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As a means to aid in the design of 3-hydroxypyridin-4-ones (HPOs) intended for use as therapeutic Fe**
chelating agents, a novel methodology has been developed using quantum mechanical (QM) calculations
for predicting the iron binding affinities of the compounds (more specifically, their log K; values). The
reported/measured HPO log K values were verified through their correlation with the corresponding sum
of the compounds’ ligating group pK, values. Using a training set of eleven HPOs with known log K
values, reliable predictions are shown to be obtained with QM calculations using the B3LYP/6-31+G(d)/
CPCM model chemistry (with Bondi radii, and water as solvent). With this methodology, the observed
log K values for the training set compounds are closely matched by the predicted values, with the
correlation between the observed and predicted values giving #* = 0.9. Predictions subsequently made by
this method for a test set of 42 HPOs of known log K; values gave predicted values accurate to within
+0.32 log units. In order to further investigate the predictive power of the method, four novel HPOs were
synthesised and their log K; values were determined experimentally. Comparison of these predicted log
K values against the measured values gave absolute deviations of 0.22 (13.87 vs. 14.09), 0.02 (14.31 vs.
14.29), 0.12 (14.62 vs. 14.50), and 0.13 (15.04 vs. 15.17). The prediction methodology reported here is
the first to be provided for predicting the absolute log K values of iron-chelating agents in the absence of

pK, values.

Introduction

Iron is vital to all living organisms but becomes toxic when it
saturates the natural cellular buffering mechanisms, the excess
iron causing free radical formation via the Fenton reaction, and
thereby leading to oxidative stress." When there is a build-up of
iron in humans — for example, in repeatedly transfused patients
suffering from P-thalassaemia,” or sickle cell anaemia® — iron
chelation therapy becomes necessary. The most widely used
therapeutic chelator, desferioxamine (DFO)* is a hexadentate
ligand with a very high affinity for Fe**, but it suffers the major
drawback of being orally inactive. The more recently introduced
synthetic alternatives, the 3-hydroxypyridin-4-ones (HPOs,
Fig. 1), have also been shown to be useful therapeutic chelators,
exhibiting the necessary affinity and selectivity for Fe’" along
with good oral activity.” One such compound, Deferiprone®
(Fig. 1), has emerged as a critically important therapeutic, able
to remove accumulated excess iron from the heart’® and mito-
chondria.” However, the search continues for other such syn-
thetic chelators, with the aim to develop analogues that retain the
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Fig. 1 3-Hydroxypyridin-4-one (HPO). Deferiprone, R; = R, = CH;

and R5 = R6 =H.

excellent iron scavenging properties of Deferiprone, but which
lack this compound’s relatively high metabolic instability and its
undesirable effect, in a small number of patients, of lowering a
patient’s white blood cell count.'®

The rational design of such molecules can be greatly facili-
tated by having accurate means to predict their affinity for Fe**
and H™ — the latter demanding an accurate means to predict the
pK, values for their iron co-ordinating moieties. In our attempts
to develop such methodologies, we previously sought to explore
the accuracy and reliability of the pK, predictions that could be
achieved for a series of HPOs using a number of existing, low-
cost, Quantitative Structure Property Relationship (QSPR)'"-'
and Quantum Mechanical (QM)'? methods. Using a training set
of 15 HPOs with known hydroxyl pK, values, reliable predic-
tions were shown to be obtained with QM calculations using the
B3LYP/6-31+G(d)/CPCM model chemistry (with Pauling radii,
and water as solvent).'"* With this methodology, the observed
hydroxyl pK, values for the training set compounds closely
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matched the predicted pK, values (with /2 = 0.98) and the pre-
dictions subsequently made by this method for a test set of 48
HPOs of known hydroxyl pK, values gave predicted pK, values
accurate to within £0.2 log units.

In the studies reported here, our aim was to extend the model-
ling of these chelators towards prediction of their log K; values
— hopefully, therefore, providing a rapid and reliable in-silico
method for predicting their affinities for Fe**.

Experimental
Titrimetry

The stability constants of HPOs were determined using an auto-
mated titration system.'> The log K, values were evaluated using
a 10:1 molar ratio of Ligand (L): Metal (Fe’"). The titration
data were analysed using the pHab program'® and species plots
were calculated using the HYSS program.'”

Prediction of HPO log K, values using QM calculations

By analogy with a related study,'® in order to simplify calcu-
lations and to decrease computing time, only two types of opti-
mised structures, namely deprotonated ligand (L7) and iron
(Fe’™) complex ([Fe’"L,]*"), in solvent models were computed.
The calculated free energy differences (AG* .aiculatea) between the
two optimised structures of the starting 11 HPOs (Table 1) were
plotted against their experimentally determined log K; values in
order to assess the correlation. The correlation coefficient () for
the regression between predicted and experimental values and
their mean and standard deviation of absolute deviations (|M)|
and |S|) were used to investigate the performance of various
model chemistries. The different model chemistries at B3LYP/6-
31+G(d) level explored here vary very significantly according to
the solvent model employed'® (IEF-PCM, CPCM, SMD, I-PCM
or SCI-PCM) and the radii employed in the CPCM models
(Bonding, Pauling, UFF, UAHF, or UAKS). For [Fe*'L,]*,
there are two constructed starting structures: one, with no
explicit water (Fig. 2(a)) and the other, with four explicit water
molecules octahedrally distributed around the Fe** (Fig. 2(b)).
All the optimised geometries (direct optimised in solvent
models; force constants calculated at each step; without sym-
metry constraints; the spin multiplicity = 6 for [Fe*'L,]*") were
calculated using Gaussian 09,'® and the conformers generated
verified as corresponding to local minima on their potential
energy surfaces (with no imaginary frequencies existing in the
output files). Prior to running the Gaussian 09 optimisation, con-
formational searches at AMI1 level were performed using
HyperChem Release 8,*° to obtain the global (or nearly global)
minimum energy conformers for all the molecules studied here.
(Any further calculations including, for example, Boltzmann
averaging over multiple low energy conformers were not per-
formed since the additional computing time required could not
be justified.)

