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Enhanced mitochondrial transmembrane potentials in tumor cells have been proposed to confer
tumor-selective-targeting properties to modestly lipophilic monocationic compounds. To explore
the potential cytotoxic activity of lipophilic cationic metallopharmaceuticals containing a highly
flexible hexadentate N4O2 Schiff-base phenolic ligand, we first synthesized precursors H3Mabi
(1) and H3DMabi (2) by condensation of an appropriate linear tetraamine with substituted
salicylaldehydes. The desired N4O2 ligands, (ethylenediamine)-N,N′-bis[propyl[(2-hydroxy-3-
methoxybenzyl)imino]] and (ethylenediamine)-N,N′-bis[propyl[(2-hydroxy-4,6-dimethoxybenzyl)-
imino]] (R-ENBPI), were obtained by cleavage of the imidazolidine ring, and their corresponding
monocationic complexes were produced by reaction with appropriate hydrated salts or
acetylacetonates of Al(III), Fe(III), Ga(III), and In(III). All complexes were stable to neutral
hydrolysis. In human epidermal carcinoma KB-3-1 cells, cytotoxic potencies of racemic mixtures
of these complexes were in the low micromolar range and, for a given ligand, depended on the
identity of the coordinating central metal. The active 4,6-dimethoxy-ENBPI complexes were
more potent than their 3-methoxy analogs, while the free ligands and metal(III) ions showed
little or no cytotoxic activity. Furthermore, in colchicine-selected KB-8-5 multidrug resistant
(MDR) cells, modest cellular expression of human MDR1 P-glycoprotein conferred protection
from the cytotoxic activities of Al(III), Fe(III), and Ga(III) R-ENBPI complexes indicating that
these complexes were recognized as transport substrates by the P-glycoprotein efflux
transporter. However, the cytotoxic activities of the corresponding In(III) complexes, while
among the lowest in potencies, were also not altered by expression of MDR1 P-glycoprotein.
Thus, for the Group III elements, human cells were capable of distinguishing R-ENBPI
complexes formed of the same ligands with different metals. Furthermore, selected R-ENBPI
metal(III) complexes may be useful as novel anticancer metallopharmaceuticals.

Introduction

Selected organic lipophilic monocations, exemplified
by tetraphenyl phosphonium,1 rhodamine 123,2,3 and
1-methyl-4-phenylpyridinium,4,5 and selected organo-
metallic lipophilic cations, exemplified by hexakis-
(2-methoxyisobutylisonitrile)technetium(I) (Tc-SESTA-
MIBI),6-9 accumulate within mitochondria of living
cells. Characterized by modest hydrophobicity, enabling
permeation of biological membrane bilayers, and a
delocalized cationic charge, enabling sequestration into
compartments generating negative transmembrane po-
tentials, these agents concentrate up to 1000-fold within
the mitochondrial matrix. Exploiting this biological
targeting property, the compounds have proven utility
as biophysical probes of membrane function,10,11 as
models of neurological damage,12 and in medical imag-
ing.13 Furthermore, a putative increase in mitochon-
drial transmembrane potential in cancer cells has been
proposed as a potential mechanism confering tumor-
specific cytotoxicity to selected lipophilic cations, such
as rhodamine 123 and analogs.3,14,15 Recently, carrier-
added 99Tc-SESTAMIBI was shown to possess potent
cytotoxic activity against human Alexander hepatocel-

lular carcinoma cells with a half-maximal lethal con-
centration (LC50) of ∼9 µM, putatively by disrupting
mitochondrial function.16 However, regarding further
development as therapeutic metallopharmaceuticals,
99Tc(I) or isostructural rhenium(I) analogs are less than
optimal because of the inherent low-energy â-emissions
and sluggish coordination reaction kinetics, respectively,
of these metals. To further explore alternative scaffolds
as potential targeted anticancer metallopharmaceuti-
cals, we sought multidentate ligands capable of conve-
niently chelating a variety of metals while retaining the
biologically desirable lipophilic monocationic character-
istics for conferring intracellular targeting.
A variety of multidentate ligands and their corre-

