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The utility of polyamines as vectors for the intracellular transport of iron chelators is further
described. Consistent with earlier results with polyamine analogues, these studies underscore
the importance of charge in the design of polyamine-vectored chelators. Four polyamine
conjugates are synthesized, two of terephthalic acid [N1-(4-carboxy)benzoylspermine (7) and
its methyl ester (6)] and two of (S)-2-(2,4-dihydroxyphenyl)-4,5-dihydro-4-methyl-4-thiazole-
carboxylic acid [(S)-4′-(HO)-DADFT] [(S)-4,5-dihydro-2-[2-hydroxy-4-(12-amino-5,9-diazadodecyl-
oxy)phenyl]-4-methyl-4-thiazolecarboxylic acid (10) and its ethyl ester (9)]. These four molecules
were evaluated in murine leukemia L1210 cells for their impact on cell proliferation (48- and
96-h IC50 values), their ability to compete with spermidine for the polyamine transport
apparatus (Ki), and their intracellular accumulation. The data revealed that when neutral
molecules (cargo fragments) were fixed to the polyamine vector, the conjugates competed well
with spermidine for transport and were accumulated intracellularly to millimolar levels.
However, this was not the case when the cargo fragments were negatively charged. Metabolic
studies of the polyamine-vectored (S)-4′-(HO)-DADFTs in rodents indicated that not only did
the expected deaminopropylation step occur, but also a surprisingly high level of oxidative
deamination at the terminal primary nitrogens took place. Finally, the iron-clearing efficiency
of the (S)-4′-(HO)-DADFT conjugates was determined in a bile-duct-cannulated rodent model.
Attaching the ligand to a polyamine vector had a profound effect on increasing the iron-clearing
efficiency of this chelator relative to its parent drug.

Introduction
It has now become clear that manipulation of iron

levels in particular biological compartments can have
a profound effect on a number of disease processes. The
progress of disorders as diverse as Cooley’s anemia (also
known as â-thalassemia major, a hereditary anemia),
Parkinson’s disease, and reperfusion injury is known
to be iron-dependent.1-5

The low solubility of the predominant form of the
metal, iron(III) hydroxide (Ksp ) 1 × 10-39),6 in the
biosphere has necessitated the development of rather
sophisticated iron storage and transport systems in
nature. Microorganisms utilize low molecular weight
ligands, siderophores; higher eukaryotes tend to employ
proteins to transport iron (e.g., transferrin) and store
iron (e.g., ferritin).7-9 However, although the metal is
critical to life processes, it can be problematic if not
properly managed.

The deleterious effects of excess iron are derived from
its interaction with reactive oxygen species, such as
endogenous hydrogen peroxide (H2O2). Hydrogen per-
oxide can, in the presence of Fe(II), be reduced to the
hydroxyl radical (HO•) and HO- with concomitant
oxidation of Fe(II) to Fe(III), the Fenton reaction:

The hydroxyl radical is a powerful oxidizing agent,
reacting at a diffusion-controlled rate with many dif-
ferent biomolecules. These processes further initiate

radical chain reactions, causing significant damage to
cell constituents, resulting in cell death.10-12 Because
there are any number of physiological reductants, such
as O2

•- and ascorbate, that can reduce Fe(III) back to
Fe(II), the Fenton reaction is a cyclical process.

In primates, iron metabolism is highly efficient.13-17

Little of the metal is absorbed, and no specific mecha-
nism exists for its elimination. Because it cannot be
effectively cleared, the introduction of excess iron into
this closed metabolic loop leads to chronic overload and
ultimately to peroxidative tissue damage.18-20 For ex-
ample, patients with severe hemolytic anemias such as
â-thalassemia require continued transfusions, which
increase their body iron load by 200-250 mg/unit of
blood. Unless these individuals receive chelation therapy,
they frequently die in their third decade from complica-
tions associated with iron overload. Because the liver
can no longer manage the iron through the ferritin
storage pool, the metal becomes available for Fenton
chemistry. Whereas such transfusional iron overload
disorders are often presumed to be global in nature, the
principal target organs are the liver,21-23 pancreas,24,25

and, most critically, the heart.26-28 The solution is
simple: To access, sequester, and promote the excretion
of unmanaged iron.

The iron-chelating agents now in use or under clinical
evaluation are desferrioxamine B (DFO, Desferal), 1,2-
dimethyl-3-hydroxypyridin-4-one (Deferiprone, L1), 4-
[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzoic acid
(ICL670A), and our own desferrithiocin (DFT) analogue,
(S)-4′-(HO)-DADFT [formal name (S)-2-(2,4-dihydroxy-
phenyl)-4,5-dihydro-4-methyl-4-thiazolecarboxylic acid].
DFO29 is poorly absorbed from the gastrointestinal (GI)

* Corresponding author. Phone: (352) 846-1956. Fax: (352) 392-
8406. E-mail: bergeron@mc.cop.ufl.edu.

Fe(II) + H2O2 H Fe(III) + HO• + HO-

4120 J. Med. Chem. 2005, 48, 4120-4137

10.1021/jm048974f CCC: $30.25 © 2005 American Chemical Society
Published on Web 05/17/2005



tract and rapidly eliminated from the circulation, neces-
sitating prolonged (8-12 h daily) parenteral [subcuta-
neous (sc) or intravenous (iv)] infusion.30-33 Patients
have compliance issues, and considerable effort has been
devoted to finding suitable alternatives. L1, an orally
active bidentate hydroxypyridinone, does not clear iron
well.1,34-37 ICL670A has a very narrow therapeutic
window, owing to potential nephrotoxicity. There are
also concerns about genotoxicity and reproductive
physiology.38-40

Desferrithiocin (DFT), a natural product iron chelator
(siderophore) isolated from Streptomyces antibioticus,
is one of the most orally effective deferrating agents yet
identified, but renal toxicity precluded its clinical use.
Our subsequent systematic structure-activity studies
have afforded the orally active DFT analogue (S)-4′-
(HO)-DADFT, now in phase I/II clinical trials in patients
with iron overload. We were also able to further tailor
the (S)-desazadesmethyldesferrithiocin [formal name
(S)-4,5-dihydro-2-(2-hydroxyphenyl)-4-thiazolecarbox-
ylic acid] platform both to increase iron-clearing ef-
ficiency and to target specific organs. Ligands were
assembled that achieved high levels in the organs most
affected in iron overload diseases, i.e., liver, pancreas,
and heart. The magnitude of the structure-activity
investigation required to achieve this goal was not
insignificant.41-47 This work coupled with previous DFT
structure-activity exploration underscores the need for
a more universal tool for delivering iron chelators
intracellularly, not just desferrithiocin analogues, but
chelators in general. Thus, the current paper further
explores the utility of polyamines as vectors for en-
hanced intracellular delivery of iron chelators.

Results and Discussion

Design Considerations. The current investigation
addresses three issues: (1) the significance of charge
in exploiting the polyamine transport machinery as a
conduit for intracellular transport of polyamine-linked
chelators,48 (2) the metabolic profile of the polyamine-
vectored iron chelators,49-51 and (3) the impact of the

vectoring on the iron-clearing efficiency of (S)-4′-(HO)-
DADFT in rodents.41,45,52

Polyamines [e.g. putrescine (PUT), spermidine (SPD),
and spermine (SPM)], like iron, are requisite entities
for the function of nearly all eukaryotes and prokary-
otes. These molecules, which are polycationic at physi-
ological pH, are necessary for a number of cellular
processes.53 In eukaryotes, PUT, SPD, and SPM are the
most common polyamines. Their biosynthesis begins
with the conversion of ornithine to PUT via the enzyme
ornithine decarboxylase (ODC), followed by amino-
propylation to SPD using decarboxylated S-adenosyl-
methionine via spermidine synthase.54 A second amino-
propylation of SPD occurs via spermine synthase to
afford SPM. Almost all animal cells also have a trans-
port apparatus for importing these molecules that is
capable of concentrating them against a gradient to
millimolar levels.54-56 Catabolically, SPM is acetylated
to N1-acetylspermine by spermidine-spermine N1-acetyl-
transferase (SSAT); this is oxidized to 3-acetamidopro-
panal and SPD via polyamine oxidase (PAO). Spermi-
dine is then N1-acetylated, oxidized, and hydrolyzed to
PUT and a second mole of 3-acetamidopropanal.54 It is
important to note that this acetylation and oxidation
occur at the primary amine on the 3-aminopropyl
fragment, not the 4-aminobutyl end of the molecule.

For example, as shown in Figure 1, in the liver,
N1,N11-diethylnorspermine [DENSPM; DE(3,3,3)] is de-
ethylated once to generate monoethylnorspermine and
a second time to afford norspermine; the 3-aminopropyl
fragments are then cleaved from both of these products.
However, aminobutyl fragments cannot be processed;
catabolism of N1,N14-diethylhomospermine [DEHSPM;
DE(4,4,4)] cannot proceed past de-ethylation.49-51 Thus,
when a polyamine vector is attached to a ligand, the
metabolism of the polyamine moiety would be expected
to terminate at an aminobutyl segment.

In previous studies, we have mapped the structural
boundary conditions set by the polyamine transport
apparatus on polyamine analogues.48,57-68 Although
steric issues are important,48,58,65,66 charge is critical to

Figure 1. Metabolism of diethylnorspermine [DENSPM; DE(3,3,3)] and diethylhomospermine [DEHSPM; DE(4,4,4)]. For clarity,
the metabolic byproducts are not shown.
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Table 1. L1210 Cell Growth Inhibition and Transport for Selected Polyamines, Iron Chelators, and Polyamine Conjugate Iron
Chelators

a The IC50 was estimated from growth curves for L1210 cells grown in the presence of nine different extracellular concentrations of
drug spanning four logarithmic units: 0, 0.03, 0.1, 0.3, 1.0, 3, 10, 30, and 100 µM. IC50 data are presented as the mean of at least two
experiments with variation from the mean typically 10-25% for the 96-h IC50 values. b Ki determinations were made by following analogue
inhibition of spermidine transport. All polyamine analogues exhibited simple substrate-competitive inhibition of [3H]SPD transport by
L1210 cells. Values reported in the table represent the mean of at least two or three experiments with a variation typically less than 10%.
c Unless otherwise indicated, the cells were treated for 48 h. Intracellular concentration is expressed as pmol/106 cells. Untreated L1210
cells (106) correspond to about 1 µL volume; therefore, the concentration can be estimated as micromolar. The reported values represent
the mean of triplicate determinations. d Reproduced from ref 65. e Reproduced from ref 48. f Reproduced from ref 72.
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recognition and transport of these substrates (Table
1).48,58,65,68-70 For example, N1,N12-diethylspermine
(DESPM, 1, Table 1), a tetracation at physiological pH,
competes well with spermidine for the polyamine trans-
port apparatus and is concentrated to millimolar levels
intracellularly. The DESPM analogue N1,N12-bis(2,2,2-
trifluoroethyl)spermine (FDESPM, 2) is dicationic at pH
7.4 and competes poorly with spermidine for the
polyamine transport apparatus. In the picture that
emerges (Figure 2), the polyamine transport apparatus
provides biological counteranions for the cationic nitro-
gens. On the basis of simple electrostatics, it would seem
that when a polyamine is used to vector a cargo
molecule C intracellularly, the charge of C is critical.
When C is neutral or positively charged, binding to the
transporter should be more favorable; when C is nega-
tively charged, it should be weak.48,58,65,66,71

In an earlier study, we assessed the feasibility of
vectoring iron chelators intracellularly via the polyamine
transporter.72 A simple bidentate, neutral ligand, L1 (4,
Table 1), was conjugated to SPM in two steps, generat-
ing 1-(12-amino-4,9-diazadodecyl)-2-methyl-3-hydroxy-
4(1H)-pyridinone (5). Job’s plots revealed that 5 forms
the expected 3:1 ligand/Fe(III) complex; furthermore,
the chelator fragment C is neutral. All parameters
measured in murine leukemia L1210 cells treated with
this conjugate, including (1) the effect on cell prolifera-
tion (IC50 values), (2) the ability to compete with
radiolabeled spermidine for the polyamine transport
apparatus (Ki), (3) impact on polyamine pools, and (4)
effects on the polyamine enzymes ODC, S-adenosyl-
methionine decarboxylase (AdoMetDC), and SSAT, sug-
gested that this ligand conjugate both competed well
for the polyamine transport apparatus and indeed
gained intracellular access (390 µM). L1 (4) itself does
not achieve high intracellular concentrations (∼1 µM)
in cultured cells.