The model chemistry which produced the best result was
found to be B3LYP/6-31+G(d)/CPCM (Bondi radii, water as
solvent) and [Fe*"L;]*" structures are in the absence of explicit

water molecules, with +* = 0.90, [M| = 0.16 and |S| = 0.09
(Fig. 3). Adopting the same solvent model, B3LYP*/6-31+G(d)
(which has 10%, 15%, 25%, 30%, 35%, or 40% Hartree—Fock
exchange compared to 20% for B3LYP), CAM-B3LYP/6-31+G
(d) (a modified functional which is suitable for long orbital dis-
tance calculations), B3LYP/3-21G (a lower basis set), PM6
(a semi-empirical method), were also tested. However, no
superior outcomes were detected with respect to either compu-
ting accuracy or time.

Synthesis of 3-hydroxypyridin-4-ones

Synthesis of CP70
3-Benzyloxy-6-methyl-pyran-4(1H)-one.

[o] o Q o [o}
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To a solution of 6-methyl-3-hydroxypyran-4(1H)-one (63 g,
0.5 mol) in methanol (500 mL) was added sodium hydroxide
(22 g, 0.55 mol) dissolved in water (50 mL), and the mixture
was heated to reflux. Benzyl chloride (70 g, 0.55 mol) was
added dropwise over 30 min, and the resulting mixture was
refluxed overnight. After removal of solvent by rotary evapo-
ration, the residue was mixed with water (200 mL) and extracted
with dichloromethane (3 x 150 mL). The combined extracts
were washed with 5% aqueous sodium hydroxide (2 x 200 mL)
followed by water (200 mL). The organic fraction was then dried
over anhydrous sodium sulphate, filtered and rotary evaporated
to yield an orange oil which solidified on cooling. Recrystallisa-
tion from diethyl ether affords colourless needles of the com-
pound (88.5 g, 82%). 'H NMR (CDCls): & 2.23 (s, 3H, 6-CHs),
5.07 (s, 2H, CH,Ph), 6.22 (s, 1H, 5-H), 7.3-7.41 (m, 5H, Ph),
7.46 (s, 1H, 2-H).

3-Benzyloxy-6-methyl-pyridin-4(IH)-one. To a solution of
3-benzyloxy-6-methyl-pyran-4(1H)-one (21.6 g, 100 mmol) in a
mixture of EtOH and water (200 mL; 1:1 v/v) was added
ammonia (100 mL). The mixture was heated at 70 °C overnight.
After evaporation to remove solvent, the crude product was
purified by recrystallisation using EtOH—diethyl ether to afford
white crystals of 3-benzyloxy-6-methyl-pyridin-4(1H)-one
(17.4 g, 81%). '"H NMR (DMSO-ds): § 2.16 (s, 3H, 6-CH3),
4.97 (s, 2H, CH,Ph), 6.01 (s, 1H, 5-H (pyridinone)), 7.31-7.41
(m, 6H, 2-H (pyridinone) and Ar), 11.15 (br, 1H, NH). MS
(ESD): m/z, 2162 [M + H]".

3-Hydroxy-6-methyl-pyridin-4(1H)-one (CP70) hydrochloride. A
solution of 3-benzyloxy-6-methyl-pyridin-4(1H)-one (12.9 g,
60 mmol) in N,N-dimethylformamide (30 mL) was subjected to
hydrogenolysis in presence of 5% Pd/C (w/w) catalyst (0.5 g)
for 5 h. The catalyst was removed by filtration and the filtrate
acidified to pH 1 with concentrated hydrochloric acid. After
removal of the solvent in vacuo, the residue was purified by
recrystallisation from methanol—acetone to afford a white solid
(CP70) (8.6 g, 89%). 'H NMR (DMSO-de): § 2.49 (s, 3H,
6-CH3), 7.13 (s, 1H, 5-H), 8.01 (s, 1H, 6-H). MS (ESI): m/z,
126.1 [M + HJ". Anal.Calc. for C¢H,NO, HCI: C, 44.60; H,
4.99; N, 8.67; Cl, 21.94%. Found C, 44.52; H, 4.75; N, 8.53; Cl,
22.05%.
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Table 1 The structures, predicted (experimental) log K; values and calculated free energies of 3-hydroxypyridin-4-ones (HPOs)*

HPOs R, R, Rs Rs AG* careutated (G* catcutarea for [Fe* L7, L7) (Hartree)®  log K,