sponding metal complexes have been explored as thera-
peutic chelating agents for the treatment of metal
intoxication,17,18 as diagnostic radiopharmaceuticals,19
as paramagnetic contrast agents in magnetic resonance
imaging,20-22 as therapeutic medicinals,23 to perform
synthetic transformations (e.g., asymmetric epoxida-
tions of unfunctionalized olefins24), and to study guest-
host interactions of various ligands and metals. Among
multidentate ligands, Schiff-base ligands25-27 with an
N4O2 donor core are well known. The coordination
chemistry of these ligands with various transition and
main group metals28-30 and structural aspects of various
metal chelates having N4O2 and N4O3 donor cores with
main group metals and lanthanides have been
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reported.31-33 Schiff-base N4O2 metal complexes have
also been reported as potential positron-emitting ra-
diopharmaceuticals for use in myocardial perfusion
imaging.34-36 As potential cytotoxic agents, these hexa-
dentate Schiff-base ligands with the general structure
shown in Chart 1 offer tremendous flexibility, since their
binding affinities can be varied by inserting appropriate
donor atoms to match the requirements of various
incoming metals. In addition, while maintaining the
inner coordination sphere, the lipophilicity and molec-
ular shape of the resulting complexes can be altered by
variation of the substituents on the aromatic rings and
hydrocarbon backbone independently. We report here
the synthesis of N4O2 Schiff-base phenolic complexes of
Al(III), Fe(III), Ga(III), and In(III) and characterization
of their cytotoxic potency in human epidermal carci-
noma KB-3-1 cells and the colchicine-selected multidrug
resistant derivative KB-8-5 cells. For these Schiff-base
ligands, the cytotoxic potency of their corresponding
metallopharmaceuticals depended strongly on the iden-
tity of the coordinating central metal. Furthermore,
modest expression of the human multidrug resistance
(MDR1) gene product, P-glycoprotein, conferred protec-
tion from the cytotoxic activity of potent Al(III), Fe(III),
and Ga(III) complexes.

Results and Discussion
Chemistry. Heptadentate compounds 1 and 2, pre-

cursors of the desired hexadentate ligands, were syn-
thesized by condensation of the appropriate amine and
3 equiv of substituted salicylaldehyde in ethanol (Chart
2). Alternatively, condensation of the amine with 3
equiv of substituted salicylaldehyde in dry methylene
chloride in the presence of activated molecular sieves
provided spectroscopically identical compounds. Infra-

red spectra of precursors 1 (H3Mabi) and 2 (H3DMabi)
showed strong peaks at 1640 and 1625 cm-1, respec-
tively, characteristic of imine CdN bonds. Formation
of a five-membered imidazolidine ring due to reaction
of a third aldehyde with the two inner adjacent second-
ary amine nitrogens of N,N′-bis(aminopropyl)ethylene-
diamine conferred unique characteristics on the middle
ring compared to the two outer aromatic rings. The 1H
NMR spectrum of 1 in CDCl3 showed the characteristic
imine proton at δ 8.12, multiplets for aromatic protons
at δ 7.00-6.55, methoxy substituents at δ 3.88 and 3.86
for the outer and middle rings, respectively, and hydro-
carbon protons in the form of overlapping multiplets at
δ 3.65, 3.40, 2.80-2.28, and 1.82. Proton-decoupled 13C
NMR spectrum showed 20 resonance signals (Figure 1,
see Supporting Information), including the character-
istic carbon resonance at δ 165.2 for the imine carbon
and δ 89.3 for the benzylic carbon, consistent with the
proposed structure for precursor 1. The 1H NMR of
precursor 2 in CDCl3 also showed the characteristic
imine proton singlet at δ 8.25, aromatic protons at δ
5.99, 5.91, 5.84, and 5.56 in a ratio of 1:1:2:2, for the
middle and outer aromatic rings, respectively, a proton
assigned to the benzylic position at δ 4.32, different
methoxy groups at δ 3.77, 3.76, 3.71, and 3.70 in a ratio
of 2:2:1:1, respectively, and protons for the hydrocarbon
backbone in the form of a series of multiplets at δ 3.52,
3.35, 2.75-2.30, and 1.80. Proton-decoupled 13C NMR
spectrum of precursor 2 in CDCl3 showed 20 resonance
signals instead of 22 (Figure 1, Supporting Information),
presumably because of overlapping methoxy signals.
When treated with trivalent metals in aqueous condi-