The ligand donors in iron chelators are generally
highly polar and/or often ionizable, e.g., carboxylates.
Thus, while neutral chelator polyamine conjugates, i.e.,
the L1 conjugate, are transported intracellularly, those
in which the cargo fragment is negatively charged at
physiological pH (i.e., carboxylates) are not likely to be
taken up by cells. To substantiate this concern and
establish how to circumvent the negative charge prob-
lem, two kinds of polyamine conjugates were evalu-
ated: those with a free carboxyl and the corresponding
alkyl esters. The cargo molecules (Table 1) include
terephthalic acid and its monomethyl ester, and (S)-4′-
(HO)-DADFT (8) and its ethyl ester. The terephthalic
acid fragments were affixed to SPM via an amide
linkage (6 and 7); the (S)-4′-(HO)-DADFT moieties were
attached to norspermidine (NSPD) at the C-4′-oxygen
through a butyl group (9 and 10). While all of these
vectored compounds still have three protonated posi-
tively charged nitrogens at physiological pH, the tere-
phthalic acid and (S)-4′-(HO)-DADFT acid conjugates

(7 and 10) each present a negatively charged cargo
fragment, C, the carboxylate, to the transport ap-
paratus. The cargo fragment of their corresponding
esters (6 and 9) is neutral.

Synthesis of Terephthalic Acid Conjugates (6
and 7). The terephthalic acid conjugate was chosen as
the first model because (1) the size and sweep volume
for this fragment are similar to those of L1 in the SPM-
L1 conjugate (5, Table 1), which utilizes the polyamine
transport machinery for intracellular access; (2) the
compatibility of an amide linkage with the vectoring
concept needed clarification; and (3) the conjugate cargo
could be rendered neutral, as in the methyl ester (6),
or negatively charged, as in the acid (7). Terminally
monoacylated spermine 7 and its methyl ester 6 were
accessed according to Scheme 1. N1,N4,N9-Tris(tert-
butoxycarbonyl)spermine (11)73 was acylated in 77%
yield with monomethyl terephthalate (12), which had
been activated with 1,1′-carbonyldiimidazole (CDI). The
amine protecting groups of the resulting adduct 13 were
removed using methanolic HCl, generating triamino
amide methyl ester 6 in 84% yield. Alternatively, initial
cleavage of the ester in intermediate 13 with NaOH in
aqueous methanol resulted in tris(BOC) acid 14. The
carbamates of 14 were cleaved with trifluoroacetic acid,
followed by ion exchange chromatography, providing the
terephthalic acid derivative of spermine as its trihydro-
chloride salt, 7, in 58% yield from 13.

Synthesis of (S)-2-(2,4-Dihydroxyphenyl)-4,5-di-
hydro-4-methyl-4-thiazolecarboxylic Acid [(S)-4′-
(HO)-DADFT] Polyamine Conjugates and Their
Corresponding Metabolic Products. In addition to
the fact that the conjugate cargo could be rendered
neutral, these conjugates (9 and 10) were chosen to

Figure 2. A schematic representation of the polyamine
transport apparatus complex; R ) H, alkyl; C ) chelator or
other cargo to be vectored. In principle, C could be neutral or
positively or negatively charged.

Scheme 1. Synthesis of SPD-terephthalates 6 and 7a

a Reagents: (a) CDI, CH2Cl2, 77%; (b) HCl, CH3OH, 84%; (c) 1
N NaOH, CH3OH, then 1 N HCl; (d) TFA, CH2Cl2; (e) ion
exchange, 58%.
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assess the utility of the polyamine vector for iron
chelators and to help further circumscribe the structural
boundary conditions set by the polyamine transport
apparatus on substrate binding and import. The cargo
ligand, (S)-4′-(HO)-DADFT (8), has already been thor-
oughly investigated as a therapeutic iron chelator in a
variety of animal models.41,45,52 This chelator, although
negatively charged at physiological pH, can be rendered
neutral by esterification. In addition, the NSPD back-
bone, owing to the aminopropyl fragments, should be
metabolically labile, providing putative metabolites 15
and 16 (Figure 3).

The key step in the synthesis of norspermidine-(S)-
4′-(HO)-DADFT conjugate 10 and its ethyl ester 9 was
alkylation of the ethyl ester of (S)-4′-(HO)-DADFT (24)
at its 4′-hydroxyl with tosylate 23 (Scheme 3). Efficient
preparation of the protected triamine with the 4-
hydroxybutyl connector at N1 (22) was carried out as
in Scheme 2. Bis(BOC)aminonitrile 1774,75 was hydro-
genated over Raney nickel under highly alkaline condi-
tions76 to N1,N4-bis(tert-butoxycarbonyl)norspermidine
(18).77,78 The ω-hydroxy tether was affixed to the amine
of 18 in two steps. A mesitylenesulfonyl group65 was
attached to 18 (85% yield for two steps), and the
resulting sulfonamide 19 was alkylated with benzyl
4-bromobutyl ether (NaH, DMF), giving benzyl ether 20
in 78% yield. The three nitrogens and the oxygen of 20
were unmasked, employing 30% HBr in HOAc and
phenol in CH2Cl2,65 and the amino groups of trihydro-
bromide salt 21 were trapped (BOC2O, THF, NEt3) as
their tert-butyl carbamates, furnishing N1-(4-hydroxy-
butyl)-N1,N4,N7-tris(tert-butoxycarbonyl)norspermi-
dine (22) in 59% yield from 20.

The alcohol group of norspermidine reagent 22 was
activated in 92% yield as tosylate 23 (TsCl, TEA,
CH2Cl2) (Scheme 3). (S)-4′-(HO)-DADFT (8) was con-

verted to ethyl (S)-2-(2,4-dihydroxyphenyl)-4,5-dihydro-
4-methyl-4-thiazolecarboxylate (24) in 96% yield using
iodoethane and N,N-diisopropylethylamine (DIEA) in
DMF. Deprotonation of 24 using NaOEt and heating
with tosylate 23 in EtOH effected monoalkylation of the
resorcinol system in 67% yield. Structural assignment
of 25 was based on selective 4-O-alkylation of 2,4-
dihydroxybenzoic acid systems79-82 and on NOESY of
final product 10. Irradiation at 4.18, corresponding to
the methylene of the ether function (g), significantly
enhanced the aromatic signals at 6.59 (h) and 6.69 (i),
as well as an internal methylene of the tetramethylene
chain (b) (Figure 4). Similarly, NOE correlations from
the methyl group of 2-hydroxy-4-methoxybenzaldehyde
(27) to the adjacent protons on the aromatic ring (H-3
and H-5) were observed. However, only one ring proton
(H-3) was so affected in the analogous experiment with
4-hydroxy-2-methoxybenzaldehyde (28). Thus, the 4′-
disposition of the O-alkyl group of 25 in Scheme 3 was
confirmed. Treatment of 25 with ethanolic HCl, gener-
ated in situ from acetyl chloride,83 removed the BOC
groups, affording the ethyl ester of the NSPD-(S)-4′-
(HO)-DADFT conjugate (9) (65%). Saponification of the
ester in 25 with NaOH in aqueous methanol resulted
in tris(BOC) acid 26 in 63% yield. The carbamates of
26 were cleaved with trifluoroacetic acid (TFA), followed
by ion exchange chromatography, providing (S)-4,5-
dihydro-2-[2-hydroxy-4-(12-amino-5,9-diazadodecyloxy)-
phenyl]-4-methyl-4-thiazolecarboxylic acid trihydrochlo-
ride (10) in 85% yield.

(S)-4,5-Dihydro-2-[2-hydroxy-4-(8-amino-5-azaoctyl-
oxy)phenyl]-4-methyl-4-thiazolecarboxylic acid (15), a
putative metabolite of the norspermidine-(S)-4′-(HO)-
DADFT conjugate 10, was made by the method of
Scheme 4. N,N′-Bis(tert-butoxycarbonyl)-N-(4-hydroxy-
butyl)-1,3-diaminopropane (29)84 was transformed into

Figure 3. Metabolism of the polyamine moiety of the NSPD-(S)-4′-(HO)-DADFT conjugates. The terminal aminopropyl fragments
are acetylated by SSAT and oxidized by PAO to afford the diamine (15) and, subsequently, the monoamine (16).
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its tosylate 30 (80%). Resorcinol analogue 24 was
treated with 30 and sodium ethoxide (1 equiv) in hot
EtOH, resulting in 4′-O-alkylated product 31 in 37%
yield. Basic hydrolysis of ester 31 followed by acidifica-
tion with dilute HCl gave bis(BOC) acid 32 in 77% yield.
The amine protecting groups of 32 were cleaved quan-
titatively with TFA, providing bis(TFA) salt 15, which
would arise from the de-3-aminopropylation of 10.

(S)-4,5-Dihydro-2-[2-hydroxy-4-(4-aminobutoxy)-
phenyl]-4-methyl-4-thiazolecarboxylic acid (16), the
result of successive de-3-aminopropylations of 10, was
synthesized as in Scheme 5. Diphenol 24 was selectively
alkylated with the O-tosylate of N-(tert-butoxycarbonyl)-
4-amino-1-butanol (33),85 generating alkyl aryl ether 34
in 55% yield. Hydrolysis of ester 34 under alkaline
conditions gave BOC acid 35 (63%). The amino group
of 35 was deprotected with TFA, affording proposed
metabolite 16 in 63% yield.

Stoichiometry of the Iron(III) Complex of 10. The
stoichiometry of the ferric complexes of 10 was deter-
mined spectrophotometrically at λmax 480 nm. The Job’s
plot of the acid (Figure 5) was in keeping with a 2:1
ligand/metal complex for this analogue, the same as for
the nonconjugated counterpart.

Polyamine Vectors: Charge Restrictions on
Cargo Fragments. The purpose of this study is to

further define the charge restrictions set by the
polyamine transport apparatus on cargo fragments fixed
to a polyamine vector. The study answers two different
but related questions: (1) How does charge impact on
binding of a polyamine cargo conjugate to the polyamine
transport apparatus, and (2) how does charge impact
on the actual incorporation of polyamine cargo adducts?

The first measurement addresses the issue of poly-
amine conjugates that carry a negative charge and how
they compete with spermidine for the polyamine trans-
port apparatus. The Ki values were determined versus
[3H]SPD. The historic Ki values for DESPM (1),65

FDESPM (2),48 L1 (4),72 and the L1-polyamine conju-
gate (5)72 are included for comparative reasons (Table
1). The Ki for DESPM, a tetracation at physiological
pH,48 is 1.6 µM.65 The â,â,â-trifluoroethyl analogue
(FDESPM, 2), which is dicationic at physiological pH,
competes poorly with SPD for the transporter (Ki, 285
µM). Not surprisingly, the bidentate ligand L1 did not
compete for the polyamine transport apparatus at all
(Ki, >500 µM), whereas its SPM conjugate 5 was an
effective competitor (Ki, 3.7 µM).72 When the free car-
boxyl of the monomethyl ester of terephthalic acid is
conjugated to SPD, the resulting monoamide 6, a
trication at physiological pH, does compete well for the
transport machinery (Ki, 3.1 µM). However, when the
methyl ester of the amide is cleaved to the carboxylic
acid (7), an anion at physiological pH, the Ki increases
9-fold, to 27 µM. This is in keeping with the picture of
the polyamine transport apparatus presented in Figure
2, in which the polyamine cationic centers bind to
negative counterions in the transporter. Thus, conjugate
7, bearing a carboxylate anion, would not be expected
either to bind well to the transport apparatus or to be
appreciably internalized by the cell. This view is further
underscored with the NSPD-(S)-4′-(HO)-DADFT conju-
gates 9 and 10. Once again, the Ki for the free acid 10,
which exists as the carboxylate anion under the assay
conditions, is substantially (12.8-fold) higher than that
of the corresponding carboxylate-neutral ethyl ester 9,
73 vs 5.7 µM. The question now becomes: Are these data
in keeping with cellular uptake?

