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A series of iron-clearing efficiencies (ICEs), ferrokinetics, and toxicity studies for (S)-2-(2,4-dihydroxyphenyl)-
4,5-dihydro-4-methyl-4-thiazolecarboxylic acid (deferitrin, 1), (S5)-4,5-dihydro-2-[2-hydroxy-4-(3,6,9-tri-
oxadecyloxy)phenyl]-4-methyl-4-thiazolecarboxylic acid (2), and (S)-4,5-dihydro-2-[2-hydroxy-3-(3,6,9-
trioxadecyloxy)phenyl]-4-methyl-4-thiazolecarboxylic acid (3) are reported. The ICEs in rodents are shown
to be dose-dependent and saturable for ligands 2 and 3 and superior to 1. Both polyether analogues in
subcutaneous (sc) versus oral (po) administration in rodents and primates demonstrated excellent
bioavailability. Finally, in a series of toxicity studies of ligands 1—3, the dosing regimen was shown to
have a profound effect in animals treated with ligand 1. When ligand 1 was given at doses of 237 umol/
kg/day twice a day (b.i.d.), there was serious proximal tubule damage versus 474 umol/kg/day once daily
(s.i.d.). With 2 and 3, in iron-overloaded and/or non-iron-loaded rodents, kidney histopathologies remained

normal.

Although iron comprises 5% of the earth’s crust, living
systems have great difficulty in accessing and managing this
vital micronutrient. The low solubility of Fe(III) hydroxide (K,
=1 x 107°9),' the predominant form of the metal in the
biosphere, has led to the development of sophisticated iron
storage and transport systems in nature. Microorganisms utilize
low molecular weight, virtually ferric ion-specific ligands,
siderophores;>® higher eukaryotes tend to employ proteins to
transportand storeiron (e.g., transferrin and ferritin, respectively).”™

Humans absorb and excrete only about 1 mg of the metal
daily; there is no effective mechanism for the excretion of excess
iron.'® In humans, nontransferrin-bound plasma iron, a hetero-
geneous pool of the metal in the circulation, unmanaged iron,
seems to be a principal source of iron-mediated organ damage.
Introduction of excess iron into this closed system, whether
derived from transfused red blood cells''~"* or from increased
absorption of dietary iron,'*'> leads to a build up of the metal
in the liver, heart, pancreas, and elsewhere. Such iron accumula-
tion eventually produces (i) liver disease that may progress to
cirrhosis,'®™'® (ii) diabetes related both to iron-induced decreases
in pancreatic -cell secretion'*” and increases in hepatic insulin
resistance, and (iii) heart disease, still the leading cause of death
in thalassemia major”'~>* and related forms of transfusional iron
overload.

The toxicity associated with excess iron, whether a systemic
or a focal problem, derives from its interaction with reactive
oxygen species, for instance, endogenous hydrogen peroxide
(H,0,).>*?" In the presence of Fe(Il), H,O, is reduced to the
hydroxyl radical (HO"), a very reactive species, and HO™, a
process known as the Fenton reaction. The Fe(III) liberated can
be reduced back to Fe(Il) via a variety of biological reductants
(e.g., ascorbate), a problematic cycle. The hydroxyl radical reacts
very quickly with a variety of cellular constituents and can
initiate free radicals and radical-mediated chain processes that
damage DNA and membranes as well as produce carcinogens. %3¢
The solution to the problem is to remove excess unmanaged
iron.' In the majority of patients with transfusion-dependent
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refractory anemias, treatment with a chelating agent capable of
sequestering iron and permitting its excretion from the body is
the only therapeutic approach available.

The iron-chelating agents that are now in use or that have
been clinically evaluated* include desferrioxamine B mesylate
(DFOY), 1,2-dimethyl-3-hydroxypyridin-4-one (deferiprone,
L1),373 4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzoic
acid (deferasirox, ICL670A),>"~* and the desferrithiocin (DFT)
analogue, (S)-2-(2,4-dihydroxyphenyl)-4,5-dihydro-4-methyl-4-
thiazolecarboxylic acid [deferitrin (1), Table 1]. DFO, a hexa-
coordinate hydroxamate iron chelator produced by Streptomyces
pilosus,*' is not orally active and is best administered sc by
continuous infusion over long periods of time,'"** a patient
compliance issue.'"** Deferiprone, an orally active bidentate
chelator, is less efficient than sc DFO at removing iron.333¢
Whereas the orally active tridentate chelator deferasirox has now
been approved by the FDA, it did not demonstrate noninferiority
to DFO.>’~*° Furthermore, Novartis has recently (December,
2007) updated the prescribing information*® for deferasirox:
“There have been postmarketing reports of hepatic failure, some
with a fatal outcome, in patients treated with Exjade. Most of
these events occurred in patients greater than 55 years of age.
Most reports of hepatic failure involved patients with significant
comorbidities, including liver cirrhosis and multi-organ failure.”
In addition, the prescribing information was also changed in
April, 2007 to reflect renal toxicity: “Cases of acute renal failure,
some with a fatal outcome, have been reported following the
postmarketing use of Exjade (deferasirox). Most of the fatalities
occurred in patients with multiple co-morbidities and who were
in advanced stages of their hematological disorders.”*° Finally,
ligand 1 is an orally active tridentate DFT analogue whose
clinical development was recently halted. Although deferitrin
was well tolerated in patients at doses of 5, 10, or 15 mg/kg/
day once daily for up to 12 weeks, unacceptable renal toxicity
was observed in three patients after only 4—5 weeks of treatment
when the drug was given at a dose of 25 mg/kg/day (12.5 mg/
kg b.i.d.).*

“ Abbreviations: b.i.d., twice a day; DFO, desferrioxamine B mesylate;
DFT, desferrithiocin [(S)-4,5-dihydro-2-(3-hydroxy-2-pyridinyl)-4-methyl-
4-thiazolecarboxylic acid]; ICE, iron-clearing efficiency; s.i.d., once a day.
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Table 1. Iron-Clearing Activity of Desferrithiocin Analogues Given Orally to Non-Iron-Overloaded Rodents

Drug N Dose Theoretical Fe Actual Fe Iron-Clearing
(nmol/kg) (mg/kg) (mg/kg) Efficiency (%)?
HO OH
©;r 8 300° 8.38 0.089 £ 0.068 1.1+0.8°
=N CHy
S\)\COZH
5 150" 4.19 0.061 £ 0.073 15+1.7
1
5 3004 8.38 0.459 £ 0.161 55+19°
(0] OH
(\O/\/
O\/\OCH =N CH3 b
s - 4 150 4.19 0.471 + 0.176 11.2+42
S CO,H
2
3 50° 1.40 0.303 £0.050 21.7+3.5
0O 4 300 8.38 0.887+ 0367  10.6+4.4°
OH OCH;
_N_CHs 4 150" 4.19 0.782 + 0.121 18.7+2.9
s CO,H
3 3 50° 1.40 0.289 + 0.062 20.7 + 4.4

“ The efficiency of each compound was calculated by subtracting the iron excretion of control animals from the iron excretion of the treated animals. The
number was then divided by the theoretical output; the result is expressed as a percent. ” The compounds were given as their sodium salts, prepared by the
addition of 1 equiv of NaOH to a suspension of the free acid in distilled water. ¢ Data are from ref 45. ¢ The ligand was solubilized in distilled water. ¢ Data

are from ref 46.