tions, the heptadentate precursors, whether isolated as
1 and 2 or formed as Schiff-base byproducts during
condensation reactions of appropriate salicylaldehydes
and amines, split off the middle ring, thereby decreasing
steric demands on the resultant ligands and providing
an N4O2 hexadentate donor core.28 An appealing prop-
erty of these ligands (R-ENBPI; Chart 1) that we hoped
to exploit was their ability to efficiently chelate a wide
range of metal ions. Specifically, we synthesized com-
plexes with Fe(III), Ga(III), and In(III) from the reac-
tions of precursors 1 and 2with corresponding metal(III)
acetylacetonates in refluxing ethanol (Chart 2). Alter-
natively, Al(III) and In(III) complexes were isolated by
treatment of precursors 1 and 2 with their appropriate
hydrated salts in the presence of base. Formation of
metal complexes with the ligands (Chart 1) derived from
precursors 1 and 2 and main group metal cations should
be governed by the electronic and steric demands of the
incoming metals relative to the flexibility of the donor
core. Due to the nearly identical six-coordinate ionic
radii of Fe3+ and Ga3+ (0.65 and 0.62 Å, respectively37),
ligands with high affinity for Fe3+ tend to have high
affinity for Ga3+, often resulting in similar coordination
chemistry. In contrast, Al3+ (0.51Å) and In3+ (0.81Å)
were selected as two extreme limits to analyze the
impact of the central metal core on the organic scaffold
and to evaluate their overall effect on biological activity.
In all cases, complexation of heptadentate compounds
1 and 2 with their corresponding trivalent metal ions
led to cleavage of the five-membered imidazolidine ring,
thereby exposing the inner secondary amine nitrogens
for coordination to the metals. This imparted some
degree of preorganization to the N4O2 donor core to meet

Chart 1. General Structure of Hexadentate R-ENBPI
Ligands

Chart 2. Pathway for the Synthesis of R-ENBPI Metal
Complexes
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the demands of the incoming metal ion as the ligands
wrapped around the coordination sphere. The 1H NMR
spectra of metal(III) complexes recorded in dimethyl
sulfoxide-d6 revealed the absence of benzylic protons and
relative simplicity in the aromatic proton region. Be-
cause synthesis of the complexes was carried out under
aqueous conditions, their 1H NMR spectra in dry dim-
ethyl sulfoxide-d6 all showed a strong signal around δ
3.25-3.45 tentatively assigned to weakly coordinated
water due to hydrogen bonding with the metal com-
plexes. To test this hypothesis, exchange experiments
were performed by adding traces of D2O which produced
disappearance of this signal, thereby confirming the
presence of coordinated water and, furthermore, allow-
ing proton signals arising from the hydrocarbon back-
bone underneath this signal to be assigned. Addition-
ally, as expected, proton signals attributed to N-H
around δ 4.80-5.22 either disappeared or broadened
and moved upfield, whereas the rest of the signals
remained unaltered in the D2O exchange experiment.
Infrared (IR) spectra as KBr pellets of Al(III), Fe(III),

Ga(III), and In(III) metal complexes were essentially
identical, with only marginal differences in a few
selected bands. Broad bands between 3250-3100 and
1550-1560 cm-1 were assigned to stretching and bend-
ing modes, respectively, of the coordinated amine ni-
trogens. All complexes, except 1b, showed a broad band
between 3600 and 3300 cm-1 which we attributed to
O-H stretchings in the metal complexes, suggestive of
weakly coordinated water held through hydrogen bond-
ing. In addition, a characteristic band corresponding
to υ(CdN) underwent a shift of 5-20 cm-1, confirming
coordination of the metals to the imine nitrogens of the
ligands. Furthermore, normal bands at 3000-2600 and
at 1600, 1480, and 1440 cm-1 were observed and
assigned to υ(C-H) and υ(CdC), respectively. The
appearance of bands below 600 cm-1 present in the
spectra of complexes, but not in those of the precursors
themselves, was probably indicative of υ(M-O) and υ-
(M-N). Thus, the 1H NMR and IR spectral data were
consistent with the proposed structures of the intact
complexes in solution and solid state, respectively.
Mass spectra (FAB) of all complexes done as 3-nitroben-
zyl alcohol or thioglycerol matrices demonstrated mass
ion peaks corresponding to the metal ligand cations
[(ML)+, M ) metal, L ) ligand]. Furthermore, absence
of peaks in the region of higher atomic mass indicated
the absence of dimeric species and in turn supported
the proposed monomeric cationic complexes. Molar
conductance (κ) measurements for the complexes in
acetonitrile at room temperature showed values in the
range of 110-174 Ω-1 mol-1 cm2, also consistent with
a 1:1 electrolyte (monocationic metal complexation).38
Furthermore, complexes were stable to neutral hydroly-
sis. 1H NMR and UV/vis spectra of complexes were
superimposible before and after incubation in water for
72 h (37 °C, pH 7.5).
The R-ENBPI derivatives of precursors 1 and 2,

containing an N4O2 donor core with the general struc-
ture shown in Chart 1, wrapped around the central
metal ion to provide four six-membered rings and one
five-membered ring. In contrast, two six-membered and
three five-membered rings are created by compounds
containing bis ethylene groups28 instead of bis propylene
groups. As a result of the steric requirements of the

