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Abstract—The synthesis of a range of 2-amido-3-hydroxypyridin-4-ones as bidentate iron(III) chelators with potential for oral
administration is described. The pKa values of the ligands together with the stability constants of their iron(III) complexes have
been determined. Results indicate that the introduction of an amido substituent at the 2-position leads to an appreciable enhance-
ment of the pFe? " values. The ability of these novel 3-hydroxypyridin-4-ones to facilitate the iron excretion in bile was investigated
using a °Fe-ferritin loaded rat model. The optimal effect was observed with the N-methyl amido derivative 15b, which has an
associated pFe** value of 21.7, more than two orders of magnitude higher than that of deferiprone (1,2-dimethyl-3-hydroxy-
pyridin-4-one) 1a (pFe3™ =19.4). Dose response studies suggest that chelators with high pFe®* values scavenge iron more effec-
tively at lower doses when compared with simple dialkyl substituted hydroxypyridinones. © 2001 Elsevier Science Ltd. All rights

reserved.

Introduction

The most frequent treatment of haemoglobinopathic
disorders such as B-thalassaemia major is to maintain
high levels of haemoglobin by regular blood transfu-
sion. Because man lacks a physiological means of elim-
inating excess iron, iron associated with transfused red
cells progressively accumulates, in the liver and other
highly perfused organs, leading to tissue damage, organ
failure and eventually death.! Complications associated
with elevated iron levels can be largely avoided by the
use of iron-specific chelating agents and in particular
desferrioxamine (DFO). Unfortunately, DFO lacks oral
activity and has to be administered parenterally. This
inevitably leads to poor patient compliance.”> In an
attempt to overcome the disadvantages associated with
DFO, the successful design of an orally active, non-
toxic, selective iron chelator has been a much sort after
goal. In designing iron chelators for clinical application,
metal selectivity and ligand-metal complex stability are

Abbreviations: pFe ", the negative logarithm of the concentration of
the free iron(III) in solution, calculated for total [ligand] = 10~° M, total
[iron]=10"°M at pH 7.4; DFO, desferrioxamine; HPO, hydroxy-
pyridinone; D7 4, distribution coefficient at pH 7.4; MOPS, 4-morpho-
linepropane sulphonic acid.
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of paramount importance.>* A suitable comparator for
ligands is the pFe®" value, defined as the negative
logarithm of the concentration of the free iron(Ill) in
solution. Typically pFe3" values are calculated for total
[ligand]=10">M, total [iron]=10"°M at pH 7.4. The
comparison of ligands using this parameter is useful,
since pFe**, unlike the corresponding stability con-
stants, takes into account the effects of ligand basicity,
denticity and degree of protonation, as well as differences
in metal-ligand stoichiometries. Chelators with high
pFe?" values are predicted not only to scavenge iron
more effectively at low ligand concentrations, but also
dissociate less readily and therefore form lower con-
centrations of the partially co-ordinated complexes.

3-Hydroxypyridin-4-ones (HPOs) (1) (Table 1) are cur-
rently one of the main candidates for the development
of orally active iron chelators.? Indeed, the 1,2-dimethyl
derivative 1a (deferiprone), with an associated pFe3*
value of 19.4, is the only orally active iron chelator cur-
rently available for clinical use (marketed by Apotex Inc.,
Toronto, Canada as Ferriprox™). In order to further
improve chelation efficacy and minimise drug-induced
toxicity, considerable effort has been put into the design
of novel hydroxypyridinones with enhanced pFe®™*
values.>® Novartis has produced a range of bidentate
hydroxypyridinone ligands, which possess an aromatic
substituent at the 2-position. The aromatic group is
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Table 1. Chemical structure of selected 3-hydroxypyridin-4-ones (1)
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reported to stabilise the resulting iron complex and
hence increase the pFe3* values.’ The lead compound 2
was found to be orally active’ and highly effective at
removing iron from both the iron-loaded rat and mar-
moset.> Recently we have demonstrated that the intro-
duction of a 1’-hydroxyalkyl group at the 2-position of
3-hydroxypyridin-4-ones 3 leads to an appreciable
enhancement of pFe?" values.®® This effect results from
the decrease in pK, value of the 3 and 4 pyridinone oxy-
gens due to the combined effect of intramolecular hydro-
gen bonding and electron withdrawal from the pyridinone
ring.® Interestingly the Novartis lead compound 2 also
possesses a 1’-hydroxyl group at the 2-position and this is
almost certainly responsible for the observed enhanced
pFe3 " value of the molecule. Such enhancement of pFe3*
values is associated with a clear improvement of chelator
ability to remove iron under in vivo conditions.®® It was
reasoned that the introduction of other suitable sub-
stituents, e.g., the amido function 4 at the 2-position of
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3-hydroxypyridin-4-ones would increase the pFe®™"
value in a similar manner. A potential advantage of these
2-amido HPOs 4 is their non-chiral nature, which con-
trasts with the high pFe?" 2-(1’-hydroxyalkyl) HPOs 2
and 3, which possess a chiral centre. In this report, we
describe the synthesis, physicochemical properties and
in vivo iron mobilisation efficacies of a range of
2-amido-3-hydroxypyridin-4-ones.
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Results
Chemistry

The general methodology adopted for the synthesis of
2-amido-3-hydroxypyridin-4-ones is summarised in
Scheme 1. Chlorination of the 2-hydroxymethyl moiety
of commercially available kojic acid 5 using neat thionyl
chloride afforded 2-chloromethyl-5-hydroxypyran-4(/ H)-
one (chlorokojic acid) 6, with the ring hydroxyl being
unaffected. The chloro derivative 6 was subsequently
reduced using zinc/hydrochloric acid to afford the
2-methyl-5-hydroxypyran-4(/ H)-one 7 (58% overall
yield in two steps). The a-position to the ring hydroxyl
was then functionalised in an analogous fashion to the
aldol condensation whereby an enolate, in this case the
pyrone anion, attacks a carbonyl compound, formalde-
hyde, under alkaline aqueous conditions to furnish, on

7

C” 0" COOH

1" 12

OH cr
+2
HsC h,:

CH; O

15a-h

Scheme 1. Synthesis of 2-amido-3-hydroxypyridin-4-ones 15a-h. Reagents and conditions: (a) SOCl,, 25°C; (b) Zn/HCI, H,0, 65-70°C; (c) HCHO,
NaOH, H,0, 25°C; (d) BnBr, NaOH, CH3;0H/H,0, 70 °C; (e) SO5*pyridine, Et;N, DMSO, CHCls, 25 °C; (f) NaClO,, NH,SO3H, H,0/(CH3),CO,
25°C; (g) 2-mercaptothiazoline, DCCI, DMAP, CH,Cl,, 25°C; (h) RNH,, CH,Cl,, 25 or 40°C; (i) CH3;NH,, CH;0H, 70°C; (j) H,, Pd-C, DMF,

25°C.



