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The (S)-desferrithiocin (DFT) skeleton is shown to be a useful pharmacophore on which to design 
orally effective iron chelators. While the study clearly indicates that formal reduction of the 
desazadesmethyldesferrithiocin thiazoline to a thiazolidine (6), expansion of the desmethyldes-
ferrithiocin thiazoline to a thiazine (7), or substitution of the thiazoline sulfur of desazades­
methyldesferrithiocin by an oxygen (8 and 9) lead to a substantial loss of activity, conversion of 
(S)-desmethyldesferrithiocin (1) to an JV-methylhydroxamate (4) or to the hexacoordinate 
dihydroxamate ligand (5) results in active compounds. This investigation thus demonstrates which 
structural components of the siderophore are required for iron clearance after oral administration 
and suggests the use of the desferrithiocin platform as a vector for other chelators. 

Introduction 
While many organisms are auxotrophic for Fe(III), 

because of the insolubility of the hydroxide (Ksp = 1 X 
10-38)1 formed under physiological conditions, nature has 
developed rather sophisticated iron storage and transport 
systems. Microorganisms utilize low molecular weight 
ligands, siderophores, while eukaryotes tend to utilize 
proteins to transport iron, e.g. transferrin, and store iron, 
e.g. ferritin.2 

Iron metabolism in primates is characterized by a highly 
efficient recycling process3-6 with no specific mechanism 
for eliminating this transition metal. Because it cannot 
be effectively cleared, the introduction of "excess iron"7-9 

into this closed metabolic loop leads to chronic overload 
and ultimately to peroxidative tissue damage. There are 
a number of scenarios which can account for "iron 
overload", e.g. high-iron diet, acute iron ingestion, or 
malabsorption of the metal. In each of these situations 
the patient can be treated by phlebotomy.10 However, 
there are iron-overload syndromes secondary to chronic 
transfusion therapy, e.g. aplastic anemia and thalassemia,11 

in which phlebotomy is not an option. The patient cannot 
be bled, as the origin of the excess iron is the transfused 
red blood cells; thus the only alternative is chelation 
therapy. "In patients with a high transfusion regimen, 
erythropoeisis is suppressed and iron absorption may be 
near normal, but each unit of transfused RBC's contains 
200 to 250 mg of iron. Most patients with thalassemia 
major require 200 to 300 mL/kg/year of blood, an amount 
equivalent to 0.25 to 0.40 mg Fe/kg/day."12 Thus, a 
chelator must be able to remove a minimum of between 
0.25 and 0.40 mg of Fe/kg/day. 

Although considerable effort has been invested in the 
development of new therapeutics for managing thalas­
semia, the subcutaneous (sc) infusion of desferrioxamine 
B (DFO, Figure 1), a hexacoordinate hydroxamate iron 
chelator produced by Streptomyces pilosus,13 is still the 
protocol of choice. Although the drug's efficacy and long-
term tolerability are well-documented, it suffers from a 
number of shortcomings associated with low efficiency 
and marginal oral activity. 

* Abstract published in Advance ACS Abstracts, April 15, 1994. 

Desferoxamine B (DFO) 

OH O C02H
 H 

H ][ f || CHj 
OH ° Y N Y ^ ^ ^ N CH ' ^ N # N N^C02H 

I H 

Rhodoto-ulicAdd p y° c h e l i n 

Enterobactln 

HO OH H Y-0 Wo 
O ^-( 

NH 
O ^ . O H 

O"0 H 

Figure 1. Microbial iron chelators, siderophores. 

Desferrioxamine forms a 1:1 hexacoordinate octahedral 
complex in situ with Fe(III) with a formation constant14 

of 3 X1030 M_1. If one assumes that the same stoichiometry 
applies as when DFO is administered to an animal, 10% 
or less of the theoretical iron excretion is observed.15 This 
situation is further complicated by the fact that DFO is 
not orally active and, when administered subcutaneously, 
has a very short half-life in the body and must therefore 
be given by continuous infusion over long periods of time. 
For these reasons, patient compliance is a serious prob­
lem,16 a situation which could be solved with an orally 
active drug. 

Although a substantial number of synthetic iron che­
lators have been studied in recent years as potential orally 
active therapeutics, e.g. pyridoxyl isonicotinoyl hydrazone 
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Figure 2. Proposed structure of ferrithiocin (FT) diastereomeric 
2:1 complexes with Fe(III). 

(PIH),17 hydroxypyridones,18'19 and bis(o-hydroxybenzyl)-
ethylenediaminediacetic acid (HBED) analogues,20 none 
has yet proven to be completely satisfactory. Interestingly, 
the siderophores have remained relatively untouched in 
this search. Their evaluation as iron-clearing agents has 
not at all paralleled the rate of their isolation and structural 
elucidation. In fact, until recently, beyond DFO, only two 
of some 100 siderophores identified have been studied in 
animal models: enterobactin21 and rhodotorulic acid22 

(Figure 1). While the former was only marginally effective 
at clearing iron, the latter compound was reasonably active. 
Unfortunately both of these cyclic siderophores exhibited 
unacceptable toxicity, and neither possessed any oral 
activity. They were abandoned, as there were any number 
of synthetic chelators with equally unsatisfactory proper­
ties to choose from. The siderophores thus became 
persona non grata as potential clinical deferration agents. 

While most siderophores fall primarily into two struc­
tural classes, hydroxamates or catecholamides,23'24 there 
are a number of compounds which do not belong to either 
family, e.g. pyochelin,26 rhizobactin,26 and 2-(3'-hydroxy-
pyrid-2'-yl)-4-methylthiazoline-4(S)-carboxylic acid (des­
ferrithiocin, DFT) (Figure 1). DFT, isolated from Strep-
tomyces antibioticus,21 was shown to form a stable 2:1 
complex with iron, (Kf = 4 X 1029 M-1).28 Furthermore, 
studies in rodents focused on the reduction of liver ferritin 
by DFT,29 and a preliminary investigation in primates30 

suggested that it was indeed an orally active iron chelator. 
A more comprehensive investigation in our laboratory 
carried out in a bile duct cannulated rat model31 as well 
as in a Cebus monkey model15-32 supported these findings 
and identified the magnitude of the drug's effectiveness. 
DFT was shown to be more efficient when given orally 
than DFO given sc. It was far superior to any of the 
numerous hydroxypyridones (including CP20 and CP94) 
and PIH analogues we have investigated.15,33 Unfortu­
nately, animals exposed to the drug chronically presented 
with nephrotoxicity.32 Nevertheless, the chelator's re­
markable gastrointestinal (GI) absorption and iron-
clearing efficiencies underscore the idea that the DFT 
skeleton represents an excellent pharmacophore on which 
to predicate the design of an orally effective iron chelator. 
However it is first necessary to identify the minimal 
structural components of DFT required for iron clearance 
in animals when the drug is given orally. 