hydrocarbon chain, the propylene backbone links adja-
cent donor atoms so that they must be placed cis to each
other, therefore generating angles between adjacent
donor atoms close to 90°. This has been reported earlier
in the case of [1,10-bis(2-hydroxybenzamido)-3,6-diaza-
decan]manganese(IV).39 On the basis of the crystal
structures of analogous R-ENBPI complexes of Fe(III)
and Ga(III),36,40 we propose that our R-ENBPI com-
plexes of Al(III), Fe(III), and Ga(III) likely have struc-
tures in which the two phenolate oxygens are coordi-
nated trans to one another and cis to the corresponding
amine and imine nitrogens, yielding an overall octahe-
dral geometry as shown in Chart 2 or the corresponding
enantiomers. However, in the case of the In(III) com-
plexes, the increase in ionic size obtained by moving
down the periodic table within the main group metals
would likely lead to increased steric constraints on the
hydrocarbon backbone. Therefore, we postulate that
upon coordination of In(III) a significant change in
structure to overcome these constraints, perhaps to a
cis arrangement for the phenolic oxygens, may occur.
Indeed, preliminary molecular modeling data using the
CAChe worksystem correctly predicts the trans ar-
rangement of phenolic oxygens around the central metal
core for R-ENBPI Al(III), Fe(III), and Ga(III) complexes
but infers the cis configuration for In(III) complexes.41

Cytotoxicity. P-Glycoprotein, encoded by the hu-
man multidrug resistance (MDR1) gene, is an integral
plasma membrane transporter which renders tumors
resistant to chemotherapy by transporting chemothera-
peutic agents out of cells.42-44 Overexpression of P-
glycoprotein is thought to be one prominent mechanism
of cancer chemotherapeutic failure in patients. Many
drug substrates and modulators (inhibitors) of P-glyco-
protein are lipophilic cationic compounds,45 suggesting
that the relationship between cellular cytotoxicity of
racemic mixtures of the R-ENBPI metal(III) complexes
and expression levels of P-glycoprotein was important
to explore. Parental human epidermal carcinoma KB-
3-1 cells and the derivative colchicine-selected KB-8-5
multidrug resistant cells (46) express no immunode-
tectable and modest levels of MDR1 P-glycoprotein,
respectively, as determined by immunoblots of plasma
membrane preparations with the anti-P-glycoprotein
monoclonal antibodies C21947 and C494 (D.P.W., un-
published observations). These cells therefore provided
a convenient in vitro system for quantitative cytotoxicity
assays. Cells in monolayer culture in 96-well plates
were exposed to novel R-ENBPI metal complexes over
a range of pharmacologically relevant concentrations
and cell survival was determined by the SRB method
after 3 days in culture.48 Cells grown in the presence
of drug vehicle alone served as control preparations,
while cells grown in the presence of high concentrations
of the chemotherapeutic agent colchicine (25 µM) docu-
mented the effects of maximal cytotoxic activity. Cy-
totoxic potency was determined by computer fitting of
survival curves and determination of an LC50.
In drug-sensitive KB-3-1 cells, (3-MeO-ENBPI)Fe(III)

(1b; see the Experimental Section) demonstrated an
LC50 of 9 µM, similar to the cytotoxic activity of Al(III)
and In(III) 3-MeO-ENBPI complexes (Figure 2A-D).
Ga(III) complexes of 3-MeO-ENBPI were least potent
(Table 1). Relative to KB-3-1 cells, expression ofMDR1
P-glycoprotein in KB-8-5 tumor cells conferred dramatic
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protection from the cytotoxic action of (3-MeO-ENBPI)-
Fe(III) (1b), with concentrations of 1b as high as 100
µM demonstrating no significant cytotoxicity. Addition-
ally,MDR1 P-glycoprotein conferred modest (2-3-fold)
but statistically significant protection from the cytotoxic
action of 1a,c while conferring no significant protection
from 1d. In KB-3-1 cells, metal(III) complexes of 4,6-
diMeO-ENBPI showed a rank order cytotoxic potency
of Fe(III) > Al(III) > Ga(III) . In(III) (Figure 2E-H
and Table 1). Overall, the active 4,6-diMeO analogs

were more potent than the 3-MeO analogs. Again,
expression of modest levels of MDR1 P-glycoprotein in
the KB-8-5 cells conferred robust protection from the
cytotoxic action of the (4,6-diMeO-ENBPI)Fe(III) analog
(2b) and in the same fashion from (4,6-diMeO-ENBPI)-
Al(III) (2a) and (4,6-diMeO-ENBPI)Ga(III) (2c) but
conferred no significant modulation of the cytotoxicity
of the In(III) analog 2d. These data would be consistent
with Al(III), Fe(III), and Ga(III) complexes being rec-
ognized as transport substrates by the human MDR1

Figure 2. Cell survival studies and LC50 determination. Survival of parental KB-3-1 (O, ∇, 0) and multidrug resistant KB-8-5
(b, 1, 9) cells in increasing concentrations of R-ENBPI metal(III) complexes (O, b), 25 µM colchicine (∇, 1), or metal(III) ions (0,
9). Panels represent Al(III), Fe(III), Ga(III), and In(III) complexes of 3-MeO-ENBPI (A-D), complexes of 4,6-diMeO-ENBPI (E-
H), and the free metals (I-L), respectively. Each point represents the mean of triplicate determinations; bars represent (SEM
when larger then symbol; solid lines are a spline presentation of the data.