CP20° —CH; —CH;, -H -H —1263.2292 (—1740.0518, —476.8226) 14.79 (15.09)*!
cp21t ~C,Hs —CH,4 -H -H —1263.2305 (—=1779.3418, —516.1113) 14.98 (14.82)*!
cp23® —CH(CHj;), —CH, -H -H —1263.2309 (—1818.6296, —555.3987) 15.04 (15.00)*!
CP60” —CH; -H -H -H —1263.2209 (—1700.7550, —437.5340) 13.64 (13.57)*!
cp61° —C,H; -H -H -H —1263.2227 (—1740.0471, —476.8244) 13.88 (14.11)*!
CP68”  —CH,4 —CH, -H —CH,4 —1263.2333 (=1779.3443, —516.1110) 15.37 (15.22)*!
CP69” —CH;, -H -H —CH,4 —1263.2245 (—1740.0498, —476.8253) 14.14 (13.86)*"
CP90” -H -H -H -H —1263.2199 (—1661.4703, —398.2503) 13.50 (13.73)*!
Cp93® —CH; —C,Hs -H -H —1263.2303 (—1779.3381, —=516.1078) 14.96 (14.77)*!
Cp94° ~C,Hs —C,H;s -H -H —1263.2307 (—1818.6283, —555.3975) 15.01 (15.12)*!
CP99” -H —C,H; -H -H —1263.2282 (—1740.0596, —476.8314) 14.65 (14.82)*!
CP360  —CH, —CH,OH -H —CH, —1263.2241 (—1854.5518, —591.3277) 14.09 (14.39)*
CP369 —C,H;5 —CH,OH -H —CH; —1263.2242 (—1893.8405, —630.6162) 14.10 (14.37)22
CP374 —CHj; —CHC,HsOH -H —CH; —1263.2212 (—1933.1295, —669.9084) 13.67 (14.41)22
CP502 —CH; —CONHCH; -H —CHj3 —1263.2174 (—1948.0243, —684.8069) 13.14 (13.41)24
CP509  -H —~CON(CH;), -H —CH; —1263.2169 (—1948.0272, —684.8103) 13.08 (12.85)**
CP513 —CHj; —CONHC,H5 -H —CH; —1263.2164 (—1987.3136, —724.0972) 13.00 (12.84)24
CP514 —C,H;5 —CONHCH; -H —CH; —1263.2183 (—1987.3120, —724.0937) 13.28 (12.96)24
YMF5 -H -H -F -H —1263.2103 (—=1760.7086, —497.4982) 12.15 (11.57)23
YMF7  —CHj -F -H -H —1263.2141 (=1799.9948, —536.7807) 12.69 (11.95)*
YMEF8 —C,H;5 —F -H -H —1263.2146 (—1839.2858, —576.0712) 12.75 (11.98)23
YMF14 —CH, -F -CH; -H —1263.2178 (—1839.2906, —576.0728) 13.20 (13.14)3
YMF15 —CHj; -H -F -H —1263.2117 (—1799.9937, —536.7820) 12.35 (12.14)23
YMF16  —C,H; -H -F -H —1263.2129 (—1839.2857, —576.0728) 12.51 (12.69)*
YMF17 —CHj; —CHj; -F -H —1263.2196 (—1839.2903, —576.0706) 13.46 (13.61)23
YMF21 -H -H -F —CH;4 —1263.2131 (—1800.0077, —536.7946) 12.54 (12.50)*
YMEF22 -H —CHj; -F -H —1263.2170 (—1800.0099, —536.7929) 13.09 (13.21)23
YMF24  —C;H; -F -H -H —1263.2144 (—1878.5745, —615.3601) 12.73 (12.20)*
YME25 —-C5H5 -H -F -H —1263.2124 (—1878.5741, —615.3617) 12.44 (11.88)23
YMF26  —CH(CH;), -H -F -H —1263.2133 (—1878.5751, —615.3618) 12.57 (11.76)*
YMEF33 —C4Ho -F -H -H —1263.2147 (—1917.8633, —654.6486) 12.77 (12.37)23
CP102 -C,H4OH —C,Hs -H -H —1263.2278 (—1893.8415, —630.6136) 14.61 (14.69)"
CP110 -C,H4COOH —C,Hs -H -H —1263.2271 (-2007.2015, —743.9744) 14.50 (14.78)"
CP359 —C,H5 —-CH,OH -H -H —1263.2226 (—1854.5508, —591.3281) 13.88 (14.26)”’
CP364 —CHj; —CH,OH -H -H —1263.2206 (—1815.2591, —552.0386) 13.59 (14.28)”’
CP365 —C,Hs —CHCH;OH -H -H —1263.2197 (—1893.8404, —630.6207) 13.47 (14.15)"
CP366 —C3HgOH —CH,OH -H -H —1263.2203 (—=1969.0530, —705.8327) 13.55 (13.82)"
CP372 —-C3HqOH —CHCH;OH -H -H —1263.2195 (—2008.3458, —745.1263) 13.43 (14.29)”’
CP511 -H —CONHCH; -H —CHj3 —1263.2063 (—1908.7534, —645.5471) 11.59 (12.03)”’
CP545 -H —CONHC,H,OH -H -H —1263.2005 (—1983.9593, —720.7588) 10.77 (11.32)d
CP510 —CHj; -H -H —CONHCH;3 —1263.2172 (—-1908.7311, —645.5139) 13.12 (12.20)"
CP28 -H —CH,4 -H -H —1263.2268 (—=1700.7715, —437.5446) 14.46 (14.49)¢
CP38 —-C,H4COOH —CHj; -H -H —1263.2265 (=1967.9156, —704.6891) 14.42 (14.62)”’
CP40 -C,H4OH —CHj; -H -H —1263.2280 (—1854.5560, —591.3280) 14.63 (14.61)"
CPI111 —C3HsCOOH —C,Hs -H -H —1263.2276 (—2046.4899, —783.2623) 14.57 (14.58)"
CP352  —C,H,OH —CH(CgHs)OH -H —CH;4 —1263.2162 (—2200.0370, —936.8208) 12.97 (13.02)¢
CP362 —CH; —CH,OCHj; -H —CHj3 —1263.2249 (—1893.8275, —630.6026) 14.19 (14.45)”’
CP363 —CHj; —CH(CH;3)OCH; -H —CHj —1263.2280 (—1933.1183, —669.8903) 14.64 (15.00)"
CP414 —CHj; —CH,(NCsH; ) -H —CH; —1263.2056 (—=2030.3502, —767.1446) 11.49 (11.59)"
CP417 —CHj; —CH,(NCsH,¢) -H —CH,OH —1263.2013 (—2105.5593, —842.3581) 10.88 (10.98)”’
CP751 —CH; —CHj; —CH; -H —1263.2338 (—=1779.3475, =516.1137) 15.44 (15.51)”’
YMEF3 -H -F -F -F —1263.2358 (—1958.7859, —695.5501) 15.72 (15.06)"
YMF4 -H -F -H -F —1263.2455 (—1859.5496, —596.3041) 17.08 (16.52)"
CP70 -H -H -H —CH;4 —1263.2226 (—=1700.7691, —437.5465) 13.87 (14.09)¢
CP370 —C,H;5 —CH,OCH; -H —CHj3 —1263.2257 (—=1933.1174, —669.8917) 14.31 (14.29)”’
CP375 —CH;, —CHC,HsOCH;  -H —CH, —1263.2279 (—1972.4049, —709.1770) 14.62 (14.50)¢
CP616 -H —CHj; —CH; -H —1263.2309 (—1740.0669, —476.8360) 15.04 (15.17)"

