate oral iron(lil) chelating agents

One of the primary reasons for the limited efficacy of both 1,2-dimethyl-3-hydroxypyridin-4one (deferiprone) and 1,2-diethyl-3-hydroxypyridin-4-one (CP 94) in humans is the rapid
conversion of the 3-hydroxy moiety which is essential for iron chelation to the corresponding,
non-chelating glucuronide c o n j u g a t e 4 3 (Figure 7.3).
COOH
HO
Phase

I

metabolism

r1 = r 2 = C H 3 , deferiprone

OH
OH

Non-chelating glucuronide

r1 = r 2 = C 2 H5 , CP 94

conjugate
Figure 7.3
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The critical dependence of chelator efficacy on metabolic behaviour has led to a concept of
ligand design which prevents extensive Phase II metabolism, that Is, conjugation with
glucuronic acld.^^ In principle, such a modification would permit the use of lower doses,
since the bulk of the absorbed dose would retain Its chelating ability. It Is postulated that
pyrldln-4-one derivatives possessing bulky alkyl groups ortho to the 3-hydroxy functionality
may limit glucuronldatlon.

This concept may also apply to the range of novel pyran-4-on tetradentate ligands

1 0 8 -1 1 0

synthesised In this work (Figure 7.4)

O o.
,0H

HO.
R

R = H,

108,

R = Et,

109,

R = Pr,

110.

Figure 7.4

It Is anticipated that the proximity of the second kojic acid moiety In ligands

1 0 8 -1 1 0

may limit

the formation of the glucuronide conjugates. Work Is currently In progress to assess these
ligands.

A further refinement of this concept Is the design of pyrldlnones which are exclusively
metabolised by Phase I processes, thereby leaving the essential bidentate chelating function
of the pyrldlnone Intact. Such a strategy renders It possible to control the distribution of the
chelator. Thus If metabolite L' Is more hydrophilic than the parent pyrldlnone L, the majority
of extracellular chelation would be achieved by the hydrophilic metabolite, and thus access to
the central nervous system would be minimised.

Candidate ligands for oral Iron(lll) chelation therapy based on kojIc acid

(1 0 8 -1 1 0 )

which

possess hydroxymethyl substituents are more hydrophilic than the pyrldln-4-ones described
earlier.
ligands

The combination of hydrophillclty and the anticipated lack of glucuronldatlon In
1 0 8 -1 1 0

Identify this class of compound as potential orally active Iron chelators with

lower dosage regimes than currently employed with deferiprone.
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7.3.4: Toxicity of iron compiexes

Iron should be coordinated by a therapeutically useful ligand In such a manner as to prevent
direct access to oxygen or hydrogen peroxide. If either of these molecules bind directly to the
Iron atom, hydroxyl radical ('OH) production Is possible. These hydroxyl radicals may In turn
lead to the formation of secondary radicals which cause chemical modification and
subsequent damage to proteins, lipids, carbohydrates and

n u c le o t id e s .

Most hexadentate ligands, for Instance desferrloxamlne B (DFO, 6a), reduce 'OH production
to a minimum by completely masking the surface of the Iron.

Many bidentate ligands

Including catechol and hydroxamates are efficient 'OH radical generators In the presence of
Iron under aerobic conditions.

In contrast, 3-hydroxypyrldln-4-ones behave more like

hexadentate ligands In that the 3:1 ligand to metal complex Is the predominant species at pH
7.0, and the Iron atom Is completely protected from attack by oxygen In this form.^G jhus, as
long as the neutral 3:1 pyrldlnone complex dominates the speclatlon of the low-molecular
weight forms of Iron, then minimal hydroxyl radical production should occur.

A major reason for the marked difference In behaviour between the abilities of catechol and
3 -

hydroxypyridIn-4-one to generate 'OH radicals Is the percentage of the

complex present at pH

7 .0 .

(ligand :lron)

2 :1

Although the catecholate anion possesses a high affinity for

Iron(lll), It also binds two protons tightly

( p K 'a i

=

forming In appreciable quantities above pH

1 3 .0

8 .0

and

p K ^ 2

=

9 .2 );

the

3 :1

complex only

In contrast, the corresponding

2 :1

(hydroxypyrldln-4-one:lron) complex only makes a minor contribution to Iron speclatlon at
physiological pH.

Evidence^ suggests that maintaining a 3-hydroxypyrldln-4-one plasma concentration of
fiM

would limit the concentration of the potentially toxic

2 :1

species to

10"®

M .

2 0

At this

concentration, the maximum hydroxyl radical flux would be negligible.

