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There has been much interest in the development of iron (Fe) chelators for the treatment of cancer. We
developed a series of di-2-pyridyl ketone thiosemicarbazone (HDpT) ligands which show marked and selective
antitumor activity in vitro and in vivo. In this study, we assessed chemical and biological properties of
these ligands and their Fe complexes in order to understand their marked activity. This included examination
of their solution chemistry, electrochemistry, ability to mediate redox reactions, and antiproliferative activity
against tumor cells. The higher antiproliferative efficacy of theHDpT series of chelators relative to the
related di-2-pyridyl ketone isonicotinoyl hydrazone (HPKIH) analogues can be ascribed, in part, to the
redox potentials of their Fe complexes which lead to the generation of reactive oxygen species. The most
effectiveHDpT ligands as antiproliferative agents possess considerable lipophilicity and were shown to be
charge neutral at physiological pH, allowing access to intracellular Fe pools.

Introduction

The development of iron (Fe) chelators for clinical use has
traditionally focused on their use for the treatment of Fe-
overload disease such asâ-thalassemia major.1-3 More recently,
there has been considerable interest in assessing the antitumor
activity of a wide variety of ligands.4-7 The ability of Fe
chelators to inhibit tumor growth is probably associated with
several factors. First, tumor cells generally proliferate at a faster
rate than their normal counterparts and express higher levels of
the transferrin receptor 1 (TfR1)a that is necessary for Fe uptake
from the serum Fe-transport protein, transferrin (Tf).8 Second,
chelators inhibit Fe-requiring enzymes such as ribonucleotide
reductase which catalyzes the rate-limiting step of DNA
synthesis.9-11

Initial studies assessing the effects of novel chelators on tumor
growth were stimulated by reports that the Fe chelator, desfer-
rioxamine (DFO; Figure 1), which is used for the treatment of
Fe overload, had antitumor activity in vitro in cell culture,12 in
vivo using animal tumor models,13 and also in clinical trials.14-16

This finding was of interest since DFO was not designed
specifically for the treatment of cancer and possessed numerous

disadvantages such as poor membrane permeability which
decreased its antiproliferative activity (for reviews, see refs 4,
17, and 18). Hence, the design of more hydrophobic Fe chelators
for the treatment of cancer appeared a worthwhile goal.

Over the last 15 years, our laboratories have been involved
in assessing the antitumor activity of the pyridoxal isonicotinoyl
hydrazone (H2PIH; Figure 1) class of Fe chelators (for review,
see ref 18). These ligands possess high affinity for FeIII and are
simple to synthesize via a Schiff base condensation, enabling
the preparation of many analogues that have led to the
elucidation of important structure-activity relationships.19,20

Some of these compounds were shown to possess potent
antitumor activity, e.g., 2-hydroxy-1-naphthylaldehyde isonico-
tinoyl hydrazone (chelator 311 orH2NIH; Figure 1).20 Examina-
tion of these chelators led to the development of several series
of ligands showing significantly greater activity. These include
the 2-hydroxy-1-naphthylaldehyde thiosemicarbazone (H2NT)
analogues21 and di-2-pyridyl ketone isonicotinoyl hydrazone
(HPKIH) chelators (Figure 1).22

Considering the activity of theH2NT andHPKIH chelators,
more recently we have synthesized the di-2-pyridyl ketone
thiosemicarbazone (HDpT) series of ligands which are hybrid
molecules of the latter two series of compounds (Figure 1).23

The HDpT class of chelators, in particular the ligand, di-2-
pyridyl ketone 4,4-dimethyl-3-thiosemicarbazone (HDp44mT;
Figure 1), showed the highest antiproliferative activity of all
chelators examined so far.23 These ligands demonstrated selec-
tive antitumor activity, having far less effect on the growth of
normal cells.23 In addition,HDp44mT showed marked activity
in vivo, reducing the growth of a murine M109 lung cancer by
approximately 50% within 5 days of treatment, while having
little effect on normal hematological indices.23 While HDp44mT
could effectively induce cellular Fe deprivation, in initial studies
the Fe complex was also shown to be redox active within cells.23

Hence, it was proposed that the antitumor activity of these
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compounds relates both to their ability to bind intracellular Fe
and form redox-active Fe complexes that generate cytotoxic free
radicals.23

The current study was designed to comprehensively charac-
terize the biological and chemical properties of Fe complexes
of the HDpT series of chelators and their redox activity. This
work was crucial to understand the antiproliferative activity of
this important class of chelators and to determine their structure-
activity relationships.

Results and Discussion

X-ray Crystallography of the HDpT Ligands. As repre-
sentative members of theHDpT series, the crystal structures of
HDp4mT andHDp4eT have been determined. This was vital

in terms of understanding subtle aspects of the protonation of
these ligands and, hence, their charge which markedly influences
biological activity (see below).24,25 The crystal structure of
HDp4mT in theC2/c space group has been determined with
one independent molecule in the asymmetric unit (Z ) 8). A
view of the ligand is shown in Figure 2A. A feature of the
structure is an intramolecular H-bond between the thioamide
proton and the adjacent pyridyl group. The bond lengths and
angles are typical of other dipyridyl ketone thiosemi-
carbazones.26-31 Swearingen and West also reported the crystal
structure ofHDp4mT in the lower symmetry triclinic space
group P1h with two independent molecules in the asymmetric
unit cell (Z ) 4).31 Our present analysis is evidently a redeter-
mination of the structure of the same compound but now in the

Figure 1. Structural formulae of compounds discussed in this work: desferrioxamine (DFO), doxorubicin (DOX), 3-aminopyridine-2-carboxaldehyde-
thiosemicarbazone (3-AP), pyridoxal isonicotinoyl hydrazone (H2PIH), 2-hydroxy-1-naphthylaldehyde isonicotinoyl hydrazone (H2NIH or 311),
2-hydroxy-1-naphthylaldehyde thiosemicarbazone (H2NT), di-2-pyridyl ketone isonicotinoyl hydrazone (HPKIH), di-2-pyridyl ketone thiosemi-
carbazone (HDpT), di-2-pyridyl ketone 4-methyl-3-thiosemicarbazone (HDp4mT), di-2-pyridyl ketone 4-ethyl-3-thiosemicarbazone (HDp4eT),
di-2-pyridyl ketone 4,4-dimethyl-3-thiosemicarbazone (HDp44mT), di-2-pyridyl ketone 4-phenyl-3-thiosemicarbazone (HDp4pT), di-2-pyridyl ketone
4-allyl-3-thiosemicarbazone (HDp4aT). Schematic representation of a 2:1 Fe complex formed byHDpT analogues based on the crystal structures
of the closely relatedHPKIH ligands.39
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correct space group (Table 1). [The (primitive) reduced cell from
our dataa ) 11.472 Å,b ) 11.472 Å,c ) 11.514 Å,R )
88.80°, â ) 88.80°, γ ) 61.28°, V ) 1329 Å3 matches that of
Swearingen and West.]

The chelatorHDp4eT was crystallized from dilute HClO4
solution to afford X-ray quality crystals of its hydrogen
perchlorate salt. As shown in the view of the salt in Figure 2B,
the additional proton resides on N2 of a pyridyl ring; specifically
the ring not involved in intramolecular H-bonding with the
thioamide proton. An interesting bidentate H-bonding interaction
between a pair of N-H groups and the perchlorate anion is
apparent. Of note is that the Cl1-O2 bond length is significantly

longer than the remaining three Cl-O bonds, a consequence
of this H-bonding interaction.