Z.D. Liu et al. | Bioorg. Med. Chem. 9 (2001) 563-573

acidic work up, the 2-hydroxymethylated product 8 in
high yield (82%). The 3-hydroxyl group was then
benzylated using benzyl bromide in good yield (80%)
with no alkylation at the 2-position. The direct conver-
sion of the primary alcohol of the protected pyranone 9
to a carboxylic acid was initially attempted by using
Jones reagent. However the pyranone moiety was found
to be too unstable under these conditions, producing
extensive degradation. Alternatively the aldehyde was
prepared before further oxidation to the carboxylic acid
was attempted. The selective oxidation of the alcohol 9
to the aldehyde 10 proceeded efficiently (87.7%) by uti-
lising sulphur trioxide pyridine complex in combination
with dimethyl sulfoxide. Subsequent oxidation using
sodium chlorite and sulfamic acid afforded the corre-
sponding carboxylic acid 11 in excellent yield (85%).
Activation of the carboxylic acid 11 was achieved by
coupling with 2-mercaptothiazoline using dicyclohexyl-
carbodiimide (DCCI) as the coupling reagent and 4-
dimethylaminopyridine (DMAP) as an acylation cata-
lyst to afford the active amide 12 in 71% yield. The
coupling reaction of this active amide 12 with aliphatic
primary amines only required mild conditions, i.e. stir-
ring at room temperature in an aprotic solvent such as
dichloromethane, resulting with the desired 2-amido sub-
stituted pyranone analogues 13a—f in yields generally in
excess of 80%. However the analogous reaction of 12 with
aromatic amines such as aniline and 3-aminopyridine
under room temperature resulted in negligible reaction.
Under more vigorous conditions, i.e., refluxing for a pro-
long period, the required products 13g and 13h were iso-
lated in moderate yields (56 and 42% respectively).
Conversion of pyranone derivatives 13a-h to the corre-
sponding pyridinone analogues 14a—h was then achieved
by reacting with methylamine in a sealed-tube at 70°C
with methanol as solvent. The protecting benzyl group was
removed by catalytic hydrogenation to yield the corre-
sponding bidentate chelators, which were finally isolated
as the hydrochloride salts 15a—h (Table 2).

Physico-chemical characterisation

In order to demonstrate the influence of 2-amido sub-
stituent on the ligand affinity, both the pK, values of the
ligands and the stability constants of their iron(III)
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complexes were evaluated using an automated titration
system.’~19 Distribution coefficients of the chelators
were measured using an automated continuous flow
technique.8~10

Ligand pK, values. All ligands were investigated by
simultaneous spectrophotometric and potentiometric
titration.®~1° The pH dependence of the UV spectra of
15b (Fig. 1) is presented as an example. A clear shift in
Amax 18 observed in the full speciation spectra of ligand
15b over pH range 1.89-11.56 (Fig. 1) which displays
the pH dependence of the ligand ionization equilibrium.
The optimized pKa values obtained from non-linear
least-square regression analysis are shown in Table 2.
Most of the 2-amido HPOs possess two pK, values, one
corresponding to the 4-hydroxyl function and the second
corresponding to the 3-hydroxyl function (Scheme 2).
The only exception is 15h which has an extra pK, value
associated the pyridine moiety. The pK, values obtained
from spectrophotometric titration are similar and com-
parable to those calculated from the potentiometric
titration (Table 2). The introduction of an amido sub-
stituent at the 2-position results in clear reduction in the
pK, values of both hydroxyl groups, as compared with
simple dialkyl substituted HPOs such as la and 1b
(Table 2).
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Figure 1. pH dependence of the UV spectrum of 15b over the pH
range 1.89-11.56.

Table 2. 2-Amido-3-hydroxypyridin-4-one hydrochlorides (15a—h) and their measured physicochemical properties
Compound R pK. Affinity constants for Fe(I1I)
Poteniometric  Spectrophoto- LogB; LogK, LogK, LogK; LogB; pFe’™ (at D74 F, (at Log
metric [(Ok (S)>  pH 7.45) (n=5) pH 7.4) P

1a — 3.68,9.77 3.56, 9.64 36.60 1456 1219  9.69 36.44 194 0.17 0.995 —-0.767
1b — 3.81,9.93 ND ND 1520 11.76  9.84  36.80 19.7 1.78 0.997 0.252
15a H 2.70, 8.42 2.70, 8.34 3320 12,59 11.30 9.32 3321 20.9 0.02 £ 0.01 0.905 —1.656
15b CH; 2.75, 8.47 2.77, 8.44 34.01 1341 1147 943 3431 21.7 0.04 £ 0.01 0919 —1.361
15¢ CH(CHs), 2.79, 8.70 2.69, 8.61 33.66 13.10 11.38  9.24  33.72 20.7 0.30 +£ 0.06 0.947 —0.499
15d CH,CH,OCHj3; 2.81, 8.47 2.68, 8.44 33.61 12.68 1149 938  33.55 20.9 0.04 £ 0.02 0919 —1.361
15¢ CH,CH,OH 2.74, 8.37 2.67,8.27 3333 1285 11.18 930 33.33 21.2 0.02 +0.01 0.893 —1.650
15f CH,C¢Hs; 2.71, 8.45 2.62, 8.34 Not determined — 13.5+ 1.56  0.908 1.172
15g Cg¢Hs 2.65, 8.14 2.55,8.10 Not determined — 4.16 = 0.90 0.840 0.695
15h m-CsHyN  2.29,3.92,8.06 2.25,3.90,7.94 3288 1238 1097 9.53 3288 21.6 0.47 +0.07 0.799 —0.230

2The cumulative stability constants (3) directly measured from competitive titration with EDTA.
®The cumulative stability constant obtained by summation of the three stepwise equilibrium constants (K;, K> and K3).
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Stability constants of iron(III) complexes. The stability
constant of an iron-ligand complex is one of the key
parameters related to the in vivo chelation efficacy of a
ligand. The cumulative stability constants (3) of ligands
were determined spectrophotometrically by competition
with the well characterised hexadentate polyamino-car-
boxylate ligand EDTA under defined conditions
(Scheme 3).!° The resulting UV/visible spectra of ligand
15b-iron(I1T) complex in competition with EDTA are
shown in Figure 2. Clearly the A, of the spectra does
not shift appreciably whereas the absorbance decreases
upon addition of EDTA (Fig. 2). The equilibrium con-
stant K (Scheme 3) was determined for each EDTA
addition, then by employing the literature stability
constant (K;) of EDTA, the cumulative stability con-
stants (B3) can be calculated from eq (1) (Scheme 3).
Due to the extremely poor water solubility of the
resulting iron(III) complex of ligands 15f and 15g, the
determination of stability constants for both ligands
was not attempted.
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Scheme 2. Protonation equilibria of 2-amido-3-hydroxypyridin-4-ones.
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Scheme 3. Competition equilibria between a bidentate ligand and
EDTA for iron(III).
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Figure 2. Visible spectra of a 15b-iron(I11) complex solution in com-
petition with EDTA at pH 7.4. The ratio of 15b to iron(I1I) was 10:1
and the iron(IIT) to EDTA ratio was varied from 1:0 to 1:40.

Bidentate ligands form a number of complexes with
iron(IIT) so that aqueous solutions equilibrate to give a
mixture of species, the composition of which depends
on the metal ion, ligand and hydrogen ion concentra-
tions (Scheme 4). In this current work, the stepwise
equilibrium constants (K;, K> and K3) of these bidentate
ligands were evaluated using an automated spectro-
photometric titration system.3~!° The pH titration curve
for ligand 15b in the presence of iron(IIl) is presented in
Figure 3. A clear shift in A, is observed in the full spe-
ciation spectra of ligand 15b: iron(III) complexes over
pH range 1.37-4.26 (Fig. 3) which displays the pH
dependence of the different metal/ligand equilibrium.
The optimised values are presented in Table 2, where an
excellent agreement has been observed between the
summation of the log K;, K, and K3 and the log; value
directly determined by competitive titration with EDTA
(Table 2). The introduction of an amido substituent at
the 2-position leads to a reduction in both log K values
and log B3 values, as compared with simple dialkyl
substituted HPOs (Table 2). Thus the log B3 values for
2-amido HPOs fall within the range of 32.9-34.3, as
compared to 36.4 for 1a and 36.8 for 1b.

Distribution coefficients. The distribution coefficients
(D7.4) of the ligands between 1-octanol and MOPS buf-
fer (pH 7.4) were determined using an automated filter-
probe system.®~1% Since the introduction of an amido
substituent significantly reduces the pK, values of the 3-
hydroxyl group (pK,,) to the range 8.0-8.6 (Table 2),
the degree of ionization of this functional group at pH

Fe** + L Fel*

Fel + L Fel,”

FeL," + L

Scheme 4. Complex formation of iron(IIl) with bidentate 3-hydroxy-
pyridin-4-ones.