7.4: Appiications for iron(lli) chelators

7.4.1: Ischaemic tissue

Recently, compelling evidence has been gathered which suggests that oxygen-derived free
radicals play a major role In producing microvascular and parenchymal damage associated
with reperfuslon of Ischaemic tissue.
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Tissue dam age is believed to be related to the production of oxygen radicals either within the
affected tissue or the associated extracellular matrix. T h e oxidative dam age does not occur
during the period of ischaemia but rather on reperfusion when the rapid increase in oxygen
tension results in the production of hydroxy radicals due to the enhanced labile iron pool.

The origin of the redox active iron is presumed to be the iron storage protein ferritin, which is
mobilised as a result of an increased cellular reducing potential under the anaerobic
conditions associated with ischaemia.

There is increasing evidence for the beneficial influence of the presence of iron chelators
during the reperfusion of ischaemic tissue. The hexadentate chelator, desferrloxamlne ( 6 a)
has been found to reduce brain dam age following cardiac arrest.

This iron chelating ligand

functions as an efficient scavenger of reactive species (Figure 7.5) forming the chemically
inert iron complex, ferrioxamine (Section 1.2.5).

Pe2+ + 0 2

-*■ -----------^

Fe3+ + ' O 2

iron
*0 2 " +

O2

H 2O 2

+

"OH

+

-OH

(Haber-Weiss)

catalyst

Fe^"*" +

Fe3+

H 2O 2

+

"OH

+

-OH

(Fenton)

Figure 7.5

In principle, a chelator designed to perm eate the blood-brain barrier efficiently would be
predicted to be more effective than desferrloxamlne, and the 3-hydroxypyridin-4-ones appear
to be good candidates. Significantly, the clinical drug, deferiprone (1,2-dimethyl-3-hydroxypyridin-4-one) has been reported to prevent post-ischaemic cardiac injury in the rat.29

Results of this type suggest that iron chelators could possibly find a role in the first line
treatm ent of stroke and heart attack, where a single injection of chelator could minimise
reperfusion dam age to both the brain and heart.
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7.4.2: Rheumatoid disease

Disturbance of iron metabolism is a prominent feature of rheumatoid d i s e a s e a s many
afflicted individuals have increased concentrations of synovial fluid ferritin and iron deposits
within their synovial tissue.

The poor prognosis associated with iron disposition in the

early stages of rheumatoid arthritis is due to the production of highly reactive oxygen free
radicals; a process catalysed by ferric (Fe^+) ion.

Research has demonstrated an improvement in both acute and chronic inflammation on
administration of desferrioxamine to animal m o d e ls .^

Unfortunately, similar studies on

rheumatoid patients result in a number of undesirable side-effects.

T he hydrophilic m embers of the 3-hydroxypyridin-4-one class of iron chelators have also
been shown to exhibit anti-inflam m atory properties when presented at relatively high
d o s e s . H o w e v e r , selective direction of these m olecules to the site of inflammation
presents a major problem in the development of an iron chelator-based drug to alleviate the
symptoms of rheumatoid disease.

7.4.3: Selective Inhibition of non-haem containing enzymes

M any non-haem , iron-containing enzym es are extrem ely susceptible to inhibition by
chelators.

The iron centres dominated by oxygen and imidazole ligands are particularly

susceptible. Such iron centres are found in ribonucleotide reductase and the lipoxygenase
family of enzymes.

Ribonucleotide reductase catalyses the reduction of the four common ribonucleotides to their
corresponding deoxyribonucieotides (Figure 7.6), an essential step in DMA synthesis.

dCDP

CDP
UDP

dU D P

ribonucleotide reductase
<

GDP

dO D P

ADP

dA D P

J
Figure 7.6
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A wide range of iron chelators have been shown to inhibit ribonucleotide reductase.^®Som e of these ligands are postulated to act as free radical scavengers, for instance
hydroxyurea, which inhibits this enzyme. The ability of iron chelators to inhibit ribonucleotide
reductase has led to several proposals for their therapeutic application.

For exam ple,

combinations of chelators with cytotoxic drugs has been shown to cause reduction of
malignant cells in leukaemia and neuroblastoma patients. 58-59

The lipoxygenase family of enzymes catalyse stereospecific oxygenation reactions of fatty
acid substrates. The active site incorporates a non-haem iron centre in an as yet unidentified
environment. The active form of the enzyme is the iron(lll) site but is converted to the iron(ll)
state as the fatty acid is o x id is e d C a te c h o l-c o n ta in in g compounds inhibit these enzymes
by forming a ternary complex with the iron

c e n tre .