Table 1. Cytotoxic LC50 Values for R-ENBPI Metal(III) Complexes in Human Drug-Sensitive (KB-3-1) and Multidrug Resistant
(KB-8-5) Cellsa

KB-3-1 KB-8-5

ligand M(III) LC50 (µM) SEM CV% dependency LC50 (µM) SEM CV% dependency

3-MeO-ENBPI Al 11.4 3.0 26.2 0.46 27.5c 2.7 9.9 0.33
Fe 9.0 0.5 5.3 0.68 .100c NA NA NA
Ga 42.6b 5.2 12.3 0.45 110c 12.6 11.5 0.39
In 16.6 3.1 18.7 0.41 24.2 3.8 15.8 0.36

4,6-diMeO-ENBPI Al 1.4d 0.1 8.2 0.39 .100c NA NA NA
Fe 1.1e 0.05 4.6 0.23 .100c NA NA NA
Ga 3.7f 0.4 11.2 0.34 .100c NA NA NA
In 63.8 3.5 5.5 0.38 61.8 9.0 14.5 0.38

a LC50 values (µM) were determined from sigmoidal curve fittings of the cytotoxic concentration-effect data shown in Figure 2. When
cell survival data indicated LC50 values greater than 100 µM (the highest drug concentration tested), reliable computer fittings were not
possible, and low-potency cytotoxic activities are represented by entries of .100 µM; corresponding statistical parameters, no longer
meaningful, are not applicable (NA). M(III), coordination metal; LC50, half-maximal lethal concentration; SEM, standard error of mean;
CV%, coefficient of variation percent. b p < 0.01, within KB-3-1, Ga(III) vs Al(III), Fe(III), or In(III) 3-MeO complexes. c p < 0.005, KB-8-5
vs KB-3-1 with the same M(III) complex. d p < 0.05, within KB-3-1, Al(III) vs Fe(III), Ga(III), or In(III) 4,6-diMeO complexes. e p < 0.005,
within KB-3-1, Fe(III) vs Ga(III) or In(III) 4,6-diMeO complexes. f p < 0.001, within KB-3-1, Ga(III) vs In(III) 4,6-diMeO complex.
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P-glycoprotein and thereby extruded from the cells and
sequestered away from their cytotoxic targets.
Interestingly, there appeared to be a correlation

between cytotoxic potency and P-glycoprotein transport
activity. As a group, the active 4,6-diMeO-ENBPI
analogs were more potent and showed a more robust
P-glycoprotein transport profile than the 3-MeO-ENBPI
analogs (Figure 2). In(III) complexes 1d and 2d were
conspicuously lower in cytotoxic potency and devoid of
a P-glycoprotein transport profile. In addition, cytotoxic
activities of nitrate salts of Al(III), Fe(III), Ga(III), and
In(III) were evaluated in KB-3-1 and drug resistant KB-
8-5 cells (Figure 2I-L). In contrast to their correspond-
ing R-ENBPI complexes, Al(III) and Fe(III) ions did not
show any evidence of cytotoxicity at any concentration
up to 100 µM nor any differential effect between drug-
sensitive and MDR cells. Ga(III) and In(III) salts
demonstrated modest cytotoxic activity at 100 µM with
a trend toward increased potency in the drug resistant
cell line, opposite to effects observed with the metal
complexes. Furthermore, precursors 1 and 2, when
added to the aqueous buffer (thereby likely providing
the free hexadentate ligand or a hydrolysis product),
demonstrated no significant cytotoxic activity except at
the highest test concentration of 100 µM where modest
activity was observed equally in both cell lines (data not
shown). Overall, when combined with the demonstrated
stability of the complexes to neutral hydrolysis, these
data indicated that the transport and cytotoxic potency
of the Al(III), Fe(III), and Ga(III) complexes could likely
be attributed to pharmacological effects of the intact
complex per se within cellular compartments.
The observation that Al(III), Fe(III), and Ga(III) but