Protonation Constants of the HDpT Ligands. Potentio-
metric titrations were undertaken to probe the acid-base
equilibria associated with each ligand and to determine the pH
range over which the chelator is in its charge neutral form. This
is important in understanding the passage of the molecule
through cell membranes, as charged chelators have poor
access.18,24,25

The poor aqueous solubility ofHDp4pT precluded determi-
nation of its protonation constants. The results for the remaining
ligands are summarized in Table 2. The higher pKa corresponds
to the (py)2CdN-NH-CdS group and varies considerably as
a function of the substituent on the N-atom at position 4. The
lower pKa is due to protonation of the pyridyl ring seen in Figure
2B. In addition to identifying the site of protonation as N2, the
crystal structure of [H2Dp4eT]ClO4 explains why N1 is so
resistant to protonation, as it is involved in an H-bond with the
thioamide group (Figure 2B). The speciation plot forHDp4eT
is shown in Figure 3, and it can be seen that the charge neutral
form (solid curve) is dominant at physiological pH enabling
facile passage across cell membranes. This would explain, at
least in part, the high biological activity of these chelators at
mobilizing intracellular Fe, preventing Fe uptake from the serum
Fe transport protein, transferrin (Tf), and also inhibiting cellular
proliferation.23

The protonated form (Figure 3, diamonds) becomes dominant
below pH 4, while the deprotonated form is only important
above pH 11 (Figure 3, broken line). Hence, if these agents are
ever given as drugs via the oral route, the low pH of the stomach
(pH 1-2) would prevent absorption of the drug at this site as
the molecule will be charged.24 More facile absorption would
occur in the small intestine where the higher pH (pH 5-7)
would result in a neutral ligand and greater uptake.24

Lipophilicity of the HDpT Ligands. The lipophilicity of a
chelator has been shown to be an important property with regard
to its ability to permeate biological membranes32 and can be
conveniently estimated by its partition coefficient.33-37 The
octanol:water partition coefficients for the chelators were
measured (logP), and the results appear in Table 2.

Figure 2. ORTEP view of (A)HDp4mT and (B) [H2Dp4eT]ClO4

(30% probability ellipsoids).

Table 1. Crystal Data of the HDpT Ligands, HDp4mT and
[H2Dp4eT]ClO4

HDp4mT [H2Dp4eT]ClO4

formula C13H13N5S C14H16ClN5O4S
mol. wt 271.34 385.83
crystal system monoclinic monoclinic
a (Å) 19.740(2) 13.967(4)
b (Å) 11.694(1) 8.112(1)
c (Å) 11.514(2) 15.932(2)
R (deg) 90 90
â (deg) 91.391(9) 110.00(1)
γ (deg) 90 90
V (Å3) 2657.1(6) 1696.2(6)
T (K) 293 293
Z 8 4
space group C2/c P21/n
µ (Mo KR, mm-1) 0.237 0.379
indep. refs (Rint) 2329 (0.0491) 2980 (0.0323)
R1 (obs. data) 0.0382 0.0490
wR2 (all data) 0.1029 0.1527
CCDC no. 608888 608889

Table 2. Protonation Constants and Octanol-Water Partition
Coefficients (logP) for the HDpT Analogues

ligand pKa1 pKa2 log P

HDpT 9.88 (0.02) 3.91 (0.05) 0.78
HDp4mT 11.14 (0.02) 3.92 (0.04) 3.18
HDp4eT 11.09 (0.02) 3.92 (0.05) 1.23
HDp44mT 9.55 (0.05) 4.29 (0.1) 2.19
HDp4aT 11.01 (0.02) 3.88 (0.04) 1.68
HDp4pT - - 1.96

Figure 3. Speciation plot for [H2Dp4eT]+ (diamonds),HDp4eT (solid
curve), and [Dp4eT]- (broken curve) as a function of pH.
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It is apparent that the most hydrophilic chelator isHDpT,
which bears two protons on N4, while all other chelators are
more lipophilic due to the presence of one or two hydrophobic
substituents (Figure 1). Considering this, it is important to note
that HDpT shows much lower antiproliferative activity (IC50

) 5.20 µM; Table 3) at inhibiting the growth of tumor cells
than the otherHDpT chelators (IC50 ) 0.01-0.18 µM; Table
3). Furthermore,HDpT was not effective at mobilizing intra-
cellular Fe or preventing Fe uptake from transferrin in contrast
to the other analogues which showed similar and marked
activity.23 Hence, the relative hydrophilicity ofHDpT may lead
to lower biological activity relative to the other analogues.

Apart from HDpT, log P of the remaining fiveHDpT
analogues varied from 1.23 to 3.18 (Table 2). For four of the
five HDpT analogues, logP was greater than 1.5, indicating
these compounds were moderately lipophilic. In studies examin-
ing theH2PIH class of chelators, optimal activity in releasing
59Fe from reticulocytes was observed when logP [free ligand]
≈ 2.8.38 In addition, high Fe chelation efficacy of a series of
diaroylhydrazine Fe chelators was observed when logP was
1.7 or greater.39 Analysis of the biological activity of the five
HDpT analogues (namelyHDp4mT, HDp4eT, HDp44mT,
HDp4aT, andHDp4pT) relative to their logP value demon-
strated no strong statistical correlation (data not shown). In these
analyses, the biological activities assessed included the anti-
proliferative activity of the ligands (Table 3) and also their
ability to mobilize Fe from cells and prevent Fe uptake from
Tf, which we reported previously.23

Characterization of the HDpT-Fe Complexes: Electronic
Spectra and Electrochemistry.The Fe coordination chemistry
of theHDpT analogues remains essentially unexplored, and the
biological Fe coordination chemistry of these chelators has not

been examined in any detail. Of most relevance to this study
was the isolation and characterization of both the FeII and FeIII

complexes of theHDpT analogues. The syntheses of all FeII

complexes were conducted under an inert atmosphere as aerobic
oxidation to the FeIII analogues was found to be significant in
some cases. Once isolated as solids, the ferrous complexes were
stable indefinitely. The FeIII complexes were synthesized in a
similar fashion except ferric perchlorate was used.

The electronic spectra of the Fe complexes are very sensitive
to oxidation state, but less dependent on the substituents present.
Table 4 summarizes the spectral data. In addition to intense
intraligand electronic transitions in the near UV, the FeII

complexes all exhibit an intense asymmetric band in the range
630-660 nm, which gives them their distinctive green color.
This visible transition is of metal-to-ligand (FeII f pyridine)
charge-transfer origin and is related to the FeIII/II redox potential
(see below). The FeIII complexes exhibit electronic spectra that
are somewhat similar to those of the free ligands, although the
intraligand bands are shifted into the visible region giving the
complexes their dark brown appearance.

Cyclic voltammetry of the Fe complexes was performed in a
mixture of MeCN and water (70:30) due to the limited solubility
of the complexes in water alone. Totally reversible FeIII/II redox
couples were identified in all cases, withE° values varying from
+153 to +225 mV vs NHE (Table 4). The peak currents
increased linearly with the square root of sweep rate, and the
anodic/cathodic current ratio was unity at all sweep rates. As
an example, cyclic voltammograms of [Fe(Dp44mT)2]ClO4 at
various sweep rates are shown in Figure 4. The peak potentials
and the ratios of the anodic and cathodic current maxima are
essentially invariant within the range of sweep rates 20-500
mVs-1, and this is typical behavior for all complexes. That is,
the heterogeneous electron-transfer rate is rapid, and both
components of the redox are stable. This is consistent with our
ability to isolate and characterize both the ferrous and ferric
complexes as solids.

The redox potentials of theHDpT Fe complexes are 300 to
400 mV lower than those found for the Fe complexes of the
structurally relatedHPKIH analogues (ca.+500 mV),40 and they
lie within a range accessible to intracellular oxidants (dioxygen)
and reductants such as NADPH, thiols, etc. Indeed, previous
studies examining theHPKIH analogues and alsoHDp44mT
have demonstrated that these chelators are capable of generating
reactive oxygen species (ROS) intracellularly.23,40,41Considering
the lower redox potentials of theHDpT chelators, the facilitation
of redox activity should occur more readily than that observed
with the HPKIH class. Hence, the higher antiproliferative
activity of theHDpT series of chelators23 relative to theHPKIH
class22 can be ascribed, at least in part, to the electrochemical
potentials of their Fe complexes which lead to greater ROS
generation. However, this is not the only factor which is
important. As described above, the most activeHDpT ligands
possess considerable lipophilicity (Table 2), allowing them to
permeate cell membranes and bind Fe pools in tumor cells more
readily than less lipid-soluble chelators, e.g., DFO. Hence, the
ability of these ligands to bind intracellular Fe and generate
ROS is similar to the mechanism of action of the cytotoxic
agent, doxorubicin (DOX; Figure 1).42 The resulting oxidative
damage potentiates the antiproliferative activity of theHPKIH
andHDpT chelators compared toH2NIH or DFO that bind Fe
but do not actively redox cycle.43 We have termed this effect
the “double-punch”, and it is an important structure-activity
relationship that should be encompassed into the design of future
ligands for the treatment of cancer.