Design Concepts 

On the basis of X-ray studies of the Cr(III)-DFT 
complex,34 the chelator likely forms a pair of diastereomeric 
2:1 complexes with Fe(III) (Figure 2). The three ligating 
centers in both diastereomers are the aromatic hydroxyl, 
the thiazoline nitrogen, and the carboxyl group. Therefore, 
the elements of functional significance in DFT iron binding 
can, in principle, be represented schematically as in Figure 

Figure 3. Chelating centers of (S)-desferrithiocin (DFT). 
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Figure 4. Structures of desferrithiocin analogues: (S)-des-
methyldesferrithiocin (1), (fl)-desmethyldesferrithiocin (2), (R)-
desazadesmethyldesferrithiocin, sodium salt (3), (S)-desmeth-
yldesferrithiocin, iV-methylhydroxamate (4), (S)-desmethyl-
de8ferrithiocinIJV-[5-(acetylhydroxyamino)pentyl]hydroxamate 
(5),2-(2'-hyd>oxyphenyl)-4(iJ)-thiazolidinecarboxylicacid(6),DL-
2-(3'-hydroxypyrid-2'-yl)-4H-5)6-aihyarc-l,3-thiazine-4-carboxy-
lic acid (7), 2-(2'-hydroxyphenyl)-4(S)-oxazolinecarboxylic acid 
(8), 2-(2'-hydroxyphenyl)-4(iJ)-oxazolinecarboxylic acid (9). 

3. Any structural alterations which compromise the ability 
of these functional groups to coordinate with iron should 
significantly reduce the compound's iron-clearing proper­
ties. This is in keeping with the earlier observation that 
removal of the desferrithiocin hydroxyl or conversion of 
the carboxyl to the corresponding methyl ester resultedin 
inactive compounds.31 However, modification of the 
nonchelating fragments such as removal of the thiazoline 
methyl (1 and 2) and also the aromatic nitrogen (3) (Figure 
4) had little impact on the deferration properties of the 
resulting molecules. These observations do not necessarily 
mean that the chelating functionalities cannot be modified 
without interfering with iron clearance or for that matter 
that alteration of other nonchelating fragments will not 
impact on the molecule's iron-clearing properties. Further 
structure-activity studies were obviously in order. In this 
paper, we focus on the significance of thiazoline ring and 
carboxyl group modifications on the compound's activity 
(Figure 4). The carboxyl group modifications involved 
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Scheme 1.° Synthesis of (S)-Desmethyldesferrithiocin 
Hydroxamates 4 and 5 

Scheme 3." Synthesis of Oxazoline Analogue 8 
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Scheme 2.° Synthesis of N-[5-(Acetylhydroxyamino)-
pentyl] hydroxylamine (10) 

BOCNHOCH2Ph 

11 

OCH2Ph 

OCH2Ph 

OCH2Ph OCH2Ph 
13 R = H 

14 R=Ac 

17 R = BOC 

10 R = HTFA 
0 Reagents: (a) C1(CH2)5C1 (excess)/NaH/DMF, (b) TFA/CH2C12) 

(c) AcCl/NaOH/CH2Cl2> (d) 11/NaH/DMF, (e) AcNHOCH2Ph (15)/ 
NaH/DMF, (f) Hi/Pd-C/MeOH. 

conversion of (S)-desmethyldesferrithiocin (1) to hydrox­
amates 4 and 5. The iron-clearing properties of the 
modified systems were then compared with that of the 
parent compound 1. In evaluating the significance of the 
thiazoline sulfur and double bond, a desazadesmethyldes-
ferrithiocin (3) was chosen as the parent system on which 
to conduct the structural modifications. The sulfur of the 
desazadesmethyl compound was replaced with an oxygen 
by condensation of a 2-hydroxybenzimidate ester with (S)-
or (ft)-serine to generate 8 and 9. The thiazoline double-
bond-reduced analogue 6 was obtained from a cyclode-
hydration reaction of L-cysteine with 2-hydroxybenzal-
dehyde. Finally the six-membered ring analogue (7) of 
desmethyldesferrithiocin was synthesized by a condensa­
tion of D,L-homocysteine with 3-hydroxy-2-pyridinenitrile. 
The resulting thiazine was compared with (S)-desmeth-
yldesferrithiocin (1) as a positive control. 

Synthetic Methods 

The key step in the synthesis of the hydroxamates 
involved N-acylation of either AT-methylhydroxylamine 
or N- [5- (acetylhydroxyamino) pentyl] hy droxylamine (10) 
with (S)-desmethyldesferrithiocin (1) employing benzo-
triazol-1 -yloxytris(dimethylamino) phosphonium hexaflu-
orophosphate (BOP) as a condensing agent35 (Scheme 1). 
However, synthesis of the hydroxylamine hydroxamate 
required for accessing dihydroxamate 5 (Figure 4) was 
somewhat more complicated (Scheme 2). N-(tert-Bu-
toxycarbonyl)-0-benzylhydroxylamine (ll)3 6 was first 
alkylated with excess 1,5-dichloropentane (NaH/DMF) 
to produce the monohalide 12. The tert-butoxycarbonyl 
(BOC) protecting group was next removed with trifluo-