A previous investigation focused on the design of desfer-
rithiocin analogues that balance the lipophilicity/toxicity rela-
tionship while iron-clearing efficiency (ICE) is maintained in
hopes of eliminating nephrotoxicity.** This study led to the less
lipophilic, more water-soluble ligand, the polyether (S5)-4,5-
dihydro-2-[2-hydroxy-4-(3,6,9-trioxadecyloxy)phenyl]-4-methyl-
4-thiazolecarboxylic acid (2).*> A subsequent study assessing
the impact of introducing the 3,6,9-trioxadecyloxy group at
various positions of the desazadesferrithiocin aromatic ring*®
revealed the 3'-polyether analogue [(S)-4,5-dihydro-2-[2-hy-
droxy-3-(3,6,9-trioxadecyloxy)phenyl]-4-methyl-4-thiazolecar-
boxylic acid (3, Table 1) to also be an orally active iron
chelator.*®

The ICE of 1 in a non-iron-overloaded rodent model after
oral (po) administration at 300 umol/kg was shown to be 1.1
+ 0.8% (Table 1).*>*7 Polyether 2, in which a 3,6,9-trioxadecyl
group was fixed to the 4'-hydroxy of 1, performed significantly
better at 300 umol/kg, with an ICE of 5.5 &+ 1.9% when
administered po (p < 0.003 vs 1).*> The ICE of the 3'-polyether
3, again at 300 umol/kg, was impressive, 10.6 &= 4.4% in rodents
(Table 1).*° The efficiency of 1 given po to iron-loaded primates
at a dose of 150 umol/kg was found to be 16.8 £ 7.2% (Table
2).*7 The corresponding polyether 2, given po at the same dose,
performed very well in primates with an efficiency of 25.4 +
7.4%.% Polyether 3 given po at 75 umol/kg, presented an ICE
of 24.5 + 7.6%.*

While earlier studies carried out in rodents clearly demon-
strated 2 to be less nephrotoxic than the parent drug 1,% the
toxicity profile of 3 was not evaluated, nor were any
dose—response studies carried out with any of the ligands to
assess how such manipulation impacts on ICE and toxicity. The

new synthetic schemes described below now make ligands 2
and 3 more readily accessible and make further biological
evaluation possible.

Results and Discussion

Synthesis. The synthesis of 2 has recently been reported by
this laboratory.*> Alkylation of the 4'-hydroxyl of the isopropyl
ester of 1 using tri(ethylene glycol) monomethyl ether under
Mitsunobu conditions (diisopropyl azodicarboxylate and tri-
phenylphosphine in THF), filtration, and chromatography gave
the isopropyl ester of 2 in 76% yield. Saponification of the ester
furnished 2 in 95% yield, providing an overall yield of 72%.

In the present work, selective alkylation of ethyl ester 4*
was accomplished by heating tosylate 5 (1.3 equiv) and
potassium carbonate (2.1 equiv) in acetone, providing masked
chelator 6 in 84% yield (Scheme 1). Cleavage of ethyl ester 6
as before afforded 2 in 93% yield. The new route to ligand 2
proceeds in greater overall yield, 78% vs 72%; moreover,
attachment of the polyether chain in Scheme 1 employs
inexpensive reagents without formation of triphenylphosphine
oxide and diisopropyl 1,2-hydrazinedicarboxylate, simplifying
purification.

Ligand 3 has also been synthesized in this laboratory.*® (S)-
2-(2,3-Dihydroxyphenyl)-4,5-dihydro-4-methyl-4-thiazolecar-
boxylic acid, which was made in 88% yield from amino acid
cyclization with the appropriate nitrile,** was converted to its
ethyl ester in 98% yield. However, the two remaining steps to
chelator 3 proceeded in only 15% yield. The polyether chain
was appended to the 3'-hydroxyl under Mitsunobu conditions,
producing the ethyl ester of 3 in 25% yield. Ester hydrolysis
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Table 2. Iron-Clearing Activity of Desferrithiocin Analogues Given Orally and Subcutaneously to Rodents and Primates

Rodent” Primate’
Desferrithiocin
Analogue Route | N 300 ymol/kg N 150 pmol/kg
HO OH
=N_ CHj,
S\%CO y po 8° 1.1 +0.8% 6° 16.8 +7.2%
2
1 sc 4° 1.1 +0.6% 5¢ 15.9 +2.7%"
(\o/\/o\©/\o(“ po 5¢ 5.5 + 1.9%" 4° 25.4 +7.4%"
O\/\OCH3 2N, CHs
§-/YCOH | sC 4°¢ 8.7 +2.6%" 4¢ 30.4 +7.2%"
2
o™
OH OCHs
N cH po 4° 10.6 + 4.4%" 3¢ 23.0x4.1%
=N LHs
S\%COZH sC 5¢ 13.4 +4.5% 4° 215 £3.2%
3

“ In the rodents, the efficiency of each compound was calculated by subtracting the iron excretion of control animals from the iron excretion of the treated
animals. The number was then divided by the theoretical output; the result is expressed as a percent. ” In the primates, the efficiency was calculated by
averaging the iron output for 4 days before the drug, subtracting these numbers from the 2 day iron clearance after the administration of the drug, and then
dividing by the theoretical output; the result is expressed as a percent.  The compounds were given as their sodium salts, prepared by the addition of 1 equiv
of NaOH to a suspension of the free acid in distilled water. ¢ Data are from ref 45. ¢ The ligand was solubilized in distilled water. / Data are from ref 46.

Scheme 1. Synthesis of 2

O/\/OTS
HO OH o OH
/\/
O\/\OCH3 (5), a O(\O
/NJ;CH3 " ocH, _N_ CHs
§—/ “COEt sJ‘coZR
4 6 R=Et

2 R=H

“ Reagents and conditions: (a) K,COs (2.1 equiv), acetone, 84%; (b) 50%
NaOH (13 equiv), CH30H, then 1 N HCI, rt, 16 h, 93%.

furnished 3 in 60% yield after purification on a reverse phase
column, providing an overall yield of 13%.

A more efficient synthesis of 3 is presented in Scheme 2.
The less hindered phenolic group of 2,3-dihydroxybenzonitrile
(7)* was alkylated with tosylate 5 (1.0 equiv) and sodium
hydride (2.0 equiv) in DMSO at room temperature,’® generating
8 in 70% chromatographed yield. Thus the triether chain has
been attached in nearly three times the yield compared to the
Mitsunobu coupling while avoiding troublesome byproducts.
Cyclocondensation of nitrile 8 with (S)-a-methyl cysteine (9)
in aqueous CH3OH buffered at pH 6 completed the synthesis
of 3 in 90% yield. Since the unusual amino acid 9 was not
introduced until the last step of Scheme 2, the carboxyl group
did not require protection. The overall yield to 3 is 63%, much
higher than from the previous route.

Chelator-Induced Iron Clearance and Iron Clearing
Efficiency in Non-Iron-Overloaded Rodents: Dose Response
Studies. Because there is a limited amount of chelatable iron
available in an animal at any given time, the iron clearance,
and therefore iron-clearing efficiency of a ligand, is saturable.
The key to managing this phenomenon can be found in the
ferrokinetics and the dose—response properties of the ligand.

Scheme 2. Synthesis of 3¢

/\/ \/\
oH  O“"och, 5)a 0 0
7 P A L_ocH, ©:OH
CN
CN
7 8
O/\/O\/\O
HN_ CHy  (9)
‘ OH OCHs
HS—/ YCOH « HCI b
N_ CHs

s/\)‘cozn

“ Reagents and conditions: (a) 60% NaH (2.0 equiv), DMSO, 70%; (b)
CH30H (aq), pH 6, 70 °C, 16 h, 90%.