Previous studies in these and other laboratories
demonstrated that the polyamine analogues can achieve
rather high intracellular concentrations, even against
a strong concentration gradient.48,65,66 For example,
DESPM reaches intracellular levels of 400 µM when the
extracellular treatment concentration is 30 µM (Table
1).65 However, the dicationic FDESPM (2), which dem-
onstrated a poor Ki for the polyamine transport ap-
paratus, was not effectively concentrated in the cell.
Even at an extracellular treatment concentration of 100
µM, FDESPM achieved a cellular level of <20 µM. These
observations were exploited in our earlier study in which
the neutral, bidentate L1 (4) was vectored intracellu-
larly by linking it to spermine (5).72 Whereas L1 itself
only reached intracellular levels of 1 µM at an extra-
cellular treatment concentration of 50 µM, the conjugate
5 attained an intracellular level of 390 µM at an
extracellular concentration of 0.2 µM (Table 1).

This was consistent with the idea that the polyamine
transport apparatus could be employed to vector neutral
polyamine-conjugated iron chelators. However, it is
important to recall that, in general, iron chelators are

Scheme 2. Generation of BOC-Protected NSPD
Reagent 20

a Reagents: (a) H2, Raney Ni, NaOH, EtOH; (b) mesitylene-
sulfonyl chloride, NaOH (aq), CH2Cl2, 85%; (c) benzyl 4-bromobutyl
ether (1.1 equiv), NaH, DMF, 78%; (d) 30% HBr in HOAc, PhOH,
CH2Cl2; (e) BOC2O, THF, NEt3, 59%.
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Figure 4. 1H resonances for the (S)-4′-(HO)-DADFT conjugate (10) and pertinent homonuclear NOESY correlations for 10 and
isomeric model systems 27 and 28. The complete 1H NMR data for 27 and 28 are in the Supporting Information.

Scheme 3. Synthesis of NSPD-(S)-4′-(HO)-DADFT Conjugates 9 and 10

a Reagents: (a) TsCl, NEt3, CH2Cl2, 92%; (b) EtI, DIEA, DMF, 96%; (c) Na, CH3CH2OH, 60 °C, 67%; (d) CH3COCl, EtOH, 65%; (e) 1
N NaOH, CH3OH, then 1 N HCl, 63%; (f) TFA, CH2Cl2; (g) ion exchange, 85%.
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negatively charged at physiological pH, as many of
these molecules utilize carboxylate donors. This fact
begs the question: How effectively would a polyamine-
conjugated, negatively charged ligand be transported
intracellularly? The above Ki studies suggest that

negatively charged ligands would be poor candidates for
vectoring; this concept was substantiated when intra-
cellular levels of terephthalate conjugates 6 and 7 and
NSPD-conjugated desferrithiocin analogues 9 and 10
were compared in L1210 cells.

Cells treated with methyl terephthalate-SPD conju-
gate 6 at a concentration of 100 µM achieved an
intracellular drug level of 430 µM. However, cells
treated with the corresponding acid conjugate (7) at a
concentration of 100 µM did not achieve notable intra-
cellular levels, <70 µM.

This same scenario was also observed with the (S)-
4′-(HO)-DADFT series (8-10). In each case, the extra-
cellular treatment concentration was 100 µM. Under
these treatment conditions, the intracellular concentra-
tion of the parent ligand, (S)-4′-(HO)-DADFT (8), does
not exceed 50 µM (Table 1). However, the ethyl ester of
the NSPD-(S)-4′-(HO)-DADFT conjugate (9) was ef-
fectively transported into the cell, achieving a concen-
tration of 947 ( 110 µM; furthermore, the hydrolysis
product, acid conjugate 10, again in cells treated with
the ester (9) was present at approximately three times
the amount of the ester, 2980 ( 280 µM. In cells treated
with the NSPD conjugate acid 10 itself, the intracellular
drug level only rose to about 70 µM. In both series (6/7,
9/10), the results are in keeping with the significant
drop in Ki of the esters (6 and 9) compared to the
corresponding free acid polyamine conjugates (7 and 10),
substantiating the concept that the transport apparatus
rejects substrates that carry a negative charge. Fur-
thermore, it seems likely that the esters 6 and 9 were
transported into the cells and then hydrolyzed to the
respective free acid.

These results led us to evaluate the behavior of the
chelator conjugates vs the parent chelator, i.e., the L1
(5 vs 4) and (S)-4′-(HO)-DADFT series (9 and 10 vs 8),
in a rodent iron clearance model.

Effect of the Conjugates on Cell Proliferation.
It is crucial to understand that although nearly all iron

Scheme 4. Synthesis of Diamine Metabolite 15

a Reagents: (a) TsCl, NEt3, CH2Cl2, 80%; (b) 24, Na, CH3CH2OH,
80 °C, 37%; (c) 1 N NaOH, EtOH, then 1 N HCl, 77%; (d) TFA
(quantitative).

Scheme 5. Synthesis of Monoamine Metabolite 16

a Reagents: (a) 24, Na, EtOH, 75 °C, 55%; (b) 1 N NaOH,
CH3CH2OH, then 1 N HCl, 63%; (c) TFA, 63%.

Figure 5. Job’s plot of 10 (λmax ) 480 nm). Solutions
containing different ligand/Fe(III) ratios were prepared so that
[ligand] + [Fe(III)] ) 1.0 mM. The data points were fitted to
the mole fractions (1) from 0 to 0.60 and (2) from 0.70 to 1.00;
r2 ) 0.9997 (four data points) and 0.9999 (five data points),
respectively. The theoretical mole fraction maximum for a 2:1
ligand/Fe complex is 0.667; a linear intercept maximum of
0.675 was found.
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chelators are effective as growth inhibitors of tumor cells
in culture, where the iron sources are limited, this has
not been the case in tumor xenografts in whole ani-
mals.86 In the latter instance, there is a continual and
ample supply of protein-bound iron, e.g., as transferrin
iron. To put this into perspective, the treatment con-
centration at which cell growth is decreased by 50%
relative to untreated controls (IC50) of the reference
chelator DFO in cultured L1210 murine leukemia cells
is under 10 µM, yet the daily recommended dose for
patients is 150 µmol/kg.

The IC50 values were determined at both 48 and 96 h
in L1210 cells (Table 1). The values for DESPM (1),65

FDESPM (2),48 L1 (4),72 and the SPM-L1 conjugate (5)72

are historical but are included in Table 1 for compara-
tive purposes. Although FDESPM (2) is not active in
the IC50 assay (>100 µM), the behavior of DESPM (1)
in the IC50 assay is typical of many polyamine ana-
logues, that is, the IC50 decreases as the length of
treatment increases, in this case, from 30 µM at 48 h to
0.2 µM at 96 h.

Iron chelators typically maintain a constant IC50
value as treatment time progresses (Table 1). For
example, DFO (3), at the same time points, has IC50
values of 7 µM (48 h) and 6 µM (96 h); the L1 (4) IC50
values are somewhat higher, 46 and 55 µM at 48 and
96 h, respectively. Appending a polyamine vector to L1
(5) decreased the IC50 considerably, to 0.2 µM at both
48 and 96 h.

Consistent with these findings, the IC50 values for (S)-
4′-(HO)-DADFT (8) at 48 and 96 h were within error of
each other, 19 and 20 µM, respectively. Although
affixing NSPD to the 4′-hydroxyl of (S)-4′-(HO)-DADFT
(8) via a butyl linkage to afford NSPD-(S)-4′-(HO)-
DADFT (10) increased the 48- and 96-h IC50 values to
40 µM, conversion of this conjugate to the corresponding
ethyl ester (9) decreased the IC50 to 1.5 µM at both time
points. Neither of the terephthalate analogues, N1-
terephthaloylspermine methyl ester (NTS-ME, 6) or N1-
terephthaloylspermine (NTS, 7), had any impact on cell
growth; the 48- and 96-h IC50 values for both compounds
were >100 µM.

Iron-Clearing Efficiency of Polyamine-Chelator
Conjugates. The bile-duct-cannulated rat model87-89

was chosen for this initial study. In this model, chelator-
promoted iron excretion is measured in both the bile
and the urine. Furthermore, because the method allows
for collection of multiple bile samples, the kinetics of
iron excretion can be determined. In each instance, the
drugs were given sc: L1 and its SPM conjugate (4 and
5) at a dose of 450 µmol/kg and (S)-4′-(HO)-DADFT (8)
and its NSPD conjugates (9 and 10) at a dose of 300
µmol/kg, i.e., all at equivalent iron-binding capacity. L1
and its SPM conjugate form 3:1 ligand-metal com-
plexes,72 whereas the (S)-4′-(HO)-DADFT-based com-
pounds form 2:1 ligand-metal complexes (Figure 5). As
will be presented in detail below, the liver of animals
given the ester 9 contained largely free acid 10. It is
unlikely that the ethyl ester survives nonspecific serum
esterases.

L1 (4) had an iron-clearing efficiency of 2.2 ( 0.9%
in the bile-duct-cannulated rodent; 74% of the iron was
in the bile and 26% in the urine (Table 2). Despite the
high intracellular accumulation of the SPM-L1 conju-

gate (5, Table 1), in an initial experiment with this
compound, iron excretion remained at baseline levels
until approximately 18 h after drug administration and
the 24-h iron clearing efficiency was <0.5%. To allow
for the observed delay in iron excretion, in a subsequent
study the drug was given 10-h before surgery and
sample collection was initiated. In this case, iron excre-
tion remained above baseline levels from 10 to 40 h after
drug administration. However, compound 5 was no more
effective at clearing iron than was the parent L1 (4),
1.8 ( 0.9%, although the mode of iron excretion changed
slightly, to 53% biliary and 47% urinary (Table 2). This
is consistent with the idea that once the conjugate was
incorporated into the cell, its metabolism would stop
after removal of the first 3-aminopropyl fragment
(Figure 1). This would leave a rather large bidentate
fragment to form an even larger hexacoordinate iron
complex for excretion. Thus, a polyamine vector con-
taining only cleavable aminopropyl moieties (i.e., NSPD)
should compete for transport, enter the cell, be metabo-
lized, and clear iron.

The parent (S)-4′-(HO)-DADFT ligand (8) had an iron-
clearing efficiency of 1.1 ( 0.6%; the bile/urine ratio was
93:7. Once the NSPD vector was appended to (S)-4′-
(HO)-DADFT, providing conjugate 10, the efficiency
increased to 9.2 ( 2.6%; this efficacy increased further,
to 13.6 ( 3.3%, in the case of the corresponding ester
(9). The modes of iron excretion were similar to those

Table 2. Iron Clearing Efficiency of Conjugated and
Unconjugated Chelators in Rodents

compd

dose,
µmol/kg,

sc

iron clearing
efficiency, %a

(% bile/% urine)

L1 (4) 450 2.2 ( 0.9 (74/26)
SPM-L1 conjugate (5) 450 <0.5b

1.8 ( 0.9c (53/47)
(S)-4′-(HO)-DADFT (8) 300 1.1 ( 0.6 (93/7)
NSPD-(S)-4′-(HO)-DADFT-EE (9) 300 13.6 ( 3.3d (97/3)
NSPD-(S)-4′-(HO)-DADFT (10) 300 9.2 ( 2.6d (99/1)

a The compounds were given to non-iron-overloaded, bile-duct-
cannulated rodents (n ) 4, unless otherwise indicated), at the
doses shown. The net iron excretion (after 24 h, unless otherwise
indicated) was calculated by subtracting the iron excretion of
control animals from the iron excretion of treated animals.
Efficiency of chelation is defined as net iron excretion/total iron-
binding capacity of chelator administered, expressed as a percent.
b In an initial study, iron excretion was delayed until ∼18 h after
drug administration. c In a subsequent assessment, the compound
was given 10 h before surgery and sample collection was initiated.
d Net iron excretion was calculated after 48 h.