NH jj*. ,.C02R 
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8 R = H 
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Scheme 4." Synthesis of DL-2-(3'-Hydroxypyrid-2'-yl)-
4ff-5,6-dihydro-l,3-thiazine-4-carboxylic acid (7) 
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roacetic acid (TFA)/CH2Cl2, providingN-(5-chloropentyl)-
O-benzylhydroxylamine (13). This stable amino halide 
can be acylated with a variety of activated esters; thus a 
series of desmethyldesferrithiocin dihydroxamate ana­
logues could readily be generated. Exposure of 13 to acetyl 
chloride under Schotten-Baumann conditions led to 
N-acetyl-iV-(5-chloropentyl)-0-benzylhydroxylamine(14), 
which was reacted with the anion of JV-BOC-O-benzyl-
hydroxylamine (11) in DMF to produce fully protected 
hydroxylamine hydroxamate 16. A less versatile but more 
direct route to synthon 16 involved N-alkylation of 
iV-acetyl-O-benzylhydroxylamine (15)37 with chloride 12. 
Hydrogenation of 16 to di-iV-hydroxy compound 17 
followed by cleavage of the BOC protecting group furnished 
hydroxylamine hydroxamate 10. Hydrogenolysis of the 
benzyl groups of 16 before removal of the BOC protecting 
moiety ensured that overreduction of the benzyloxyamine 
to a primary amine did not occur. Coupling of hydroxy­
lamine 10 with (S)-desmethyldesferrithiocin (1) using BOP 
completed the synthesis of chelator 5 (Scheme 1). It is 
noteworthy that when acylations of iV-methylhydroxy-
lamine or hydroxylamine 10 with acid 1 were carried out 
with AMiydroxysuccinimide and 1,3-dicyclohexylcarbo-
diimide, the resulting products were almost completely 
racemized as indicated by rotation values that approached 
zero relative to those obtained with the BOP-promoted 
condensations. 

Enantiomeric oxazolines 8 and 9, oxygen analogues of 
the desazadesmethyldesferrithiocin system 3 (Figure 4) 
were prepared by condensation of the benzyl ester of L-
or D-serine,38 respectively, with ethyl 2-hydroxybenzimi­
date (19)39 followed by hydrogenolysis of benzyl ester 20 
or 21, respectively, under mild conditions (1 atm, 10% 
Pd/C, CH3OH) (Scheme 3). As will be described below, 
neither enantiomer was active either orally or when given 
subcutaneously. Because of this we next elected to explore 
both a thiazolidine and a thiazine analogue. Condensation 
of 2-hydroxybenzaldehyde with L-cysteine produced di-
astereomeric thiazolidine 6,40 the formal reduction product 
of the thiazoline double bond of the desazadesmethyl 
chelator 3 (Figure 4). Condensation of 3-hydroxy-2-
cyanopyridine (18),41 obtained from 3-hydroxypyridine 
iV-oxide, with DL-homocysteine afforded racemic dihydro-
1,3-thiazine 7 (Scheme 4) a six membered analogue of 
enantiomers 1 and 2 (Figure 4). If either of these mixtures 
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Figure 5. Response of the bile duct cannulated rats to DFO 
administered sc and po at 150 £tmol/kg, analogues 1,2,3,6, and 
7 given orally at 150 jumol/kg and analogues 8 and 9 dosed at 300 
/umol/kg po. 

had shown significant activity, synthesis and testing of its 
pure stereoisomers would have been pursued. 

Iron-Clearance Studies 

Rodent Model. The non-iron-overloaded bile duct 
cannulated rat represents a very useful and rapid initial 
screen of new iron chelators.31-33 The procedures employed 
in this study allow us to measure both the rate at which 
various chelators induce iron clearance in the bile and 
urine and the total iron cleared. While there is a problem 
of interruption of enterohepatic circulation, which can 
lead to an overestimation of fecal iron excretion, if the 
ligand of interest does not induce iron clearance in the 
bile or the urine, then additional investigations are 
unnecessary. 

Thiazoline-Ring-Modified Pharmacophore. All of 
the chelators in Figure 4 were administered orally (po) in 
40% Cremophor RH-40/water. The Cremophor vehicle 
was utilized to assure that all of the chelators were equally 
soluble. DFO was administered po and sc at 150 jumol/kg, 
and (S)- and (fl)-desmethyldesferrithiocin (1 and 2) and 
(i?)-desazadesmethyldesferrithiocin, sodium salt (3), were 
given po at 150 ̂ mol/kg in the same vehicle. DFO cleared 
232 ± 42 Mg/kg of iron when administered sc with an 
efficiency of 2.8 ± 0.7% and 86 ± 14 jug/kg of iron when 
given po with an efficiency of 1.0 ± 0.5%. The sc route 
is clearly more effective (p < 0.001). Desmethyldesfer-
rithiocin in the (S)-configuration (1), given at the same 
dose, induced 101 ± 20 Mg/kg of iron (Figure 5) with an 
efficiency of 2.4 ± 0.6%. The (fl)-enantiomer (2) at the 
same dose was slightly more effective, generating 166 ± 
137 /ug/kg of iron with an efficiency of 3.9 ±1.8% (p > 
0.12). (iJ)-Desazadesmethyldesferrithiocin, sodium salt 
(3), behaved very similarly to (i?)-desmethyldesferrithiocin 
(2) (p > 0.85). At 150 ^mol/kg of 3,176 ± 28 /ug/kg of iron 
was excreted with an efficiency of 4.2 ± 1.6%. 

Substitution of the desazadesmethyldesferrithiocin 
sulfur with an oxygen to form either the corresponding 
(S)- or (i?)-desazadesmethyldesferrithiocin oxazoline ana­
logues (8 or 9) resulted in compounds that were essentially 
inactive at doses as high as 300 jtmol/kg po. Even when 
the oxazoline analogues were administered sc at a dose of 
300 Mmol/kg, there was no iron clearance response. The 
same scenario was realized on expansion of the desmeth-
yldesferrithiocin ring to a dihydro-l,3-thiazine system (7), 
or when the desazadesmethyldesferrithiocin double bond 
was formally reduced to the corresponding secondary 
amine, thiazolidine (6). 

DFO fs.c.) DFO (p.o 

Figure 6. Response of the bile duct cannulated rats to DFO 
administered sc and po at 150 ̂ mol/kg, and analogues 1,2,4, and 
5 given orally at 150 junol/kg. 