In this regard, the dose—response along with the corresponding
ferrokinetics of ligands 1—3 given po were evaluated in the
non-iron-overloaded, bile duct-cannulated rodent model. Table
1 probably best illustrates the significance of the differences in
saturation properties between the three ligands. Four sets of
numbers are provided: the ligand dose, the theoretical amount
of iron this dose should clear if it were 100% efficient, the actual
quantity of iron cleared, and ICE. Recall that ICE is calculated
by dividing the actual amount of iron cleared by a given
compound by the theoretical amount that should be cleared. For
example, the theoretical iron excretion of 1, 2, or 3 administered
at a dose of 300 umol/kg is 8.38 mg Fe/kg (Table 1). When the
dose is reduced to 150 umol/kg, the theoretical iron excretion
likewise decreases, to 4.19 mg Fe/kg, and when the dose is
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Figure 1. Dose—response curve: ICE for compounds 1—3 administered
po in bile duct-cannulated rats.
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Figure 2. Biliary ferrokinetics of 1 in bile duct-cannulated rats. The
compound was administered po.

further dropped to 50 umol/kg, the theoretical iron clearance is
now only 1.40 mg Fe/kg (Table 1).

The parent drug 1 was given orally at 300" or 150 umol/kg
to bile duct-cannulated rodents. Iron clearance was minimal at
each dose, 0.089 + 0.068 mg Fe/kg and 0.061 £ 0.073 mg
Fe/kg, respectively (Table 1). Not surprisingly, the ICE values
were poor in each instance (<2%), and both were within
experimental error (Figure 1). Because of the significant serum
albumin binding of 1 in rodents, unlike what was seen with the
4'-polyether 2, the saturable nature of iron clearance is likely
overshadowed.*® At 300 and 150 umol/kg, the iron clearance
of 1 was virtually over by 9—12 h (Figure 2). At both doses,
>98% of the ligand-induced iron excretion occurred in the bile.

When 2 was given orally to rodents at a dose of 300 umol/
kg, * the drug induced the excretion of 0.459 4 0.161 mg Fe/
kg and had an ICE of 5.5 & 1.9% (Figure 1). When the dose of
the chelator was reduced by half to 150 umol/kg, the rats
excreted a similar amount of iron, 0.471 £ 0.176 mg Fe/kg (p
> 0.05). However, because the theoretical amount of iron is
also proportionally lower, the ICE doubled, 11.2 + 4.2% (Figure
1). Finally, when 2 was given po to the rats at a dose of 50
umol/kg, the drug induced the clearance of 0.303 £ 0.050 mg
Fe/kg (Table 1) and had an ICE of 21.7 4+ 3.5% (Figure 1).
This means that in reducing the dose from 300 to 50 umol/kg,
the ICE increased by nearly 4-fold, from 5.5 = 1.9% (300 gmol/
kg) to 21.7 &£ 3.5% (50 umol/kg). At 300, 150, and 50 gmol/
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Figure 3. Biliary ferrokinetics of 2 vs 1 in bile duct-cannulated rats.
The compounds were administered po.
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Figure 4. Biliary ferrokinetics of 3 vs 1 in bile duct-cannulated rats.
The compounds were administered po.

kg of 2, the biliary ferrokinetics curves show that essentially
all the deferration has ended at 12 h (Figure 3). In each instance,
the iron was found largely in the bile (>95%).

When rodents were given 3 po at 300 umol/kg (Table 1),
the drug caused the excretion of nearly twice as much iron as
2, 0.887 & 0.367 mg Fe/kg and had an ICE of 10.6 + 4.4%"*°
(Figure 1). Iron clearance persisted much longer for 3 than for
2 and was not complete until nearly 24 h postdrug (Figure 4).
At a dose of 150 umol/kg po, the rats excreted a similar amount
of iron to what was excreted at 300 umol/kg, 0.782 + 0.121
mg Fe/kg (p > 0.05); the ICE nearly doubled (18.7 £ 2.9%,
Figure 1). Iron excretion was essentially back to baseline in
18 h (Figure 4). Finally, 3 given po at a dose of 50 umol/kg
caused the excretion of 0.289 + 0.062 mg Fe/kg (Table 1); the
ICE was 20.7 &= 4.4% and deferration was complete by 15 h.
In every instance, the majority of iron cleared was seen in the
bile (>95%). Unlike with the 4'-polyether 2 in which the ICE
doubled between the 150 umol/kg dose and 50 umol/kg doses,
the change for 3'-polyether 3 was within error (Figure 1). This
is in keeping with the idea that the iron-clearing capacity of 2
becomes saturated more quickly than with 3.

There are three notable differences between the 3' and 4'-
polyether analogues: (i) although 4'-polyether 2 induced defer-
ration is essentially over at 12 h at all doses, the induced iron
clearance by the 3'-polyether 3 persists much longer; (ii) DFT
analogue 3 causes the excretion of twice as much iron as 2 when
given po at doses of 300 or 150 umol/kg; and (iii) ICE versus
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Table 3. Toxicity Studies of Desferrithiocin Analogues in Rodents
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Desferrithiocin Analogue

Non-Renal Perfusion Protocol

Renal Perfusion Protocol

HO. OH
a b
/}CCHa 10-d 384 pmol/kg/d po 237 pmol/kg b.i.d. x 7 d°?
S~/coH 30-d Iron-loaded (350 mg Fe/kg) 474 ymol/kg s.i.d. x 7 d°
1 119 pmol/kg/d po*/
o OH
[ 10-d 384 umol/kg/d po™
~"N0CH, N LHe . de
237 ymol/kg b.i.d. x 7 d
$—/ YCOH
30-d Unloaded only
2 63.3 umol/kg/d po®
10-d 384 umol/kg/d po°
N L 28-d  Iron-oaded (350 mg Fe/kg)
OH OCH; 75 pmol/kg po’
150 pmol/kg po° . e
_N_CHs e 237 pmol/kg b.i.d. x 7 d
sjcogH 300 gmol/kg po
3 28-d  Unloaded
75 pmol/kg po°
150 pmol/kg po°
300 pmol/kg po°

“ Mild renal toxicity. * Study described in ref 52. ¢ Significant renal toxicity. ¢ Study described in ref 45. ¢ No renal toxicity. / Study described in ref 53.

dose—response curves indicate 2-promoted metal clearance
quickly becomes saturated, while 3 is likely to be effective at
a wider range of concentrations.

Finally, the ferrokinetics curves help to define potential
multiple dosing scenarios. For example, because of the pro-
longed iron excretion observed with 3 at 150 or 300 umol/kg
(Figure 4), it is not unreasonable to expect that this drug could
be given only once daily. However, the more rapid return to
baseline iron excretion levels observed with the parent 1 or the
4'-polyether 2 may require administering a second dose 12 to
15 h after the initial exposure (Figures 2 and 3). On the basis
of the renal damage in rodents described below for b.i.d. versus
s.i.d. dosing of 1 and the nephrotoxicity seen in the patients in
the clinical trials given the drug b.i.d.,** this kind of multiple
exposure regimen is not possible with 1.