Figure 6. Biliary ferrokinetics of free (S)-4′-(HO)-DADFT (8)
and the polyamine-vectored derivatives (9 and 10) in bile duct-
cannulated rats (n ) 4/compound). In all three instances, the
compounds were administered sc at a dose of 300 µmol/kg.
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of the parent compound 8. However, the profound
difference in the ferrokinetics associated with the
polyamine-vectored (S)-4′-(HO)-DADFTs (9 and 10) vs
free (S)-4′-(HO)-DADFT (8) is noteworthy (Figure 6).
Both of the NSPD conjugates (9 and 10) elicited
protracted biliary iron clearance. The ligand-induced
iron clearance was essentially back to baseline 9 h after
single-dose administration of 8. In the case of the
conjugate acid 10, the return to baseline was not until
48 h after drug administration. In the case of the ester
9, the iron excretion had not returned to baseline even
after 72 h, at which time the animals were euthanized.
This behavior is in keeping with the metabolic profile
of the conjugates, which is presented below.

Oxidative Deamination. In animals treated with
either NSPD-(S)-4′-(HO)-DADFT conjugate (ester 9 or
acid 10), the predominant metabolic product found in

the liver was the dicarboxylic acid 36 (Figure 3). This
acid, the protonated molecule at m/z 454, was identified
using mass spectrometry (Figure 7). We also observed
the corresponding lower homologue, dicarboxylic acid
37, [M + H]+ at m/z 382 (Figure 7).

Product 36 could have resulted from the action of
PAO90,91 or diamine oxidase91 on the polyamine conju-
gate to first produce the corresponding terminal alde-
hyde. In turn, aldehyde dehydrogenase would convert
this to the acid. Although there is certainly precedent
for both reactions, the identity of the active enzyme(s),
PAO and/or diamine oxidase, remains to be determined.
The level of this metabolite is somewhat surprising and
will be a major consideration in future assessments of
the toxicity profile of this system. The stability of this
molecule to spontaneous decomposition to acrylic acid
remains to be determined. In fact, the stability of the

Figure 7. Identification of metabolite 36 of 10 by ESI mass spectrometry and MS/MS. (a) ESI-MS: Full-scan MS of the liver
extract 2-h postadministration of 10. Accurate mass for the molecular ion of the metabolite is given in italics and only matches
to C21H31N3O6S + H+ (calcd 454.2012, ∆ ) +3.1 ppm) within 10 ppm accuracy, when the following search limits in elemental
composition are set: C e 24, H e 40, N e 4, O e 6 and S e 1; (b) MS/MS: Product-ion spectrum (CID) from m/z 454; (c) Putative
origin of MS/MS fragment ions from the protonated metabolite 36.
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natural homologues, such as spermic acid, and their role
in polyamine toxicity still remain somewhat controver-
sial.91

Metabolic Profile of Polyamine Conjugates. In
these studies, rodents were given the test drug (either
9 or 10) sc at a dose of 300 µmol/kg and were sacrificed
at 2, 4, 6, 8, and 12 h after dosing. The liver was excised,
homogenized, and analyzed by HPLC. To facilitate the
analysis, both putative deaminopropylated metabolic
products, diamine 15 and monoamine 16 (Figure 3),
were synthesized as described above to serve as stan-
dards (Schemes 4 and 5). The metabolic fates and tissue
levels of 9 and 10 are summarized in Figures 3 and 8;
the tissue levels are compared to those obtained for the
parent compound, (S)-4′-(HO)-DADFT (8),46 under the
same dosing conditions.

The metabolic profile of the NSPD-(S)-4′-(HO)-
DADFT conjugates was similar to that observed with
DENSPM (Figure 1), stepwise deaminopropylation (Fig-
ure 3, right);49,51 however, there are differences (Figure
3, left, and Figure 8). After administration of either the
ester 9 or the acid 10, both deaminopropylated products
15 and 16 were identified in the HPLC chromatogram.
Whereas the acid 10 was detected in the livers of rats
given either 10 (Figure 8A) or ester 9 (Figure 8B), no
detectable ester was observed in the livers of the rats
given the ester 9. We believe that the ester was cleaved
by nonspecific esterases within the tissue, as 10 is
present as a major metabolite of 9 (Figure 8B). This is
consistent with the results in cell culture. Interestingly,
the dicarboxylic acid metabolites 36 and 37 were also
detected in the chromatograms. In fact, the dicarboxylic

Figure 8. Hepatic concentrations of NSPD-(S)-4′-(HO)-DADFT and its metabolites in rats treated with NSPD-(S)-4′-(HO)-DADFT
(10) (panel A, n ) 5 animals for the 2- and 4-h time points, n ) 4 for the 8-h time point, and n ) 1 for the 6- and 12-h time points).
For comparison, in panel A, the concentrations of (S)-4′-(HO)-DADFT (8) in rats administered the compound under the same
conditions46 is shown for the same time points. In each case, the rats were given the compound sc at a dose of 300 µmol/kg. In
panel B, rats were treated sc with 300 µmol/kg of NSPD-(S)-4′-(HO)-DADFT-EE (9) (n ) 4 animals for the 2- and 4-h time points;
n ) 3 for the 6-, 8-, and 12-h time points).97 No detectable ester was observed in the livers of the rats given the ester 9. We believe
that the ester was cleaved by nonspecific esterases within the tissue, as 10 is present as a major metabolite of 9.
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acid 36 was the major form of the drug in the liver when
either ester 9 or acid 10 was administered to the
rodents. Although these diacids were not assembled as
standards, their identities were verified by mass spec-
trometry.

As shown in Figure 8A, the metabolites of 10 repre-
sent the predominant form of this conjugate in liver
tissue. The intact drug conjugate 10 itself never achieves
levels above 150 µM; neither does the parent compound
(S)-4′-(HO)-DADFT (8), when administered as such, or
the monoamine metabolite 16. However, the diamine
15 and the putative diacid 36 attained levels of 100 (
24 and 436 ( 123 µM, respectively, 2 h after drug
dosing. Thus, the total ligand concentration ([metabo-
lites 15, 16, and 36] + [administered compound 10]) rose
to a level of nearly 700 µM. Even 12 h after dosing, the
total ligand concentration was approximately 100 µM.
Whereas the levels of administered compound 10 and
monoamine and diamine metabolites 16 and 15 re-
mained fairly constant over 8 h, the concentration of
diacid metabolite 36 dropped substantially over this
time period.

The overall behavior of ester 9 was somewhat differ-
ent from that of the acid, achieving and maintaining
higher levels of metabolites (Figure 8B). As discussed
above, no administered compound (9) was found in liver
tissue, even at 2 h after drug administration. The
metabolically derived hydrolysis product, acid conjugate
10, attained a concentration of roughly 100 µM at 2 h
and maintained this level for 12 h. Once again, the
monoamine metabolite 16 never rose above 50 µM. The
diamine metabolite 15 achieved levels of approximately
150 µM at 2 h and sustained this concentration for 8 h;
the level had diminished to about 100 µM by 12 h.
Similar to the behavior with 10, the diacid metabolite
36 was quite prominent, achieving levels of nearly 450
µM at 2 h and diminishing to just under 100 µM by 12
h after dosing. Thus, 8 h after drug administration, the
total ligand concentration ([metabolites 10, 15, 16, and
36] in the livers of the animals given the ester conjugate
9 is greater that in the livers of the animals given the
acid conjugate 10 (P ) 0.02, Student’s t-test).

Conclusion

The data further support the utility of polyamines as
vectors for the intracellular transport of chelators and
underscore the importance of charge in polyamine
chelator conjugate design. Neutral cargo fragments,
such as L1, terephthalate methyl ester, and (S)-4′-(HO)-
DADFT ethyl ester, are imported effectively, whereas
the corresponding negatively charged carboxylate spe-
cies, terephthalate and (S)-4′-(HO)-DADFT carboxylate,
are not. The (S)-4′-(HO)-DADFT ethyl ester polyamine
conjugate, once imported into the cell, is hydrolyzed to
the corresponding free acid. Thus, the polyamine trans-
port apparatus can be utilized to vector negatively
charged carboxylate ligands simply by masking the
carboxylate as an esterase-labile ester. Such conjugates
make it possible to achieve millimolar levels of chelator
intracellularly.

The metabolic profile in rodents suggested that a
substantial fraction of the drug was oxidatively deami-
nated to the terminal acid, which could easily collapse

to acrylic acid and the corresponding amine. This is a
significant observation with regard to future design
strategies.

In rodents, the polyamine-(S)-4′-(HO)-DADFT conju-
gates, both the acid and the ester, significantly outper-
formed the parent ligand at iron clearance. Interest-
ingly, the ester presented a very protracted iron clearing
profile, even though the data collected from liver
samples suggested that the ester itself was very short-
lived and quickly hydrolyzed to the acid. The use of
alternative, less labile esters is under investigation.

Experimental Section
Desferrioxamine B in the form of the methanesulfonate salt,

Desferal (3) (Novartis Pharma AG, Basel, Switzerland), was
obtained from a hospital pharmacy. 1,2-Dimethyl-3-hydroxy-
pyridin-4-one (L1, 4) was a generous gift from Dr. H. H. Peter
(Ciba-Geigy, Basel). Compounds 1,92 2,48 5,72 and 841 were
synthesized using methods published by this laboratory.
4-Hydroxy-2-methoxybenzaldehyde (28) was obtained from
Lancaster Synthesis, Inc., Pelham, NH. Reagents were pur-
chased from Aldrich Chemical Co. (Milwaukee, WI), and Fisher
Optima-grade solvents were routinely used. Organic extracts
were dried with sodium sulfate. Sodium hydride reactions were
run in distilled DMF under an inert atmosphere, and THF
was distilled from sodium and benzophenone. Distilled solvents
and glassware that had been presoaked in 3 N HCl for 15 min
were employed in reactions involving chelators. Silica gel 70-
230 from Fisher Scientific was utilized for column chromatog-
raphy, and silica gel 32-63 from Selecto Scientific, Inc.
(Suwanee, GA) was used for flash column chromatography.
Sephadex LH-20 was obtained from Amersham Biosciences
(Piscataway, NJ), and AG1-X8 (hydroxide form) anion-
exchange resin from Bio-Rad Laboratories, Inc. (Hercules, CA)
was employed for ion exchange chromatography. Melting
points are uncorrected. Optical rotations were run at 589 nm
(sodium D line) utilizing a Perkin-Elmer 341 polarimeter with
c as g of compound/100 mL of solution. NMR spectra were
obtained at 300 MHz (1H) or 75 MHz (13C) on a Varian Unity
300 (not indicated), at 400 MHz (1H) or 100 MHz (13C) on a
Varian Mercury-400BB, or at 600 MHz (1H) on a Bruker
Avance. Chemical shifts (δ) for 1H spectra are given in parts
per million downfield from tetramethylsilane for organic
solvents (CDCl3 not indicated) or sodium 3-(trimethylsilyl)-
propionate-2,2,3,3-d4 for D2O. Chemical shifts (δ) for 13C
spectra are given in parts per million referenced to 1,4-dioxane
(δ 67.19) in D2O or to the residual solvent resonance in CDCl3

(δ 77.16) or CD3OD (δ 49.00). Coupling constants (J) are in
hertz. The base peaks are reported for the ESI-FTICR mass
spectra. Elemental analyses were performed by Atlantic
Microlabs (Norcross, GA).

Male Sprague-Dawley rats were obtained from Harlan
Sprague-Dawley (Indianapolis, IN). Nalgene metabolic cages,
rat jackets, and fluid swivels were purchased from Harvard
Bioscience (South Natick, MA). Intramedic polyethylene tubing
(PE 50) and surgical supplies were procured from Fisher
Scientific (Pittsburgh, PA). Atomic absorption (AA) measure-
ments were made on a Perkin-Elmer model 5100 PC (Norwalk,
CT).

N1-(4-Carbomethoxy)benzoylspermine Trihydrochlo-
ride (6). A solution of 13 (0.332 g, 0.500 mmol) in CH3OH (5
mL) and concentrated HCl (1.25 mL) was stirred at room
temperature for 12 h. The reaction mixture was concentrated
to dryness, and 0.199 g (84%) of 6 was obtained as a white
solid: 1H NMR (D2O) δ 1.70-1.92 (m, 4 H), 1.99-2.17 (m, 4
H), 3.06-3.22 (m, 10 H), 3.55 (t, 2 H, J ) 6.6), 3.98 (s, 3 H),
7.87 (d, 2 H, J ) 8.7), 8.14 (d, 2 H, J ) 8.7); 13C NMR (D2O) δ
23.42, 23.45, 24.38, 26.30, 37.21, 37.36, 45.19, 45.85, 47.57,
47.66, 53.49, 127.90, 130.30, 133.01, 138.14, 168.92, 170.58;
HRMS m/z calcd for C19H33N4O3 365.2552 (M + H, free amine),
found 365.2556.