On the basis of simple coordination-chemistry consid­
erations, the poor iron-clearing properties observed on 
expanding the thiazoline ring or replacing sulfur with an 
oxygen make little sense. Furthermore, although it is true 
that conversion of the thiazoline to a thiazolidine might 
be expected to result in a ligand with different iron-
binding properties than the parent desazadesmethyldes­
ferrithiocin, its complete inactivity is difficult to ratio­
nalize. 

Carboxylate-Modified Pharmacophore. Conversion 
of (S)-desmethyldesferrithiocin (1) to the corresponding 
iV-methylhydroxamate (4) resulted in a compound which 
was active. At 150 jtmol/kg, the drug induced 131 ± 13 
Mg/kg of iron (Figure 6) with an efficiency of 3.1 ± 0.4%. 
It is important to point out that Job's plots revealed that 
this compound was forming a 2:1 complex with Fe(III). 
Thus its efficiency is between those of desmethyldesfer-
rithiocins 1 and 2. This stoichiometry is probably related 
to the fact that the distance between the hydroxamate 
and the aromatic oxygen and thiazoline nitrogen is not 
sufficient to utilize all of the coordinating capacity of the 
hydroxamate. Normally, we would have expected 4 to 
form a 3:2 complex with Fe(III). In addition, the cor­
responding (S)-desmethyldesferrithiocin dihydroxamate 
hexacoordinate ligand (5) was also tested. When the ligand 
was administered po at a dose of 150 jumol/kg, its i r o n 

clearance was 156 ± 45 Mg/kg. The stoichiometry of the 
Fe(III)-5 chelate, although largely 3:2 from the Job's plots, 
is more complicated and thus the efficiency of the ligand 
is difficult to calculate. However, based on the fraction 
of 3:2 complex, its efficiency is similar to that of (R)-
desmethyldesferrithiocin (2) (Figure 6). 

The results of the present study clearly indicate that 
formal reduction of the desazadesmethyldesferrithiocin 
thiazoline to a thiazolidine (6), expansion of the des-
methyldesferrithiocin thiazoline to a thiazine (7), or 
substitution of the thiazoline sulfur of desazadesmeth­
yldesferrithiocin by an oxygen (8 and 9) lead to a 
substantial loss of activity of the desferrithiocin phar­
macophore. However, conversion of (S)-desmethyldes-
ferrithiocin (1) to an iV-methylhydroxamate (4) or to the 
hexacoordinate dihydroxamate ligand (5) results in active 
compounds. These studies in conjunction with our 
previous work31 define a number of critical structural 
components of a molecule containing the desferrithiocin 
pharmacophore required for oral activity. Of the non-
chelating functionalities, the aromatic nitrogen and the 
thiazoline methyl of DFT are not necessary while the sulfur 
atom is required. Of the chelating functionalities, the 
aromatic hydroxyl and thiazoline nitrogen are critical for 
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activity, while the carboxyl group can be altered. However, 
the carboxyl changes are restricted, tha t is, conversion to 
simple esters is problematic while the desmethyldesfer-
rithiocin hydroxamates are active. Previous studies in 
our laboratories have shown tha t small hydroxamates are 
not absorbed across the GI tract.42 If in fact the des-
methyldesferrithiocin hydroxamates are absorbed across 
the GI tract intact, this suggests tha t the desferrithiocin 
pharmacophore may serve as a vector for other kinds of 
chelators. We are currently preparing radiolabeled hy­
droxamates to study GI transport . 

E x p e r i m e n t a l Sec t ion 

L-Serine benzyl ester hydrochloride was obtained from Sigma 
Chemical Co. All other reagents were purchased from Aldrich 
Chemical Co. and were used without further purification. Fisher 
Optima-grade solvents were routinely used, and DMF was 
distilled. Organic extracts were dried with sodium sulfate. 
Glassware that was presoaked in 3 N HC1 for 15 min, and distilled 
solvents were employed for reactions involving chelators. Silica 
gel 60 (70-230 mesh) obtained from EM Science (Darmstadt, 
Germany) or Lipophilic Sephadex LH-20 from Sigma Chemical 
Co. was used for column chromatography. Melting points were 
determined on a Fisher-Johns melting point apparatus and are 
uncorrected. Proton NMR spectra were recorded at 90 or 300 
MHz in CDC13 unless otherwise indicated with chemical shifts 
given in parts per million downfield from an internal tetra-
methylsilane standard. Coupling constants (J) are in hertz. Mass 
spectra were carried out on a Fennigan 4516 instrument. Optical 
rotations were run in CH3OH at 589 nm (sodium D line) at 25 
°C with c as grams of compound per 100 mL of solution. 
Elemental analyses were performed by Atlantic Microlabs, 
Norcross, GA. Cremophor RH-40 was obtained from BASF, 
Parsippany, NJ. Sprague-Dawley rats were purchased from 
Charles River, Wilmington, MA. Nalgene metabolic cages, rat 
jackets, and fluid swivels were purchased from Harvard Bio-
science, South Natick, MA. Intramedic polyethylene tubing PE 
50 was obtained from Fisher Scientific, Pittsburgh, PA. 

Atomic Absorption Iron Determinations. Bile and urine 
samples were analyzed on a Perkin-Elmer 5100 PC atomic 
absorption spectrophotometer fitted with a model AS-51 au-
tosampler using a quartz sampling probe as previously described.16 

Bile Duct Cannulation. Male Sprague-Dawley rats averag­
ing 400 g were housed in Nalgene plastic metabolic cages and 
were given free access to water. The animals were anesthetized 
using sodium pentobarbital (50 mg/kg), given ip. The bile duct 
was cannulated using 22-gauge PE 50 tubing, which was inserted 
approximately 2 cm into the duct and tied firmly in place. 