Iron-Clearing Efficiency in Non-Iron-Overloaded Rodents
and Iron-Loaded Primates: Oral versus Subcutaneous Adminis-
tration. The ICE values for a single ligand given either po or sc
to non-iron-overloaded, bile duct-cannulated rodents are almost
always within experimental error of each other. When 1 was
given to rats at a dose of 300 umol/kg either po or sc** (Table
2), the ICE numbers were very low and within error 1.1 £ 0.8%
(po) and 1.1 =+ 0.6% (sc, p > 0.05). The corresponding polyether
2 at the same dose, 300 umol/kg, either po (5.5 & 1.9%) or sc
(8.7 £ 2.6%)* had ICE values that were also within error (p
> 0.05). Finally, the ICE values of 3 given to the rats po or sc
at a dose of 300 umol/kg were found to be within error of each
other (Table 2), 10.6 & 4.4%* (po) and 13.4 & 4.5% (sc, p >
0.05). These numbers are in keeping with the idea of high oral
bioavailability of all three drugs (Table 2). This phenomenon
seems relatively consistent throughout the series of desferrithio-
cin analogues and was also observed in the iron-loaded
primates.*

When 1 was given to primates at 150 ymol/kg either po or
sc*® (Table 2), the ICE numbers were within error 16.8 & 7.2%
(po) and 15.9 & 2.7% (sc, p > 0.05). Polyether 2 at the same
dose, 150 umol/kg, either po* (25.4 + 7.4%) or sc** (30.4 +
7.2%), had ICE values also within error (p > 0.05). We
previously reported the ICE of 3 given po at a dose of 75 umol/
kg to be 24.5 + 7.6%.*° In the current study, the dose was
increased to 150 ymol/kg and given to the primates either po
or sc. The ICEs were found to be within error of each other
(Table 2), 23.0 £ 4.1% (po) and 21.5 &+ 3.2% (sc, p > 0.05).
These numbers are in keeping with the idea of high oral
bioavailability of all three drugs (Table 2).*>

Toxicity Evaluation in Rodents. In previous investigations
we evaluated the toxicity of ligands 1°? and 2*° when given
orally by gavage s.i.d. to non-iron-overload rats at a dose of
384 umol/kg/day (equivalent to 100 mg/kg of the DFT sodium
salt) for 10 days (Table 3). All of the rats survived the exposure
period. Extensive tissues were sent out for histopathological
analysis; all 2-treated kidneys were normal. However, the
kidneys of the 1-treated rodents displayed mild damage to the
proximal tubules.>* In the current study, ligand 3 was given
under the same experimental conditions. All of the rats survived
the exposure period. Extensive tissues were sent out for
histopathological analysis; no drug-related abnormalities were
found.

The tolerability of 1°* and 2*° were also previously evaluated
when the compounds were given to the rodents for a much
longer time period, 30 days. Because of the mild renal toxicity
noted when 1 was given at 384 umol/kg/day for 10 days,’* we
took the added precaution of iron overloading the rats>*>> prior
to the 30-day exposure. Because there were no drug-related
abnormalities noted with 2 in the 10-day study, these animals
were not iron loaded. The rats were given the chelators at a
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dose that, in primates, causes the excretion of 450 ug Fe/kg.
This is the suggested iron clearance required to keep a
thalassemia patient in negative iron balance.”® Accordingly, rats
were given 1 orally by gavage once daily for 30 days at a dose
of 119 umol/kg/day;>” rats were treated with 2 at a dose of 63.3
umol/kg/day.*> All of the rats survived the dosing period.
Extensive tissues were sent out for histopathological analysis;
no drug-related abnormalities were found.

In the current study, ligand 3 was administered to the rats
orally by gavage once daily for 28 days. Because there were
no drug-related abnormalities noted with either the 10-day
evaluation of 3 or in rodents treated with 2 for 30 days,** we
decided to administer drug 3, not just at the “usual” dose, the
dose that causes the excretion of 450 ug Fe/kg in the primates
(65.7 umol/kg), but at higher doses as well. The higher doses
were chosen in a deliberate attempt to induce renal toxicity.
Accordingly, the compound was dosed at 75, 150, or 300 «mol/
kg/day to iron-loaded animals (350 mg Fe/kg) as well as to
rats with normal iron stores. Note that these doses are ap-
proximately 1, 2, and 4 times the dose necessary to excrete 450
ug/Fe/kg in the primates. There were six rodents per group.
Unloaded and iron-loaded rats served as age-matched controls.
All of the rats survived the dosing period. Although extensive
tissues were taken, due to the number of animals involved in
this study (48 rats) and the expense of performing the histo-
pathologies, we elected to send out only the kidney and bone
marrow. Neither renal toxicity nor any evidence of bone marrow
toxicity was observed in any of the rodents at any of the doses
studied. Bone marrow samples were checked because of
previous reports of hydroxypyridones®*—® and deferasirox,*’
causing agranulocytosis.

It is important to reiterate the ICE values in the non-iron-
overloaded rodents for these three ligands: the ICE of 1 given
po at a dose of 300 umol/kg is 1.1 £ 0.8%; the ICEs of the
polyethers given po at the same dose are 5.5 = 1.9% for the
4'-polyether 2, while the ICE of the 3'-polyether 3 is 10.6 +
4.4%.* This means that under comparable dosing regimens,
we are removing significantly more iron with either of the
polyether analogues than with the parent 1, 5 times as much
iron with ligand 2 and 9.6 times as much with analogue 3. A
similar scenario occurs when the ligands are given po at a dose
of 150 umol/kg: the ICE of the parent 1 is 1.5 £ 1.7%, while
the ICEs for the 4'-polyether 2 and 3'-polyether 3 are 11.2 +
4.2% and 18.7 £ 2.9%, respectively. Therefore, at a dose of
150 umol/kg, analogue 2 causes the excretion of 7.5 times more
iron than the parent 1, while 3 is 12.5 times more effective than
the parent 1 (Table 1). Thus, the nephrotoxicity observed with
1 is not likely related to its global iron clearing properties.

A Comparison of the Impact of 1, 2, and 3 on Rodent
Kidneys. In a previous investigation, ligands 1 and 2 were
administered orally by gavage to rats twice daily at a dose of
237 umol/kg/dose (474 pumol/kg/day) for 7 days.*> This dose
is equivalent to 120 mg/kg of the parent 1. Untreated rats served
as age-matched controls. One day postdrug, the rodents were
anesthetized and the kidneys were perfusion-fixed; one kidney
from each rat was dissected. While there was little difference
in the renal structural architecture between the untreated animals
and the 2 treated rats, kidneys from rodents given 1 b.i.d. showed
regional, moderate to severe vacuolization in the proximal
tubules, a loss of the brush border, and tubular extrusions toward
the lumen.*® In addition, the distal tubules displayed moderate
to severe vacuolization.*> Recall that although deferitrin was
generally well tolerated when given to patients at doses of 5,
10, or 15 mg/kg once daily, administering the drug twice daily
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Figure 5. Renal perfusion. Control (panel A), 1 237 umol/kg b.i.d. x
7 d (panel B), 1 474 umol/kg s.i.d. x 7 d (panel C), 2 237 umol/kg
b.i.d. x 7 d (panel D), 3 237 umol/kg b.i.d. x 7 d (panel E).
Magnification = 400x.

at 25 mg/kg/day (12.5 mg/kg/dose) was associated with unac-
ceptable renal toxicity.**

In the current study, because of the apparent increase in renal
toxicity observed in patients treated with deferitrin (1) twice
daily versus once daily, we elected to determine if this damage
could be reproduced in the rodents. To allow for a head-to-
head comparison of the impact of b.i.d. versus s.i.d. dosing on
nephrotoxicity, we elected to repeat our previously published
b.i.d. dosing regimen.** Accordingly, one group of rodents
received 1 at a dose of 237 umol/kg b.i.d. (474 umol/kg/day)
for 7 days; an additional group received the drug once daily at
the same total dose, 474 umol/kg/day, for 7 days. In addition,
rodents were given 3 administered orally by gavage under the
same dosing regimen, 237 umol/kg b.i.d. (474 umol/kg/day),
for 7 days. Untreated animals served as age-matched controls.
The rodents were anesthetized one day postdrug, and the kidneys
were perfusion-fixed with glutaraldehyde in Tyrodes buffer.
Thick sections (500 nm) were prepared for light microscopy.