N1-(4-Carboxy)benzoylspermine Trihydrochloride (7).
Freshly distilled TFA (5 mL) was added to 14 (0.326 g, 0.501
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mmol) in 5 mL of dry CH2Cl2 (5 mL) with ice bath cooling,
and the reaction mixture was stirred at 0 °C for 1 h and at
room temperature for 1 h. Solvents were removed under
vacuum, and the residue was dissolved in H2O (1 mL). The
solution was loaded onto ion-exchange resin; elution with 1 N
HCl gave 0.168 g (73%) of 7 as a white solid: 1H NMR (D2O)
δ 1.72-1.85 (m, 4 H), 1.96-2.14 (m, 4 H), 3.04-3.18 (m, 10
H), 3.53 (t, 2 H, J ) 6.6), 7.82 (d, 2 H, J ) 8.4), 8.03 (d, 2 H,
J ) 8.4); 13C NMR (D2O) δ 23.42, 24.37, 26.31, 26.85, 37.18,
37.29, 45.16, 45.78, 47.52, 47.63, 127.91, 130.45, 134.37,
138.04, 170.91, 174.76; HRMS m/z calcd for C18H31N4O3

351.2396 (M + H, free amine), found 351.2407.
N1-(4-Carbomethoxy)benzoyl-N4,N9,N12-tris(tert-butoxy-

carbonyl)spermine (13). 1,1′-Carbonyldiimidazole (0.162 g,
1.00 mmol) was added to a solution of 12 (0.180 g, 1.00 mmol)
in CH2Cl2 (5 mL). After stirring for 1 h, the solution was cooled
to 0 °C, and 11 (0.502 g, 0.999 mmol) in CH2Cl2 (3 mL) was
added. The solution was stirred for 15 h (0 °C to room
temperature) and was washed with 2% NaOH (20 mL), H2O,
and saturated NaCl. After solvent was removed by rotary
evaporation, flash chromatography, eluting with 5% CH3OH/
CHCl3, gave 0.510 g (77%) of 13: 1H NMR δ 1.40-1.78 (s +
m, 35 H), 3.05-3.50 (m, 12 H), 3.94 (s, 3 H), 7.91-8.20 (m, 4
H); 13C NMR δ 26.02, 27.54, 28.26, 28.39, 29.04, 35.20, 37.48,
37.75, 43.28, 43.89, 44.29, 46.28, 46.80, 52.32, 78.98, 79.64,
80.12, 127.19, 129.73, 132.41, 138.64, 155.51, 156.06, 156.83,
166.20, 166.51. Anal. (C34H56N4O9·0.5H2O) C, H, N.

N1-(4-Carboxy)benzoyl-N4,N9,N12-tris(tert-butoxycar-
bonyl)spermine (14). A solution of 13 (0.664 g, 0.999 mmol)
in 1 N NaOH (10 mL) and CH3OH (10 mL) was stirred for 12
h. The reaction mixture was acidified to pH 2 with 1 N HCl
and was extracted with EtOAc (4 × 10 mL). The organic phase
was washed with H2O and saturated NaCl and was dried over
MgSO4. Solvent was removed under reduced pressure to
generate 0.521 g (80%) of 14 as an oil: 1H NMR δ 1.30-1.94
(s + m, 35 H), 3.05-3.52 (m, 12 H), 5.27 (br s, 1 H), 7.92-8.28
(m, 4 H); 13C NMR δ 26.11, 27.56, 28.54, 36.18, 37.59, 43.51,
44.06, 44.41, 46.90, 79.18, 79.80, 80.39, 127.25, 130.25, 132.54,
138.91, 156.24, 156.92, 166.75, 169.30, 174.82; HRMS m/z calcd
for C33H54N4NaO9 673.3788 (M + Na), found 673.3735.

Ethyl (S)-4,5-Dihydro-2-[2-hydroxy-4-(12-amino-5,9-
diazadodecyloxy)phenyl]-4-methyl-4-thiazolecar-
boxylate Trihydrochloride (9). Acetyl chloride (0.235 g, 2.99
mmol) was added to 25 (0.383 g, 0.499 mmol) in CH3CH2OH
(10 mL) with ice cooling. The reaction was warmed to room
temperature and was stirred overnight. Concentration under
high vacuum led to 0.188 g (65%) of 9 as a white solid: [R]26

+67.7° (c 0.62, H2O); 1H NMR (D2O) δ 1.29 (t, 3 H, J ) 7.2),
1.81 (s, 3 H), 1.83-1.96 (m, 4 H), 2.02-2.20 (m, 4 H), 3.04-
3.25 (m, 10 H), 3.62 (d, 1 H, J ) 12.0), 4.01 (d, 1 H, J ) 12.3),
4.17 (t, 3 H, J ) 5.8), 4.30 (q, 2 H, J ) 7.2), 6.59 (d, 1 H, J )
2.4), 6.67 (dd, 1 H, J ) 9.0, 2.4), 7.65 (d, 1 H, J ) 9.0); 13C
NMR (D2O) δ 13.79, 23.05, 23.30, 24.34, 25.96, 29.27, 37.14,
39.27, 45.00, 45.26, 45.33, 48.13, 64.57, 68.76, 76.83, 102.00,
107.11, 109.81, 134.44, 159.47, 161.46, 167.21, 172.88; HRMS
m/z calcd for C23H39N4O4S 467.2692 (M + H, free amine), found
467.2685.

(S)-4,5-Dihydro-2-[2-hydroxy-4-(12-amino-5,9-diazado-
decyloxy)phenyl]-4-methyl-4-thiazolecarboxylic Acid Tri-
hydrochloride (10). Freshly distilled TFA (5 mL) in CH2Cl2

(5 mL) was added dropwise to 26 (0.370 g, 0.501 mmol) in
CH2Cl2 (5 mL) with ice bath cooling. The mixture was stirred
at room temperature for 30 min, and solvents were removed
by rotary evaporation. The solid was passed through an ion-
exchange resin, eluting with 1 N HCl to yield 0.233 g (85%) of
10: [R]26 +50.8° (c 0.295, H2O); 600 MHz 1H NMR (D2O), see
Figure 4; 13C NMR (D2O) δ 23.04, 23.30, 24.35, 25.94, 37.15,
39.18, 44.92, 45.00, 45.27, 45.34, 48.13, 68.86, 75.64, 101.95,
106.23, 110.22, 134.96, 161.39, 168.10, 174.69, 182.87; HRMS
m/z calcd for C21H34N4O4S 439.2379 (M + H, free amine), found
439.2374.

N1,N4-Bis(tert-butoxycarbonyl)-N7-(mesitylenesulfonyl)-
norspermidine (19). Sodium hydroxide (9.81 g, 0.245 mol)
in 9% aqueous CH3CH2OH (220 mL) and Raney 2800 nickel

(6.66 g) were successively added to a solution of 17 (8.54 g,
26.1 mmol) in CH3CH2OH (45 mL) in a 500-mL Parr bottle.
After hydrogenation was carried out at 50-55 psi for 12 h,
the suspension was filtered, and the solids were washed with
95% CH3CH2OH (200 mL). Solvents were removed in vacuo,
and 18 was diluted with H2O (125 mL) and CH2Cl2 (100 mL).
A solution of mesitylenesulfonyl chloride (6.02 g, 27.5 mmol)
in CH2Cl2 (100 mL) was added dropwise to the biphasic
mixture with ice bath cooling. The mixture was stirred at room
temperature for 12 h. The layers were separated, and the
aqueous layer was extracted further with CH2Cl2 (3 × 150 mL).
Organic extracts were washed with H2O (2 × 225 mL) and
saturated NaCl (2 × 225 mL), and solvent was removed by
rotary evaporation. Flash chromatography, eluting with 2:1
hexanes/EtOAc, afforded 11.38 g (85%) of 19 as a white foam:
1H NMR δ 1.42 and 1.43 (2 s, 18 H), 1.55-1.69 (m, 4 H), 2.29
(s, 3 H), 2.65 (s, 6 H), 2.82-2.92 (m, 2 H), 3.01-3.29 (m, 6 H),
4.64 and 5.17 (2 br s, 1 H), 6.03 (br s, 1 H), 6.93 (s, 2 H); 13C
NMR δ 20.98, 23.03, 28.45, 28.51, 28.94, 37.83, 39.16, 43.01,
44.26, 79.17, 80.40, 131.98, 134.77, 138.94, 141.74, 156.05,
156.41. Anal. (C25H43N3O6S): C, H, N.

N1-(4-Benzyloxybutyl)-N4,N7-bis(tert-butoxycarbonyl)-
N1-(mesitylenesulfonyl)norspermidine (20). Sodium hy-
dride (60%, 1.18 g, 29.5 mmol) was added in portions to 19
(11.38 g, 22.1 mmol) in DMF (125 mL) with ice bath cooling,
and the mixture was stirred at 0 °C for 45 min and at room
temperature for 1 h. A solution of benzyl 4-bromobutyl ether
(90%, 6.02 g, 22.3 mmol) in DMF (40 mL) was added to the
reaction mixture over 30 min. After stirring for 19 h, quenching
with H2O (30 mL) at 0 °C was performed, and solvents were
removed under high vacuum. The concentrate was dissolved
in CHCl3 (500 mL), which was washed with H2O (2 × 300 mL)
and saturated NaCl (2 × 300 mL); solvent was removed in
vacuo. Flash chromatography, eluting with 3:1 hexanes/EtOAc,
gave 11.71 g (78%) of 20 as a colorless oil: 1H NMR δ 1.44 (s,
18 H), 1.4-1.5 (m, 2 H), 1.5-1.6 (m, 4 H), 1.65-1.77 (m, 2 H),
2.28 (s, 3 H), 2.58 (s, 6 H), 2.95-3.22 (m, 10 H), 3.35 (t, 2 H,
J ) 5.9), 4.43 (s, 2 H), 4.73 and 5.25 (2 br s, 1 H), 6.92 (s, 2 H),
7.25-7.38 (m, 5 H); 13C NMR δ 21.26, 23.02, 24.45, 27.10,
28.62, 28.66, 37.51, 43.52, 44.40, 45.70, 69.79, 73.11, 80.00,
125.98, 127.79, 128.58, 132.14, 133.48, 138.63, 140.30, 142.57,
149.55, 156.30. Anal. (C36H57N3O7S): C, H, N.

N1-(4-Hydroxybutyl)-N1,N4,N7-tris(tert-butoxycarbon-
yl)norspermidine (22). Hydrogen bromide (30% in HOAc,
105 mL) was added dropwise to a solution of 20 (5.57 g, 8.24
mmol) and phenol (9.03 g, 96.0 mmol) in CH2Cl2 (75 mL) at 0
°C. After the reaction mixture was stirred for 12 h while being
warmed to room temperature under a N2 balloon, H2O (125
mL) was added under ice bath cooling, and the layers were
separated. After additional extraction with CH2Cl2 (3 × 150
mL), the aqueous portion was evaporated under high vacuum,
and 21 was dissolved in 5% aqueous THF (105 mL). Triethyl-
amine (6.18 g, 61.1 mmol) and di-tert-butyl dicarbonate (6.02
g, 27.6 mmol) in THF (60 mL) were successively added with
ice bath cooling, and the reaction mixture was stirred for 12 h
at room temperature. Following solvent removal by rotary
evaporation, the residue was dissolved in EtOAc (500 mL),
which was washed with 250 mL portions of H2O, 0.25 M citric
acid, H2O, 1 M Na2CO3, H2O, and saturated NaCl. After
solvent was removed in vacuo, flash chromatography, eluting
with 4% CH3OH/CHCl3, furnished 2.46 g (59%) of 22 as a
colorless oil: 1H NMR δ 1.44, 1.45, and 1.46 (3 s, 27 H), 1.5-
1.8 (m, 9 H), 3.02-3.34 (m, 10 H), 3.67 (t, 2 H, J ) 5.9), 4.78
and 5.27 (2 br s, 1 H); 13C NMR δ 25.20, 27.84, 28.57, 28.60,
28.61, 29.82, 37.72, 44.10, 45.01, 47.01, 62.57, 79.57, 155.75,
156.16, 174.84; HRMS m/z calcd for C25H50N3O7 504.3648 (M
+ H), found 504.3640.