A skin tunneling needle was inserted from the shoulder area 
around to the abdominal incision. The cannula was threaded 
through the needle until it emerged from the shoulder opening. 
The cannula was then passed from the animal to the swivel inside 
a metal torque-transmitting tether, which was attached to a rodent 
jacket. The cannula was directed from the animal to a Gilson 
micro fraction collector by a fluid swivel mounted above the 
metabolic cage. This system allowed the animal to move freely 
in the cage while continuous bile samples were being collected. 
Bile samples were collected in plastic disposable tubes at 3-h 
intervals for 24 h. Urine samples were collected in plastic 
disposable tubes for 24 h. 

Preparation of Drugs. Drug solutions were prepared in 60 % 
water, 40% Cremophor RH-40. 

(5)-Desmethyldesferrithiocin, JV-Methylhydroxamate (4). 
BOP (442.3 mg, 1.0 mmol) was added to a solution of 1 (224.2 
mg, 1.0 mmol) and iV-methylhydroxylamine hydrochloride (83.52 
mg, 1.0 mmol) in DMF (8 mL) at 0 °C. A solution of 
diisopropylethylamine (DIEA, 129.2 mg, 1.0 mmol) in DMF (2 
mL) was added dropwise to the above solution at 0 °C. The 
mixture was stirred at 0 °C for 15 min and at room temperature 
overnight. Solvent was removed under high vacuum, and the 
residue was treated with EtO Ac (30 mL). The organic phase was 
washed with 10-mL portions of saturated NaHC03, saturated 
NaCl, 10% citric acid, and saturated NaCl, and solvent was 
removed by rotary evaporation. Purification of the residue on 

a Sephadex LH-20 column, eluting with 3% EtOH/toluene, 
produced 120 mg (47%) of 4 as a yellow solid: [a]D -41.3° (c 
2.34); NMR (CDCl3/d6-DMS0) 6 3.27 (s, 3 H), 3.53 (dd, 2 H, J 
= 9, 6), 5.70 (t, 1 H, J = 9), 7.30 (d, 2 H, J = 3), 8.10 (t, 1 H, J 
= 3). Anal. (CioHnNsOsS) C, H, N. 

(S)-Desmethyldesferrithiocin, N- [5- (Acety lhydroxyami-
no)pentyl]hydroxamate (5). BOP (178.7 mg, 0.404 mmol) was 
added to a solution of 10 (86.0 mg, 0.404 mmol) and 1 (90.58 mg, 
0.404 mmol) in DMF (8 mL) at 0 °C. A solution of DIEA (52.2 
mg, 0.404 mmol) in DMF (2 mL) was added dropwise to the cold 
solution. The mixture was stirred at 0 ° C for 15 min and at room 
temperature overnight. Solvent was removed under high vacuum, 
and the residue was treated with EtO Ac (40 mL). Product was 
isolated and purified by the procedure of 4 to furnish 93 mg 
(60%) of 5 as an oil: [a]D-16.7° (c 9.85); NMR (CD3OD) S 1.30-
1.90 (m, 6 H), 2.06 (s, 3 H), 3.40-3.80 (m, 6 H), 5.93 (t, 1 H, J = 
9), 7.33 (d, 2 H, J = 3), 8.06 (t, 1 H, J = 3); HRMS calcd 
C16H23N4O5S 383.1389 (M +1), C i e H ^ O s S (M), 382.1311, found 
383.1406 (M + 1), 382.1344 (M). 

N-(tert-Butoxycarbonyl)-iV-(5-chloropentyl)-0-benzyl-
hydroxylamine (12). NaH (80 %, 0.591 g, 19.7 mmol) was added 
in portions to a solution of l l3 6 (4.0 g, 17.91 mmol) in DMF (60 
mL) at 0 °C. The mixture was stirred at 0 °C for 30 min, and 
1,5-dichloropentane (12.76 g, 89.55 mmol) in DMF (60 mL) was 
slowly added. The mixture was stirred at 0 °C for an additional 
20 min and at 70-80 °C overnight. Solvent was removed under 
high vacuum, and the residue was cooled to 0 °C and quenched 
with H20 (50 mL) at 0 °C. Extraction with CH2C12 (4 X 40 mL), 
evaporation of solvent, and purification by silica gel column 
chromatography, eluting with 1:29:70 EtOAc/CHCls/hexane, gave 
4.32 g (74%) of 12 as an oil: NMR 6 1.47 (s, 9 H), 1.30-1.90 (m, 
6 H), 3.40 (t, 2 H, J = 6), 3.47 (t, 2 H, J = 6), 4.80 (s, 2 H), 7.30 
(s, 5 H). Anal. (CrrHugClNOs) C, H, N. 

JV-(5-Chloropentyl)-0-benzylhydroxylamine (13). Tri-
fluoroacetic acid (10 mL) was added dropwise to a solution of 12 
(3.00 g, 9.15 mmol) in CH2C12 (60 mL) at 0 °C. The solution was 
stirred at 0 °C for 20 min and at room temperature for 15 min, 
and volatile material was removed in vacuo. The residue was 
treated with saturated NaHC03 (60 mL) and extracted with CH2-
Cl2 (4 X 50 mL). Evaporation of solvent and purification on a 
short silica gel column, eluting with CH2C12, gave 13 (quantitative) 
as an oil: NMR 6 1.33-1.90 (m, 6 H), 2.87 (t, 2 H, J = 6), 3.43 
(t, 2 H, J = 6), 4.30 (br s, 1H), 4.60 (s, 2 H), 7.18 (s, 5 H). Anal. 
(Ci2H18ClNO) C, H, N. 

N- Acetyl- iV-(5-chloropentyl)-0-benzylhydroxylamine (14). 
Aqueous 1 N NaOH (25 mL) was added to a solution of 13 (2.13 
g, 9.35 mmol) in CH2C12 (35 mL) at 0 °C. Acetyl chloride (1.123 
g, 14.02 mmol) in CH2C12 (15 mL) was added dropwise at 0 °C, 
and the biphasic mixture was stirred at 0 °C for 20 min and then 
at room temperature overnight. The layers were separated, and 
the aqueous portion was further extracted with CH2C12 (3 X 50 
mL). The organic extracts were washed with brine (100 mL) and 
concentrated. Purification by silica gel column chromatography 
using 20% EtOAc/hexanegave2.41g(96%)of Has an oil: NMR 
5 1.33-1.90 (m, 6 H), 2.07 (s, 3 H), 3.48 (t, 2 H, J = 6), 3.60 (t, 
2H ) t /=6) ,4 .80(s ,2H),7 .33(s ,5H). Anal. (C14H2oClN02) C, 
H, N. 