The results of the renal perfusion studies demonstrate
profound differences in toxicity between the polyethers 2 and
3 and the parent ligand 1 and also show a dramatic reduction
in toxicity when 1 was given once daily versus twice daily.
Under light microscopy, the proximal and distal tubules of the
untreated rats show normal tubular architecture (Figure 5A).
The kidneys of rodents treated with the parent 1 given twice
daily at 237 umol/kg/dose (474 umol/kg/day) for 7 days show
heavy vacuolization and thinning of the apical membranes
(Figure 5B). These results are virtually identical to what we
had published previously.*> However, when 1 was given once
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daily at the same total dose, 474 umol/kg/day for 7 days,
although there was some vacuolization of the proximal tubule
cells (Figure 5C), the damage was much less severe than when
the drug was given twice daily (Figure 5B). Interestingly, and
much to our surprise, besides some inclusion bodies seen when
either 2 or 3 were given at 237 umol/kg b.i.d. for 7 days, there
was little if any damage to the proximal tubules (parts D and E
of Figure 5, respectively). This allows for tremendous flexibility
in dosing schedules with the polyethers.

Tissue Distribution of Desferrithiocin Analogues in Rodents.
The differences in behavior, for example, ICE, dose—response,
and ferrokinetics, between the three ligands in rats prompted
us to look more closely at the tissue distribution in rodents. In
a previous investigation, we described the tissue distribution of
the three ligands after they were given to rats sc at a dose of
300 umol/kg.*® While the results were described in detail in
the previous work, the data are included in Table 4 to allow for
the comparison of how the route of administration (sc versus
po) affects tissue distribution. In the current study, the rodents,
three per group, were given a single 300 umol/kg dose of the
chelators po. The animals were sacrificed 1, 2, or 4 h postdrug;
the liver, kidney, heart, pancreas, and blood were removed. The
plasma was then separated from the blood cells. All samples
were analyzed by HPLC for the appropriate ligands.

In the liver at 1 h postdrug, the relative concentrations of the
chelators given po are 3 > 2 > 1. The concentration of both of
the polyether ligands were similar to each other (p > 0.05) and
were significantly greater than the parent 1, p < 0.04 for 2 and
p < 0.05 for 3. At 2 h postdrug, the order was 3 ~ 2 > 1.
However, while the concentrations of both of the polyether
ligands were similar to each other (p > 0.05), they were
significantly greater than the parent 1, p < 0.003 for 2 and p <
0.04 for 3. At 4 h, while the 4'-polyether 2 and the parent 1
had levels that were within error of each other, the 3'-polyether
3 had the highest hepatic concentration, p < 0.03 versus 1 and
p < 0.01 versus 2 (Table 4).

In the kidney at 1 h postdrug, the tissue concentration trend
after po dosing was 1 &~ 3 > 2. The renal concentration of the
2 was significantly lower than the parent 1 (p < 0.05). At 2 h,
the order was now 1 > 2 > 3. The renal concentration of 3
was significantly lower than 1 (p < 0.02). At 4 h, the level of
the parent 1 in the kidney was significantly greater than either
of the polyether analogues, p < 0.004 versus 2 and p < 0.005
versus 3 (Table 4).

The levels of all three of the chelators in the heart after po
dosing were quite low, <20 nmol/g wet weight at 1 h postdrug
and <10 nmol/g wet weight 2 h postdrug. By 4 h, only the
parent 1 was detectable.

In the pancreas at 1 h postdrug, the relative concentrations
of the chelators given po are 2 > 1 > 3. However, none of the
differences were significant. At 2 h, the pancreatic content of
all three of the ligands are within error of each other. At 4 h
postdrug, only 3 had detectable level.

In the plasma 1 h after po dosing, the relative drug levels are
2 > 1 = 3. The concentration of the 4'-polyether 2 was
significantly greater than both the parent 1 (p < 0.009) and the
3'-polyether 3 (p < 0.02). At 2 h after po dosing, the relative
ligand concentration order was 2 > 3 &~ 1, although none of
the differences were significant. At 4 h postdrug, the plasma
chelator concentrations were uniformly <5 uM (Table 4).

A comparison of how the tissue distribution of the individual
ligands is affected by route of administration is also notable. In
the case of ligand 1, the liver concentrations were significantly
higher in the po versus sc dosed animals 1 h (p < 0.001) and
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Table 4. Tissue Distribution of Desferrithiocin Analogues in Rodents”

liver 1 2 3
time (nmol/g wet weight) (nmol/g wet weight) (nmol/g wet weight)
1 h (sc) 807 339+ 70 318 £ 46
1 h (po) 131 £9 159 £ 16 234 £ 58
2 h (sc) 48 £20 132 £32 193 £ 17
2 h (po) 73+ 13 144 + 18 151 £ 41
4 h (sc) 25+4 67 £ 12 168 £+ 17
4 h (po) 44 45 35+ 14 87 £ 18
kidney 1 2 3
time (nmol/g wet weight) (nmol/g wet weight) (nmol/g wet weight)
1 h (sc) 179 + 4 252 + 10 259 + 35
1 h (po) 208 + 54 114 £ 16 150 £+ 66
2 h (sc) 97 + 50 4143 145 £ 27
2 h (po) 100 + 21 69 £+ 21 48 +5
4 h (sc) 27+7 34+ 13 90+ 38
4 h (po) 61+9 10+ 1 15+2
heart 1 2 3
time (nmol/g wet weight) (nmol/g wet weight) (nmol/g wet weight)
1 h(sc) 13+1 35+7 16+ 1
1 h (po) 8+1 17£2 9+2
2 h (sc) 5+£3 9+3 8§+ 1
2 h (po) 5+1 9+3 4+£0
4 h (sc) not detectable 5+1 6+1
4 h (po) 3+0 not detectable not detectable
pancreas 1 2 3
time (nmol/g wet weight) (nmol/g wet weight) (nmol/g wet weight)
1h (sc) 28 £ 13 30£5 22 +£ 17
1 h (po) 13+£3 25+ 14 9+£5
2 h (sc) 6+ 1 30 + 25 30 + 26
2 h (po) 9+5 9+2 24 £ 11
4 h (sc) 6+3 13+£5 12+5
4 h (po) not detectable not detectable 6+2
plasma
time 1 (uM) 2 (uM) 3 (uM)
1h (sc) 34 +7 140 + 29 46 +£3
1 h (po) 31+ 11 64 +£7 26 + 14
2 h(sc) 13£3 16 £4 2445
2 h (po) 8§+3 324+ 19 9+3
4 (sc) 2+0 5+3 13+2
4 h (po) 5+£0 2+0 240

“ The rodents (n = 3/time point) were given a single 300 gmol/kg dose
of the chelators sc or po.