Absorbance

0950300 450 300 550 600 650 700

Wavelength nm
Figure 3. pH dependence of the visible absorption spectrum of ligand

15b in the presence of iron(III) over the pH range 1.37-4.26. [iro-
n(II1)]=1.98 x 10~*M and [ligand 15b]=9.91 x 10~*M.
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7.4 becomes appreciable. As a result of the degree of
ionization of the 4-hydroxyl function (pK, ) being rela-
tively small at pH 7.4, the neutral fraction (Fn) of the 2-
amido HPOs can then be calculated from eq 2 by
employing the pK,, values determined above. Hence the
partition coefficient (P) of each compound can be cal-
culated from eq 3. The distribution coefficient values of
the 2-amido HPOs cover the range 0.02-4.16 (Table 2).
The aromatic derivatives 15f, 15g and 15h were found to
be more hydrophobic than the aliphatic analogues.
Consequently, these aromatic derivatives would be
expected to have better oral absorption and experience
more efficient extraction by the liver, which is the major
iron storage organ.

Neutral fraction (F,) = W 2)
P= D}ﬂ"‘ = D74 x (1 + 10PH—PKs) (3)

Iron mobilisation efficacy

In vivo iron scavenging ability of the 2-amido HPOs
were compared with simple dialkyl substituted HPOs in
the *°Fe-ferritin labelled rat model.!! Most of the ali-
phatic amido derivatives were found to be superior to
1a in this model (Table 3). Surprisingly all three aro-
matic derivatives 15f, 15g and 15h, despite their favour-
able lipophilicity, were found to be relatively poor iron
scavengers under in vivo conditions, with efficacies of
7.5, 5.4 and 10.4%, respectively. The most effective
compound was unexpectedly found to be 15b (D;4=
0.04), with an associated efficacy at 450 umol/kg of
54.8%, being equally effective as 1b (Table 3). Detailed
dose response studies of 15b at three different doses
(150, 300 and 450 pmol/kg) further highlights its superior

Table 3. Iron mobilisation efficacy studies of 2-amido-3-hydroxy-
pyridin-4-ones (15a-h) in the >°Fe-ferritin loaded rat model. All che-
lators were given orally and control rats were administered with an
equivalent volume of water. Values are expressed as means =+
SD (n=5)

Chelator Dose Iron Efficacy
(umol/kg) mobilisation (%) (%)
Control — 3.87£1.0 0.0
la 450 13.4+5.2 9.5
la 300 9.242.2 5.4
la 150 6.31+2.1 2.4
1b 450 59.7£10.9 55.8
1b 300 35744 .4 31.8
1b 150 16.5+6.2 12.6
1c 450 16.8+2.7 12.9
1d 450 29.9+3.8 26.0
15a 450 10.1£3.7 6.2
15b 450 58.7+£7.8 54.8
15b 300 54.1+14.1 50.2
15b 150 33.1+6.8 29.2
15¢ 450 45.8+6.1 41.9
15d 450 40.9+7.1 37.0
15 450 29.24+6.3 25.3
15f 450 11.4+1.8 7.5
15g 450 9.284+2.8 5.4
15h 450 14.3+2.8 10.4

performance at low doses, as compared with 1a and 1b
(Table 3). 1b is marginally more effective than 15b at a
dose of 450 umol/kg, however it is markedly inferior at
the dose of 150 umol/kg. Indeed, 15b was found to be
more effective at 150 umol/kg than 1a (Deferiprone) at
450 pmol/kg (Table 3).

In vivo metabolism

In order to understand the potential influence of the in
vivo biotransformation of these 2-amido substituted
hydroxypyridinones on their iron scavenging efficacy,
the metabolism of two selected 2-amido HPOs (15b and
15h) has been investigated in the rat. Bile cannulation
studies demonstrate that the amount of excreted
unchanged pyridinone is markedly different for the two
chelators (Table 4). With 15b there is very little forma-
tion of a glucuronide, which is in contrast to 15h, where
over 50% of the oral dose is excreted as the 3-O-glu-
curonide metabolite (Table 4). There is a high level of
unchanged 15b present in the urine, whereas the phase
IT glucuronide conjugate is the major excreted species
for 15h (Table 4).

Discussion

In order to further optimise the physicochemical prop-
erties, in particular the pFe*™ values of 3-hydroxypyr-
idin-4-ones iron chelators, a range of 2-amido HPOs
have been synthesised and subjected to physicochemical
analysis. It is clear that, like the 2-(1’-hydroxyalkyl)
derivatives, the introduction of an amide function at the
2-position of 3-hydroxypyridin-4-ones leads to a reduc-
tion of the pK, values (Table 2). This effect results from
stabilising the ionised species due to the combined effect
of the negative inductive effect of the 2-amido group
from the pyridinone ring and possible intramolecular
hydrogen bonding between the 2-amido group and the
adjacent 3-hydroxyl function 16. Although such an
effect reduces the overall stability constants for iron(III)
(Table 2), it also reduces the affinity of the chelating
function for protons. These changes result in an increase
in the corresponding pFe®* values at pH 7.4, where the
values fall in the range 20.7-21.7 as compared to that of
la (deferiprone), namely 19.4. A similar reduction on
pK, values and hence enhancement on the pFe3* values

Table 4. Amount of unchanged chelators and their glucuronidated
metabolites found in bile, urine and faeces and gut contents after oral
administration of 15b or 15h. Values are expressed as mean = SD The
values in brackets are the percentage of the given dose (450 pmol/kg, or
94.5 pmol/each rat)

15b (n=3) 15h (n=4)
(nmol) (pmol)

In bile Unchanged chelator  6.4+0.8 (6.8%) 1.6+0.5 (1.7%)
Glucuronide 6.0£0.9 (6.4%)  50.2+12.0 (53.1%)

In urine  Unchanged chelator 18.7+2.6 (20.0%) 1.1+0.4 (1.2%)
Glucuronide 14.5+1.9 (15.3%) 11.24+5.2 (11.9%)

In faeces Unchanged chelator  5.5+3.0 (5.7%) Not detectable

and gut

contents
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has been previously observed by the introduction of an
amide function at the 4-position of 3-hydroxy-pyridin-
2-ones 17.'2 The introduction of an amido substituent at
the 2-position of 3-hydroxypyridin-4-ones has a dra-
matic effect on the speciation plot of the iron (III)
complexes as presented in Figure 4. This indicates that
15b will dissociate less readily leading to lower con-
centrations of the L,Fe™ complex in the pH range 5.5
7.0, as compared with 1a.

o) GsH7
(\O‘_.H 0. N\H
1
LI N< 0
Re NS R

Ry O ;}1 o)

CHs,

16 17

In vivo iron mobilisation efficacy of this series of com-
pounds has been investigated in a non-iron overloaded
rat model originally developed by Pippard et al.!* >Fe-
ferritin has been used to label the liver iron pool, fol-
lowed by a challenge with test chelator at a time when
iron released by lysosomal degradation of ferritin is
maximally available.!!-!3 Since the liver is the major iron
storage organ under iron-overloaded conditions, this
method comes close of being an ideal animal model to
assess oral bioavailability and to compare the ability of
chelators to remove iron from liver. In this model, des-
ferrioxamine (DFO), deferiprone and diethylene-
triaminepentaacetic acid (DTPA) all behave in manner
similar to that observed clinically.!:!3 Furthermore this
method produces highly reproducible data of the type
necessary for dose-response investigations and structure—
activity studies.!®> Several high pFe3* 2-amido-hydro-
xypyridinones such as 15b, 15¢ and 15d lead to superior
iron excretion via the bile than does deferiprone la
(Table 3). However not all the high pFe** ligands pro-
vide enhanced efficacy, thus 15a, 15f, 15g and 15h are
poor scavengers of iron under in vivo conditions, indi-
cating that the pFe®" value is not the only factor which
influences chelator efficacy. Some interesting features also
emerge from the structure—activity studies, 15b was found

1.0 q
0.9
0.8+
0.7 H
0.6
0.5

Mole Fraction
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Figure 4. Comparison of the speciation plots of 1a and 15b in the
presence of iron(Ill); L=1a; L'=15b; [Fe(Il)]=1 x 10°M and
[ligand]=1 x 107> M.

to be more effective not only than the more hydrophobic
analogue 15c¢, but also 15d and 15e which have very simi-
lar D74 values to that of 15b. Furthermore, the primary
amido analogue 15a is markedly inferior to 15b. These
differences highlight structural features of 15b which are
associated with its high efficacy.