“ Positions of substituents R, R,, Rs and 21}6 (Fig. 1). b The first 11 HPOs were used to test different model chemistries. ¢ AG* aicutated: the calculated

free energy differences between [Fe3+L1]
energy); 1 Hartree = 627.5095 kcal mol™

and L™ using B3LYP/6-31+G(d)/CPCM (Bondi radii, water as solvent) (G*cajculaea: the calculated free
. “The experimental values were determined in this study.
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Fig. 2 [Fe*'L,]*" Structures: (a) without explicit water molecules; (b)
with 4 explicit water molecules octahedrally distributed around Fe**.
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Experimental logK ;

13.00
-1263.2340 -1263.2320 -1263.2300 -1263.2280 -1263.2260 -1263.2240 -1263.2220 -1263.2200 -1263.2180

AG* catcutatea (Hartree)

Fig. 3 The experimental log K; values versus the calculated free
energy differences (AG* . jcutatea) fOr the starting 11 HPOs using B3LYP/
6-31+G(d)/CPCM (Bondi radii, water as solvent). The errors related to
the experimental log K determination for the typical HPOs is estimated
to be of the order of +0.14 (assuming errors on the determined pK,
values of £0.1).

Synthesis of CP370
Chlorokojic acid.

Q o o Q
OoH OH OH OH
(] soCl, (] Zn, HCI 7 HCHO/NaOH ]
HO. — > . OH
) (o} "0 ]
o o o °
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CP370
Kojic acid (200 g, 1.4 mol) was dissolved in thionyl chloride
(800 mL), stirred for 1 h, 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
cream coloured needles (170 g, 75.9%): 'H NMR (DMSO-d,) &
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).

6-Methyl-3-hydroxypyran-4(1H)-one. Chlorokojic acid (150 g,
0.94 mol) was added to 500 mL of distilled water and heated to
50 °C with stirring. Zinc dust (122 g, 1.88 mol) was added fol-
lowed by the dropwise addition of concentrated hydrochloric
acid (280 mL) over 1 h with vigorous stirring maintaining the
temperature between 70-80 °C. The reaction mixture was stirred
for a further 3 h at 70 °C. Excess zinc was removed by hot fil-
tration and the filtrate extracted with dichloromethane (10 x

200 mL). The combined organic extracts were dried, filtered and
concentrated in vacuo to yield the crude product. Recrystallisa-
tion from isopropanol afforded straw coloured plates (70 g,
60.8%): '"H NMR (DMSO-ds): & 2.25 (s, 3H, 6-CH3), 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. 6-Methyl-
3-hydroxypyran-4(1H)-one (68 g, 540 mmol) was added to an
aqueous solution of sodium hydroxide (23.7 g, 594 mmol) in
distilled water (500 mL) and stirred at room temperature for
5 min. 35% Formaldehyde solution (49 mL) was added dropwise
over 10 min and the solution allowed to stir for 12 h. Acidifica-
tion to pH 1 using concentrated hydrochloric acid and cooling to
3-5 °C for 12 h gave a crystalline deposit (65 g, 75%), 'H NMR
(DMSO-d¢): 8 2.3 (s, 3H, 6-CH3), 4.5 (s, 2H, 2-CH,OH),
4.6-5.7 (br.,, 1H, 2-CH,0H), 6.25 (s, 1H, 5-H), 8.7-9.2 (br., 1H,
3-OH).

2-Hydroxymethyl-3-benzyloxy-6-methyl-pyran-4(I1H)-one. Sodium
hydroxide (17.7 g, 434 mmol, 1.1 equiv) dissolved in 37 mL dis-
tilled water was added to a solution of 2-hydroxymethyl-
3-hydroxy-6-methyl-pyran-4(1H)-one (63 g, 403 mmol, 1 equiv)
in methanol (367 mL) and the reaction mixture was heated to
reflux. Benzyl chloride (76 g, 403 mmol, 1 equiv) was added
dropwise over 30 min and then refluxed for 12 h. The reaction
mixture was concentrated in vacuo, the residue taken up into
dichloromethane (1 L) and the inorganic salts filtered off. The
dichloromethane layer was washed with 5% sodium hydroxide
solution (6 x 100 mL), water (600 mL), dried, filtered and con-
centrated in vacuo to yield the crude product as a yellow crystal-
line solid. Recrystallisation from dichloromethane—petroleum
ether 40:60 afforded a white crystalline solid (70 g, 71%):
'"H NMR (CDCl3): 6 2.2 (s, 3H, 6-CH3), 2.6 (br, s, 1H,
2-CH,0H), 4.3 (br., s, 2H, 2-CH,0H), 5.2 (s, 2H, CH,Ph), 6.15
(s, 1H, 5-H (pyranone)), 7.4—7.6 (m, SH, Ar).