N- Acety 1-JV- (terf-butoxy carbony 1) - JVJV-bis (ben zy loxy) -
l,5-pentanediamine(16). MethodA. NaH(80%,0.323g, 10.7 
mmol) was added in portions to a solution of 11 (2.19 g, 9.79 
mmol) in DMF (45 mL) at 0 °C. The mixture was stirred at 0 
°C for 30 min, and 14 (2.4 g, 8.9 mmol) in DMF (15 mL) was 
slowly added following the procedure of 12. Silica gel column 
chromatography using 6:2:1 hexane/EtOAc/CHCl3 generated 3.85 
g (95%) of 16 as an oil: NMR 5 1.23-1.80 (m, 6 H), 1.47 (s, 9 H), 
2.03 (s, 3 H), 3.36 (t, 2 H, J = 6), 3.57 (t, 2 H, J = 6), 4.76 (s, 2 
H), 4.78 (s, 2 H), 7.30 (s, 5 H). Anal. (CasHseNA.) C, H, N. 

Method B. NaH (80%, 1.16 g, 38.7 mmol) was added in 
portions to 1537 (5.9 g, 35.5 mmol) in DMF (50 mL) at 0 °C. The 
mixture was stirred at 0 °C for 30 min, and a solution of 12 (10.6 
g, 32.3 mmol) in DMF (30 mL) was slowly introduced, following 
the procedure of 12. Silica gel column chromatography using 
10% acetone/hexane gave 7.1 g (50%) of 16 as an oil. 

iV-Acetyl-iV-(tert-butoxycarbonyl)-iV,JV-dihydroxy-l,5-
pentanediamine (17). A solution of 16 (1020 mg, 2.234 mmol) 
was dissolved in distilled CH3OH (80 mL) and degassed with N2. 
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10% Pd-C (0.2 g) was added, and the suspension further degassed 
by N2. Hydrogenation (1 atm, room temperature) was carried 
out for 2 h. The catalyst was filtered and washed with distilled 
CH3OH (60 mL). After solvent removal, the crude oil was purified 
by Sephadex LH-20 column chromatography using 4% EtOH/ 
toluene to give 490 mg (79%) of 17 as an oil: NMR (CD3OD) & 
1.20-1.83 (m, 6 H), 1.46 (s, 9 H), 2.07 (s, 3 H), 3.40-3.73 (m, 4 H). 
Anal. (CUHMNJOS) C, H, N. 

N-Acetyl-JV,JV-dihydroxy- 1,5-pentanediamine Trifluo-
roacetate (10). Trifluoroacetic acid (6 mL) was added dropwise 
to 17 (540 mg, 1.954 mmol) in CH2C12 (20 mL) at 0 °C following 
the procedure of 13. The concentrate was repeatedly treated 
with dry benzene and dried in vacuo to provide 10 in quantitative 
yield as an oil: NMR (CD3OD) b 1.23-1.87 (m, 6 H), 2.07 (s, 9 
H), 3.06-3.23 (m, 2 H), 3.60 (t, 2 H, J = 6). 

2-(2'-Hydroxyphenyl)-4(.R)-tb.iazolidinecarboxylic acid 
(6) was prepared as a white solid from 2-hydroxybenzaldehyde 
and L-cysteine by a known procedure, mp 167-169 6C (dec) (lit. 
mp 171-173 °C (dec),40 164-166 °C43). 

Benzyl 2-(2'-Hydroxyphenyl)-4(,S)-oxazolinecarboxylic 
Acid (20). L-Serine benzyl ester hydrochloride (1.0 g, 4.3 mmol) 
and 1939 (0.788 g, 4.8 mmol) were heated at reflux in CH3OH (30 
mL) under nitrogen for 12 h. Solvent was removed by rotary 
evaporation and the residue treated with EtOAc (30 mL) and 
H20 (30 mL). After stirring for 30 min, the layers were separated, 
and the aqueous phase was further extracted with EtOAc (30 
mL). Concentration of the organic extracts and purification by 
silica gel column chromatography using CHC13 produced 703 mg 
(56%) of 20 as a pale yellow solid: NMR S 4.4-4.7 (m, 1 H), 
4.85-5.10 (dd, 2 H, J = 11,7), 5.19 (s, 2 H), 6.7-7.9 (m, 9 H), 11.55 
(s, 1 H). Anal. (Ci7H16N04) C, H, N. 

2-(2'-Hydroxyphenyl)-4(S)-oxazolinecarboxylic Acid (8). 
Compound 20 (1.0 g, 3.4 mmol) was dissolved in distilled CH3OH 
(30 mL), and 10% Pd-C (36 mg) was introduced under N2. The 
mixture was stirred under hydrogen (1 atm, room temperature) 
for 1 h, solids were filtered, and the filtrate was concentrated. 
Chromatography with Sephadex LH-20 eluting with 1 % EtOH/ 
toluene afforded 453 mg (65%) of 8 as a glass: NMR (10:1 CDCW 
d6-DMSO)S 4.7-5.1 (m, 3 H), 6.7-7.7 (m, 6 H). Anal. (C10H9NO4) 
C, H, N. 

Benzyl 2-(2'-Hydroxyphenyl)-4(J?)-oxazolinecarboxylic 
acid (21) was prepared from D-serine benzyl ester benzene-
sulfonate38 and 19 by the method of 20. 

2-(2'-Hydroxyphenyl)-4(22)-oxazolinecarboxylic acid (9) 
was synthesized from 21 by the method of 8. Anal. (C10H9NO4) 
C, H, N. 