Table 3. IC50 (µM) Values of 3-Aminopyridine-2-carboxaldehyde-
thiosemicarbazone (3-AP), Desferrioxamine (DFO), and the HDpT
Series Chelators and their Ferrous and/or Ferric Complexes at Inhibiting
the Growth of SK-N-MC Cells after 96 ha

chelator/complex IC50 (µM) p value

DFO 8.58( 1.65
FeIIIDFOb >25

3-AP 0.39( 0.03
FeII3-APb 0.74( 0.29 p > 0.05 (NS)
FeIII3-APb 0.40( 0.03 p > 0.05 (NS)

HDpT 5.20( 0.44
FeII(DpT)2 >6.25
[FeIII (DpT)2]ClO4 >6.25

HDp4mT 0.18( 0.02
FeII(Dp4mT)2 1.53( 0.21 p < 0.001
[FeIII (Dp4mT)2]ClO4 1.02( 0.28 p < 0.001

HDp4eT 0.05( 0.03
FeII(Dp4eT)2 1.21( 0.47 p < 0.001
[FeIII (Dp4eT)2]ClO4 0.46( 0.16 p < 0.001

HDp44mT 0.01( 0.01
FeII(Dp44mT)2 0.42( 0.08 p < 0.001
[FeIII (Dp44mT)2]ClO4 0.35( 0.02 p < 0.001

HDp4aT 0.02( 0.01
FeII(Dp4aT)2 0.69( 0.24 p < 0.001
[FeIII (Dp4aT)2]ClO4 0.68( 0.15 p < 0.001

HDp4pT 0.01( 0.01
FeII(Dp4pT)2 0.21( 0.05 p < 0.001
[FeIII (Dp4pT)2]ClO4 0.15( 0.09 p < 0.001

a Proliferation was determined by the MTT assay (see Experimental
Section for further details). Results are mean( SD (three experiments).
Thep values were determined using Student’st-test and compare the activity
of the ligand to its relevant complex. A value ofp > 0.05 was considered
as not significant (NS).b Indicates complexes that were made in situ.
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Unlike the facile voltammetry seen here for the Fe complexes
of the HDpT analogues, the electrochemistry of the closely
related PKIH-FeII complexes was complicated by rapid nu-
cleophilic attack by water on the CdN-Fe group upon oxidation
to the ferric state.40 Interestingly and counterintuitively, this may
be explained by the exchange of an O-donor atom in theHPKIH
chelators with an S-donor in theHDpT analogues (see Figure
1), stabilizing the higher oxidation state. Clearly, the thiolate
S-donor is another structural feature that is relevant for the future
design of chelators as antitumor agents.

Effects of the Iron Complexes of HDpT on Cellular
Proliferation. Previous studies have demonstrated that com-
plexation of chelators with metals can result in marked
alterations in their biological activity.19,44-46 To assess the effect
of complexation with FeII or FeIII on the antiproliferative activity
of theHDpT chelators, their Fe complexes were prepared. Two
relevant positive controls were also screened, namely DFO
which is used for treatment of Fe-overload and the clinically
trialed chelator, 3-aminopyridine-2-carboxaldehyde-thiosemi-
carbazone (3-AP; Figure 1), that was designed for cancer
therapy.10,47DFO showed relatively low antiproliferative activity
(IC50: 8.58µM), while 3-AP was far more effective (IC50: 0.39
µM; Table 3). As shown in our previous studies, complexation
of DFO with FeIII totally prevented its antiproliferative activity,
while it had no significant effect on the activity of 3-AP.10

Of the HDpT analogues,HDpT showed the least activity
(IC50: 5.20 µM), while HDp44mT, HDp4pT, HDp4aT, and
HDp4eT showed similar and marked efficacy at inhibiting
proliferation (IC50: 0.01-0.05µM; Table 3).HDp4mT was less
active than these latter four analogues, but far more effective
thanHDpT (Table 3).

All of the FeII and FeIII complexes of theHDpT analogues,
except the relatively benignHDpT, resulted in significantly (p
< 0.001) decreased antiproliferative activity compared to their
free ligands (Table 3). In fact, complexation with Fe resulted
in the IC50 increasing by a factor of 6-42 times. Examining
the same ligand, there were no significant differences between
the IC50 values of its FeII or FeIII complexes, suggesting that
each oxidation state resulted in similar effects. In fact, it is
possible that these oxidation states exist in equilibrium within
the cell, and the electrochemistry of the Fe complexes would
suggest facile interconversion between the redox states, as
described above. The decreased antiproliferative activity of the
Fe complexes, relative to their respective ligands, could be
explained by (1) the complex having less intracellular access
preventing it from damaging the cell, and/or (2) the preformed
complex blocking the chelation of Fe from sensitive cellular
pools involved in proliferation, e.g., ribonucleotide reductase.
The current results with the Fe complexes of theHDpT
analogues contrast with results obtained with the Fe complexes
of two closely relatedHPKIH analogues.48 In fact, it was shown
that the Fe complexes of these latter chelators resulted in a 3-6-
fold increase in activity relative to their ligands.48 Hence, while
precomplexation of theHPKIH complexes with Fe may be
beneficial for the administration of these compounds to enhance
their activity, this would not be advantageous for theHDpT
analogues.

Plots comparing the measured redox potentials versus the
antiproliferative activity of the ligands and their FeII and FeIII

complexes were examined to determine if a relationship between
these factors existed (data not shown). In this analysis,HDpT
was excluded as an IC50 value was not determined for its FeII

and FeIII complexes. A weak linear relationship was observed
between the redox potentials and the antiproliferative activity
of the free ligands (R ) -0.55) and their FeII (R ) -0.70) and
FeIII complexes (R ) -0.78). However, while the redox
potential and hence the free radical generating activity of these
agents plays a role in their antitumor efficacy, it is not the sole
factor involved. Thus, a weak linear relationship was observed.
As discussed previously, the ability of the ligand to enter the
cell, determined by both the logP and charge at physiological
pH, are other significant aspects which determine antitumor
activity.

Effects of the Iron Complexes of HDpT Analogues on
Ascorbate Oxidation. Our electrochemistry studies reported
above clearly indicate that the redox potentials of the Fe
complexes of theHDpT analogues are suitable to allow facile
redox cycling. However, the ability ofHDp44mT to directly
catalyze oxidation of a physiological substrate has not been
shown. Considering this, the effect of theHDpT chelators on
the oxidation of ascorbate was determined (Figure 5A). The

Table 4. Electronic Spectral Data (MeOH;λmax, nm; ε, M-1 cm-1) and Electrochemical Data (70:30 MeCN:H2O) for all HDpT Analogue Fe
Complexes

L FeIIL2 [FeIIIL2]+ E0 (mV vs NHE)

HDpT 644 (ε 5 270) 460 (ε 6 770) +165
365 (ε 14 860) 365 (ε 12 340)

HDp4mT 643 (ε 8 040) 475 (ε 6 950) +153
380 (ε 22 850) 379 (ε 19 240)

HDp4eT 644 (ε 7 450) 463 (ε 5 170) +173
379 (ε 28 830) 380 (ε 13 780)

HDp44mT 646 (ε 10 840) 486 (ε 10 340) +166
390 (ε 30 040) 395 (ε 32 600)

HDp4aT 626 (ε 3 850) 462 (ε 4 320) +170
379 (ε 26 300) 381 (ε 21 700)