51-62

5-Llpoxygenase is the first enzyme in a series involved in the conversion of arachidonic acid to
the family of leukotrienes. These compounds have been suggested to be important in a wide
range of diseases including asthma, arthritis and psoriasis, and consequently chelators with a
highly selective action®^ may prove to possess therapeutic potential.

7.4.4: Anti-malarial activity

The world-wide resurgence of malaria®"^ and multiple drug resistant strains^S has prompted
efforts to develop new therapeutic stratagems. Vaccine research and development, although
promising, is still experim ental and directed alm ost exclusively against Plasmodium

falciparum. This parasite has an erythrocyte cycle of 48 hours and produces malignant
tertian malaria which is especially prevalent in young children.56

Direct evidence favouring the possible utility of metal chelators as anti-malarials was initially
described by Scheibel 57-70 who found numerous aromatic chelators to be effective against
cultured P. falciparum. Raventos-Suarez71 also described the inhibitory effect of the
hexadentate iron chelator desferrioxamine on the replication of P .falciparum for which iron is
an essential requirement. More recently, a-ketohydroxypyridines72 and 3-hydroxypyridin-4ones52 have been assessed for anti-malarial activity and shown to suppress the malarial
parasite.

The anti-malarial effect of iron chelation therapy is independent of host iron status. A direct
relationship between lipid solubility, facilitating m em brane permeation, and in vivo antimalarial action of 3-hydroxypyridin-4-ones supports the concept of direct intracellular iron
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chelation as the most probable mechanism responsible for the anti-malarial effect of iron

chelation.

The introduction of an iron chelation agent to control such an infection is a novel approach as
chelation is particularly critical at the late trophozoite stage in the life cycle of the malarial
parasite.
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7.5: CONCLUSIONS

Orally active bidentate and oligodentate chelators based on the 3-hydroxypyran-4-one, 3hydroxy-2(1H)-pyridinone and 3-hydroxy-4(1H)-pyridinone moieties may find application in
the treatm ent of pathologies associated with transfusion-induced iron overload including
thalassaemia and sickle cell anaemia, malaria and Parkinsonian disease.

In contrast, parenterally administered hexadentate chelators have potential in protecting
tissue from ischaemic- and redox cycling induced damage.
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APPENDIX I

Alternative Glass Electrode Calibration Methods

The methods of calibration used in the potentiometric titrations reported in this work were
based on those described by M ay and Williams'* and used in their computer program
M AJEC.

This program analyses the titration of a strong acid with a strong base by the

method of Gran.2-4

The method involves linearisation of the electrode electromotive force (e.m .f.) and titrant
volume data as below. It is assumed that the electrode e.m.f., Ecell can be represented by
Equation 1.

Eceii = E q + X,s RTF'"* log [H+]

+ Ej

(1)

where Xs is a constant and E q is the sum,

Eo = Ep + Eref + Ej

(2)

at constant e.m.f. values derived from the probe (Ep), reference (E^ef) and junction potential
(Ej) within the electrode. R, T and F are the gas constant (8.31441 J K'"* mol""*), absolute
temperature (K) and Faraday's constant (9.64846 x 10^ 0 mol'"*) respectively and where Ej
is the external junction potential.

Within a single titration under the given experimental conditions of constant ionic strength, E j
may be assumed to be constant and combined with Eo- Also under these conditions, the log
of the hydrogen ion activity coefficient may be combined with E q to give Equation (3).

Eceii = E + Xs RFT"^ log [H"'"]

(3)

Over the range pH 2 to pH 12, the value Xs should be unity giving a Nernstian slope of 59.157
mV per log [H+] at 2 5 °C .2 0 '2 1

if, jn practice, the gradient of mV per log [H+] is represented

by S then Equations 4 and 5 follow:
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E = E q + S log [H'*']

(4)

lo E /S = io E o /S [H + ]

(5)

During the titration of a strong acid with a strong base and in those regions of the titration
where [H+] »

[OH"] or [OH"] »

[H+], Equations 6 and 7 can be applied

( 6)

[H+] =
V + Vp

[OH-] = _ K ^

=

(7)

[H+]

V + Vb

where B is the concentration of the basic titrant, Vp is the volume of the titrant added, Vg is
the equivalence volume of titrant, V is the volume of the titrand and Kw is the ionic product of
water.