N1,N4,N7-Tris(tert-butoxycarbonyl)-N1-[4-(tosyloxy)bu-
tyl]norspermidine (23). p-Toluenesulfonyl chloride (0.570 g,
2.99 mmol) in CH2Cl2 (2 mL) was added to 22 (1.00 g, 1.99
mmol) in CH2Cl2 (3 mL) followed by triethylamine (570 µL,
4.09 mmol) at 0 °C. The reaction was stirred at room temper-
ature for 12 h and was concentrated. The residue was dissolved
in EtOAc (100 mL), which was washed with 50-mL portions
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of 8% NaHCO3, 0.5 M citric acid, H2O, and saturated NaCl.
Solvent removal and flash chromatography, eluting with 3%
CH3OH/CH2Cl2, afforded 1.20 g (92%) of 23 as an oil: 1H NMR
δ 1.40-1.85 (m, 35 H), 2.30 (s, 3 H), 3.04-3.30 (m, 10 H), 4.03
(t, 2 H, J ) 6.0), 5.28 (br s, 1 H), 7.35 (d, 2 H, J ) 8.1), 7.75 (d,
2 H, J ) 8.4); 13C NMR δ 21.28, 21.59, 22.86, 23.12, 25.81,
26.20, 26.82, 30.90, 31.18, 34.41, 37.00, 44.35, 53.53, 54.18,
80.19, 125.72, 125.83, 127.82, 128.84, 129.83, 133.06, 140.15,
141.98, 149.30. Anal. (C32H55N3O9S): C, H, N.

Ethyl (S)-2-(2,4-Dihydroxyphenyl)-4,5-dihydro-4-meth-
yl-4-thiazolecarboxylate (24). Iodoethane (7.02 g, 45.0
mmol) and DIEA (5.81 g, 45.0 mmol) were successively added
to 8 (6.33 g, 25.0 mmol) in DMF (290 mL), and the solution
was stirred at room temperature for 15 h. After solvent
removal under high vacuum, the residue was treated with 1:1
0.5 M citric acid/saturated NaCl (250 mL) and was extracted
with EtOAc (3 × 150 mL). The combined extracts were washed
with 250-mL portions of 0.25 M citric acid, 1% NaHSO3, H2O,
and saturated NaCl, and solvent was evaporated. Purification
by flash column chromatography using 1:3:6 EtOAc/hexanes/
CH2Cl2 furnished 6.72 g (96%) of 24 as a light yellow oil: [R]25

+50.8° (c 1.26, CHCl3); 1H NMR δ 1.30 (2 t, 3 H, J ) 7.1), 1.66
(s, 3 H), 3.19 (d, 1 H, J ) 11.3), 3.83 (d, 1 H, J ) 11.3), 4.25 (q,
2 H, J ) 7.1), 6.37 (dd, 1 H, J ) 8.6, 2.4), 6.44 (d, 1 H, J )
2.4), 7.27 (d, 1 H, J ) 8.6) 12.5 (br s, 1 H); 13C NMR δ 16.92,
27.32, 42.71, 64.88, 85.94, 105.95, 110.20, 112.89, 135.04,
163.20, 164.06, 175.88. Anal. (C13H15NO4S) C, H, N.

Ethyl (S)-4,5-Dihydro-2-[2-hydroxy-4-[12-(tert-butoxy-
carbonylamino)-5,9-bis(tert-butoxycarbonyl)-5,9-diaza-
dodecyloxy]phenyl]-4-methyl-4-thiazolecarboxylate (25).
A mixture of 23 (1.67 g, 2.54 mmol), 24 (0.751 g, 2.67 mmol),
and freshly prepared 0.20 M sodium ethoxide in CH3CH2OH
(8 mL, 1.6 mmol) was stirred at 60 °C for 15 h. After the white
solid was filtered, the filtrate was concentrated by rotary
evaporation. The residue was dissolved in CHCl3 (100 mL) and
was washed with H2O and saturated NaCl. Solvent removal
and column chromatography on silica gel, eluting with 5%
EtOAc/CH2Cl2, gave 1.31 g (67%) of 25 as a pale yellow oil:
[R]25 +17.0° (c 1.00, CHCl3); 1H NMR δ 1.30 (t, 3 H, J ) 7.2),
1.4-1.8 (s + m, 35 H), 3.02-3.33 (m + d, 11 H, J ) 11.4),
3.83 (d, 1 H, J ) 11.1), 3.98 (t, 2 H, J ) 5.8), 4.24 (2 q, 2 H, J
) 7.2), 6.41 (dd, 1 H, J ) 8.6, 2.4), 6.46 (d, 1 H, J ) 2.4), 7.28
(d, 1 H, J ) 6.6); 13C NMR δ 14.18, 24.57, 26.42, 26.50, 28.54,
28.56, 28.58, 29.81, 37.51, 39.92, 43.67, 44.97, 46.79, 61.91,
67.78, 79.52, 79.74, 83.21, 101.39, 107.24, 109.81, 131.77,
155.58, 156.10, 161.33, 163.29, 170.87, 172.91, 182.00. Anal.
(C38H62N4O10S): C, H, N.

(S)-4,5-Dihydro-2-[2-hydroxy-4-[12-(tert-butoxycarbon-
ylamino)-5,9-bis(tert-butoxycarbonyl)-5,9-diazadodecyl-
oxy]phenyl]-4-methyl-4-thiazolecarboxylic Acid (26).
Treatment of 25 (0.383 g, 0.499 mmol) with 1 M methanolic
NaOH (5 mL, 5 mmol) at room temperature for 15 h, acidifica-
tion with 1 N HCl, and solvent removal in vacuo gave a pink
solid. Purification using a short Sephadex LH-20 column,
eluting with CH3OH, gave an iron active band, which was
dried to provide 233 mg (63%) of 26 as a white solid: [R]26

+8.8° (c 1.02, CH3OH); 1H NMR δ 1.38-1.84 (s + m, 35 H),
3.02-3.32 (m + d, 11 H, J ) 11.4), 3.87 (d, 1 H, J ) 11.4),
3.98 (t, 2 H, J ) 5.6), 6.41 (d, 1 H, J ) 8.7), 6.48 (s, 1 H), 7.28
(d, 1 H, J ) 6.0); 13C NMR δ 24.64, 26.46, 28.57, 28.59, 28.62,
29.00, 37.34, 39.91, 45.03, 46.86, 67.79, 79.76, 79.91, 83.05,
101.48, 107.37, 109.71, 131.88, 155.74, 161.39, 162.23, 163.40,
174.85, 186.55; HRMS m/z calcd for C36H59N4O10S 739.3952
(M + H), found 739.3898. Anal. (C36H58N4O10S·0.5H2O): C, H,
N.

(S)-4,5-Dihydro-2-[2-hydroxy-4-(8-amino-5-azaoctyl-
oxy)phenyl]-4-methyl-4-thiazolecarboxylic Acid Bis(tri-
fluoroacetate) (15). Trifluoroacetic acid (2 mL) was added
to 32 (0.1 g, 0.17 mmol), and the solution was stirred for 1 h
at room temperature under N2. After TFA removal in vacuo,
the residue was treated with CH2Cl2 and CH3CH2OH. Solvent
removal in vacuo produced 15 (quantitatively) as tan crys-
tals: mp 122-124 °C; [R]25 +18.8° (c 0.85, CH3OH); 1HNMR
(D2O) δ 1.68 (s, 3 H), 1.80-1.92 (m, 4 H), 2.09 (quintet, 2 H,

J ) 8.1), 3.06-3.22 (m, 6 H), 3.44 (d, 1 H, J ) 11.1), 3.84 (d,
1 H, J ) 11.7), 4.06-4.20 (m, 2 H), 6.45 (s, 1 H), 6.50 (d, 1 H,
J ) 8.7), 7.46 (d, 1 H, J ) 8.7); 13C NMR (D2O) δ 21.42, 21.55,
22.75, 24.31, 35.56, 37.60, 43.46, 46.46, 74.46, 100.33, 104.66,
108.48, 115.35 (J ) 290), 133.29, 159.71, 161.93 (q, J ) 35),
166.32, 173.59, 180.80; HRMS m/z calcd for C18H28N3O4S
382.1800 (M + H, free amine), found 382.1808.

N,N′-Bis(tert-butoxycarbonyl)-N-[4-(tosyloxy)butyl]-
1,3-diaminopropane (30). p-Toluenesulfonyl chloride (0.82
g, 4.3 mmol) in CH2Cl2 (5 mL) was added to 29 (1.0 g, 2.9
mmol) in CH2Cl2 (5 mL) at 0 °C, followed by NEt3 (0.82 mL,
5.9 mmol). The reaction mixture was stirred at room temper-
ature under N2 for 18 h and was concentrated in vacuo. The
residue was diluted with EtOAc (50 mL), followed by washing
with 50 mL portions of saturated NaHCO3, 0.5 M citric acid,
H2O, and saturated NaCl. After solvent removal in vacuo, flash
chromatography, eluting with 3% CH3OH/CH2Cl2, gave 1.15
g (80%) of 30 as a colorless viscous oil: 1H NMR (CD3OD) δ
1.30-1.70 (m, 6 H), 1.43 (s, 18 H), 2.46 (s, 3 H), 2.97-3.05 (m,
2 H), 3.15 (q, 4 H, J ) 6.6), 4.05 (t, 2 H, J ) 6.4), 6.57 (s, 1 H),
7.44 (d, 2 H, J ) 8.1), 7.78 (d, 2 H, J ) 8.4); 13C NMR δ 21.75,
24.44, 24.68, 26.35, 28.55, 37.53, 43.72, 44.31, 46.18, 70.20,
79.10, 79.86, 127.98, 129.98, 133.23, 144.90, 156.11. Anal.
(C24H40N2O7S): C, H, N.

Ethyl (S)-4,5-Dihydro-2-[2-hydroxy-4-[8-(tert-butoxy-
carbonylamino)-5-(tert-butoxycarbonyl)-5-azaoctyloxy]-
phenyl]-4-methyl-4-thiazolecarboxylate (31). Sodium (0.024
g, 1.0 mmol) was introduced to CH3CH2OH (10 mL) under N2,
and the solution was added to 24 (0.33 g, 1.2 mmol) and 30
(0.55 g, 1.1 mmol). The reaction mixture was heated to 80 °C
for 16 h and was concentrated in vacuo. The residue was taken
up in CHCl3 (30 mL), which was washed with H2O (20 mL)
and saturated NaCl (20 mL). After solvent was removed by
rotary evaporation, column chromatography on silica gel,
eluting with 5:1 hexanes/EtOAc, furnished 0.25 g (37%) of 31
a glass: [R]25 +31.9° (c 0.97, CHCl3); 1H NMR (CD3OD) δ 1.28
(t, 3 H, J ) 7.2), 1.43 (s, 9 H), 1.45 (s, 9 H), 1.64 (s, 3 H), 1.64-
1.80 (m, 6 H), 2.97-3.08 (m, 2 H), 3.20-3.32 (m, 5 H), 3.83 (d,
1 H, J ) 11.4), 4.03 (t, 2 H, J ) 6.0), 4.23 (q, 2 H, J ) 7.2),
6.46 (s, 1 H), 6.49 (d, 1 H, J ) 2.4), 6.59 (s, 1 H), 7.32 (d, 1 H,
J ) 9.0); 13C NMR δ 14.19, 24.57, 25.35, 26.51, 28.55, 37.46,
39.93, 43.88, 46.69, 61.98, 67.77, 79.76, 83.21, 101.37, 107.26,
109.82, 131.78, 156.22, 161.33, 163.28, 170.88, 172.92, 184.05.
Anal. (C30H47N3O8S): C, H, N.