HDp4pT 630 (ε 7 200) 469 (ε 5 410) +225
393 (ε 24 540) 368 (ε 10 870)

Figure 4. Cyclic voltammograms of [Fe(Dp44mT)2]ClO4 as a function
of sweep rate (mV s-1): 20 (red), 50 (green), 100 (yellow), 200 (blue),
and 500 (pink).
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chelators EDTA and DFO were used as positive and negative
controls, respectively, as their activity has been well character-
ized.40,49,50

In this assay, EDTA increased ascorbate oxidation to 475%
and 482% of the control at an iron-binding equivalent (IBE;
see Experimental Section) of 1 and 3, but had less effect at an
IBE of 0.1, as shown in previous studies (Figure 5A).10,41,50

DFO inhibited the reaction to 79, 60, and 59% of the control at
IBEs of 0.1, 1, and 3, respectively (Figure 5A). These results
can be explained by the fact that the FeIII/II redox potential of
the fully formed EDTA complex in water at pH 7 is ca.+90
mV vs NHE (depending on the supporting electrolyte),51

allowing facile redox cycling and ascorbate oxidation. On the
other hand, DFO readily binds FeIII , but the low FeIII/II redox
potential (-486 mV vs NHE) of this complex52 leads to
negligible rates of ascorbate oxidation.50

To provide direct comparison with theHDpT chelators and
as a further positive control, we also examined the thiosemi-
carbazone chelator, 3-AP.53-56 In agreement with our previous
studies,10 3-AP was active at increasing ascorbate oxidation at
all IBEs, but particularly at an IBE of 1 and 3 (Figure 5A).
However, theHDpT chelators varied in their ability to promote
the FeIII -mediated oxidation of ascorbate.HDp4mT,HDp4aT,

andHDp44mT increased ascorbate oxidation at all IBEs, but
were most effective at an IBE of 1 and 3 (Figure 5A). Chelator
HDp44mT showed the greatest activity, being comparable to
EDTA, and increased the oxidation of ascorbate to 439% and
406% of the control at IBEs of 1 and 3, respectively. At the
extremes, the Fe-DpT analogue complexes with the lower
FeIII/II redox potentials (e.g.,HDp44mT, Table 3) resulted in
greater ascorbate oxidation activity than those at the higher end
(e.g., HDp4pT) although there were exceptions within this
series. If redox potentials are indeed an important component
of ascorbate oxidation catalysis, then the greater activity of the
lower potential complexes suggests that the rate-limiting step
is reoxidation of the ferrous complex by oxygen (the oxidative
half reaction) in order for the catalytic cycle to continue. That
is, the lower potential ferrous complexes are oxidized more
rapidly. However, substituent effects could also be relevant, i.e.,
steric effects from the N4 alkyl, allyl, and aromatic substituents
may affect the way in which the complex interacts with
ascorbate.

The results showing the high activity ofHDp44mT to catalyze
the oxidation of ascorbate are in good agreement with its redox
potentials and also our studies in cells examining the oxidation
of the fluorescent probe, H2-DCF-DA.23 The ascorbate oxidation
results suggest that the ferric complexes ofHDp44mT,HDp4mT,
HDp4aT effectively act as oxidation catalysts. This is in contrast
to our results with the closely relatedHPKIH analogues which
do not effectively oxidize ascorbate.40,41 The reasons for the
difference between theHPKIH analogues and these threeHDpT
chelators is probably explained by their electrochemistry. For
the HPKIH analogues, the electrochemistry of the PKIH-FeII

complexes was complicated by rapid nucleophilic attack by
water on the CdN-Fe group upon oxidation to the ferric state.40

In other words, the potentially high oxidizing power of the ferric
HPKIH complexes is lost through nucleophilic attack by
hydroxide on the FeIII form.40 In contrast, the Fe complexes of
the HDpT analogues enjoy facile interconversion between the
FeII and FeIII states uncomplicated by following chemical
reactions (Figure 4). Thus, the ferric complex retains its
oxidizing power.

Effects of the Iron Complexes of HDpT Analogues on
Benzoate Hydroxylation.The effect of the chelators on FeII-
mediated hydroxyl radical production was measured by moni-
toring the hydroxylation of benzoate to the fluorescent product
salicylate in the presence of FeII and H2O2 (Figure 5B). Again,
EDTA and DFO acted as positive and negative controls,
respectively.40,49,50EDTA stimulated benzoate hydroxylation to
309% and 343% of the control at IBEs of 1 and 3, respectively.
In contrast, DFO inhibited the reaction to 56-60% of the control
at IBEs of 1 and 3 (Figure 5B). These results were in good
agreement with our previous studies.10,50 The EDTA complex
has a sufficiently high FeIII/II potential such that the catalytically
active divalent oxidation state is accessible, whereas the divalent
Fe-DFO complex is not stable in aerobic solution and cannot
catalyze Fenton chemistry.

As shown previously,10 3-AP was also active in this assay,
markedly increasing benzoate hydroxylation to 164% and 241%
of the control at IBEs of 1 and 3, respectively (Figure 5B). The
chelators HDpT, HDp4eT, HDp4mT, and HDp44mT all
increased benzoate hydroxylation, particularly at an IBE of 3
(Figure 5B). In contrast,HDp4aT andHDp4pT had little effect
on benzoate hydroxylation compared to the control.

There are several factors that dictate the ability of a chelator
to alter the rate of hydroxyl radical generation and benzoate
hydroxylation.40 A ligand can inhibit benzoate hydroxylation

Figure 5. Effect of various Fe chelators on (A) the degree of ascorbate
oxidation and (B) the hydroxylation of benzoate in the presence of
FeII and hydrogen peroxide. (A) Ascorbate oxidation studies: chelators
at iron-binding equivalent (IBE) ratios of 0.1, 1, and 3 were incubated
in the presence of FeIII (10 µM) and ascorbate (100µM). The UV-vis
absorbance at 265 nm was recorded after 10 and 40 min, and the
difference between the time points was calculated. (B) Benzoate
hydroxylation studies: chelators at IBE ratios of 0.1, 1, and 3 were
incubated for 1 h atroom temperature in the presence of FeII (30 µM),
hydrogen peroxide (5 mM), and benzoate (1 mM). The fluorescence
of hydroxylated benzoate was measured at 308 nm excitation and 410
nm emission. Results are mean( SEM (three experiments).
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by binding FeII strongly, as is observed with the 2-pyridylcar-
boxaldehyde isonicotinoyl hydrazone series of chelators50 or by
acting as a radical scavenger. Stimulation of benzoate hydroxy-
lation, as observed with EDTA,HDpT, HDp4eT, HDp4mT,
andHDp44mT, indicates that these Fe complexes redox cycle
rapidly between the ferrous and ferric states. These results are
in marked contrast to that observed with the relatedHPKIH
chelators that do not stimulate benzoate hydroxylation, which
is probably due to the relative stability of the PKIH-FeII

complex.40 Interestingly, despite their structural and electro-
chemical similarities to the otherHDpT analogues, neither
HDp4aT nor HDp4pT had any marked effect on benzoate
hydroxylation.

Effects of the Iron Complexes of HDpT Analogues on
DNA Plasmid DNA Integrity. It has been previously shown
that some chelators prevent Fe-dependent hydroxyl-radical-
mediated strand breaks in plasmid DNA, while others accelerate
it.10,40,57Hence, we examined the effect of severalHDpT ligands
on Fe-mediated hydroxyl radical damage to plasmid DNA
(Figure 6A,B).50,57 We comparedHDpT which does not have
marked antiproliferative activity (IC50 ) 5.2 µM; Table 3) to
two chelators that showed highest redox activity in the ascorbate
and benzoate hydroxylation assays, namelyHDp4mT and
HDp44mT, and possessed pronounced antiproliferative efficacy,
i.e., IC50 ) 0.18 µM and 0.01µM, respectively (Table 3).