DL-2-(3'-Hydroxypyrid-2'-yl)-4ff-5,6-dihydro-l,3-thiazine-
4-carboxylic Acid (7). DL-Homocysteine (928 mg, 6.66 mmol) 
was suspended in distilled CH3OH (20 mL) and phosphate buffer 
(12 mL) at pH 5.95. The mixture was degassed with N2, and 1841 

(400 mg, 3.33 mmol) was added in portions. The mixture was 
stirred at 50 °C for 4 days; after 5 h, the pH was adjusted to 6. 
Solvent was removed by rotary evaporation, and the pH was 
adjusted to 2.8 by concentrated phosphoric acid at 0 °C. The 
precipitate was filtered, washed with ice water, and dried 
azeotropically with benzene and then under high vacuum to 
produce 546 mg (71%) of 7 as a solid: NMR 5 1.66-1.80 (m, 1 
H), 2.32-2.52 (m, 1 H), 3.00-3.30 (m, 2 H), 4.58 (dd, 1H, J = 10, 
4.5), 7.34 (d, 2 H, J = 3), 8.20 (t, 1 H, J = 3), 13.10 (br s, 1 H), 
14.10 (br s, 1 H). Anal. (C10H10N2O3S) C, H, N. 

Acknowledgment. Partial support was provided by 
National Institutes of Health Grant No. R01HL42817. 

References 
(1) Raymond, K. N.; Carrano, C. J. Coordination Chemistry and 

Microbial Iron Transport. Ace. Chem. Res. 1979, 12, 183-190. 
(2) Bergeron, R. J. Iron: A Controlling Nutrient in Proliferative 

Processes. Trends in Biochem. Sci. 1986,11, 133-136. 
(3) Finch, C. A.; Huebers, H. A. Iron Metabolism. Clin. Physiol. 

Biochem. 1986, 4, 5-10. 
(4) Hallberg, L. Bioavailability of Dietary Iron in Man. Ann. Rev. 

Nutr. 1981, 1, 123-147. 
(5) Finch, C. A.; Huebers, H. Perspectives in Iron Metabolism. N. 

Engl. J. Med. 1982, 306, 1520-1528. 

Bergeron et al. 

(6) Finch, C. A.; Cook, J. D.; Eachback, J. W.; Harker, L. A.; Funk, D. 
D.; Marsaglia, G.; Hillman, R. S.; Slichter, S.; Adamson, J. W.; 
Ganzoni, A.; Biblett, E. R. Ferrokinetics in Man. Medicine 
(.Baltimore) 1970, 49, 17-53. 

(7) Seligman, P. A.; Klausner, R. D.; Huebers, H. A. Molecular 
Mechanisms of Iron Metabolism In The Molecular Basis of Blood 
Diseases; Stamatoyannopoulos, G., Nienhuis, A. W., Leder, P., 
Majeris, P. W., Eds.; Saunders: Philadelphia, 1987; p 219. 

(8) O'Connell, M. J.; Ward, R. J.; Baum, H.; Peters, T. J. The Role of 
Iron in Ferritin- and Haemosiderin-Mediated Lipid Peroxidation 
in Liposomes. Biochem. J. 1985, 229, 135-139. 

(9) Thomas, C. E.; Morehouse, L. A.; Aust, S. D. Ferritin and 
Superoxide-Dependent Lipid Peroxidation. J. Biol. Chem. 1985, 
260, 3275-3280. 

(10) Weintraub, L. R.; Conrad, M. E.; Crosby, W. H. The Treatment 
of Hemochromatosis by Phlebotomy. Med. Clin. N. Am. 1966,50, 
1579-1590. 

(11) Hoffbrand, A. V. Transfusion Siderosis and Chelation Therapy in 
Iron in Biochemistry and Medicine, II; Jacobs, A.; Worwood, M., 
Eds.; Academic Press: London, 1980; p 499. 

(12) Brittenham,G.M.PyridoxalIsonicotinoylHydrazone: An Effective 
Iron-Chelator after Oral Administration. Semin. Hematol. 1990, 
27,112-116. 

(13) Bickel, H.; Hall, G. E.; Keller-Schierlein, W.; Prelog, V.; Vischer, 
E.; Wettstein, A. Metabolic Properties of Actinomycetes. Ferri-
oxamine B. Helv. Chim. Acta 1960, 43, 2129-2138. 

(14) Anderegg, G.; L'Eplattenier, F.; Schwarzenbach, G. Hydroxamate 
Complexes. III. Iron (III) Exchange between Sideramines and 
Complexones. A Discussion of the Formation Constants of the 
Hydroxamate Complexes. Helv. Chim. Acta 1963, 46, 1409-
1422. 

(15) Bergeron,R.J.;Streiff,R.R.;Wiegand,J.;Vinson,J.R.T.;Luchetta, 
G.; Evans, K. M.; Peter, H.; Jenny, H.-B. A Comparative Evaluation 
of Iron Clearance Models. Ann. N. Y. Acad. Sci. 1990,612, 378-
393. 

(16) Kirking, M. H. Treatment of Chronic Iron Overload. Clin.Pharm. 
1991,10, 775-783. 

(17) Ponka, P.; Borova, J.; Neuwirt, J.; Fuchs, O. Mobilization of Iron 
from Reticulocytes: Identification of Pyridoxal Isonicotinoyl 
Hydrazone as a New Iron Chelating Agent. FEBS Lett. 1979,97, 
317-321. 

(18) Uhlir, L. C; Durbin, P. W.; Jeung, N.; Raymond, K. N. Specific 
Sequestering Agents for the Actinides. 21. Synthesis and Initial 
Biological Testing of Octadentate Mixed Catecholate-Hydroxy-
pyridinonate Ligands. J. Med. Chem. 1993, 36, 504-509. 

(19) Kontoghiorghes, G. J.; Aldouri, M. A.; Sheppard, L.; Hoffbrand, 
A. V.l,2-Dimethyl-3-hydioxypvrid-4-one, an Orally Active Chelator 
for the Treatment of Iron Overload. Lancet 1987,1,1294-1295. 

(20) Grady, R. W.; Hershko, C. HBED: A Potential Oral Iron Chelator. 
Ann. N. Y. Acad. Sci. 1990, 612, 361-368. 

(21) Guterman, S. K.; Morris, P. M.; Tannenberg, W. J. K. Feasibility 
of Enterochelin as an Iron-Chelating Drug: Studies with Human 
Serum and a Mouse Model System. Gen. Pharmac. 1978,9,123-
127. 