All three aromatic derivatives, 15f, 15g and 15h, are
markedly less efficient than 15b in the iron scavenging
studies. This may result from the unfavourable phase II
metabolism associated with those aromatic derivatives
(Table 4). Since the 3-hydroxyl functionality is crucial
for scavenging iron, such extensive biotransformation to
the non-chelating 3-O-glucuronide conjugate severely
limits the ability of chelators to mobilise iron in vivo. In
contrast the phase II metabolism is only a minor metabolic
pathway for 15b (Table 4) and the lack of glucuronidation
will certainly attribute to its superior efficacy in vivo.
However 1-hydroxyalkyl hydroxypyridinones, namely
1c and 1d (Table 1), are also not extensively metabolised
via phase II reactions'* and yet their iron mobilisation
efficacies are much less than that of 15b (Table 3). Clearly
the chemical nature of the ligand together with its meta-
bolic behaviour have critical impacts on the chelation
efficacy of the compound. Further dose—response experi-
ments with 15b confirmed that chelators with high pFe?*
values scavenge iron more effectively at low ligand con-
centrations. Detailed efficacy comparisons between the
different doses indicates that the efficacy of the high
pFe?* chelator 15b decreases much more slowly than
that of 1a and 1b (Table 5). The efficacy ratios of 15b
(0.533) is much greater than those for 1a and 1b (0.253
and 0.226, respectively) between dose 150 and 450 umol/
kg.

In summary, the introduction of an amido at the 2-posi-
tion of 3-hydroxypyridin-4-ones reduces the pK, values
and hence increases the pFe*" values. However, selec-
tion of the amido substituent has a dominating influence
on the overall efficacy. The most effective compound was
found to be 15b which has an associated pFe3* value of
21.7 compared with 19.4 for 1a (deferiprone). It has a
low D54 (0.04) and yet experiences good oral absorp-
tion and liver extraction, as demonstrated by its high
efficacy in the rat model. Such low lipophilicity asso-
ciated with 15b will limit the distribution of the chelator
and minimise the penetration of critical biological bar-
riers such as blood brain barrier, which in turn is likely
to reduce the toxic side effects. Meanwhile, the high
level of 15b detected in the urine (Table 4) also indicates
the potential of this compound to scavenge non-trans-
ferrin bound iron in the systematic circulation.

Table 5. Efficacy ratio of hydroxypyridinones between different doses

Chelator Efficacy ratio between different doses
Efﬁcac,‘)GOO umol/kg) Ejﬁé’ac)’(lso umol/kg) Efficacy(ISO pmol/kg)
Efficacysoumolkg)  Efficacyzooumol/kg)  Efficacyasopumol/kg)

1a 0.568 0.444 0.253

1b 0.570 0.396 0.226

15b 0.916 0.582 0.533
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Experimental
General chemistry procedure

Melting points were determined using an Electrothermal
IA 9100 Digital Melting Point Apparatus and are uncor-
rected. 'H NMR spectra were recorded using a Perkin-
Elmer (60 MHz) NMR spectrometer. Chemical shifts (8)
are reported in ppm downfield from the internal standard
tetramethylsilane (TMS). Mass spectra (FAB) analyses
were carried out by Mass Spectrometry Facility, Depart-
ment of Pharmaceutical and Biological Chemistry, The
School of Pharmacy, 29/39 Brunswick Square, London
WC 1AX, and the samples were dissolved in 3-nitrobenzyl-
alcohol matrix. Elemental analyses were performed by
Micro analytical laboratories, Department of Chemistry,
The University of Manchester, Manchester M13 9PL.

2-Chloromethyl-5-hydroxypyran-4(1H)-one (chlorokojic
acid) (6). Kojic acid 5 (50g, 0.35mol) was dissolved in
distilled thionyl chloride (200mL), stirred for 1h, after
which time a yellow crystalline mass formed. The product
was collected by filtration and washed with petroleum
ether and then recrystallised from water to give colour-
less needles (42.5¢g, 75.9%): mp 166-168 °C (lit. value'>
166-167°C); 'H NMR (DMSO-ds) &: 4.7 (s, 2H,
6-CH,Cl), 6.6 (s, 1H, 5-H), 8.1 (s, 1H, 2-H), 9.3 (br., s,
1H, 3-OH).

2 - Methyl -5 -hydroxypyran-4(1H)-one (allomaltol) (7).
Chlorokojic acid 6 (30g, 0.187mol) was added to
100 mL of distilled water and heated to 50 °C with stir-
ring. Zinc dust (24.4 g, 0.375mol) was added followed
by the dropwise addition of concentrated hydrochloric
acid (56.1 mL) over 1 h with vigorous stirring maintain-
ing the temperature between 70-80 °C. The reaction mix-
ture was stirred for a further 3 h at 70°C. The excess zinc
was removed by hot filtration and the filtrate extracted
with dichloromethane (3x200mL). The combined
organic extracts were dried over anhydrous sodium sul-
phate, filtered and concentrated in vacuo to yield the
crude product. Recrystallisation from isopropanol affor-
ded colourless plates (14.8 g, 62.8%): mp 152-153°C (lit.
value'’ 153-155°C); '"H NMR (DMSO-dg) 6 2.25 (s, 3H,
6-CHs), 6.2 (s, 1H, 5-H), 6.3-7.35 (br., 1H, 3-OH), 7.7 (s,
1H, 2-H).

2-Hydroxymethyl-3-hydroxy-6-methyl-pyran-4(1H)-one
(8). Allomaltol 7 (12.6 g, 100 mmol) was added to an
aqueous solution of sodium hydroxide (4.4 g, 110 mmol)
in distilled water (100 mL) and stirred at room tempera-
ture for Smin. 35% Formaldehyde solution (9mL) was
added dropwise over 10min and the solution allowed
stirring for 12 h. Acidification to pH 1 using concentrated
hydrochloric acid and cooling to 3-5°C for 12h gave a
crystalline deposit (12.8g, 82%), mp 159-161°C (lit.
value' 161-163°C). '"H NMR (DMSO-dj) & 2.3 (s, 3H,
6-CHs), 4.5 (s, 2H, 2-CH,0H), 4.6-5.7 (br., 1H, 2-CH,
OH), 6.25 (s, 1H, 5-H), 8.7-9.2 (br., 1H, 3-OH).