In all experiments, the following controls were included:
untreated plasmid and plasmid treated with H2O2 that both run
on gels as a major band of supercoiled (SC) DNA with a smaller
proportion of plasmid in the open-circular (OC) form (Figure
6A; lanes 1 and 2). Plasmid treated with the restriction enzyme
BamH1 results in a single band of linearized DNA (Figure 6A;

lane 3). In the ascorbate oxidation and benzoate hydroxylation
assays, EDTA was redox-active, but this chelator was protective
of SC and OC DNA at an IBE ratio of 3 (Figure 6A; lane 4).
This result agreed with the well-characterized protective effects
of EDTA against Fe-mediated DNA damage.50,57 This can be
explained by the repulsion of the anionic EDTA-Fe complex
from the negatively charged polynucleotide molecule, preventing
the targeting of the hydroxyl radicals to DNA. As shown before,
in the presence of FeII and H2O2, DFO at an IBE ratio of 3 was
also protective at preventing SC and OC DNA degradation
(Figure 6A; lane 5). When plasmid was treated with FeII and
H2O2 (Figure 6A; lane 6), SC and OC DNA was totally degraded
due to Fe-induced hydroxyl-radical-mediated strand breaks. In
contrast to DFO and EDTA, 3-AP (Figure 6A; lanes 16-18)
did not prevent the ability of FeII to cause total degradation of
plasmid DNA, as reported previously.10

TheHDpT analogues differed in their ability to be protective
of SC DNA in the presence of FeII and H2O2. HDpT demon-
strated similar activity to 3-AP, with both chelators not
preventing FeII-mediated degradation of DNA (Figure 6A; cf.
lanes 7-9 to 16-18). Similarly, HDp4mT did not prevent
degradation of SC DNA at any IBE, but prevented degradation
of OC DNA at an IBE of 3 only (Figure 6A; lane 12). DNA
degradation in the presence ofHDp44mT was less marked than
the otherHDpT analogues, being protective of OC DNA at an
IBE of 1 and preventing degradation of OC and SC DNA at an
IBE of 3 (Figure 6A; lanes 13-15). Hence, whileHDp44mT
showed very high antiproliferative activity, its ability to prevent
plasmid DNA degradation was less marked than that observed
with theHDpT analogue with lowest antiproliferative efficacy
(Table 3). These results could potentially be explained by the
different charge of the resulting Fe complexes that would affect
their association with DNA and its subsequent degradation. The
association of theseHDpT ligands and their complexes with
DNA was then assessed to determine this.

DNA Interactions of the HDpT Analogues and Their Fe
Complexes.A decrease in UV-vis absorbance (hypochromic-
ity) or an increase in UV-vis absorbance (hyperchromicity)
upon addition of DNA to a compound in solution is indicative
of an interaction between these molecules.58-61 The ability of
chelators and their FeII complexes to interact with DNA was
determined by DNA-mediated hypochromicity and hyperchro-
micity of the UV-vis spectra.58-61 The DNA-intercalating
agent, DOX, was used as a relevant positive control for
association with DNA.50,62 DOX exhibited 25% and 36%
hypochromicity as the FeII complex and free ligand, respectively
(Figure 7). The decreased association with DNA observed by
the FeII complex of DOX could be reflective of stereochemical
constraints of the more bulky Fe complexes and/or the role of
charge in DNA-binding activity.

Compared to DOX, theHDpT series showed lower associa-
tion with DNA (Figure 7). The most activeHDpT series chelator
in terms of DNA association wasHDpT that demonstrated 7%
and 12% hypochromicity as the ligand and FeII complex,
respectively (Figure 7).HDp4mT and, particularly,HDp44mT
did not markedly interact with DNA as either the ligands or
FeII complexes (Figure 7). These results agree with the plasmid
DNA integrity assay. Indeed,HDpT did not protect plasmid
DNA integrity, probably due to its ability to associate with DNA
and target its redox activity, leading to DNA degradation (Figure
6A,B). In contrast,HDp44mT and, to a lesser extent,HDp4mT
were somewhat protective of plasmid integrity at an IBE of 3.
This is probably because the Fe complex does not markedly
associate with DNA to target hydroxyl radical damage.

Figure 6. (A) The effect of various Fe chelators on Fenton-mediated
plasmid degradation. Chelators at iron-binding equivalent (IBE) ratios
of 0.1, 1, and 3 were incubated for 30 min in the presence of FeII (10
µM), hydrogen peroxide (1 mM), and plasmid DNA (10µg/mL). (B)
Densitometric analysis of the data in panel A, showing the percentage
of DNA in its supercoiled (SC) form. The result illustrated is typical
of three experiments performed.
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Implications of the Redox and DNA-Binding Activities of
the HDpT Analogues. The combination of the ascorbate
oxidation, benzoate hydroxylation, and plasmid DNA degrada-
tion assays, together with studies on DNA-binding and elec-
trochemistry, provide information on the redox activity of the
HDpT analogues. For one of the most active ligands in terms
of antiproliferative activity, namelyHDp44mT (Table 3), its
complex had an FeIII/II redox potential (+166 mV; Table 4) that
would enable facile cycling between the FeII and FeIII states.
This compound was the most active in terms of ascorbate
oxidation and benzoate hydroxylation (Figure 5A,B). However,
HDp44mT did not result in plasmid degradation (Figure 6A,B),
since the complex did not associate with DNA to target its redox
activity (Figure 7).

DespiteHDp4pT having high antiproliferative activity (Table
3), it did not demonstrate any ability to facilitate ascorbate
oxidation or benzoate hydroxylation (Figure 5A,B). It is
significant that the redox potential of this complex is the highest
of the series (+225 mV; Table 4), and thus, the ferric oxidation
state is much less accessible from a thermodynamic perspective.
In other words, oxidation of the ferrous complex ofHDp4pT
with H2O2 to initiate benzoate hydroxylation is sluggish.
Similarly, regeneration of the ferric oxidation state (through
aerobic oxidation) which is required for ascorbate oxidation is
slow. This behavior mirrors that of the high potential PKIH-
FeII complexes.40 Hence, relatively small changes in ligand
structure markedly alter the detection of redox activity by these
latter two assays. Indeed,HDp4pT was the only member of
the sixHDpT analogues that did not show any marked redox
activity in either the ascorbate or benzoate hydroxylation assays
(Figure 5A,B), and further studies on understanding its anti-
proliferative activity are warranted.

Conclusions

The current study demonstrates a number of important
structure-activity relationships in the design of chelators for
the treatment of cancer. In fact, the higher antiproliferative
activity of theHDpT series of chelators23 relative to theHPKIH
class22 can be ascribed, at least in part, to the electrochemical
potentials of their Fe complexes which lead to ROS generation.
In fact, theHDpT Fe complex redox potentials (+153 to+225
mV) are 300-400 mV lower than those of the PKIH-FeII

complexes (ca.+500 mV)40 and are accessible to cellular

oxidants and reductants. However, this is not the only factor
that is important. The most activeHDpT ligands possess
considerable lipophilicity and are neutral at physiological pH
(Table 2 and Figure 3), allowing them to permeate cell
membranes and bind cellular Fe pools more readily than less
lipid-soluble chelators, e.g., DFO. Hence, the ability of these
ligands to bind intracellular Fe and generate ROS is similar to
the mechanism of action of the cytotoxic agent DOX and
provides a “double punch”. This is an important structure-
activity relationship that should be encompassed into the design
of future ligands for the treatment of cancer. Considering this,
another important structural feature of antitumor Fe chelators
deduced from examination of theHPKIH andHDpT ligands is
the thioamide (NH-CdS) moiety. This group, in contrast to
that of the amide group of theHPKIH hydrazone analogues,
facilitates reversible FeIII/II redox reactions which are important
for pronounced antiproliferative activity.