Substituting [H+] from Equations 6 and 7 into Equation 5 gives

1qE/S = Iq E q /S

(8)

B(Vo-Vp)
V + Vp

10"E/S = 10-Eo/S _B _
Kw

(Vh -

(9)

V + Vp

A plot of 1 0 ^ /2 (V + Vp) versus Vp (with Vp < Ve) should therefore produce a straight line of
gradient - 10^o /S x B while a plot of 10"^o/S x Kw (V + Vp) versus Vp (with Vp > Vg) would
yield a gradient of 10"^o/S x B/Kw (Equation 9). Both lines should bisect the x-axis at Vp Vg. The product of these two gradients is -B^/Kw and the ratio is -1
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Four parameters are required to describe the titration namely B, Eq, Kw and A where A is the
initial acid concentration of the titrand calculated from V, V@ and B. If any one of the B, Eq,
Kw and A values are known then the three remaining may be obtained from a Gran's p lo t . If
the two straight lines of a Gran's plot intercept below the x-axis, this indicates the presence of
a weak acid and is furthermore a sensitive test for carbonate contamination. In this work, the
acid and base concentrations A and B are known and Kw and E q are calculated in STABO PT.
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APPENDIX II

Derivation Of Conditional Stability Constants

The effective stability constant (logKeff) may be expressed in terms of the concentrations of
all the species in aqueous solution including mixed ligand-hydroxy and polynuclear species
(Equations 1 and 2)

logKeff = [all complex bound

=

metal] / ([all unbound m etal]. [all unbound ligand])

(fML] + fMLpI + f M U l + fMLOHI + etc.)

(1)

(2)

({[M] + [MOH] + [M O H 2 ] + e tc .}. {[L-] + [LH] + [LH 2 ]})

where M and L represent the free metal and ligand, MLp and MLOHn represent the metalligand and aquated metal and LHp, the protonated forms of the unbound ligand.

For the 1:1 metal-ligand complex ML, the Law of Mass Action dictates that

Keff = [ M L ] / ( [ M ] . [ L ] )

(3)

where Keff = the metal-ligand formation constant.

Rearranging Equation 3 gives

[ML] = Keff. [ M]. [L]

Let [M] = m, [L] = I, [ML] = ml and Keff = pi

Therefore,

ml = p i . m. I
ml2 = P2 . m. |2
ml3 = p3 . m. P
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From Equation 1,

boundmetal] = (pi . m. I) + (P2 . m. 1^ ) + (P3 . m. P )

[all complex

(5)

= ml (pi + P2 I + P3 1^)

[all unbound

metal] = m + p 'i. m / h + p'2 . m / h ^
= m (1 +

p 'i. 1 / h + p'2 . 1 / h 2 )

(6)

[all unbound ligand] = I + p"-|lh + p'^lh^
= 1(1 + p"ih + p"2 h 2)

(7)

Substituting Equations 5, 6 and 7 into Equation 1 gives

logKeff = _____________ml (Pi + ^ 1 + Bai^)____________________
m (1 +

p'i. 1 / h + P 2 - 1 / h2). 1(1 + p"ih + p"2 h 2)

Pi + f i 2 l +

=
(1 +

( 8)

------------------------------------------

p V 1 / h + p'2 . 1 / h2 ). (1 + p"ih + p"2 h 2)

(9)

where the overall formation constants are the products of the stepwise stability constants.

If only ml is formed i.e. in the presence of excess metal ion then,

Pi + P 2I + P3|2 = Pi

(10)

If there is negligible metal hydrolysis then,

1 + p 'i. 1 / h + p'2 . 1 / h2 = 1

( 11)

Consider the system comprising gallium metal and the bidentate chelator 1 ,2-dimethyl-3hydroxy-pyridin-4-one (13) at low pH. Substitution into Equation 3 gives:

Keff =

P i____________

1 (I +p"lh + p"2h2)
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logKeff

=

logPl- log(1

+ p"ih +

- log(1 + 10 (P ^ a l'P ^ ^ + 10(P^a1 + P^a2 ' ^P^))

= logpi

(13

(14)

Let us consider the following constraints pertaining to Equation 14.

a) at high pH, only the first term is significant. Hence,

logKeff = log Pi

i.e. a constant

b) at low pH, only the term 10(P^al

logKeff

=

= log Pi

P^a2 '

(15)

is significant. Therefore,

log Pi- log (10(P^a1

P^a2 ' ^P"^b

-pK 'ai - pKa2 + 2pH

(16)

(17)

Comparing Equation 17 with y = c + mx gives a gradient of +2 and an intercept of log Pi
pKai

-

-

pKa2 •

c) at intermediate pH where p/Ca2 < pH < pK'ai, only the 10(P^ai " P^) term is significant
and hence

logKeff = log Pi - log (1 0 (P ^ i "PH)

= log Pi - pK ai

+ pH

Similarly, a plot of Equation 18 gives a gradient of +1 and an intercept of log Pi - pK ai .
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