2-Hydroxymethyl-3-benzyloxy-6-methyl-pyran-4(1H)-
one (9). Sodium hydroxide (4.84 g, 121 mmol, 1.1 equiv)
dissolved in 10 mL distilled water was added to a solu-
tion of 8 (17.2g, 110mmol, 1equiv) in methanol

(100 mL) and the reaction mixture was heated to reflux.
Benzyl bromide (20.7g, 121 mmol, 1equiv) was added
dropwise over 30min and then refluxed for 12h. The
reaction mixture was concentrated in vacuo, the residue
taken up into dichloromethane (300mL) and the inor-
ganic salts filtered off. The dichloromethane layer was
washed with 5% sodium hydroxide solution (2x
100 mL), water (100 mL), dried over anhydrous sodium
sulphate, filtered and concentrated in vacuo to yield the
crude product as a yellow crystalline solid. Recrystalli-
sation from dichloromethane:petroleum ether 40:60
afforded a white crystalline solid (21.6 g, 80%), mp 115—
116°C. '"H NMR (CDCl3) 8 2.2 (s, 3H, 6-CH3), 2.6 (br.,
s, 1H, 2-CH,0OH), 4.3 (br., s, 2H, 2-CH,0OH), 5.2 (s, 2H,
CH,Ph), 6.15 (s, 1H, 5-H(pyranone)), 7.4 (s, 5H, Ar); MS
(FAB): m/z, 246 [M*]. Anal. calcd for C;4;H404: C,
68.28; H, 5.73%. Found: C, 68.37; H, 5.66%

2-Formyl-3-benzyloxy-6-methyl-pyran-4(1H)-one (10).
To a solution of 9 (5.28 g, 21.5mmol, 1 equiv) in chloro-
form (100mL) was added dimethyl sulfoxide (27 mL)
and triethylamine (18.5mL) and the reaction mixture
was cooled with an ice-bath to an internal temperature
of 3-5°C. Then sulphur trioxide pyridine complex
(17.1 g 107mmol, 5equiv) was added and the mixture
was allowed to thaw to room temperature. After stirring
for 12h at room temperature, the reaction mixture was
washed with water (2x50mL) and the organic phase
was dried over anhydrous sodium sulphate, filtered and
concentrated in vacuo to yield an organe oil. Further
purification by column chromatography on silica gel
(eluant: diethyl ether) furnished a white crystalline solid
(4.6g, 87.7%), mp 78-81°C. '"H NMR (CDCls) & 2.3 (s,
3H, 6-CH3), 5.4 (s, 2H, CH,Ph), 6.2 (s, 1H, 5-H (pyr-
anone)), 7.3 (s, SH, Ar), 9.75 (s, 1H, CHO); MS (FAB):
m/z, 244 [M™"]. Anal. caled for C4H,04: C, 68.84; H,
4.95%. Found: C, 68.96; H, 5.07%

2-Carboxy-3-benzyloxy-6-methyl-pyran-4(1H)-one (11).
To a solution of 10 (3.67 g, 15.03 mmol, 1 equiv) in ace-
tone (50 mL)/water (50mL) was added sulfamic acid
(2.04 g, 21.04 mmol, 1.4 equiv) and 80% sodium chlorite
(1.78 g, 15.8mmol, 1.05equiv). The reaction mixture
was allowed to stir for 1h at room temperature in an
open vessel. Removal of acetone in vacuo yielded crude
product as a precipitate in the remaining aqueous solu-
tion. The solid was collected, washed with absolute eth-
anol and dried (3.32 g, 85%), mp 173-175°C. '"H NMR
(DMSO-dg) &: 2.3 (s, 3H, 6-CHj3), 5.2 (s, 2H, CH,Ph),
6.2 (s, 1H, 5-H(pyranone)), 7.1-7.6 (m, SH, Ar); MS
(FAB): m/z, 260 [M*]. Anal. calcd for C;4H;,05: C,
64.61; H, 4.65%. Found: C, 64.73; H, 4.89%.

N-(3-Benzyloxy-6-methyl-pyran-4(1H)-one-2-carbonyl)-
1,3-thiazolidine-2-thione (12). To a vigorously stirred
suspension of 11 (2.78 g, 10 mmol, 1equiv) in dichloro-
methane (100 mL) was added dicyclohexylcarbodiimide
(DCCI) (2.3 g, 11 mmol, 1.1 equiv) followed by the addi-
tion of 2-mercaptothiazoline (1.32 g, 11 mmol, 1.1 equiv)
and a catalytic amount of 4-dimethylaminopyridine
(DMAP) (50mg). The mixture was stirred for 24h,
the white precipitate N,N’-dicyclohexylurea (DCU)
filtered from the yellow solution and the filtrate volume
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was adjusted to 200mL with dichloromethane. The
dichloromethane layer was washed with 0.1 N sodium
hydroxide solution (3x100mL), water (100 mL), dried
over anhydrous sodium sulphate, filtered and con-
centrated in vacuo to yield the crude product as a yellow
oil. Further purification by column chromatography on
silica gel (eluant: ethyl acetate) furnished a bright yellow
oil (2.56g, 71%). '"H NMR (CDCl;) & 2.3 (s, 3H, 6-
CH3), 3.1 (t, 2H, CH;,N), 4.35 (t, 2H, CH,S), 5.3 (s, 2H,
CH,Ph), 6.25 (s, 1H, 5-H(pyranone)), 7.3 (s, SH, Ar);
MS (FAB): m/z 361 [M*]. Anal. caled for C;;H;s
NO,4S>: C, 56.49; H, 4.18; N, 3.88; S, 17.74%. Found:
C, 56.76; H, 4.32; N, 4.12; S, 17.86%

General procedure for the preparation of (13a-h). To a
solution of 12 (3.61g, 10mmol, 1equiv) in dichloro-
methane (100 mL) wad added the corresponding primary
amine (20 mmol, 2equiv.) and the reaction mixture
allowed to stir or reflux for 2-24h. The dichloro-
methane layer was washed with 0.1 N sodium hydroxide
solution (3x50mL), water (S0 mL), dried over anhy-
drous sodium sulphate, and the solvent removed in
vacuo. The crude product was further purified either by
recrystallization or column chromatography.

3-Benzyloxy-6-methyl-pyran-4(1H)-one-2-carboxyamide
(13a). Recrystallisation from methanol/diethyl ether
afforded a white crystalline solid (yield 83%), mp 157—
160°C. '"H NMR (CDCls) 8 2.3 (s, 3H, 6-CH3), 5.3 (s,
2H, CH,Ph), 6.2 (s, 1H, 5-H (pyranone)), 7.3 (s, 5H,
Ar); MS (FAB): m/z 259 [M "].

3-Benzyloxy-6-methyl-pyran-4(1H)-one-2-carboxy-(/V-
methyl)-amide (13b). Recrystallisation from chloroform/
petroleum ether 40-60°C afforded a white crystalline
solid (yield 88%), mp 75-78 °C. '"H NMR (CDCl;) 6 2.3
(s, 3H, 6-CH3), 2.7 (d, 3H, CH3NH, J=6.0Hz), 5.3 (s,
2H, CH,Ph), 6.25 (s, 1H, 5-H (pyranone)), 7.3 (s, 5H,
Ar); MS (FAB): m/z 273 [M *].

3-Benzyloxy-6-methyl-pyran-4(1H)-one-2-carboxy-(/V-
isopropyl)-amide (13c). Purification by column chroma-
tography on silica gel (eluant: ethyl acetate) furnished a
light yellow oil (yield 91%). '"H NMR (CDCls) 6 1.0 (d,
6H, CH(CH3),, /J=7.0Hz), 2.4 (s, 3H, 6-CH3), 3.7-4.5
(m, 1H, CHNH), 5.4 (s, 2H, CH,Ph), 6.25 (s, 1H,
5-H(pyranone)), 7.4 (s, SH, Ar); MS (FAB): m/z 301
M™].

3-Benzyloxy-6-methyl-pyran-4(1H)-one-2-carboxy-(/V-2'-
methoxyethyl)-amide(13d). Purification by column chro-
matography on silica gel (eluant: ethyl acetate) furn-
ished a light yellow oil (yield 94%). 'H NMR (CDCls) §
2.25 (s, 3H, 6-CH3), 3.2 (s, 3H, OCH3), 3.0-3.6 (m, 4H,
CH,CH,), 5.3 (s, 2H, CH,Ph), 6.1 (s, 1H, 5-H (pyr-
anone)), 7.25 (s, SH, Ar), 7.5-8.2 (br., 1H, NH); MS
(FAB): m/z 317 [M*].