not In(III) 4,6-diMeO-ENBPI complexes provided the
desired cytotoxic properties further argued that the
proposed molecular shape (trans phenolic configuration)
and charge distribution of the final complexes, not
metal-specific properties, generally conferred the phar-
macological actions. The stability of the complexes to
neutral hydrolysis and lack of activity of the free metal-
(III) ions would tend to exclude rapid extracellular
demetalation reactions, transmetalation reactions with
serum metal-binding proteins such as transferrin, or
chelation reactions of ligands in neutral intracellular
compartments as contributors to their mechanism of
action. It would appear that coordination of In(III)
distorted or destabilized the complex sufficiently to alter
its capacity to accumulate at its cytotoxic target (puta-
tive electronegative compartments) or to be recognized
by the MDR1 transporter. We speculate that the
preferential potency of the Fe(III) complexes may be
attributable to specific conformational dimensions of the
complex but cannot exclude the possibility of acid
hydrolysis of these agents within subcellular organelles
such as lysosomes. While these metallopharmaceuticals
were designed to exploit electronegative compartments
such as mitochondria as a cytotoxic target, further
experiments are required to explore the pharmacological
sites, mechanism(s) of action, stereochemistry of drug
activity, and impact of coadministration of MDR modu-
lators on their anticancer potency.

Conclusions

Monocationic Al(III), Fe(III), Ga(III), and In(III)
complexes of substituted Schiff-base N4O2 phenol ligands

(R-ENBPI) were synthesized and their pharmacological
properties explored as a potential class of cytotoxic
metallopharmaceuticals. These complexes combine lin-
ear ligand flexibility enabling the coordination of a
variety of core metals with the lipophilic cationic
characteristics of potential-dependent tumor-selective
pharmaceuticals. Results showed that the cytotoxic
potency of racemic mixtures of these metallopharma-
ceuticals depended strongly on the identity of the
coordinating central metal. In addition, the active 4,6-
dimethoxy-substituted ENBPI complexes were more
potent than the corresponding 3-methoxy analogs.
Furthermore, modest cellular expression of the human
MDR1 P-glycoprotein conferred protection from the
cytotoxic activity of Al(III), Fe(III), and Ga(III) R-ENBPI
complexes but not In(III) complexes. Remarkably,
among the Group III elements, human cells were
capable of distinguishing R-ENBPI complexes formed
of the same ligands with different metals. A trans
configuration of the phenolic moieties around the central
coordination sphere of Al(III), Fe(III), and Ga(III) R-
ENBPI complexes along with differential stabilities as
compared with In(III) complexes may impart these
biological activities. However, further studies are needed
to evaluate mechanism(s) of action and structure-
function relationships of these cytotoxic metal com-
plexes.

Experimental Section

General Methods. Bis(N,N′-aminopropyl)ethylenediamine,
4,6-dimethoxysalicylaldehyde, and o-vanillin (3-methoxysali-
cylaldehyde) were obtained from Aldrich Chemical Co. Al(III),
Fe(III), Ga(III), and In(III) acetylacetonates and their hydrated
salts were purchased fromMathey-Johnson/Alfa Chemical Co.
and Aldrich. The 1H and 13C NMR spectra were recorded on
a GEMINI 300 HHz spectrometer; chemical shifts are reported
in δ (ppm) with reference to TMS. IR spectra were recorded
on a Perkin-Elmer 1710 Fourier transform spectrophotometer.
Mass spectra (LR and HRMS) were obtained from the Wash-
ington University Resource for Biomedical and Bioorganic
Mass Spectrometry with 3-nitrobenzyl alcohol or thioglycerol
as a matrix. Elemental analyses (C, H, N) were performed
by Galbraith Laboratories, Knoxville, TN. Molar conductance
(κ, Ω-1 mol-1 cm2) was determined with a portable conductivity
meter (Orion Research, model 120) at 25 °C in acetonitrile with
0.37 mM solutions of each complex. Aqueous stabilities of the
complexes were determined by suspending 5-10 mg of sample
in 2 mL of H2O (pH 7.5) in a sealed vial. Samples were stirred
for 72 h (37 °C) and evaporated, and residue was analyzed by
UV/vis (Beckman 620) or 1H NMR spectroscopy in DMSO-d6.
Synthesis of Ligands. 2-(2′-Hydroxy-3′-methoxyphe-