Experimental Section

Chemical Studies: Syntheses.Desferrioxamine (DFO) and
doxorubicin (DOX) were obtained from Novartis (Basel, Switzer-
land) and Pharmacia (Sydney, Australia), respectively. The precur-
sors thiosemicarbazide, 4-methyl-3-thiosemicarbazide, 4-ethyl-3-
thiosemicarbazide, 4,4-dimethyl-3-thiosemicarbazide, 4-phenyl-3-
thiosemicarbazide, 4-allyl-3-thiosemicarbazide, and di-2-pyridyl
ketone were obtained from Sigma-Aldrich, and all solvents used
were of analytical purity.

Physical Methods.NMR spectra were measured at 500 MHz
on a Bruker instrument. IR spectra were measured on a Perkin-
Elmer 1600 series spectrophotometer using an ATR (attenuated total
reflectance) assembly. Electrospray ionization mass spectrometry
(ESI-MS) was performed on a Kratos MS25 instrument with
methanolic solutions of each sample. UV-vis spectra were
measured on an Analytik Jena Specord 210 spectrophotometer.
Cyclic voltammetry was performed with a BAS100B/W poten-
tiostat. A glassy carbon working electrode, an aqueous Ag/AgCl
reference, and Pt wire auxiliary electrode were used. All complexes
were at ca. 1 mM concentration in MeCN:H2O 70:30 v/v. The
supporting electrolyte was Et4NClO4 (0.1 M), and the solutions were
purged with nitrogen prior to measurements.

Elemental analysis (C, H, N) of the ligands and complexes was
performed, and the results, available as Supporting Information,
were within(0.4% of the theoretical values, unless otherwise stated.

Free Ligands. A. Di-2-pyridyl Ketone 4-Methyl-3-thiosemi-
carbazone (HDp4mT).Di-2-pyridyl ketone (1.934 g, 10 mmol)
was dissolved in EtOH (15 mL). A solution of 4-methyl-3-
thiosemicarbazide (1.194 g, 10 mmol) in water (15 mL) was added
followed by glacial acetic acid (5 drops) and the mixture refluxed
for 2 h. The mixture was cooled to ca. 5°C, and the yellow
precipitate was collected by vacuum filtration and washed with
EtOH then diethyl ether. This affordedHDp4mT (67%) as yellow
crystals: 1H NMR (CDCl3) δ 8.79 (dq, 1H), 8.62 (dq, 1H), 7.81
(td, 1H), 7.71-7.77 (m, 2H), 7.48 (dt, 1H), 7.32-7.36 (m, 3H),
3.24 (d, 3H); IR (ATR) 3266s, 3052m, 1587w, 1534s, 1454m,
1431m, 1311s, 1251w, 1223s, 1152m, 1111s, 1038s, 961w, 825s,
800s, 735s, 675s, 648s cm-1. Anal. Calcd (C13H13N5S): C, 57.55;
H, 4.83; N, 25.81. Found: C, 57.1; H, 4.8; N, 25.5.

All other thiosemicarbazones were prepared in the same way
using the appropriate thiosemicarbazides.

B. Di-2-pyridyl Ketone 4-Ethyl-3-thiosemicarbazone (HDp4eT)
(from 4-Ethyl-3-thiosemicarbazide). This gaveHDp4eT (56%)
as yellow crystals:1H NMR (CDCl3) δ 8.79 (dq, 1H), 8.62 (dq,
1H), 7.81 (td, 1H), 7.71-7.77 (m, 2H), 7.47 (dt, 1H), 7.33-7.36
(m, 3H), 3.76 (m, 2H), 1.28 (t, 3H); IR (ATR) 3190m, 1582m,
1536s, 1453vs, 1309s, 1276w, 1251w, 1216s, 1195s, 1155m, 1106s,
1064m, 997m, 936w, 889vw, 816m, 796ws, 741s, 674m, 651s,
613s, 600s cm-1. Anal. (C14H15N5S) C, H, N.

C.Di-2-pyridylKetone4-Phenyl-3-thiosemicarbazone(HDp4pT)
(from 4-Phenyl-3-thiosemicarbazide).HDp4pT (72%) was col-

Figure 7. Ability of doxorubicin (DOX) and the di-2-pyridyl ketone
thiosemicarbazone (HDpT) analogues to bind DNA. The ability of the
chelators and their FeII complexes to bind DNA was determined through
measurement of the DNA-mediated hypochromicity of ligand and FeII

complex spectra. Data are expressed as the percentage decrease in peak
absorbance intensity upon addition of DNA. Results are mean( SEM
(four experiments).
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lected as yellow crystals:1H NMR (CDCl3) δ 9.54 (s, 1H), 8.84
(d, 1H), 8.68 (dq, 1H), 7.86 (td, 1H), 7.79-7.83 (m, 2H), 7.70 (d,
2H), 7.37-7.42 (m, 4H), 7.23 (tt, 1H); IR (ATR) 3449m, 3197m,
1590s, 1529vs, 1480w, 1459w, 1435m, 1319m, 1252w, 1215vw,
1173vs, 1110s, 995w, 928w, 803m, 762m, 694m, 650w cm-1. Anal.
(C18H15N5S) C, H, N.

D. Di-2-pyridyl Ketone 4-Allyl-3-thiosemicarbazone (HDp4aT)
(from 4-Allyl-3-thiosemicarbazide).This affordedHDp4aT (68%)
as yellow crystals:1H NMR (CDCl3) δ 8.79 (d, 1H), 8.62 (d, 1H),
7.70-7.84 (m, 4H), 7.49 (d, 1H), 7.34 (q, 1H), 5.95 (m, 1H), 5.2
(dd, 1H), 4.39 (t, 2H); IR (ATR) 3450w, 3150s, 1643w, 1584m,
1528vs, 1466s, 1420m, 1307s, 1252w, 1189s, 1114s, 996m, 920s,
830m, 797s, 722m, 682w, 656m, 613s cm-1. Anal. (C15H15N5S)
C, H, N.

E. Di-2-pyridyl Ketone 4,4-Dimethyl-3-thiosemicarbazone
(HDp44mT) (from 4,4-Dimethyl-3-thiosemicarbazide).HDp44mT
(87%) was collected as yellow crystals:1H NMR (CDCl3) δ 8.67
(dd, 1H), 8.55 (dd, 1H), 8.09 (d, 1H), 7.80 (m, 2H), 7.67 (dd, 1H),
7.35 (dt, 1H), 7.28 (dt, 1H), 3.45 (s, 6H); IR (ATR) 3449vs, 3054w,
1654w, 1511m, 1438w, 1373m, 1311vs, 1236s, 1190w, 1127m,
1003s, 972w, 907m 806s, 731s, 651s cm-1. Anal. Calcd
(C14H15N5S): C, 58.93; H, 5.30; N, 24.54. Found: C, 58.3; H, 5.4;
N, 23.9.

F. Di-2-pyridyl Ketone Thiosemicarbazone (HDpT) (from
Thiosemicarbazide). HDpT (83%) was afforded as yellow crys-
tals: 1H NMR (CDCl3) δ 8.79 (dq, 1H), 8.62 (dq, 1H), 7.74-7.84
(m, 3H), 7.51 (dt, 1H), 7.46 (s br, 1H), 7.34-7.39 (m, 2H), 6.38
(s, 1H); IR (ATR) 3303s, 1624s, 1587m, 1488s, 1460s, 1329m,
1251s, 1109s, 1067s, 996m, 845s, 800s, 682w cm-1. Anal.
(C12H11N5S) C, H, N.

Iron Complexes. A. FeIII L Complexes. The complexes were
prepared by the following general method. The appropriate thio-
semicarbazone (3.6 mmol) was dissolved in 15 mL of EtOH (15
mL), and Et3N (0.37 g, 3.6 mmol) was added. To this solution was
added Fe(ClO4)3‚6H2O (0.849 g, 1.8 mmol), and the mixture was
gently refluxed for 30 min. Upon cooling, the dark brown product
was filtered off and washed with EtOH followed by ether.