3-Benzyloxy-1-ethyl-2-hydroxymethyl-6-methyl- 1H-pyridin-4(1H)-
one. To a solution of 2-hydroxymethyl-3-benzyloxy-6-methyl-
pyran-4(1H)-one (68 g, 277 mmol, 1 equiv) in dichloromethane
(830 mL) was added 3,4-dihydro-2H-pyran (47 g, 554 mmol,
2 equiv) followed by p-toluenesulfonic acid monohydrate
(800 mg, cat.). After being stirred at room temperature for 3 h,
the reaction mixture was washed with 5% aqueous sodium car-
bonate (500 mL) followed by water (4 x 250 mL). The organic
fraction was then dried, filtered, and rotary evaporated to yield a
light yellow oil. This oil was dissolved in ethanol (280 mL)/
aqueous ethylamine (280 mL) and refluxed at 70 °C for 12 h.
After removal of the solvent by rotary evaporation, the residue
was re-dissolved in ethanol (200 mL) and 2 N hydrochloric acid
(140 mL) and refluxed for 4 h. The solvent was removed by
rotary evaporation prior to addition of water (140 mL) and
washing with diethyl ether (2 x 300 mL). Subsequent adjustment
of the aqueous fraction to pH 9 with 10 N sodium hydroxide
solution was followed by extraction into dichloromethane (4 X
300 mL), the combined organic layers were dried, filtered, and
rotary evaporated to give a light brown solid. Crystallisation
from methanol—diethyl ether afforded the pure product (44 g,
75%) as a creamy white crystalline solid. '"H NMR (DMSO-dg):
6 1.21-1.24 (t, 3H, J = 7.15 Hz, CH;, N-Et), 2.35 (s, 3H,
6-CH3), 4.06-4.12 (q, 2H, J = 7.13 Hz, CH,, N-Et), 4.6 (s, 2H,
2-CH,0OH), 5.05 (s, 2H, CH,Ph), 6.16 (s, 1H, 5-H), 7.4-7.6
(m, 5H, Ar).
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3-Benzyloxy-1-ethyl-2-methoxymethyl-6-methyl-pyridin-4(1H)-
one. To DMSO (30 mL) was added 3-benzyloxy-1-ethyl-
2-hydroxymethyl-6-methyl-pyridin-4(1H)-one (1 g, 3.66 mmol,
1 equiv) and stirred, until completely dissolved. This solution
was added to KOH (411 mg, 7.32 M, 2 equiv) and stirred for
another 3 h. The above reaction vessel was sealed and iodo-
methane (2.6 g, 18.3 mmol, 5 equiv) was injected dropwise over
10 min and allowed to stir overnight. A reddish brown clear
mixture was obtained at the end of the period. The reaction
mixture was reduced under pressure and the contents taken up in
500 mL water.
The aqueous layer was extracted with DCM (5 x 100 mL), the
combined extracts dried, filtered and dried to obtain the crude
product as yellow oil. Column chromatography using MeOH-—
CHCI3 = 1:9 yielded the pure compound as a white solid
(900 mg, 95%). "H NMR (CDCLy): & 1.23-1.26 (t, 3H, J = 7.15 Hz,
CH3), 2.35 (s, 3H, 6-CH3), 3.23 (s, 3H, OCHj;), 4.00-4.05
(g, 2H, J = 7.13 Hz, CH,), 4.37 (s, 2H, CH,OCH3), 5.24 (s, 2H,
CH,Ph), 6.4 (s, 1H, 5-H (pyridinone)), 7.4-7.6 (m, SH, Ar).

1-Ethyl-3-hydroxy-2-methoxymethyl-6-methyl-pyridin-4(IH)-one
(CP370). To a solution of 3-benzyloxy-1-ethyl-2-methoxy-
methyl-6-methyl-pyridin-4(1H)-one (800 mg, 2.78 mmol) in
DCM (10 mL) in a sealed container was added 6 mL of 33%
HBr in acetic acid and left to stir for 2 h. At the end of the
period diethyl ether was added to the reaction mixture to precipi-
tate the product. The crude off-white solid was filtered, dried and
then recrystallised from methanol and diethyl ether to yield pure
white crystals (250 mg, 50%). 'H NMR (DMSO-de): &
1.35-1.39 (t, 3H, J = 7.15 Hz, CHy), 2.64 (s, 3H, 6-CH3), 3.34
(s, 3H, OCHj;), 4.35-4.40 (q, 2H, J = 7.13 Hz, CH,), 4.73
(s, 2H, CH,0OCHs;), 7.08 (s, 1H, 5-H). MS (ESI): m/z, 198.1
[M + H]". Anal.Calc. for C,oH,sNO;. HBr: C, 43.18; H, 5.80;
N, 5.04; Br, 28.73%. Found C, 43.11; H, 5.59; N, 4.9; Br,
28.78%.

Synthesis of CP375
2-(1'-Hydroxypropyl)-3-hydroxy-6-methyl-pyran-4(1H)-one.
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CP375

6-Methyl-3-hydroxypyran-4(1H)-one (12.6 g, 100 mmol) was
added to 100 mL water and the pH of the solution was adjusted
to 10.5 using aqueous sodium hydroxide (10 M). The mixture
was stirred at room temperature for 5 min. Propionaldehyde
(8.7 g, 150 mmol) dissolved in 50 mL methanol was added
dropwise over 1 h and the solution allowed to stir at room temp-
erature for 2 days. After adjustment to pH 1 with concentrated
hydrochloric acid, the reaction mixture was evaporated to
dryness and the residue taken up into 300 mL of dichloro-
methane. The organic layer was washed with water (150 mL),
dried over anhydrous sodium sulphate, filtered and concentrated
to yield the crude product. Recrystallisation from toluene
afforded the pure product as a white crystalline solid. "H NMR