nyl)-1,3-bis[4-aza-5-(2′′-hydroxy-3′′-methoxyphenyl)but-
4′-en-1′-yl]-1,3-imidazolidine (H3Mabi) (1). N,N′-Bis(ami-
nopropyl)ethylenediamine (286 mg, 1.64 mmol) dissolved in
ethanol (5 mL) was added to a stirred solution of o-vanillin
(748 mg, 4.92 mmol) dissolved in ethanol (10 mL). The
reaction mixture was heated to reflux for 3 h. After cooling
to room temperature, volatiles were removed through rotatory
evaporation, and the residue was dried under reduced pressure
for 2 days to yield a bright yellow solid 1 (900 mg, 1.56 mmol,
95% yield). Alternatively, treatment ofN,N′-bis(aminopropyl)-
ethylenediamine with 3 equiv of o-vanillin in dry methylene
chloride in the presence of activated molecular sieves at room
temperature stirred for overnight and filtration followed by
its subsequent evaporation gave a spectroscopically identical
compound: 1H NMR (300 MHz, CDCl3) δ 1.82 (m, 4H), 2.28-
2.80 (m, 6H), 3.40 (m, 4H), 3.65 (m, 3H), 3.86 (s, 3H), 3.88 (s,
6H), 6.55 (dd, 1H), 6.64 (t, 1H), 6.7-7.0 (m, 7H), 8.12 (s, 2H);
13C NMR (75.4 MHz, CDCl3) δ 28.7, 49.4, 49.6, 55.6, 55.7, 55.8,
89.3, 111.9, 113.4, 117.1, 117.9, 118.1, 121.2, 122.7, 122.8,
147.2, 147.7, 148.3, 152.4, 165.2; IR (CH2Cl2, cm-1) 1640 υ-
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(CdN); FAB-HRMS calcd for C32H41N4O6 (M + H)+ 577.3025,
found 577.3020.
2-(2′-Hydroxy-4′,6′-dimethoxyphenyl)-1,3-bis[4-aza-5-

(2′′-hydroxy-4′′,6′′-dimethoxyphenyl)but-4′′′-en-1′-yl]-1,3-
imidazolidine (H3DMabi) (2). A similar reaction of N,N′-
bis(aminopropyl)ethylenediamine (130 mg, 0.74 mmol) and 4,6-
dimethoxysalicylaldehyde (407 mg, 2.24 mmol) produced a pale
yellow solid H3DMabi, 2 (400 mg, 0.60 mmol, 80%): 1H NMR
(300 MHz, CDCl3) δ 1.80 (m, 4H), 2.30-2.75 (m, 6H), 3.35 (m,
4H), 3.52 (m, 2H), 3.70, 3.71 (s, 6H), 3.77, 3.76 (s, 12H), 4.32
(s, 1H), 5.56 (d, 2H), 5.84 (d, 2H), 5.91 (d, 1H), 5.99 (d, 1H),
8.25 (s, 2H); 13C NMR (75.4 MHz, CDCl3) δ 28.9, 49.2, 49.5,
50.8, 54.9, 55.1, 80.6, 87.2, 89.4, 94.2, 95.2, 101.1, 102.0, 158.1,
160.1, 160.5, 160.6, 161.4, 166.8, 176.0; IR (CH2Cl2, cm-1) 1625
υ(CdN); FAB-HRMS calcd for C35H47N4O9 (M + H)+ 667.3342,
found 667.3338.
Synthesis of Metal(III) Complexes. Method A: Ap-

propriate ligand was dissolved in methanol (3 mL), treated
dropwise with potassium hydroxide, and heated to reflux for
20 min. While hot, the appropriate hydrated salt dissolved
in methanol (5 mL) containing water (2 mL) was added,
refluxed for 1 h, cooled, and filtered. The filtrate was slowly
evaporated at room temperature to yield a microcrystalline
solid, which was separated, washed with water followed by
cold methanol and then ether, and dried under reduced
pressure overnight.
Method B: Another method involved mixing equimolar

quantities of the appropriate ligand andmetal acetylacetonates
in ethanol. Contents were refluxed for 1 h; then the reaction
mixture was treated while hot with an equimolar amount of
KI dissolved in water and then refluxed for an additional 5-10
min. The resulting mixture was cooled to room temperature,
and a microcrystalline compound precipitated out. This was
separated, washed with cold ethanol and then ether, and dried
under reduced pressure.
[(3-OMe-ENBPI)Al]+NO3

- (1a). Using method A involv-
ing H3Mabi ligand (1) (160 mg, 0.27 mmol), potassium
hydroxide (271 µL, 3 M), and Al(NO3)3‚9H20 (100 mg, 0.27
mmol), washings with ether containing10%MeOH and finally
with ether, and drying under vacuum provided 1a (130 mg,
0.24 mmol, 87%): 1H NMR (300 MHz, DMSO-d6) δ 1.50 (m,
2H), 1.85 (m, 2H), 2.68 (m, 2H), 2.88 (m, 4H), 3.15 (m, 2H),
3.38 (m, 4H), 3.68 (s, 6H, OCH3), 4.90 (bs, 2H, NH), 6.65 (t,
2H, Ar-H), 6.90 (d, 2H, Ar-H), 7.05 (d, 2H, Ar-H), 8.30 (s, 2H,
CH)N); IR (KBr, cm-1) 1625 υ(CdN), 1360, 1265 υ(NO3