(22) Grady, R. W.; Peterson, C. M.; Jones, R. L.; Graziano, J. H.; 
Bhargava, K. K.; Berdoukas, V. A.; Kokkini, G.; Loukopoulos, D.; 
Cerami, A. Rhodotorulic Acid-Investigation of its Potential as an 
Iron-Chelating Drug. J. Pharmacol. Exp. Ther. 1979, 209, 342-
348. 

(23) Bergeron, R. J. Synthesis and Solution Structure of Microbial 
Siderophores. Chem. Rev. 1984, 84, 587-602. 

(24) Bergeron, R. J.; McManis, J. S. Synthesis of Catecholamide and 
Hydroxamate Siderophores. In Handbook of Microbial Iron 
Chelates, Winkelmann, G„ Ed.; CRC Press: Boca Raton, 1991; p 
271-307. 

(25) Cox, C. D.; Rinehart, K. L., Jr.; Moore, M. L.; Cook, J. C, Jr. 
Pyochelin: Novel Structure of an Iron-Chelating Growth Promoter 
for Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. U.S.A. 1981, 
78, 4256-4260. 

(26) Smith, M. J. Total Synthesis and Absolute Configuration of 
Rhizobactin, a Structurally Novel Siderophore. Tetrahedron Lett. 
1989, 30, 313-316. 

(27) Naegeli, H. U.; Zaehner, H. Metabolites of Microorganisms. Part 
193. Ferrithiocin. Helv. Chim. Acta 1980, 63, 1400-1406. 

(28) Anderegg, G.; Raeber, M. Metal Complex Formation of a New 
Siderophore Desferrithiocin and of Three Related Ligands. </. 
Chem. Soc, Chem. Commun. 1990, 1194-1196. 

(29) Longueville, A.; Crichton, R. R. An Animal Model of Iron Overload 
and its Application to Study Hepatic Ferritin Iron Mobilization by 
Chelators. Biochem. Pharm. 1986, 35, 3669-3678. 

(30) Wolfe, L. C; Nicolosi, R. J.; Renaud, M. M.; Finger, J.; Hegsted, 
M.; Peter, H.; Nathan, D. G. A Non-Human Primate Model for the 
Study of Oral Iron Chelators. Br. J. Haematol. 1989,72,456-461. 

(31) Bergeron, R. J.; Wiegand, J.; Dionis, J. B.; Egli-Karmakka, M.; 
Frei, J.; Huxley-Tencer, A.; Peter, H. H. Evaluation of Desfer­
rithiocin and its Synthetic Analogues as Orally Effective Iron 
Chelators. J. Med. Chem. 1991, 34, 2072-2078. 



The Desferrithiocin Pharmacophore 

(32) Bergeron, R. J.; Streiff, R. R.; Creary, E. A.; Daniels, R. D., Jr.; 
King, W.; Luchetta, G.; Wiegand, J.; Moerker, T.; Peter, H. H. A 
Comparative Study of the Iron-Clearing Properties of Desfer­
rithiocin Analogues with Desferriozamine B in a Cebus Monkey 
Model. Blood 1993, 81, 2166-2173. 

(33) Bergeron, R. J.; Streiff, R. R.; Wiegand, J.; Luchetta, G.; Creary, 
E. A.; Peter, H. H. A Comparison of the Iron-Clearing Properties 
ofl,2-Dimethyl-3-hydroxypyrid-4-one,l,2-Diethyl-3-hydroxypyrid-
4-one and Deferoxamine. Blood 1992, 79,1882-1890. 

(34) Hahn, F. E.;McMurry, T. J.; Hugi,A.;Raymond, K. N. Coordination 
Chemistry of Microbial Iron Transport. 42. Structural and 
Spectroscopic Characterization of Diastereomeric Cr(III) and Co-
(III) Complexes of Desferrithiocin. J. Am. Chem. Soc. 1990,112, 
1854-1860. 

(35) Martinez, J.; Laur, J.; Castro, B. On the Use of Carboxamidomethyl 
Esters (CAM Esters) in the Synthesis of Model Peptides. Scope 
and Limitations. Tetrahedron 1985, 41, 739-743. 

(36) Bergeron, R. J.; McManis, J. S. The Total Synthesis of Bisucaberin. 
Tetrahedron 1989, 45, 4939-4944. 

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 10 1417 

(37) Cooley, J. H.; Bills, W. D.; Throckmorton, J. R. Preparation of 
Some Alkyl-Substituted Monohydroxamic Acids, JV-Acyl-O-
alkylhydroxylamines. J. Org. Chem. 1960, 25,1734-1736. 

(38) Jackson, R. F. W.; Wishart, N.; Wood, A.; James, K.; Wythes, M. 
J. Preparation of Enantiomerically Pure Protected 4-Oxo-a-amino 
Acids and 3-Aryl-a-amino Acids from Serine. J. Org. Chem. 1992, 
57, 3397-3404. 

(39) Bergeron, R. J.; Kline, S. J. Short Synthesis of Parabactin. J. Am. 
Chem. Soc. 1982,104, 4489-4492. 

(40) Fulop, F.; Mattinen, J.; Pihlaja, K. Ring-Chain Tautomerism in 
1,3-Thiazolidines. Tetrahedron 1990, 46, 6545-6552. 

(41) Vorbruggen, H.; Krolikiewicz, K. TrimethyUilanol as Leaving 
Group, in. A Simple One-Step Conversion of Aromatic Hetero­
cyclic N-Oxides to a-Cyano Aromatic N-Heterocycles. Synthesis 
1983, 316-319. 

(42) Bergeron, R. J.; Liu, Z.-R.; McManis, J. S.; Wiegand, J. Structural 
Alterations in Desferrioxamine Compatible with Iron Clearance in 
Animals. J. Med. Chem. 1992, 35, 4739-4744. 

(43) Soloway, H.; Kipnis, F.; Ornfelt, J.; Spoerri, P. E. 2-Substituted-
thiazolidine-4-carboxylic Acids. J. Am. Chem. Soc. 1948,70,1667-
1668. 