(CDCL): 6 1.12 (t, 3H, J = 7.2 Hz, 2-CHCH,CHj3), 1.7-2.3
(m, 2H, 2-CHCH,CH3;), 2.45 (s, 3H, 6-CH;), 4.95 (t, 1H,
J = 6.0 Hz, 2-CHCH,CH3), 5.0-6.0 (br, 1H, 2-CHOH), 6.3
(s, 1H, 5-H).
2-(1'-Hydroxypropyl)-3-benzyloxy-6-methyl-pyran-4(1H)-one. To
a solution of 2-(1'-hydroxypropyl)-3-hydroxy-6-methyl-pyran-4
(1H)-one (7.36 g, 40 mmol) in methanol (50 mL) was added
sodium hydroxide (1.76 g, 44 mmol) dissolved in water (5 mL),
and the mixture was heated to reflux. Benzyl chloride (5.6 g,
44 mmol) was added dropwise over 30 min, and the resulting
mixture was refluxed overnight. After removal of solvent by
rotary evaporation, the residue was mixed with water (50 mL)
and extracted with dichloromethane (3 x 50 mL). The combined
extracts were washed with 5% aqueous sodium hydroxide
(2 x 50 mL) followed by water (50 mL). The organic fraction
was then dried over anhydrous sodium sulphate, filtered and
rotary evaporated to yield a crude product as a yellow crystalline
solid. Recrystallisation from dichloromethane—petroleum ether
40:60 affords colourless needles (8.9 g, 81%). 'H NMR
(CDCL): 6 0.8 (t, 3H, J = 7.2 Hz, 2-CHCH,CH;), 1.2-1.9
(m, 2H, 2-CHCH,CH3), 2.2 (s, 3H, 6-CH3), 2.4 (br, s, 1H,
2-CHOH), 4.5 (t, J = 6.2 Hz, 1H, 2-CHCH,CH3;), 5.08 (s, 2H,
CH,Ph), 6.04 (s, 1H, 5-H), 7.28 (s, SH, Ph).
2-(1'-Methoxypropyl)-3-benzyloxy-6-methyl-pyran-4(1H)-one. To
a suspension of sodium hydride (0.96 g, 40 mmol) in 50 mL dry
DMF was added 2-(1'-hydroxypropyl)-3-benzyloxy-6-methyl-
pyran-4(1H)-one (5.48 g, 20 mmol) followed by dropwise
addition of iodomethane (8.52 g, 60 mmol) at 0 °C under nitro-
gen. After stirring for 30 min at this temperature, the reaction
mixture was poured into ice cold water (100 mL) and extracted
with dichloromethane (3 x 50 mL). The combined organic frac-
tions were dried over anhydrous sodium sulphate, filtered and
concentrated in vacuo to yield the crude product (5.2 g, 90%) as
an orange oil which solidified on cooling. Recrystallisation from
CH,Cl,—petroleum ether 40: 60 afforded the pure product as
a white crystalline solid. '"H NMR (CDCL): 6 0.9 (t, 3H, J =
7.2 Hz, 2-CHCH,CHs;), 1.2-1.8 (m, 2H, 2-CHCH,CH;), 2.34
(s, 3H, 6-CH3), 3.18 (s, 3H, OCHj3;), 4.3 (t, J = 6.2 Hz, 1H,
2-CHCH,CH3;), 5.24 (s, 2H, CH,Ph), 6.2 (s, 1H, 5-H), 7.38 (s,
5H, Ph).
1,6-Dimethyl-2-(1"-methoxypropyl)-3-benzyloxypyridin-4(1H)-
one. To a solution of 2-(1-methoxypropyl)-3-benzyloxy-
6-methyl-pyran-4(1H)-one (4.32 g, 15 mmol) in EtOH (10 mL)/
water (10 mL) was added 3.49 g (45 mmol) of 40% aqueous
methylamine followed by 2 N sodium hydroxide solution until
pH 13 was obtained. The reaction mixture was sealed in a thick-
walled glass tube and stirred at 70 °C overnight. After adjustment
to pH 1 with concentrated HCI, the solvent was removed by
rotary evaporation prior to addition of water (50 mL) and
washing with diethyl ether (3 x 50 mL). Subsequent adjustment
of the aqueous fraction to pH 7 with 10 N sodium hydroxide
solution was followed by extraction into dichloromethane (4 x
50 mL). The combined organic fractions were dried over anhy-
drous sodium sulphate, filtered and concentrated in vacuo. The
residue was purified by column chromatography on silica gel
(eluent: 15% MeOH/85% CHCI;) to yield the title compound
as a yellow oil (1.7 g, 38%). '"H NMR (CDCls): 6 0.9 (t, 3H,
J=17.2 Hz, 2-CHCH,CHj), 1.1-1.9 (m, 2H, 2-CHCH,CH3), 2.3
(s, 3H, 6-CHj), 3.05 (s, 3H, OCHj), 3.65 (s, 3H, NCHy),
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4.65-5.0 (t, J = 54 Hz, 1H, 2-CHCH,CHj;), 5.24 (s, 2H,
CH,Ph), 6.3 (s, 1H, 5-H), 7.1-7.6 (s, SH, Ph).

1,6-Dimethyl-2-(1'-methoxypropyl)-3-hydroxypyridin-4(1H)-one
(CP375) hydrochloride. 1,6-Dimethyl-2-(1"-methoxypropyl)-
3-benzyloxypyridin-4(1H)-one (1.65 g, 5.5 mmol) was dissolved
in MeOH (10 mL)/water (10 mL) and adjusted to pH 1 with con-
centrated HCI prior to hydrogenolysis for 4 h in the presence of
5% Pd/C catalyst (0.35 g). Filtration followed by rotary evapo-
ration gave the crude product as a white solid. Recrystallisation
from ethanol-diethyl ether gave the pure title compound as a
white crystalline solid (1.08 g, 79%). 'H NMR (DMSO-dg):
6 09 (t, 3H, J = 7.2 Hz, 2-CHCH,CH;), 1.4-2.3 (m, 2H,
2-CHCH,CHj;), 2.6 (s, 3H, 6-CH3), 3.28 (s, 3H, OCH3;), 4.04 (s,
3H, NCH,), 5.15 (t, J = 5.8 Hz, 1H, 2-CHCH,CH3;), 7.4 (s, 1H,
5-H). MS (ESI): m/z, 212.1 [M + H]'. Anal.Calc. for
C;1H1sNOsCl: C, 53.33; H, 7.32; N, 5.65. Found: C, 53.30; H,
7.18; N, 5.56%.