4 h (p < 0.005) postdrug. In the kidney, while the 1 and 2 h sc
versus po chelator concentrations were similar, the level of the
drug in the 4 h po dosed animals was significantly higher than
the sc dosed rats, p < 0.001. In the heart, the chelator content
was significantly higher in the sc versus po dosed animals at
1 h (p < 0.007); the levels were within error of each other at
2 h. However, by 4 h postdrug, the ligand was only detectable
in the heart of the po dosed rats. Route of administration did
not have any impact on pancreatic ligand content; all levels,
where detectable, were within error of each other (Table 4). In
the plasma, the chelator concentrations were significantly higher
in the po versus sc dosed animals only in the 4 h time point, p
< 0.001.
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In the case of ligand 2, the liver and kidney concentrations
were significantly higher in the sc versus po dosed animals 1
and 4 h postdrug. The p-values for the liver (sc versus po) were
p < 0.001 (1 h) and p < 0.03 (4 h); the p-values for the kidney
were <0.001 (1 h) and <0.04 (4 h). However, the sc versus po
levels were within error of each other for the liver and kidney
at 2 h. Route of administration did not have any impact on
pancreatic ligand content; all levels were within error of each
other, where detectable. In the heart and plasma, the chelator
concentrations, where detectable, were significantly higher in
the sc versus po dosed animals only in the 1 h time point, p <
0.04 (heart) and p < 0.02 (plasma).

In the case of analogue 3, the concentration of the drug in
the liver was not affected by route of administration at the 1
and 2 h time points. However, the chelator content was
significantly higher in the liver of the sc versus po dosed animals
4 h postdrug, p < 0.003. In the kidney, the chelator content
was significantly greater for the sc versus po dosed animals at
all time points, p < 0.04, p < 0.01, and p < 0.001 for 1, 2, and
4 h, respectively. In the heart, the ligand content, where
detectable, was also significantly greater for the sc versus po
dosed animals at the 1 and 2 h time points, p < 0.05 and p <
0.009, respectively. Route of administration did not have any
impact on pancreatic ligand content; all levels were within error
of each other (Table 4). The chelator content in the plasma of
the sc versus po dosed animals was higher at the 2 and 4 h
time points, p < 0.007 and p > 0.006, respectively.

Conclusion

The synthetic schemes for assembling 2 and 3 offer significant
improvements over the initial methodologies. Although prior
methods generated enough ligand to determine proof of
principle, because of low yields and separation problems, they
did not lend themselves to scale-up for the level of systematic
and inclusive biological studies required to assess the clinical
potential of the ligands.

While the ICE of the parent drug 1 in rodents was uniformly
poor at both evaluated 300 and 150 umol/kg doses (<1.5%),
the polyethers 2 and 3 were significantly more efficient at all
doses (Table 1). However, there were rather profound differ-
ences in the ICE versus dose response curves for the two
polyether analogues in rodents (Figure 1). In both instances,
their deferration properties were shown to be saturable. The ICE
for 2 increased from 5.5 £ 1.9% to 21.7 & 3.5%, a nearly 4-fold
difference, as the dose was decreased from 300 to 50 gmol/kg.
The ICE for 3 increased from 10.6 &+ 4.4% to 20.7 £+ 4.4%,
again on moving from 300 to 50 umol/kg. However, the change
was not nearly as great with the 3'-polyether analogue 3, only
a 2-fold difference, suggesting greater flexibility in dosing
ranges. In addition, 3 was significantly more effective than the
4'-polyether analogue 2 when given po at 150 or 300 ymol/kg
(Table 1). The other notable difference between the two
polyether analogues can be found in their ferrokinetic profiles
(Figures 3 and 4). At all concentrations, ligand-induced defer-
ration is over more quickly with 2 (Figure 3) than for 3 (Figure
4). This data will serve as a useful guide for dose scheduling.

In both the rats and the primates, the po versus sc data for
all three ligands strongly suggest good oral bioavailability.
Although complete pharmacokinetic studies remain to be carried
out, the ICE values are essentially the same whether the drug
is given po or sc. The tissue distribution relative chelator levels
follow the order liver > kidney > plasma > pancreas > heart.
The sc versus po dosing data suggest generally higher concen-
trations early on with sc administered drug. The differences,
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though, are hardly profound, in keeping with the high oral
bioavailability of these ligands.

Finally, and most important, are the data surrounding the
toxicity studies. Both the impact of the polyether side chain
and the dosing schedule (s.i.d. vs b.i.d.) were shown to have a
profound effect on nephrotoxicity. In the first study, non-iron-
loaded rodents were given 384 umol/kg/day po of either 1, 2,
or 3 for 10 days and then sacrificed (Table 3). All histopatholo-
gies were normal except for the kidneys of rats treated with 1,
which showed mild nephrotoxicity.”® In a second trial, iron-
loaded rodents were given 119 umol/kg po of 1 for 30 days
and sacrificed. No drug-related abnormalities were noted. When
unloaded rodents were given 63.3 umol/kg po of 2, a dose which
clears the same amount of iron in the primates as 119 umol/kg
of 1, for 30 days and sacrificed, all histopathologies were
normal.*’ In a final experiment with 3, two sets of animals were
studied, one iron-loaded and one non-iron-loaded. In each
instance, groups of six animals were given either 75, 150, or
300 umol/kg po of the ligand once daily for 28 days and then
sacrificed. Note that the higher doses were intentionally chosen
in an attempt to induce renal toxicity. Because of the number
of tissue samples and the results from the 10-day, 384 xmol/
kg/day experiments, we elected only to evaluate the histo-
pathologies of the kidneys and bone marrow; all were normal.

Certainly, the most astounding finding relates to dosing
schedules in the renal perfusion studies. When non-iron-
overloaded rodents were given a dose of 474 umol/kg of 1 po
s.i.d. for 7 days, anesthetized, and their kidneys perfused and
fixed, light microscopy of the samples revealed moderate
damage to the proximal tubules, most notable, vacuolization.
However, when the same dose, 474 umol/kg/day, was split in
half to 237 umol/kg/day and given b.i.d. for 7 days, the
difference in proximal tubule damage was profoundly worse®
(Figure 5). Thus, b.i.d. dosing of this drug would not be a viable
plan. This strongly suggests that careful consideration must be
given as to how often chelators are dosed relative to nephro-
toxicity. However, when either 4'-polyether analogue 2 or 3'-
polyether 3 was given at 237 umol/kg/day po b.i.d. (474 ymol/
kg/day) for 7 days, there were only minor architectural changes
in the proximal tubules (occasional pale, refractile inclusions
in the S1 segments), which were more prevalent in the 2 treated
rats, further underscoring the likely large therapeutic window
for these ligands.

Experimental Section

Cebus apella monkeys were obtained from World Wide Primates
(Miami, FL). Male Sprague—Dawley rats were procured from
Harlan Sprague—Dawley (Indianapolis, IN). Ultrapure salts were
obtained from Johnson Matthey Electronics (Royston, UK). All
hematological and biochemical studies®’ were performed by Antech
Diagnostics (Tampa, FL). Atomic absorption (AA) measurements
were made on a Perkin-Elmer model 5100 PC (Norwalk, CT).
Histopathological analysis was carried out by Florida Vet Path
(Bushnell, FL).

Cannulation of Bile Duct in Non-Iron-Overloaded Rats. The
cannulation has been described previously.””->® Bile samples were
collected from male Sprague—Dawley rats (400—450 g) at 3 h
intervals for 24 h. The urine sample was taken at 24 h. Sample
collection and handling are as previously described.’”-®

Iron Loading of Rats. Male Sprague—Dawley rats initially
weighing approximately 200—225 g were iron overloaded by the
intraperitoneal administration of iron dextran (Sigma, 100 mg of
iron/mL). The rats were given four doses of the iron (105 mg/kg/
dose) over a two week period on a Monday, Friday, Monday, Friday
schedule. After a two week equilibration period, the animals were
weighed again and their total iron burden was determined (total
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mg of Fe/final body weight). The rats were then assigned to groups
so that the body weight and iron burden between groups were within
error of each other.