(S)-4,5-Dihydro-2-[2-hydroxy-4-[8-(tert-butoxycarbonyl-
amino)-5-(tert-butoxycarbonyl)-5-azaoctyloxy]phenyl]-4-
methyl-4-thiazolecarboxylic Acid (32). Sodium hydroxide
(1 N, 1.2 mL, 1.2 mmol) was added to 31 (0.15 g, 0.25 mmol)
in CH3CH2OH (1.2 mL). The reaction was stirred at room
temperature for 16 h and was concentrated under reduced
pressure. The residue was treated with 1 N HCl (20 mL),
followed by extraction with EtOAc (3 × 20 mL). The combined
extracts were washed with H2O (30 mL) and saturated NaCl
(30 mL). Solvent removal in vacuo yielded 0.11 g (77%) of 32
a viscous tan oil: [R]25 +18.5° (c 0.96, CH3OH); 1H NMR δ 1.44
(s, 9 H), 1.46 (s, 9 H), 1.56-1.80 (m, 6 H), 1.72 (s, 3 H), 3.04-
3.30 (m, 6 H), 3.24 (d, 1 H, J ) 11.4), 3.86 (d, 1 H, J ) 11.4),
3.94-4.04 (m, 2 H), 5.34 (br s, 1 H), 6.42 (d, 1 H, J ) 8.4),
6.48 (s, 1 H), 7.29 (d, 1 H, J ) 8.4); 13C NMR (CD3OD) δ 25.34,
27.49, 28.74, 28.79, 38.97, 41.41, 68.74, 79.94, 80.99, 86.50,
102.44, 107.49, 111.40, 132.48, 157.44, 158.44, 162.82, 164.34,
169.75, 180.15; HRMS m/z calcd for C28H43N3NaO8S 604.2668
(M + Na), found 604.2687.

(S)-4,5-Dihydro-2-[2-hydroxy-4-(4-aminobutoxy)phenyl]-
4-methyl-4-thiazolecarboxylic Acid Trifluoroacetate (16).
Trifluoroacetic acid (5 mL) was added to 35 (0.505 g, 1.19
mmol) in CH2Cl2 (5 mL) with ice bath cooling, and the solution
was stirred for 1 h at 0 °C and for 1 h at room temperature.
Removal of volatiles in vacuo gave a white solid, which was
passed through a short Sephadex LH-20 column, eluting with
70:30 toluene/CH3OH. The iron active band was dried to
provide 0.331 g (63%) of 16 as a white solid: [R]26 +110.8° (c
0.48, H2O); 1H NMR (CD3OD) δ 1.74 (s, 3 H), 1.77-2.03 (m, 4
H), 3.46 (d, 1 H, J ) 12.0), 3.93 (d, 1 H, J ) 11.7), 4.10 (t, 2 H,
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J ) 5.4), 6.53 (d, 1 H, J ) 2.4), 6.57 (dd, 1 H, J ) 8.7, 2.4),
7.53 (d, 1 H, J ) 8.7); 13C NMR (D2O) δ 24.25, 24.81, 25.93,
39.48, 39.83, 68.84, 77.68, 101.82, 106.44, 109.59, 119.88 (q, J
) 290), 134.35, 161.39, 163.54 (J ) 35), 167.13, 176.88, 179.96;
HRMS m/z calcd for C15H21N2O4S 325.1222 (M + H, free
amine), found 325.1226.

Ethyl (S)-4,5-Dihydro-2-[2-hydroxy-4-[4-(tert-butoxy-
carbonylamino)butoxy]phenyl]-4-methyl-4-thiazolecar-
boxylate (34). A mixture of 24 (0.887 g, 3.15 mmol), 33 (1.03
g, 3.00 mmol), and freshly prepared 0.20 M sodium ethoxide
in CH3CH2OH (6 mL, 1.2 mmol) was stirred at 75 °C for 15 h.
After filtration, solvent was removed by rotary evaporation.
The residue was dissolved in CHCl3 (100 mL) and was washed
with H2O and saturated NaCl. Solvent removal and column
chromatography on silica gel, eluting with 4% EtOAc/CH2Cl2

gave 600 mg (55%) of 34 as a light yellow oil: [R]26 +31.7° (c
1.03, CHCl3); 1H NMR (400 MHz) δ 1.29 (t, 3 H, J ) 7.2), 1.42-
1.48 (m, 9 H), 1.64 (s, 3 H), 1.76-1.90 (m, 4 H), 3.12-3.39 (d
+ m, 3 H, J ) 11.2), 3.83 (d, 1 H, J ) 11.2), 3.99 (t, 2 H, J )
6.4), 4.25 (dq, 2 H, J ) 6.8, 1.2), 4.61 (br s, 1 H), 6.42 (dd, 1 H,
J ) 8.7, 2.4), 6.47 (d, 1 H, J ) 2.4), 7.28 (d, 1 H, J ) 6.6); 13C
NMR δ 14.16, 24.54, 25.83, 26.45, 28.49, 40.31, 46.03, 61.94,
67.75, 78.94, 79.17, 101.38, 107.20, 109.80, 131.75, 156.08,
161.30, 163.24, 170.86, 172.88. Anal. (C22H32N2O6S): C, H, N.

(S)-4,5-Dihydro-2-[2-hydroxy-4-[4-(tert-butoxycarbonyl-
amino)butoxy]phenyl]-4-methyl-4-thiazolecarboxylic Acid
(35). A solution of 34 (0.212 g, 0.468 mmol) in 1 N NaOH (5
mL, 5 mmol) and CH3CH2OH (5 mL) was stirred overnight at
room temperature. After acidification with 1 N HCl to a pH of
3, the aqueous layer was extracted with EtOAc (3 × 50 mL).
The organic layer was washed with H2O and saturated NaCl
and was evaporated to generate 0.125 g (63%) of 35 as a white
solid: [R]26 +19.8° (c 0.98, CH3OH); 1H NMR (400 MHz) δ
1.40-1.46 (m, 9 H), 1.63-1.93 (s + m, 7 H), 3.11-3.38 (d +
m, 3 H, J ) 10.8), 3.82 (d, 1 H, J ) 10.8), 3.98 (t, 2 H, J )
6.4), 4.60 (br s, 1 H), 6.28-6.53 (s + d, 2 H, J ) 8.8), 7.28 (d,
1 H, J ) 8.8); 13C NMR δ 24.53, 26.79, 28.51, 39.86, 40.38,
67.80, 79.50, 82.85, 101.39, 107.45, 109.62, 131.82, 161.44,
163.47, 168.48, 171.52, 176.74; HRMS m/z calcd for C20H29N2O6S
425.1746 (M + H), found 425.1779.

Stoichiometry of the Ligand-Fe(III) Complex. The
stoichiometry of each complex was determined spectrophoto-
metrically for 10 at the λmax (480 nm) of the visible absorption
band of the ferric complex by the method given in detail in an
earlier publication.93 Briefly, a 0.5 mM iron(III) nitrilotri-
acetate (NTA) solution was made immediately before use by
dilution of a 50 mM Fe(III)-NTA stock solution with TRIS
buffer. Solutions of the ferric complex containing different
ligand/Fe(III) ratios were then prepared by mixing appropriate
volumes of 0.5 mM ligand in 100 mM TRIS Cl, pH 7.4, and
0.5 mM Fe(III)-NTA such that [ligand] + [Fe] ) 1.00 mM
(constant). The Job’s plot for the set of mixtures was then
derived.

Cell Culture. Murine L1210 leukemia cells were main-
tained in logarithmic growth as a suspension culture in RPMI-
1640 medium (Gibco, Grand Island, NY) containing 10% fetal
bovine serum (Gibco), HEPES (14 mM)-MOPS (7 mM) buffer,
1 mM additional L-glutamine (Gibco), and 1 mM aminoguani-
dine at 37 °C in a water-jacketed 5% CO2 incubator.

IC50 Determinations. Cells were grown in 25-cm2 tissue
culture flasks in a total volume of 10 mL. Cultures were
treated during logarithmic growth (0.5-1.0 × 105 cells/mL)
with the compounds of interest as described previously.67 Cell
counting and calculation of percent of control growth were also
carried out as given in an earlier publication.67 The IC50 is
defined as the concentration of compound necessary to reduce
cell growth to 50% of control growth after defined intervals of
exposure.

Uptake Determinations. The molecules of interest were
studied for their ability to compete with [3H]SPD for uptake
into L1210 leukemia cell suspensions in vitro as given in detail
in previous publications.61,65,67 Briefly, cell suspensions were
incubated in 1 mL of culture medium containing radiolabeled
SPD alone or radiolabeled SPD in the presence of graduated

concentrations of chelator or derivative. At the end of the
incubation period, the tubes were centrifuged; the pellet was
washed, digested, and neutralized prior to scintillation count-
ing. Lineweaver-Burk plots indicated simple competitive
inhibition with respect to SPD.

Compound Analysis. During logarithmic growth, cells
were treated with the compounds. At the end of the treatment
period, cell suspensions were sampled, washed three times in
ice-cold, incomplete medium, pelleted for extraction using 0.6
N perchloric acid,65 and then freeze-fractured in liquid nitrogen/
hot water three times. Each supernatant was frozen at -20
°C until analysis of analogue content by HPLC as described
below.

Cannulation of Bile Duct in Rats. The cannulation has
been described previously.88,94,95 Briefly, male Sprague-Dawley
rats averaging 450 g were housed in Nalgene plastic metabolic
cages during the experimental period and given free access to
water. The animals were anesthetized using sodium pento-
barbital (55 mg/kg) administered intraperitoneally (ip). The
bile duct was cannulated using 22-gauge polyethylene tubing.
The cannula was inserted into the duct about 1 cm from the
duodenum and tied snugly in place. After threading through
the shoulder, the cannula was passed from the rat to the swivel
inside a metal torque-transmitting tether, which was attached
to a rodent jacket around the animal’s chest. The cannula was
directed from the rat to a Gilson microfraction collector
(Middleton, WI) by a fluid swivel mounted above the metabolic
cage. Bile samples were collected at 3-h intervals for up to 72
h. The urine samples were taken at 24-h intervals up to 72 h.
Sample collection and handling were as previously described.88

Drug Preparation and Administration for Rodent
Studies. Chelators 4, 5, 9, and 10 were dissolved in water.
The sodium salt of (S)-4′-(HO)-DADFT (8) was prepared by
addition of the free acid to 1 equiv of NaOH. In the iron
clearance assessments, all compounds were given sc to the rats
at the doses shown in Table 2. For the metabolism experi-
ments, conjugates 9 and 10 were administered sc at a dose of
300 mol/kg.

Calculation of Iron Chelator Efficiency. The theoretical
outputs of the chelators were generated on the basis of a 3:1
ligand:iron complex for L1 (4) and its SPM conjugate (5) and
on the basis of a 2:1 complex for desazadesferrithiocin analogue
8 and its NSPD conjugates 9 and 10.93 The efficiencies in the
rodents were calculated as set forth previously.41,93,96 Data are
presented as the mean the standard error of the mean.

Collection of Tissue Samples from Rodents. Male
Sprague-Dawley rats (250-350 g) were given the compounds
prepared as described above sc. At times 2, 4, 6, 8, and 12 h
after dosing with compound 9 (n ) 4 animals for the 2- and
4-h time points; n ) 3 for the 6-, 8-, and 12-h time points) or
at times 2, 4, 6, 8, and 12 h after dosing with compound 10 (n
) 5 animals for the 2- and 4-h time points, n ) 4 for the 8-h
time point, and n ) 1 for the 6- and 12-h time points), the
liver was removed.

The liver samples were prepared for HPLC analysis by
homogenizing in 0.6 N HClO4 at a ratio of 1:2 (w/v). The same
volume of iron-free H2O as HClO4 was then used to rinse the
homogenizer probe; this rinse solution was added to the
sample. This homogenate was centrifuged; the supernatant
(200 µL) was injected onto the column.