1. [Fe(Dp4mT)2]ClO4‚1/2H2O. The complex (52%) was collected
as a brown powder: IR (ATR) 3400s, 1554s, 1500m, 1447s, 1395s,
1347m, 1304m, 1274w, 1160m, 1086vs, 995w, 968w,788m, 745m,
655w, 621s cm-1; Electronic spectrum (MeOH):λmax 475 nm (ε
6 950 M-1 cm-1), 379 (ε 19 240); LRMS (ESI) (MeOH): m/z
(relative intensity), 596 (100%) ([M- ClO4]+, ([C26H24N10S2Fe‚
ClO4 - ClO4]+). Anal. (C26H25ClFeN10O4.5S2) C, H, N.

2. [Fe(Dp4eT)2]ClO4‚3H2O. The complex (32%) was obtained
as a brown solid: IR (ATR) 2982w, 1586w, 1545m, 1497w, 1421s,
1336m, 1297w, 1273w, 1207w, 1155w, 1074vs, 929w, 790s, 745s,
682w, 653w, 619s cm-1; Electronic spectrum (MeOH):λmax 463
nm (ε 5 170 M-1 cm-1), 380 (ε 13 780); LRMS (ESI) (MeOH):
m/z (relative intensity), 624 (100%) ([M- ClO4]+, ([C28H28N10S2Fe‚
ClO4 - ClO4]+). Anal. Calcd (C28H34ClFeN10O7S2): C, 43.22; H,
4.40; N, 18.00. Found: C, 44.0; H, 4.1; N, 17.9.

3. [Fe(Dp44mT)2]ClO4‚11/2H2O. The complex (60%) was
collected as a brown powder: IR (ATR) 3417s, 1552s, 1504m,
1455m, 1395vs, 1317vs, 1252vs, 1085vs, 911m, 787w, 751w, 622m
cm-1; Electronic spectrum (MeOH):λmax 486 nm (ε 10 340 M-1

cm-1), 395 (ε 32 600); LRMS (ESI) (MeOH): m/z (relative
intensity), 624 (100%) ([M- ClO4]+, ([C28H28N10S2FeIII ]+). Anal.
(C28H31ClFeN10O4.5S2) C, H, N.

4. [Fe(Dp4pT)2]ClO4‚21/2H2O. This afforded the complex (51%)
as a brown solid: IR (ATR) 3047w, 1584m, 1493m, 1406s, 1344m,
1313m, 1181w, 1118m, 1094s, 1017w, 781w, 743vs, 690s, 616m
cm-1; Electronic spectrum (MeOH):λmax 469 nm (ε 5 410 M-1

cm-1), 368 (ε 10 870); LRMS (ESI) (MeOH): m/z (relative
intensity), 720 (100%) ([M- ClO4]+, ([C36H28N10S2FeIII ]+). Anal.
Calcd (C36H33ClN10FeO6.5S2): C, 49.98; H, 3.84; N, 15.97. Found:
C, 49.2; H, 4.0; N, 16.0.

5. [Fe(Dp4aT)2]ClO4‚4H2O. The complex (26%) was collected
as a brown solid: IR (ATR) 3400s, 1586m, 1545w, 1500m, 1413vs,
1317s, 1119vs, 994w, 788w, 746m, 687w, 621m cm-1; Electronic
spectrum (MeOH): λmax 462 nm (ε 4 320 M-1 cm-1), 381 (ε

21 700); LRMS (ESI) (MeOH):m/z (relative intensity), 648 (100%)
([M - ClO4]+, ([C30H28N10S2Fe‚ClO4 - ClO4]+). Anal. Calcd
(C30H36ClFeN10O8S2): C, 43.94; H, 4.42; N, 17.08. Found: C,
43.90; H, 3.91; N, 16.33.

6. [Fe(DpT)2]ClO4. The complex (34%) was obtained as a brown
powder: IR (ATR) 3296m, 1589m, 1492w, 1418s, 1327s, 1216w,
1147s, 953w, 785w, 747w, 684w, 622w cm-1; Electronic spectrum
(MeOH): λmax 460 nm (ε 6 770 M-1 cm-1), 365 (ε 12 340); LRMS
(ESI) (MeOH): m/z (relative intensity), 568 (100%) ([M- ClO4]+,
([C24H20N10S2Fe.ClO4 - ClO4]+). Anal. Calcd (C24H20ClFeN10O4S2):
C, 43.16; H, 3.02; N, 20.97. Found: C, 44.3; H, 3.9; N, 21.0.

B. FeII L Complexes.The Fe(II) complexes were prepared by
the following general method. The thiosemicarbazone (3.2 mmol)
was dissolved in EtOH (15 mL), and 0.37 g of Et3N was added to
the solution under nitrogen gas. Then 0.652 g of Fe(ClO4)2‚6H2O
was added to the basic ligand solution, and the mixture was gently
refluxed for 30 min under nitrogen. Upon cooling the green product
was filtered off by vacuum filtration and washed with EtOH
followed by ether.

1. [Fe(Dp4mT)2]‚H2O. The Fe(Dp4mT)2 complex (80%) was
obtained as a green powder: IR (ATR) 3256s, 1586s, 1536s, 1490w,
1422s, 1389s, 1341s, 1293s, 1153s, 1096w, 1032w, 784m, 743s,
642w cm-1; Electronic spectrum (MeOH):λmax 643 nm (ε 8 040
M-1 cm-1), 380 (ε 22 850); LRMS (ESI) (MeOH):m/z (relative
intensity), 596 (100%) ([M- e]+, ([C26H24N10S2FeIII ]+). Anal.
Calcd (C26H26FeN10OS2): C, 50.82; H, 4.26; N, 22.79. Found: C,
51.4; H, 4.0; N, 23.1.

2. [Fe(Dp4eT)2]‚1.5H2O. The Fe(Dp4eT)2 complex (77%) was
collected as a green solid: IR (ATR) 3277w, 2969w, 1586m,
1561w, 1523m, 1433w, 1408vs, 1334s, 1290s, 1206w, 1148m,
1119w, 1083w, 1049w, 1017m, 994w, 967w, 782m, 744s, 648w,
619w cm-1; Electronic spectrum (MeOH):λmax 644 nm (ε 7 450
M-1 cm-1), 379 (ε 28 830); LRMS (ESI) (MeOH):m/z (relative
intensity), 624 (100%) ([M- e]+, ([C28H28N10S2FeIII ]+). Anal.
(C28H31N10FeO1.5S2) C, H, N.

3. [Fe(Dp44mT)2]‚H2O. The Fe(Dp44mT)2 complex (72%) was
obtained as a green powder: IR (ATR) 3436m, 1582s, 1517w,
1385s, 1320s, 1237s, 1148s, 914s, 784m, 743s, 633m, 550m cm-1;
Electronic spectrum (MeOH):λmax 646 nm (ε 10 840 M-1 cm-1),
390 (ε 30 040); LRMS (ESI) (MeOH):m/z (relative intensity), 624
(100%) ([M - e]+, ([C28H28N10S2Fe III ]+). Anal. Calcd (C28H30-
FeN10OS2): C, 52.34; H, 4.71; N, 21.80. Found: C, 52.9; H, 4.5;
N, 22.0.

4. [Fe(Dp4pT)2]‚11/2H2O. The Fe(Dp4pT)2 complex (58%) was
collected as a green powder: IR (ATR) 3052w, 1586m, 1494m,
1474m, 1408vs, 1344m, 1316m, 1251m, 1184w, 1121m, 1098w,
1019w, 995w, 974vw, 781w, 744s, 692s, 616w cm-1; Electronic
spectrum (MeOH): λmax 630 nm (ε 7 200 M-1 cm-1), 393 (ε
24 540); LRMS (ESI) (MeOH):m/z (relative intensity), 720 (100%)
([M - e]+, ([C36H28N10S2Fe III ]+). Anal. (C36H31FeN10O1.5S2) C,
H, N.