Iron Loading of C. apella Monkeys. The monkeys (3.5—4 kg)
were iron overloaded with iv iron dextran as specified in earlier
publications to provide about 500 mg of iron per kg of body
weight;>® the serum transferrin iron saturation rose to between 70
and 80%. At least 20 half-lives, 60 days,*° elapsed before any of
the animals were used in experiments evaluating iron-chelating
agents.

Primate Fecal and Urine Samples. Fecal and urine samples
were collected at 24 h intervals and processed as described
previously.’”*%°! Briefly, the collections began 4 days prior to the
administration of the test drug and continued for an additional 5
days after the drug was given. Iron concentrations were determined
by flame atomic absorption spectroscopy as presented in other
publications.>®-¢2

Drug Preparation and Administration. In the iron clearing
experiments the rats were given a single 50, 150, or 300 umol/kg
dose of the drugs po and/or sc. The compounds were administered
as (1) a solution in water, 2 300 umol/kg dose only or (2) as the
monosodium salt of the compound of interest (prepared by addition
of the free acid to 1 equivalent of NaOH). The chelators were given
to the monkeys po and sc at a dose of 150 umol/kg. The drugs
were prepared as for the rats; 2 was given po and sc as a solution
in water.

Calculation of Iron Chelator Efficiency. The theoretical iron
outputs of the chelators were generated on the basis of a 2:1 ligand:
iron complex. The efficiencies in the rats and monkeys were
calculated as set forth elsewhere.”> Data are presented as the mean
=+ the standard error of the mean; p-values were generated via a
one-tailed Student’s 7-test in which the inequality of variances was
assumed; and a p-value of <0.05 was considered significant.

Toxicity Evaluation in Rodents. Male Sprague—Dawley rats
(250—300 g) were fasted overnight and were given 1, 2, or 3 po
by gavage once daily for 10 days at a dose of 384 umol/kg/day.
This dose is equivalent to 100 mg/kg/day of the DFT sodium salt.
The animals were fed ~3 h postdrug and had access to food for
5 h before being fasted overnight. The rats were euthanized 24 h
postdrug and extensive tissues were collected for histopathological
analysis.

The rats given 1 or 2 in the 30 day experiments were given the
drugs po at a dose that, in the primates, results in the excretion of
450 ug of Fe/kg, 119 umol/kg/day and 63.3 umol/kg/day, respec-
tively. Rats treated with 1 had been previously iron overloaded to
a level of 350 mg Fe/kg; the rodents treated with 2 for 30 days
were not iron-loaded. Iron-overloaded and non-iron-loaded rats were
given 3 po at doses of 75, 150, and 300 umol/kg/day for 28 days.
Note that the doses chosen for 3 are approximately 1, 2, and 4
times the dose necessary to cause the excretion of 450 ug Fe/kg in
the primates. Because of the protracted nature of the 28 or 30 days
experiments, the animals were not fasted. To minimize food content
in the stomach, the drug was not given until the afternoon.
Additional animals served as age-matched controls. The rats were
euthanized 24 h postdrug, and extensive tissues were collected for
histopathological analysis.

A Comparison of the Impact of 1, 2, and 3 on Rodent
Kidneys. Male Sprague—Dawley rats (200—250 g) were housed
two to a cage and were fasted overnight. The rats were given 1, 2,
or 3 po twice daily at a dose of 237 umol/kg/dose (474 umol/kg/
day) for 7 days. The rats were fed approximately 3 h postdrug and
had access to food for 5 h before being fasted again. An additional
group of rodents was given 1 once daily at a dose of 474 umol/
kg/day for 7 days. The single dose was given in the mornings; the
rats were fed and fasted as described for the b.i.d. dosed animals.
Untreated rodents served as age-matched controls.

One day postdrug, the rats were anesthetized with sodium
pentobarbital. The abdominal aorta was isolated and cleansed of
extraneous tissue and cannulated. The kidneys were perfusion-fixed
with glutaraldehyde in Tyrode’s buffer containing 3% PVP,
removed, and immersed in a glass vial containing fresh fixative at
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room temperature. Four hours later, the kidneys were again rinsed
with Tyrode’s buffer. The tissue samples were placed in sodium
cacodylate. After two rinses with cacodylate buffer, the samples
were dehydrated with graded concentrations of ethyl alcohol and
infiltrated with propylene oxide overnight. Finally, they were
embedded in TAAB with DMP-30. The TAAB was polymerized
at 60 °C for 48 h.

Thick sections (500 nm) were cut from TAAB embedded tissue,
mounted onto glass slides, and stained with Toluidine Blue. The
tissue slices were photographed with a Zeiss Axioskop II at 400x
magnification.

Collection of Tissue Samples from Rodents: Tissue Distribution.
Male Sprague—Dawley rats (250—350 g) were given 1, 2, or 3 po
and sc at a dose of 300 umol/kg. The compounds were administered
as (1) a solution in water, 2 (sc) or (2) as the monosodium salt of
the compound of interest (prepared by addition of the free acid to
1 equivalent of NaOH) 1, 2 (po), and 3. At times 1, 2, and 4 h
after dosing (n = 3 rats per time point), the animals were euthanized
by exposure to CO, gas. Blood was obtained via cardiac puncture
into vacutainers containing sodium citrate. The blood was centri-
fuged and the plasma separated for analysis. The liver, heart,
kidneys, and pancreas were then removed from the animals.

Tissue Analytical Methods. Tissue samples from animals treated
with 1—3 were prepared for HPLC analysis as previously
described.*>*® Analytical separation was performed on a Discovery
RP Amide C;s HPLC system with UV detection at 310 nm as
discussed previously.®*®* Mobile phase and chromatographic
conditions were as follows: solvent A, 5% CH3;CN/95% buffer;
solvent B, 60% CH3;CN/40% buffer.

The concentrations were calculated from the peak area fitted to
calibration curves by nonweighted least-squares linear regression
with Rainin Dynamax HPLC Method Manager software (Rainin
Instrument Co.). The method had a detection limit of 0.25 uM and
was reproducible and linear over a range of 1—1000 uM.

Tissue distribution data are presented as the mean; p-values were
generated via a one-tailed student’s 7-test, in which the inequality
of variances was assumed and a p-value of <0.05 was considered
significant.

Synthetic Methods. Reagents were purchased from Aldrich
Chemical Co. (Milwaukee, WI), and Fisher Optima-grade solvents
were routinely used. Reactions were run under a nitrogen atmo-
sphere, and organic extracts were dried with sodium sulfate. Silica
gel 40—63 from SiliCycle, Inc. (Quebec City, QC, Canada) was
used for column chromatography. Glassware that was presoaked
in 3 N HCI for 15 min, washed with distilled water and distilled
EtOH, and oven-dried was used in the isolation of 2 and 3. Optical
rotations were run at 589 nm (sodium D line) utilizing a Perkin-
Elmer 341 polarimeter, with ¢ being concentration in grams of
compound per 100 mL of CHCI; solution. Chemical shifts (0) for
'"H NMR spectra at 400 MHz are given in parts per million
downfield from tetramethylsilane for CDCl; (not indicated) or
sodium 3-(trimethylsilyl)propionate-2,2,3,3-d, for D,O. Chemical
shifts (0) for '>*C NMR spectra at 100 MHz are given in parts per
million referenced to 1,4-dioxane (6 67.19) in D,O or to the residual
solvent resonance in CDCl; (6 77.16). Coupling constants (J) are
in hertz. Elemental analyses were performed by Atlantic Microlabs
(Norcross, GA).