Analytical Methods. Terephthalic Acid-Polyamine
Conjugates (6 and 7). Analytical separation was performed
on a Waters Symmetry C18 column (250 mm × 4.6 mm, 5 µm)
with guard column using a Rainin Instrument Co. HPLC
system. The buffer employed was sodium octanesulfonate (2.5
mM) in potassium phosphate (25 mM), pH 3.0. Mobile phase
A consisted of 5% CH3CN, 95% buffer; mobile phase B
consisted of 60% CH3CN, 40% buffer. The solvent gradient
program employed a linear gradient that increased from 20%
mobile phase B to 40% mobile phase B over 40 min and a 5-min
ramp to 100% B over 5 min. Postcolumn derivatization used
a boric acid buffer system (H3BO3, 3.1% w/v; KOH, 2.6% w/v;
2-mercaptoethanol, 0.6% v/v) that contained o-phthaldialde-
hyde (10 mL of a 4% w/v solution in CH3OH per L of buffer).
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The flow rate was 0.4 mL/min, isocratic; UV detection (λex, 340
nm; λem, 445 nm) was utilized. This method had a detection
limit of 0.07 µM.

Norspermidine-(S)-4′-(HO)-DADFT Conjugates (9 and
10). Analytical separation was performed on a reversed-phase
Supelco Discovery RP Amide C16 column (150 × 4.6 mm, 5 µm)
on the system described above, and UV detection was at 300
nm. The mobile phases were pumped at a flow rate of 1.5 mL/
min. The buffer and mobile phases A and B were the same as
described above. The solvent gradient program employed an
initial 10-min isocratic portion with 5% mobile phase B (95%
A), followed by a linear gradient increase to 80% mobile phase
B at 35 min, a 5-min ramp to 100% B held for 10 min, and
ramping back to 5% mobile phase B for 8 min (58-65 min
total). This method had a detection limit of 0.2 µM as a direct
injection; this corresponds to a tissue concentration of 10
nmol/g of wet wt.

In both cases, 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.).

Preparation of Sample and Method of Obtaining Mass
Spectra of Diacid Metabolites of 10 after in Vivo Dosing.
A SupelClean C-18 cartridge of 1-mL capacity was used for
solid-phase extraction (SPE) of the supernatant obtained after
centrifugation of the liver homogenate from 2 h postdosing
with 10. The packing in the cartridge was prewetted with
CH3CN (2 mL) and washed with 3% (v/v) aqueous acetic acid
solution (2 mL) before the application of the sample. After
washing with 1% (v/v) aqueous acetic acid solution (2 mL), the
sample was eluted with 300 µL of a 74/25/1 (v/v) mixture of
H2O, CH3CN, and glacial acetic acid for electrospray ionization
(ESI) mass spectrometry.

ESI mass spectra were acquired on a quadrupole ion trap
instrument (LCQ, ThermoFinnigan, San Jose, CA) operated
with the manufacturer’s Xcalibur 1.3 software. Mass spectra
were acquired with an automatic gain control. Full-scan
product ion spectra (MS/MS) were recorded at 1.0-u precursor-
ion isolation width, and the activation amplitude was adjusted
to 1.75 V (35% of the maximum value) to obtain collision-
induced dissociation (CID). Accurate mass measurements were
performed on an Applied Biosystems (Foster City, CA) QSTAR
XL hybrid quadrupole/time-of-flight instrument in the full-scan
acquisition mode.

Acknowledgment. Funding was provided by the
National Institutes of Health Grant No. R01-DK49108
and by Genzyme Drug Discovery and Development,
Waltham, MA. NOESY was performed by James R.
Rocca of the Advanced Magnetic Resonance Imaging
and Spectroscopy Facility, University of Florida. We
thank J. R. Timothy Vinson and Elizabeth M. Nelson
for their development of the analytical methodology for
the conjugates, Richard E. Smith and Samuel E. Algee
for their aid in the preparation of the conjugates, and
Dr. Eileen Eiler-McManis for her editorial and organi-
zational assistance.

Supporting Information Available: Complete 1H NMR
spectra for reference compounds 27 and 28 employed in
NOESY correlations and elemental analytical data for syn-
thesized compounds. This material is available free of charge
via the Internet at http://pubs.acs.org.

References
(1) Olivieri, N. F.; Brittenham, G. M. Iron-chelating Therapy and

the Treatment of Thalassemia. Blood 1997, 89, 739-761.
(2) Wonke, B. Clinical Management of â-Thalassemia Major. Semin.

Hematol. 2001, 38, 350-359.
(3) Jellinger, K. A. The Role of Iron in Neurodegeneration. Prospects

for Pharmacotherapy of Parkinson’s Disease. Drugs Aging 1999,
14, 115-140.

(4) Hershko, C. Control of Disease by Selective Iron Depletion: A
Novel Therapeutic Strategy Utilizing Iron Chelators. Bailliere’s
Clin. Haematol. 1994, 7, 965-1000.

(5) Bel, A.; Martinod, E.; Menasche, P. Cardioprotective Effect of
Desferrioxamine. Acta Haematol. 1996, 95, 63-65.

(6) Raymond, K. N.; Carrano, C. J. Coordination Chemistry and
Microbial Iron Transport. Acc. Chem. Res. 1979, 12, 183-
190.

(7) Bergeron, R. J. Iron: A Controlling Nutrient in Proliferative
Processes. Trends Biochem. Sci. 1986, 11, 133-136.

(8) Theil, E. C.; Huynh, B. H. Ferritin Mineralization: Ferroxidation
and Beyond. J. Inorg. Biochem. 1997, 67, 30.

(9) Ponka, P.; Beaumont, C.; Richardson, D. R. Function and
Regulation of Transferrin and Ferritin. Semin. Hematol. 1998,
35, 35-54.

(10) Babbs, C. F. Oxygen Radicals in Ulcerative Colitis. Free Radic.
Biol. Med. 1992, 13, 169-181.

(11) Halliwell, B. Free Radicals and Antioxidants: A Personal View.
Nutr. Rev. 1994, 52, 253-265.

(12) Hazen, S. L.; d’Avignon, A.; Anderson, M. M.; Hsu, F. F.;
Heinecke, J. W. Human Neutrophils Employ the Myeloperoxi-
dase-Hydrogen Peroxide-Chloride System to Oxidize R-Amino
Acids to a Family of Reactive Aldehydes. Mechanistic Studies
Identifying Labile Intermediates along the Reaction Pathway.
J. Biol. Chem. 1998, 273, 4997-5005.

(13) Finch, C. A.; Deubelbeiss, K.; Cook, J. D.; Eschbach, J. W.;
Harker, L. A.; Funk, D. D.; Marsaglia, G.; Hillman, R. S.;
Slichter, S.; Adamson, J. W.; Ganzoni, A.; Giblett, E. R. Ferro-
kinetics in Man. Medicine (Baltimore) 1970, 49, 17-53.

(14) Finch, C. A.; Huebers, H. A. Perspectives in Iron Metabolism.
N. Engl. J. Med. 1982, 306, 1520-1528.

(15) Finch, C. A.; Huebers, H. A. Iron Metabolism. Clin. Physiol.
Biochem. 1986, 4, 5-10.

(16) Hallberg, L. Bioavailability of Dietary Iron in Man. Annu. Rev.
Nutr. 1981, 1, 123-147.

(17) Conrad, M. E.; Umbreit, J. N.; Moore, E. G. Iron Absorption and
Transport. Am. J. Med. Sci. 1999, 318, 213-229.

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

(19) 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.; W. B. Saunders: Philadelphia, PA, 1987;
p 219.

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

(21) Angelucci, E.; Brittenham, G. M.; McLaren, C. E.; Ripalti, M.;
Baronciani, D.; Giardini, C.; Galimberti, M.; Polchi, P.; Lucarelli,
G. Hepatic Iron Concentration and Total Body Iron Stores in
Thalassemia Major. N. Engl. J. Med. 2000, 343, 327-331.

(22) Bonkovsky, H. L.; Lambrecht, R. W. Iron-Induced Liver Injury.
Clin. Liver Dis. 2000, 4, 409-429, vi-vii.

(23) Pietrangelo, A. Mechanism of Iron Toxicity. Adv. Exp. Med. Biol.
2002, 509, 19-43.

(24) Cario, H.; Holl, R. W.; Debatin, K. M.; Kohne, E. Insulin
Sensitivity and â-Cell Secretion in Thalassaemia Major with
Secondary Haemochromatosis: Assessment by Oral Glucose
Tolerance Test. Eur. J. Pediatr. 2003, 162, 139-146.

(25) Wojcik, J. P.; Speechley, M. R.; Kertesz, A. E.; Chakrabarti, S.;
Adams, P. C. Natural History of C282Y Homozygotes for
Hemochromatosis. Can. J. Gastroenterol. 2002, 16, 297-
302.

(26) Brittenham, G. M.; Griffith, P. M.; Nienhuis, A. W.; McLaren,
C. E.; Young, N. S.; Tucker, E. E.; Allen, C. J.; Farrell, D. E.;
Harris, J. W. Efficacy of Deferoxamine in Preventing Complica-
tions of Iron Overload in Patients with Thalassemia Major. N.
Engl. J. Med. 1994, 331, 567-573.

(27) Brittenham, G. M. Disorders of Iron Metabolism: Iron Deficiency
and Overload. In Hematology: Basic Principles and Practice, 3rd
ed.; Hoffman, R., Benz, E. J., Shattil, S. J., Furie, B., Cohen, H.
J., et al., Eds.; Churchill Livingstone: New York, 2000; pp 397-
428.

(28) Zurlo, M. G.; De Stefano, P.; Borgna-Pignatti, C.; Di Palma, A.;
Piga, A.; Melevendi, C.; Di Gregorio, F.; Burattini, M. G.; Terzoli,
S. Survival and Causes of Death in Thalassaemia Major. Lancet
1989, 2, 27-30.

(29) Bickel, H.; Hall, G. E.; Keller-Schierlein, W.; Prelog, V.; Vischer,
E.; Wettstein, A. Metabolic Products of Actinomycetes. XXVII.
Constitutional Formula of Ferrioxamine B. Helv. Chim. Acta
1960, 43, 2129-2138.

(30) Porter, J. B. Deferoxamine Pharmacokinetics. Semin. Hematol.
2001, 38, 63-68.

(31) Lee, P.; Mohammed, N.; Marshall, L.; Abeysinghe, R. D.; Hider,
R. C.; Porter, J. B.; Singh, S. Intravenous Infusion Pharmaco-
kinetics of Desferrioxamine in Thalassaemic Patients. Drug
Metab. Dispos. 1993, 21, 640-644.

(32) Pippard, M. J.; Callender, S. T.; Finch, C. A. Ferrioxamine
Excretion in Iron-Loaded Man. Blood 1982, 60, 288-294.

Polyamine-Vectored Iron Chelators Journal of Medicinal Chemistry, 2005, Vol. 48, No. 12 4135



(33) Pippard, M. J. Desferrioxamine-Induced Iron Excretion in
Humans. Bailliere’s Clin. Haematol. 1989, 2, 323-343.

(34) Hoffbrand, A. V.; Al-Refaie, F.; Davis, B.; Siritanakatkul, N.;
Jackson, B. F. A.; Cochrane, J.; Prescott, E.; Wonke, B. Long-
term Trial of Deferiprone in 51 Transfusion-Dependent Iron
Overloaded Patients. Blood 1998, 91, 295-300.

(35) Olivieri, N. F. Long-term Therapy with Deferiprone. Acta
Haematol. 1996, 95, 37-48.

(36) Olivieri, N. F.; Brittenham, G. M.; McLaren, C. E.; Templeton,
D. M.; Cameron, R. G.; McClelland, R. A.; Burt, A. D.; Fleming,
K. A. Long-Term Safety and Effectiveness of Iron-Chelation
Therapy with Deferiprone for Thalassemia Major. N. Engl. J.
Med. 1998, 339, 417-423.

(37) Richardson, D. R. The Controversial Role of Deferiprone in the
Treatment of Thalassemia. J. Lab. Clin. Med. 2001, 137, 324-
329.

(38) Nisbet-Brown, E.; Olivieri, N. F.; Giardina, P. J.; Grady, R. W.;
Neufeld, E. J.; Sechaud, R.; Krebs-Brown, A. J.; Anderson, J.
R.; Alberti, D.; Sizer, K. C.; Nathan, D. G. Effectiveness and
Safety of ICL670 in Iron-Loaded Patients with Thalassaemia:
a Randomised, Double-Blind, Placebo-Controlled, Dose-Escala-
tion Trial. Lancet 2003, 361, 1597-1602.

(39) Galanello, R.; Piga, A.; Alberti, D.; Rouan, M.-C.; Bigler, H.;
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