5. [Fe(Dp4aT)2]‚3.5H2O. The Fe(Dp4aT)2 complex (32%) was
obtained as a green powder: IR (ATR) 3399s, 1585m, 1498m,
1411s, 1273s, 1090s, 787m, 744s, 620s cm-1; Electronic spectrum
(MeOH): λmax 626 nm (ε 3 850 M-1 cm-1), 379 (ε 26 300); LRMS
(ESI) (MeOH): m/z (relative intensity), 648 (100%) ([M- e]+,
([C30H28N10S2FeIII ]+). Anal. Calcd (C30H35FeN10O3.5S2): C, 45.12;
H, 4.29; N, 17.54. Found: C, 45.8; H, 3.8; N, 17.6.

6. [Fe(DpT)2]‚3H2O. The Fe(DpT)2 complex (79%) was obtained
as a green powder: IR (ATR) 3292m, 1620w, 1587m, 1494w,
1460w, 1412s, 1323s, 1132s, 783m, 747s, 550w cm-1; Electronic
spectrum (MeOH): λmax 644 nm (ε 5 270 M-1 cm-1), 365 (ε
14 860); LRMS (ESI) (MeOH):m/z (relative intensity), 568 (100%)
([M - e]+, [C24H20N10S2FeIII ]+). Anal. Calcd (C24H26N10FeO3S2):
C, 46.31; H, 4.21; N, 22.50. Found: C, 47.0; H, 4.0; N, 22.8.

Potentiometric Titrations. These were performed under a
nitrogen atmosphere in a water-jacketed chamber maintained at 298
K, using a Metrohm 796 Titroprocessor equipped with a 10 mL
700 Dosino automatic buret and a Metrohm AG CH-9101 combined
glass electrode, as described.39 The electrode was calibrated by a
strong acid-strong base titration prior to each experiment. Typical
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pKw values of ca. 13.7 were obtained consistently. In all ligand
titrations, the titrant was 0.1 M Et4NOH, standardized with HCl,
and the reaction vessel was blanketed with nitrogen to exclude CO2.
Data obtained were refined by a nonlinear least-squares refinement
method using the program TITFIT63 to determine pKa values. In
each case, a minimum of three titrations were performed in the
range 2< pH < 12 using 0.5-1 mM solutions of free ligands
acidified with dilute HClO4. The supporting electrolyte was 0.1 M
Et4NClO4.

Crystallography. Cell constants at 293 K were determined by
a least-squares fit to the setting parameters of 25 independent
reflections measured on an Enraf-Nonius CAD4 four-circle dif-
fractometer employing graphite-monochromated Mo KR radiation
(0.71073 Å) and operating in theω-2θ scan mode within the range
2 < 2θ < 50 Å. Data reduction and empirical absorption corrections
(ψ-scans) were performed with the WINGX suite of programs.64

Structures were solved by direct methods with SHELXS and refined
by full-matrix least-squares analysis with SHELXL-97.65 All non-H
atoms were refined with anisotropic thermal parameters. Aryl and
amino H-atoms were included at estimated positions using a riding
model. Water and amide H-atoms (if any) were first located from
difference maps and then restrained at these positions in a manner
similar to that employed for the remaining H-atoms. Molecular
structure diagrams were produced with ORTEP3.66 The data in CIF
format has been deposited at the Cambridge Crystallographic Data
Centre with deposition numbers 608888 and 608889.

Biological Studies: Cell Culture. The human SK-N-MC neu-
roepithelioma cell line was obtained from the American Type
Culture Collection (ATCC; Rockville, MD). The cells were grown
as described.19,20

Effect of the Chelators on Cellular Proliferation. This was
examined using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium) assay as described.19,20 MTT color formation was
directly proportional to the number of viable cells measured by
Trypan blue staining.19

Ascorbate Oxidation Assay. An established protocol was used
to measure ascorbate oxidation.1,10,40,50,67Briefly, ascorbic acid (100
µM) was prepared immediately prior to an experiment and incubated
in the presence of Fe(III) (10µM; added as FeCl3), a 50-fold molar
excess of citrate (500µM), and the chelator (1-60 µM). Absor-
bance at 265 nm was measured after 10 and 40 min at room
temperature and the decrease of intensity between these time points
calculated.50,67

Benzoate Hydroxylation. This assay employs benzoate as a
hydroxyl radical scavenger to generate fluorescent salicylate as a
product (308 nm excitation and 410 nm emission) using a standard
protocol.10,40,50,67Briefly, benzoic acid (1 mM) was incubated for
1 h at room temperature in 10 mM disodium hydrogen phosphate
(pH 7.4) with 5 mM hydrogen peroxide, the Fe chelator (3-180
µM), and ferrous sulfate (30µM). All solutions were prepared
immediately prior to use, and the Fe(II) was added to water that
had been extensively purged with nitrogen. The addition of Fe was
used to start the reaction, and the solution was kept in the dark
prior to measuring the fluorescence using a Perkin-Elmer L550B
spectrofluorometer. In these experiments, salicylate was used as a
standard and to determine quenching by the chelators.50,67

Measurement of DNA Integrity Using the Plasmid pGEM-
7Zf(+) in the Presence of Fe and the Chelator.The measurement
of plasmid integrity was performed using standard techniques as
described previously.10,40,50 Briefly, the plasmid pGEM-7Zf(+)
(Promega Inc.) was purified using the Qiagen plasmid purification
kit (Qiagen Inc., USA). Reagents were added to sterile Eppendorf
tubes in the following order: purified sterile water, chelator (1,
10, and 30µM), FeSO4 (10 µM), H2O2 (1 mM), and plasmid DNA
(10 µg/mL). Samples were incubated at room temperature for 30
min with these solutions, and 25µL aliquots were immediately
loaded with 5µL of loading dye onto a 1% agarose gel containing
ethidium bromide. As controls, plasmid linearized withBamH1,
plasmid alone, plasmid incubated with H2O2, and plasmid incubated
with Fe and H2O2 were used. Electrophoresis was performed for 1
h at 90 V in Tris-borate buffer containing 0.5 M EDTA. After

migration, the DNA was visualized using a UV-transilluminator
and photographed.

DNA-Binding Assay.The ability of ligands or Fe complexes to
bind DNA was measured via DNA-mediated hypochromicity and
hyperchromicity of the ligand or Fe complex UV-vis absorbance
spectra.58-61 An appropriate absorbance peak was chosen from
spectrophotometric wavelength scans of each chelator and its Fe
complex. Concentrations of test compounds were then adjusted so
that peak absorbance intensities were less than 1. Herring sperm
DNA (Sigma) was added to ligand, Fe complex, or reference
solutions to a final nucleotide concentration 3.6 times that of the
test compound.58,59,68Following 10 min incubation at room tem-
perature, DNA-dependent hypochromic (decrease in UV-vis
absorbance) or hyperchromic (increase in UV-vis absorbance)
changes in test compound peak absorbance were calculated. It was
not possible to measure interactions of this kind for EDTA or DFO,
as these ligands have inadequate peaks in their UV-vis absorbance
spectra. The well-characterized DNA-intercalation agent, namely
DOX, was used as a positive control.50,62,69,70

In all experiments examining the redox properties of chelators,
the data was expressed as iron-binding equivalents (IBE). This was
due to the different coordination modes of the ligands to Fe, i.e.,
DFO and EDTA are hexadentate and form 1:1 ligand:Fe complexes,
while the HDpT analogues are tridentate resulting in 2:1 complexes.
Hence, for a direct comparison of the hexadentate and tridentate
ligands, it was necessary to add twice as much tridentate as
hexadentate chelator. In the present study, a range of ligand:Fe IBE
ratios were used, namely 0.1, 1, or 3. An IBE of 0.1 represents an
excess of Fe to chelator, i.e., 1 hexadentate chelator or 2 tridentate
chelators in the presence of 10 Fe atoms. An IBE of 1 is equivalent
to the complete filling of the coordination sphere, i.e. Fe:EDTA
1:1 or Fe:DpT 1:2, while an IBE of 3 represents an excess of
chelator to Fe and is equal to either 3 hexadentate or 6 tridentate
ligands in the presence of 1 Fe atom.

Statistical Analysis. Experimental data were compared using
Student’st-test. Results were expressed as mean or mean( SD
(number of experiments) and considered statistically significant
whenp < 0.05.
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