Synthesis of CP616
2-Methyl-3-benzyloxypyran-4(1H)-one.
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CP616

To a solution of maltol (63 g, 0.5 mol) in methanol (500 mL)
was added sodium hydroxide (22 g, 0.55 mol) dissolved in water
(50 mL), and the mixture was heated to reflux. Benzyl chloride
(70 g, 0.55 mol) was added dropwise over 30 min, and the
resulting mixture was refluxed overnight. After removal of
solvent by rotary evaporation, the residue was mixed with water
(200 mL) and extracted with dichloromethane (3 x 150 mL).
The combined extracts were washed with 5% aqueous sodium
hydroxide (2 x 200 mL) followed by water (200 mL). The
organic fraction was then dried over anhydrous sodium sulphate,
filtered and rotary evaporated to yield an orange oil which soli-
dified on cooling. Recrystallisation from diethyl ether gave white
needles (87.5 g, 81%). '"H-NMR (CDCls): 2.12 (s, 3H, CH3),
5.11 (s, 2H, CH»), 6.25 (d, J = 6 Hz, 1H, 5-H), 7.28 (s, 5H, Ph),
7.47 (d, J= 6 Hz, 1H, 6-H).
2-Methyl-3-benzyloxypyridin-4(IH)-one. To a  solution of
2-methyl-3-benzyloxypyran-4(1H)-one (13.8 g, 64 mmol) in
ethanol (25 mL) was added ammonia solution (50 mL) and
refluxed overnight. The solvent was removed under reduced
pressure, then taken into water and adjusted to pH 1 with con-
centrated hydrochloric acid. The aqueous mixture was washed
with ethyl acetate (3%) and the pH was adjusted to pH 10 with
sodium hydroxide (2 M). The aqueous phase was extracted with
chloroform (3%), dried over anhydrous sodium sulfate, filtered,
and evaporated under reduced pressure. Recrystallisation from
methanol—diethyl ether gave brown cubic crystals (75%). 'H
NMR (CDCly) 6 2.15 (3H, s, CH3), 5.03 (2H, s, CH,), 6.35 (1H,
d, J = 6.9 Hz, 5-H), 7.25-7.31 (5SH, m, Ph), 7.39 (1H, d,
J=6.9 Hz, 6-H); MS (ES): m/z, 215.1 [M + H]".
3-Benzyloxy-5-(dimethylaminomethyl)-2-methyl-4(1H)-pyridi-
none. To a mixture of dimethylamine (1.80 g, 40 mmol) and
40% formaldehyde (1.5 g, 20 mmol) in ethanol (100 mL)
was added 3-benzyloxy-2-methyl-4(1H)-pyridinone (2.15 g,
10 mmol). The mixture was refluxed for 24 h and followed by
rotary evaporation to afford an oil, which was crystallised after

cooling. The crude product was recrystallised from ethanol—
acetone to afford colourless solid (2.58 g, 95%). '"H NMR
(DMSO-dg): 2.07 (s, 3H, CH3), 2.15 (s, 6H, N(CH3),), 3.25 (s,
2H, NCH,), 5.03 (s, 2H, OCH,), 7.28-7.41 (m, 6H, 6-H and
Ph). MS (ES): m/z, 273.2 [M + H]".

2,5-Dimethyl-3-hydroxy-4(IH)-pyridinone (CP616). To a solu-
tion of 3-benzyloxy-5-(dimethylaminomethyl)-2-methyl-4(1H)-
pyridinone (1.36 g. 5 mmol) in anhydrous ethanol (30 mL) was
added cyclohexene (40 mL) and palladium hydroxide on carbon
(1 g). The mixture was refluxed for 4 days with further additions
of cyclohexene (40 mL) and palladium hydroxide (1.5 g) at
intervals and then cooled. The precipitate was removed by fil-
tration and resuspended in ethanol, filtered twice to recover
product and the combined filtrates were evaporated to dryness
under vacuum. The crude solid was recrystallised from acetone—
ethanol to afford white solid (87%). '"H NMR (DMSO-de): 1.92
(s, 3H, 5-CHj), 2.18 (s, 3H, 2-CHj), 7.38 (s, 1H, 6-H).
MS (ES): m/z, 140.1 [M + H]". Anal.Calc. for C;HoNO,: C,
60.42; H, 6.52; N, 10.07. Found: C, 60.38; H, 6.39; N, 10.01%.

Results
Validation of experimental log K, values

In order to obtain a large group of HPOs with reliable experi-
mentally determined log K; values, a plot of log K; value versus
the corresponding sum of pK, values (hydroxyl pK, values plus
carbonyl pK, values) was utilised. From the existing
literature,>' >° 41 HPOs were selected for initial analysis. Thirty
one of these HPOs were found to give the expected linear corre-
lation?® between their log K, values and the corresponding sum
of their pK, values, > = 0.95 (Fig. 4). However, 9 HPOs were
found to have significantly higher log K, values than predicted
from the linear relationship, while 1 HPO was found to possess a
significantly lower log K, value (Fig. 4). After determining the
affinity constants using a 10: 1 molar ratio of L:Fe®" for the
10 HPO outliers (Table 1; Table S1 in ESI,T including former
values) and 16 previously uncharacterised HPOs (Table 1), 4 of
which were specifically synthesised for this study, 57 HPOs in
total were found to give the expected linear relationship between
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% 1200
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6.00 8.00 10.00 12.00 14.00 16.00 18.00
Sum of pK,s

Fig. 4 log K values versus sum of pK, values for 41 HPOs®, extracted
from the existing literature.?’ >° @ CP102, CP110, CP359, CP364,
CP365, CP366, CP372, CP511, CP545. A CP510; “the structures of the
41 HPOs are presented in the first 41 rows of Table 1.
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their log K, values and the corresponding sum of pK, values,
r* =0.95 (Fig. 5).