(5)-4,5-Dihydro-2-[2-hydroxy-4-(3,6,9-trioxadecyloxy)phenyl]-4-
methyl-4-thiazolecarboxylic Acid (2). A solution of 50% (w/w)
NaOH (10.4 mL, 199 mmol) in CH;0H (90 mL) was added to 6
(6.54 g, 15.3 mmol) in CH30H (200 mL) with ice bath cooling.
The reaction mixture was stirred at room temperature for 16 h,
and the bulk of the solvent was removed by rotary evaporation.
The residue was treated with dilute NaCl (150 mL) and was
extracted with ether (3 x 150 mL). The basic aqueous phase was
cooled in ice, acidified with 2 N HCI to a pH =~ 2, and extracted
with EtOAc (4 x 100 mL). The EtOAc extracts were washed with
saturated NaCl (200 mL) and were concentrated in vacuo. Drying
under high vacuum furnished 5.67 g of 2*° (93%) as an orange
oil: [a]* +53.1° (¢ 0.98). "H NMR (D,0) 6: 1.76 (s, 3 H), 3.35
(s, 3 H), 3.54—3.61 (m, 3 H), 3.64—3.72 (m, 4 H), 3.74—3.78 (m,
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2 H), 3.90—3.94 (m, 2 H), 3.96 (d, 1 H, J = 12.0), 4.25—4.29 (m,
2H),6.53(d, 1H,J=24),6.64 (dd, | H,J=9.0,2.2), 7.61 (d,
1 H,J=9.2). >*C NMR (D,0) d: 23.65, 39.56, 58.65, 68.34, 69.33,
70.07, 70.18, 70.44, 71.62, 77.58, 102.11, 106.72, 109.66, 134.67,
161.27, 167.07, 176.86, 180.70. Anal. (C;sH,sNO-S) C, H, N.

(5)-4,5-Dihydro-2-[2-hydroxy-3-(3,6,9-trioxadecyloxy)phenyl]-4-
methyl-4-thiazolecarboxylic Acid (3). Compound 8 (7.63 g, 27.1
mmol), degassed 0.1 M pH 5.95 phosphate buffer (200 mL),*> 9
(6.98 g, 40.7 mmol), and NaHCOs3 (4.33 g, 51.5 mmol, in portions)
were successively added to distilled, degassed CH3;0H (200 mL).
The reaction mixture, pH 6.2—6.6, was heated at 70 °C for 72 h.
After cooling to room temperature, the bulk of the solvent was
removed by rotary evaporation. The residue was dissolved in 8%
NaHCOs; (200 mL) and was extracted with CHCI3 (3 x 100 mL).
The aqueous portion was cooled in an ice—water bath, acidified to
pH ~ 1 with 5 N HCl, and extracted with EtOAc (4 x 100 mL).
The EtOAc extracts were washed with saturated NaCl and were
concentrated in vacuo. Drying under high vacuum furnished 9.74 g
of 3*¢ (90%) as an orange oil: [a]*® +61.9° (¢ 1.55). '"H NMR
(D,0) 6: 1.77 (s, 3 H), 3.35 (s, 3 H), 3.56—3.62 (m, 3 H), 3.64—3.73
(m, 4 H), 3.75—3.79 (m, 2 H), 3.92—3.96 (m, 2 H), 3.99 (d, | H,
J=11.6),425—4.31 (m, 2 H), 6.99 (t, 1 H, J = 8.2), 7.26—7.33
(m, 2 H). '*C NMR 6 24.52, 39.93, 59.07, 69.04, 69.83, 70.49,
70.64, 70.86, 71.97, 83.21, 116.33, 117.94, 118.50, 122.80, 147.67,
150.24, 172.38, 176.10. HRMS m/z calcd for CsHxsNO7S, 400.1429
(M + H); found, 400.1413.

Ethyl (S)-4,5-Dihydro-2-[2-hydroxy-4-(3,6,9-trioxadecyloxy)phe-
nyl]-4-methyl-4-thiazolecarboxylate (6). Flame activated K,COj3
(5.05 g, 36.6 mmol) followed by 5 (11.11 g, 34.9 mmol) in acetone
(50 mL) were added to 4** (9.35 g, 33.2 mmol) in acetone (300
mL). The reaction mixture was heated at reflux for 3 days.
Additional K,COs3 (4.59 g, 33.2 mmol) and 5 (2.12 g, 6.65 mmol)
in acetone (5 mL) were added, and the reaction mixture was heated
at reflux for 1 day. After cooling to room temperature, solids were
filtered and the solvent was removed by rotary evaporation. The
residue was dissolved in 1:1 0.5 M citric acid/saturated NaCl (320
mL) and was extracted with EtOAc (3 x 150 mL). The combined
organic extracts were washed with distilled H,O (200 mL) and
saturated NaCl (200 mL) and were concentrated in vacuo. Purifica-
tion using flash column chromatography eluting with 50% EtOAc/
petroleum ether generated 12.0 g of 6*° (84%) as an oil: [a]** +40.2
(c 1.09). '"H NMR 6: 1.30 (t, 3 H, J = 7.2) 1.66 (s, 3 H), 3.19 (d,
1 H,J=11.2), 3.38 (s, 3 H), 3.54—3.57 (m, 2 H), 3.64—3.70 (m,
4 H), 3.72—3.76 (m, 2 H), 3.81—3.88 (m, 3 H), 4.12—4.17 (m, 2
H), 420—4.28 (m, 2 H), 6.46 (dd, 1 H, / = 8.8,2.4),6.49 (d, 1 H,
J=24),7.28(d, 1 H,J=28.4),12.69 (s, 1 H). ?*C NMR ¢ 14.21,
24.58,39.94, 59.17, 62.01, 67.65, 69.60, 70.69, 70.76, 70.98, 72.03,
83.22, 101.51, 107.41, 109.98, 131.77, 161.27, 163.09, 170.90,
172.95. Anal. (C20H29N07S) C, H, N.

2-Hydroxy-3-(3,6,9-trioxadecyloxy)benzonitrile (8). Compound
7%° (5.3 g, 39.2 mmol) was added to a suspension of 60% NaH
(3.13 g, 78.2 mmol) in DMSO (60 mL) using oven-dried glassware.
After the reaction mixture was stirred at room temperature for 1 h,
5(12.49 g, 39.22 mmol) in DMSO (25 mL) was introduced. After
24 h of stirring at room temperature, the reaction mixture was
poured with stirring into cold water (100 mL) and was extracted
with CHCl; (3 x 100 mL). The aqueous phase was acidified to pH
~ 1 with 6 N HCI and was extracted with CHCI; (5 x 60 mL).
The latter CHCl; extracts were concentrated in vacuo. Purification
using column chromatography by gravity eluting with 10% CH;OH/
CHCl; gave 7.74 g of 8 (70%) as an oil. '"H NMR 0: 3.40 (s, 3 H),
3.58—3.62 (m, 2 H), 3.65—3.73 (m, 4 H), 3.75—3.78 (m, 2 H),
3.83—3.87 (m, 2 H), 4.14—4.18 (m, 2 H), 6.79—6.85 (m, 1 H),
7.09 (dd, 1 H, J = 7.8, 1.6), 7.15—7.18 (m, 1 H), 8.6 (s, 1 H). '°C
NMR 9: 57.25, 67.76, 67.85, 68.79, 68.92, 69.06, 70.36, 98.38,
115.44, 116.55, 118.51, 123.13, 145.98, 149.46. HRMS m/z calcd
for C14HNOs, 282.1341 (M + H); found, 282.1328.
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