3-Benzyloxy-6-methyl-pyran-4(1H)-one-2-carboxy-(/V-2'-
hydroxyethyl)-amide (13e). Purification by column chro-
matography on silica gel (eluant: ethyl acetate) furnished
a light yellow oil (yield 90%). '"H NMR (CDCls) 2.3 (s,
3H, 6-CH3), 3.1-3.8 (m, 4H, CH,CH,), 5.3 (s, 2H,

CH,Ph), 6.15 (s, 1H, 5-H (pyranone)), 7.3 (s, SH, Ar),
7.5-8.2 (br., IH, NH); MS (FAB): m/z 303 [M*].

3-Benzyloxy-6-methyl-pyran-4(1H)-one-2-carboxy-(/V-
benzyl)-amide (13f). Recrystallisation from chloroform/
petroleum ether 40-60°C afforded a white crystalline
solid (yield 86%), mp 87.5-90°C. '"H NMR (CDCl;) & 2.4
(s, 3H, 6-CH3), 4.4 (d, 2H, NHCH,Ph, /=6.0 Hz), 5.3 (s,
2H, CH,Ph), 6.2 (s, 1H, 5-H (pyranone)), 7.0-7.6 (m,
10H, Ar), 7.8-8.3 (br., 1H, NH); MS (FAB): m/z 349
M*].

3-Benzyloxy-6-methyl-pyran-4(1H)-one-2-carboxy-(/V-
phenyl)-amide (13g). Recrystallisation from chloroform/
petroleum ether 40-60°C afforded a white crystalline
solid (yield 56%), mp 132-135°C. 'H NMR (CDCls)
8 2.45 (s, 3H, 6-CH3), 5.5 (s, 2H, CH,Ph), 6.3 (s, 1H, 5-
H (pyranone)), 7.0-7.7 (m, 10H, Ar), 9.4-9.9 (br., 1H,
NH); MS (FAB): m/z 335 [M*].

3-Benzyloxy-6-methyl-pyran-4(1H)-one-2-carboxy-(/V-3'-
pyridyl)-amide (13h). Recrystallisation from chloro-
form/petroleum ether 40-60 °C afforded a yellow crys-
talline solid (yield 42%), mp 144°C dec. '"H NMR
(CDCly) 6 2.3 (s, 3H, 6-CH3), 5.4 (s, 2H, CH,Ph), 6.2 (s,
1H, 5-H (pyranone)), 6.8-7.4 (m, 6H, Ar and 5-H (pyr-
idine)), 7.6-8.3 (m, 3H, 2,4,6-H (pyridine)), 9.4-9.8 (br.,
1H, NH); MS (FAB): m/z 336 [M "].

General procedure for the preparation of 14a—h. To solu-
tions of 13a—h (5 mmol, 1 equiv) in methanol (10 mL) were
added 20mL (40 mmol, 8 equiv) of 2M methylamine in
methanol. The reaction mixtures were sealed in a thick-
walled glass tube and stirred at 70°C for 12h. After
removal of the solvent, the residues were purified either by
column chromatography or recrystallization.

1,6-Dimethyl-3-benzyloxy-pyridin-4(1H)-one-2-carboxy-
amide (14a). Purification by column chromatography
on silica gel (eluant: methanol:chloroform; 15:85v/v)
followed by recrystallisation from methanol/diethyl
ether afforded a white crystalline solid (yield 67%), mp
210-213°C. 'H NMR (CDCl;) 6 2.3 (s, 3H, 6-CH3),
3.45 (s, 3H, N-CH3), 5.0 (s, 2H, CH,Ph), 6.1 (s, 1H, 5-H
(pyridinone)), 7.3 (s, br., 5H, Ar), 7.8-8.4 (br, 2H, NH,);
MS (FAB): m/z 272 [M *].

1,6-Dimethyl-3-benzyloxy-pyridin-4(1H)-one-2-carboxy-
(N-methyl)-amide (14b). Recrystallisation from metha-
nol/diethyl ether afforded a white crystalline solid (yield
82%), mp 164-165.5°C. '"H NMR (CDCl;) § 2.2 (s, 3H,
6-CH3), 2.65 (d, 3H, CH5NH, J=6.0Hz), 3.5 (s, 3H, N-
CH3), 49 (s, 2H, CH,Ph), 595 (s, 1H, 5-H (pyr-
idinone)), 7.3 (s, 5SH, Ar), 7.9-8.4 (br, 1H, NH); MS
(FAB): m/z 286 [M *].

1,6-Dimethyl-3-benzyloxy-pyridin-4(1H)-one-2-carboxy-
(N-isopropyl)-amide (14c¢). Purification by column chro-
matography on silica gel (eluant: methanol:chloroform;
10:90 v/v) followed by recrystallisation from methanol/
diethyl ether afforded a white crystalline solid (yield
79%), mp 176-178°C. 'H NMR (CDCls) & 1.2 (d, 6H,
CH(CH3),, /J=7.0Hz), 2.1 (s, 3H, 6-CH3), 3.5 (s, 3H,
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N-CH3), 3.9-4.5 (m, 1H, CHN), 5.0 (s, 2H, CH,Ph), 6.0
(s, 1H, 5-H (pyridinone)), 7.2 (s, SH, Ar), 8.0-8.4 (br,
1H, NH); MS(FAB): m/z 314 [M*].

1,6-Dimethyl-3-benzyloxy-pyridin-4(1H)-one-2-carboxy-
(V-2'-methoxyethyl)-amide (14d). Purification by col-
umn chromatography on silica gel (eluant: methanol:
chloroform; 10:90v/v) followed by recrystallisation
from methanol/diethyl ether afforded a white crystalline
solid (yield 82%), mp 125-126°C. '"H NMR (CDCls) &
2.1 (s, 3H, 6-CH3), 3.2 (s, 3H, OCH3), 3.1-3.7 (m, 4H,
CH,CH,), 3.4 (s, 3H, N-CH3), 4.95 (s, 2H, CH,Ph), 6.0
(s, 1H, 5-H (pyridinone)), 7.0-7.5 (m, 5SH, Ar), 7.8-8.4
(br, 1H, NH); MS (FAB): m/z 330 [M *].

1,6-Dimethyl-3-benzyloxy-pyridin-4(1H)-one-2-carboxy-
(N-2'-hydroxyethyl)-amide (14e). Purification by col-
umn chromatography on silica gel (eluant: methanol:
chloroform; 15:85v/v) followed by recrystallisation
from methanol/diethyl ether afforded a white crystalline
solid (yield, 86%), mp 153-155°C. 'H NMR (CDCls)
6 2.1 (s, 3H, 6-CH3), 3.1-3.7 (m, 4H, CH,CH,), 3.4 (s,
3H, N-CH3), 4.95 (s, 2H, CH,Ph), 6.02 (s, 1H, 5-H
(pyridinone)), 7.0-7.5 (m, 5H, Ar), 7.8-8.4 (br, 1H,
NH); MS (FAB): m/z 316 [M*].

1,6-Dimethyl-3-benzyloxy-pyridin-4(1H)-one-2-carboxy-
(N-benzyl)-amide (14f). Purification by column chroma-
tography on silica gel (eluant: methanol:chloroform;
12:88 v/v) followed by recrystallisation from methanol/
diethyl ether afforded a white crystalline solid (yield,
80%), mp 203-206°C. '"H NMR (CDCls) & 1.9 (s, 3H,
6-CH3), 3.4 (s, 3H, N-CH3), 4.4 (d, 2H, NHCH,Ph,
J=6.0Hz), 4.8 (s, 2H, CH,Ph), 5.6 (s, 1H, 5-H (pyr-
idinone)), 7.0-7.5 (m, 10H, Ar), 8.7-9.2 (br., 1H, NH);
MS (FAB): m/z 362 [M*].