Experimental log K; determination

The UV/Vis spectra and a species plot of CP511 with a
10 : 1 molar ratio of L : Fe®" are presented in Fig. 6. Two isosbes-
tic points occur in the spectral series resulting from titration with
Fe’™; one at 1 600 nm, corresponding to the formation of
[Fe* (CP511),]" and the other at 1 504 nm, corresponding to the
formation of [Fe*"(CP511);]. The speciation plot demonstrates
that [Fe*"(CP511);]*" dominates in solution from pH 0.5 to
pH 1; [Fe*(CP511),]" dominates in solution from pH 1.5 to
pH 2 and [Fe**(CP511);] dominates in solution from pH 3
through to pH 10. The log K; value (12.03) was determined
from curve fitting analysis of the spectra. Members of entire
HPO series have similar UV/Vis spectra for their [Fe*'L,]*",
[Fe*'L,]" and [Fe’'Ls] species. The log K, values of 26 HPOs,
4 of which were specifically synthesised for this study, were
determined using this methodology (Table 1).

Development of a log K; prediction model

As discussed above, B3LYP/6-31+G(d)/CPCM (Bondi radii,
water as solvent), with [Fe*"L,]*" structures being in the absence

18.00
16.00 4

14.00

10.00

6.00 8.00 10.00 12.00 14.00 16.00 18.00
Sum of pK.s

Fig. 5 log K; values versus sum of pK, values for 57 HPOs. The struc-
tures of the 57 HPOs are presented in Table 1.

\
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2
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% formation relative to Fe

of explicit water molecules, was found to produce a relatively
reliable prediction of log K values for an initial series of eleven
HPOs. The log K, values for an additional 42 HPOs were calcu-
lated using the same model chemistry to develop the final log K;
prediction model — Predicted log K; = —140.18AG* aiculated
—177063.32 (* = 0.90, |M| = 0.32 and |S| = 0.25, Fig. 7; values
in Table 1). In an attempt to further examine the predictive
power of this model, four novel HPOs, CP70, CP370, CP375
and CP616, were synthesised. The predicted values of all four
compounds were observed to be close to their experimental
values, indicating reliable predictions (Fig. 7). The absolute
deviations between the predicted and experimental values are
0.22 for CP70 (13.87 vs. 14.09), 0.02 for CP370 (14.31 vs.
14.29), 0.12 for CP375 (14.62 vs. 14.50), and 0.13 for CP616
(15.04 vs. 15.17).

Discussion

The methodology developed for prediction of HPO log K;
values is impressive (with the observed and predicted values
strongly correlated, with 7 of 0.9; Fig. 7). In comparison, the
errors associated with the experimental determination of log
K, for the typical HPOs is estimated to be of the order of

18.00
16.00
14.00

12.00

Predicted logK 4

10.00

6.00 8.00 10.00 12.00 14.00 16.00 18.00
Experimental logK ;

Fig. 7 Developed log K; prediction model. m CP70, CP370, CP375
and CP616; A CP510 with the largest absolute deviation (0.92). Omis-
sion of the CP510 data point changes only the third decimal place in 2
and results in an insignificant change of the fitted line, and thus an
insignificant change of the predicted log K values.
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Fig. 6 The UV/Vis spectra and species plot of CP511-iron(m) for log K, determination when [CP511] = 445.4 uM and [Fe*"] = 44.2 uM.

10790 | Dalton Trans., 2012, 41, 10784-10791

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2dt31254a

Published on 18 July 2012. Downloaded by Universitat Autonoma de Barcelona on 27/10/2014 13:53:35.

View Article Online

+0.14 (assuming errors on the determined pK, values of £0.1).
However, for some HPOs which are associated with experi-
mentally difficult log K determinations, the error can exceed 1.0
(Table S1 in ESIT). The plot of log K versus the corresponding
sum of pK, values (Fig. 5) was utilised to evaluate this exper-
imental error. The utilisation of the sum of pK, values rather
than the single carbonyl or hydroxyl pK, value was adopted
because both of the pK, values are associated with functional
groups which coordinate Fe**.

The 10 HPO outliers in Fig. 4 can be categorised into 4 main
subclasses, namely 1-hydrogen-(2 or 6)-amido-, 2-hydroxy-
methyl-, 1-hydroxy(ethyl or propyl)- and 1-carboxyethyl-HPOs.
All these HPOs possess hydrogen bonding donors and acceptors
on the aromatic ring substituents and this may result in a distur-
bance of the first layer of solvation molecules surrounding each
iron (Fe*>") complex. This in turn will influence the magnitudes
of their stability constants; for instance, with CP511, which has
strong intramolecular hydrogen bonding,>* there is an appreci-
able decrease in log K; values (Fig. S1 in ESIT) when increased
molar ratios of L : Fe®" are employed in the titration. This effect
is probably associated with the partial formation of a p-oxo
bridge species (Fe*'—-O-Fe*'L™)) at relatively high Fe** molar
concentrations, thus disturbing the UV/Vis spectra. For this
reason, the 10 : 1 molar ratio of L : Fe®" was adopted to minimise
the formation of p-oxo bridges during the experimental determi-
nation of log K values in this study.

A knowledge of pK, values can be neglected using the de-
veloped prediction methodology for HPO log K values and this is
particularly useful to predict HPOs possessing at least three pK,
values. For the experimental log K; determination of HPOs with
more than two pK, values, special attention is required to iden-
tify which two pK, values correspond to the iron-coordinating
oxygens. If the two pK, values are incorrectly assigned, there
will be an appreciable error in the associated experimental
log K value.

In summary, the methodology developed in this study is the
first quantum mechanical approach to predict the absolute log K
value of iron-chelating agents in the absence of pK, values. The
plot of log K; values versus the corresponding sum of pK,
values (of co-ordinating atoms) has proved to be extremely
useful in order to investigate the accuracy of experimentally
determined log K; values. The stability constants for HPOs with
substituents possessing hydrogen bonding donors and acceptors
should be determined using a 10 : 1 molar ratio of L : Fe*".
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