1,6-Dimethyl-3-benzyloxy-pyridin-4(1H)-one-2-carboxy-
(N-phenyl)-amide (14g). Recrystallisation from metha-
nol/diethyl ether afforded a white crystalline solid (yield
92%), mp 132-135°C. '"H NMR (DMSO-ds) & 2.2 (s,
3H, 6-CH3), 3.4 (s, 3H, N-CH3), 4.95 (s, 2H, CH,Ph),
6.1 (s, 1H, 5-H(pyridinone)), 6.8-7.7 (m, 10H, Ar); MS
(FAB): m/z 348 [M *].

1,6-Dimethyl-3-benzyloxy-pyridin-4(1H)-one-2-carboxy-
(N-3'-pyridyl)-amide (14h). Recrystallisation from meth-
anol/dicthyl ether afforded a yellow crystalline solid
(yield 78%), mp 200 °C dec. '"H NMR (DMSO-dg) § 2.2
(s, 3H, 6-CH3), 3.4 (s, 3H, N-CH3;), 5.0 (s, 2H, CH,Ph),
6.1 (s, 1H, 5-H (pyridinone)), 6.9-7.4 (m, 6H, Ar & 5-H
(pyridine)), 7.8-8.7 (m, 3H, 2.4,6-H (pyridine)); MS
(FAB): mjz 349 [M *].

General procedure for the preparation of 15a-h. Solu-
tions of 14a-h in N,N-dimethylformamide (DMF) were
subjected to hydrogenolysis in presence of 5% Pd/C (5-
10% w/w of the compound) catalyst for 3 h. The cata-
lysts were removed by filtration and the filtrates were
acidified to pH 1 with concentrated hydrochloric acid.
After removal of the solvents in vacuo, the residues were
purified by recrystallization from methanol/diethyl
ether.

1,6-Dimethyl-3-hydroxypyridin-4(1H)-one-2-carboxy-
amide hydrochloride (15a). Yield 92%, mp 250 °C (dec.).
'H NMR (DMSO-dy) & 2.4 (s, 3H, 6-CHj3), 3.65 (s, 3H,
N-CH3), 4.7-5.7 (br., OH), 7.1 (s, 1H, 5-H (pyr-
idinone)), 8.0-8.5 (br, 2H, NH,); MS (FAB): m/z 183
[(M-C1)*]. Anal. caled for CgH;;CIN,Os: C, 43.95; H,
5.07; N, 12.81; Cl, 16.22%. Found: C, 44.23; H, 5.21; N,
12.97; Cl, 16.43%.

1,6-Dimethyl-3-hydroxypyridin-4(1H)-one-2-carboxy-(/V-
methyl)-amide hydrochloride (15b). Yield 93%, mp 239-
240°C. 'H NMR (DMSO-dq) 6 2.5 (s, 3H, 6-CH3), 2.75
(d, 3H, CH3NH, J=6.0Hz), 3.7 (s, 3H, N-CH3), 7.2 (s,
1H, 5-H (pyridinone)), 6.8-8.1 (br, OH), 8.7-9.2 (br, 1H,
NH); MS (FAB): m/z 197 [(M-Cl)"]. Anal. calcd for
CoH5CIN,O3: C, 46.46; H, 5.63; N, 12.04; Cl, 15.24%.
Found: C, 46.31; H, 5.76; N, 11.85; Cl, 15.13%.

1,6-Dimethyl-3-hydroxypyridin-4(1H)-one-2-carboxy-(/V-
isopropyl)-amide hydrochloride (15c). Yield 93%, mp
219-220°C. '"H NMR (DMSO-dg) & 1.15 (d, 6H, CH
(CH3),, /J=6.0Hz), 2.5 (s, 3H, 6-CHj3), 3.7 (s, 3H, N-
CH3;), 3.6-4.4 (m, 1H, CHNH), 5.2-6.5 (br, OH), 7.3 (s,
1H, 5-H(pyridinone)), 8.8-9.2 (br, 1H, NH); MS (FAB):
m/z 225 [M—CI)*]. Anal. caled for C;;H7CIN,O3: C,
50.67; H, 6.57; N, 10.74; Cl, 13.60%. Found: C, 50.38;
H, 6.81; N, 10.56; CI, 13.87%.

1,6-Dimethyl-3-hydroxypyridin-4(1H)-one-2-carboxy-(/V-
2'-methoxyethyl)-amide hydrochloride (15d). Yield 90%,
mp 204-206°C. '"H NMR (DMSO-dg) & 2.6 (s, 3H, 6-
CH3;), 3.4 (s, 3H, OCH3;), 3.1-3.6 (m, 4H, CH,CH,), 3.8
(s, 3H, N-CH3), 7.35 (s, 1H, 5-H (pyridinone)), 8.8-10.05
(br, OH and NH); MS (FAB): m/z 241 [(M-CI)"]. Anal.
calcd for C11H17C1N204Z C, 4774, H, 619, N, 1012, Cl,
12.81%. Found: C, 47.56; H, 6.30; N, 10.36; CI, 13.04%.

1,6-Dimethyl-3-hydroxypyridin-4(1H)-one-2-carboxy-(/V-
2/-hydroxyethyl)-amide hydrochloride (15¢). Yield 91%,
mp 178-181°C. '"H NMR (DMSO-ds) & 2.55 (s, 3H,
6-CHj3), 3.1-3.7 (m, 4H, CH,CH,), 3.85 (s, 3H, N-CH3),
7.25 (s, 1H, 5-H (pyridinone)), 6.7-8.2 (br., OH), 9.1 (br.,
1H, NH); MS (FAB): m/z 227 [(M-Cl) "]. Anal. caled for
C10H15C1N204: C, 4572, H, 576, N, 1066, Cl, 13.50%.
Found: C, 45.47; H, 5.98; N, 10.48; Cl, 13.27%.

1,6-Dimethyl-3-hydroxypyridin-4(1H)-one-2-carboxy-(/V-
benzyl)-amide hydrochloride (15f). Yield 87%, mp 180—
183°C. 'TH NMR (DMSO-dy) 8 2.5 (s, 3H, 6-CH3), 3.7
(s, 3H, N-CH3), 4.4 (m, 2H, NHCH,Ph), 7.0-7.5 (m,
6H, Ar and 5-H (pyridinone)), 7.7-8.9 (br., OH), 9.3-9.8
(br., 1H, NH); MS (FAB): m/z 273 [M—CI)"]. Anal.
caled for CsH;CIN,O5: C, 58.35; H, 5.55; N, 9.07; CI,
11.48% Found: C, 58.57; H, 5.68; N, 8.98; Cl, 11.36%.

1,6-Dimethyl-3-hydroxypyridin-4(1H)-one-2-carboxy-(/V-
phenyl)-amide hydrochloride (15g). Yield 92%, mp 261—
263°C. 'H NMR (methanol-d,) & 2.35 (s, 3H, 6-CHj3),
3.65 (s, 3H, N-CH3), 6.8-7.6 (m, 6H, Ar and 5-H(pyr-
idinone)); MS (FAB): m/z 348 [M*]. MS (FAB): m/z
259 [M—-CD*]. Anal. caled for C;4H;sCIN,O5: C,
57.05; H, 5.13; N, 9.50; Cl, 12.03%. Found: C, 57.38; H,
5.26; N, 9.69; CI, 11.96%.
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1,6-Dimethyl-3-hydroxypyridin-4(1H)-one-2-carboxy-(/V-
3'-pyridyl)-amide dihydrochloride (15h). Yield 88%, mp
220°C dec. '"H NMR (D>0) § 2.4 (s, 3H, 6-CH3), 3.6 (s,
3H, N-CHj3), 7.1(s, 1H, 5-H(pyridinone)), 7.5-8.0 (m,
IH, 5-H(pyridine)), 8.1-8.6 (m, 2H, 4,6-H(pyridine)),
9.0 (s, 1H, 2-H(pyridine)); MS (FAB): m/z 260 [(M—
HCl,)"]. Anal. caled for C;3H;5CI,N;05: C, 47.00; H,
4.55; N, 12.65; Cl1, 21.35%. Found: C, 47.27; H, 4.78; N,
12.89; Cl, 21.08%.

Determination of physicochemical properties of ligands

pK, determination. Equilibrium constants of protonated
ligands were determined using an automated computerized
system, consisting of a Metrohm 665 dosimat, a Perkin-
Elmer Lambda 5 UV/Vis Spectrophotometer, a Corning
Delta 225 pH meter, and a 286 Opus PC which con-
trolled the integrated system.>~'© A combined Sirius
electrode (Sirius Analytical Instruments Ltd, Forest
Row, East Sussex, UK) was used to calibrate the elec-
trode zero and to measure pH values. This system is
capable of undertaking simultaneous potentiometric and
spectrophotometric measurements. A blank titration of
0.1M KCI (25mL) was carried out to determine the
electrode zero using Gran’s plot method.!® The solution
(0.1M KCIl, 25mL), contained in a jacketed titration
cell, was acidified by 0.15mL of 0.2M HCI. Titration
were carried out against 0.3mL of 0.2M KOH using
0.01 mL increments dispensed from the dosimat. Solu-
tions were maintained at 25+0.5°C under an argon
atmosphere. The above titration was repeated in the
presence of ligand. The data obtained from titration
were subjected to non-linear least-square regression
analysis using the NONLINM]1 program.!” The pK,
values were obtained to an accuracy of +0.02 pH unit.

Iron(III) stability constant determination. The cumula-
tive iron(I1I) stability constants (B3) for the ligands were
determined by spectrophotometric competition titration
of iron(IIT)-ligand complexes with EDTA using an auto-
mated system.'® The iron(II) complexes of the ligand
were prepared in 10:1 molar ratio in 0.1 M 3-(N-morpho-
lino)propanesulfonic acid (MOPS) buffer (pH 7.4). This
solution was then titrated against EDTA (0.1M in
MOPS). The resulting spectrophotometric data were
analysed using COMPT]1 program and the cumulative
stability constant were obtained to an accuracy of
+0.11og unit.

The stepwise stability constants (K;, K> and K3) of the
ligands were optimized from the spectrophotometric
titration of the iron(Ill)-ligand.>~'© The analytical
equipment used was similar to that used for pK, deter-
mination. The electrodes were calibrated by titrating a
volumetric standard strong acid with a volumetric stan-
dard strong base under argon gas. In order to maintain
sufficient sensitivity, a 10 mm U.V. flow-cell was utilised.
After electrode calibration, the solution was reacidified
by adding concentrated hydrochloric acid and the pH of
the solution was adjusted to 1.5-2.0. Iron(III) stock
solution (atomic absorption standard, Aldrich) and the
test ligand were then added to give a final ligand:ir-
on(IIl) ratio of about 5:1. A preadjusted programmed

autoburette was used for the addition of a 0.2M KOH
solution. The resulting spectrophotometric titration curve
was then subjected to non-linear least-square regression
analysis.

Distribution coefficient determination. Distribution coef-
ficients between 1-octanol and MOPS buffer (pH 7.4)
were determined using an automated continuous flow
technique.®'® The aqueous and octanol phases were
presaturated with respect to each other before use. The
aqueous phase (50mM MOPS buffer, pH 7.4) was
separated from the two phase system (1-octanol/MOPS
buffer, pH 7.4) by means of a hydrophilic cellulose filter
5 um diameter, 589/3 Blauband filter paper, mounted in
the gel-filtration column adjuster. A known volume (25—
50m) of MOPS buffer (saturated with octanol) is taken
in the flat base mixing chamber. After a base line was
obtained, the solution was used for reference absor-
bance. The ligand to be examined was dissolved in buffer
(saturated with octanol) so as to give an absorbance of
between 0.5-1.5 absorbance units at the preselected
wavelength (~280nm). The ‘online spectrophotometer’
allows continuous assessment of the equilibrium of the
aqueous phase. Once a stable UV absorbance is
obtained, an aliquot of octanol is added and re-equili-
bration assessed. This cycle was repeated until a pre-
defined total volume of added octanol is reached. The
distribution coefficient (D;4) was calculated for each
octanol addition using eq (4).

AO_AI Vw
X—

D4 =
7.4 A Vs

4)

where Agp=initial absorbance of the aqueous phase;
Aj=absorbance at equilibrium of aqueous phase after
the addition of octanol; V=volume of the aqueous
(MOPS buffer); and V,=total volume of octanol after
each addition.

Biological experiments

Male Wistar rats were purchased (local breed) from A.
Tuck & Son (Battlesbridge, Essex SS1, UK) and housed
in the Biological Service Unit, King’s College London.
The animals were maintained at a temperature between
20 and 23 °C, with food and water ad libitum. All ani-
mal experiments carried out have been specified in pro-
ject licence PPL 70/4561 which was authorised by the
Secretary of State (England) under Animals Act 1986.

Iron mobilisation efficacy study in °Fe-ferritin loaded
rat. Hepatocytes of normal fasted rats (190-230 g) were
labelled with *°Fe by administration of >°Fe-ferritin
from tail vein.!! One hour later, each rat was adminis-
tered orally with chelator. Control rats were adminis-
tered with an equivalent volume of water. The rats were
placed in individual metabolic cages and urine and fae-
ces collected. Rats were allowed access to food one hour
after oral administration of chelator. There was no
restriction of water throughout the study period. The
investigation was terminated 24 h after the >°Fe-ferritin
administration, rats were sacrificed and the liver and
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gastrointestinal tract (including its content and faeces)
were removed for gamma counting. The “Iron mobili-
sation” and “Efficacy” were calculated according to
following equivuations:

Iron mobilisation (%)

— _ S'QFe_ACLiViIY(Gul & Faeces) _ X 100% (5)
IFe-Activity Gy & Facces)T > Fe-ACHVItY(piver)

Efficacy (%) = Iron mobilisation (%)
— control (%)

(6)

In vivo metabolism study using rat bile cannulation
model. Normal fasted Wistar rats weighing approxi-
mately 250-300g were anaesthetised by combined ip
application of Hypnorm® (a mixture of fentanyl citrate
and fluanisone) and Hypnovel® (midazolam). The can-
nulation of bile duct was undertaken followed by exter-
iorisation of cannulae. Chelators (450 pmol/kg body
weight) were administered orally by gavage. Bile sam-
ples were collected at hourly intervals to 10 h. The urine
and faeces samples were also simultaneously collected
while the animal was placed in a metabolism cage. At the
completion of bile collection, the gastrointestinal tract
(GIT) including the contents were collected, chopped to
small pieces, stirred in water and filtered. The volume of
the filtrate was adjusted to 100 mL using water in order
to calculate the amount of unabsorbed chelator.

Sample analysis. The bile, urine and GIT samples
were filtered using the syringe filters (13 mm GD/X dis-
posable filter device, 0.2 pum pore size). The filtrates were
injected into HPLC for analysis. A Hewlett Packard
Model 1090M Series-II HPLC system complete with an
auto injector, auto sampler and diode array detector,
linked to a HP 900-300 data station was used in the
present study. A polymer PLRP-S column (15x0.46 cm)
and a gradient ion-pair mobile phase system,'® utilising
water (containing 5mM sodium 1-heptanesulfonate)
and acetonitrile, were used for the separation of the
analytes and mobile phase. The eluents were monitored
at 280 nm.

In order to determine the glucuronidation metabolite,
bile and urine samples were incubated in the absence
(controls) or presence of B-glucuronidase in 60 mM
MOPS buffer, pH 7.4 (the final concentration of
2000 units/mL) for 16h at 37°C. After filtration, the
unchanged chelators were determined as above and the
difference between the control and the B-glucuronidase

treated sample was accounted as the amount of glucuro-
nidated metabolite.
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