-) ; κ
(Ω-1 mol-1 cm2) 117; MS (FAB) for [C24H32N4O4Al]+ m/z )
467.1. Anal. (C24H32N5O7Al‚H2O) C, H, N.
[(4,6-DiOMe-ENBPI)Al]+NO3

- (2a). Using method A
involving H3DMabi ligand (2) (66 mg, 0.09 mmol), potassium
hydroxide (3 M, 98 µL), and Al(NO3)3‚9H2O (37 mg, 0.09 mmol)
yielded 2a (50 mg, 0.08 mmol, 86%): 1H NMR (300 MHz,
DMSO-d6) δ 1.50 (m, 2H), 1.90 (m, 2H), 2.70 (m, 2H), 2.92 (m,
4H), 3.15-3.65 (m, 6H), 3.78 (s, 6H, OCH3), 3.81 (s, 6H, OCH3),
4.80 (bs, 2H, NH), 5.94 (s, 2H, Ar-H), 6.02 (s, 2H, Ar-H), 8.22
(s, 2H, CH)N); IR (KBr, cm-1) 1620 υ(CdN), 1280b υ(NO3

-);
κ (Ω-1 mol-1 cm2) 158; MS (FAB) for [C26H36N4O6Al]+ m/z )
527.2. Anal. (C26H36N5O9Al‚H2O) C, H, N.
[(3-OMe-ENBPI)Fe]+I- (1b). Using method B involving

H3Mabi ligand (1) (153 mg, 0.26 mmol), Fe(acac)3 (94 mg, 0.26
mmol), and KI (44 mg) resulted in 1b (120 mg, 0.19 mmol,
72%): IR (KBr, cm-1) 3140 υ(N-H), 3000-2750 υ(C-H), 1620
υ(CdN), 1555 δ(N-H), 1605, 1480, 1440 υ(CdC); κ (Ω-1 mol-1
cm2) 149; MS (FAB) for [C24H32N4O4Fe]+ m/z ) 496.2. Anal.
(C24H32N4O4FeI) C, H, N.
[(4,6-DiOMe-ENBPI)Fe]+I- (2b). Using method B involv-

ing H3DMabi ligand (2) (110 mg, 0.17 mmol), Fe(acac)3 (60 mg,
0.17 mmol), and KI (28 mg) yielded 2b (90 mg, 0.13 mmol,
77%): IR (KBr, cm-1) 3420 υ(Ã-Η), 3110 υ(N-H), 3000-2850
υ(C-H), 1610 υ(CdN), 1550 δ(N-H), 1595, 1460, 1430 υ(CdC);
κ (Ω-1 mol-1 cm2) 127; MS (FAB) for [C26H36N4O6Fe]+ m/z )
556.2. Anal. (C26H36N4O6FeI‚0.5 H2O) C, H, N.
[(3-OMe-ENBPI)Ga]+I- (1c). Using method B involving

H3Mabi ligand (1) (140 mg, 0.24 mmol), Ga(acac)3 (89 mg, 0.24
mmol), and KI (40.3 mg) yielded 1c (125 mg, 0.19 mmol, 80%).
1H NMR (300 MHz, DMSO-d6) δ 1.62 (m, 2H), 1.95 (m, 2H),
2.72 (m, 2H), 3.02 (m, 4H), 3.10-3.65 (m, 6H), 3.81 (s, 6H,

OCH3), 5.18 (bs, 2H, NH), 6.62 (t, 2H, Ar-H), 6.85 (d, 2H, Ar-
H), 7.05 (d, 2H, Ar-H), 8.28 (s, 2H, CH)N); IR (KBr, cm-1)
1635 υ(CdN); κ (Ω-1 mol-1 cm2) 137; MS (FAB) for [C24H32N4O4-
Ga]+ m/z ) 509.3. Anal. (C24H32N4O4GaI‚2H2O) C, N, H.
[(4,6-DiOMe-ENBPI)Ga]+I- (2c). Using method B involv-

ing H3DMabi ligand (2) (130 mg, 0.19 mmol), Ga(acac)3 (72
mg, 0.19 mmol), and KI (32 mg) yielded 2c (110 mg, 0.16 mmol,
81%): 1H NMR (300 MHz, DMSO-d6) δ 1.55 (m, 2H), 1.94 (m,
2H), 2.65 (m, 2H), 2.95 (m, 4H), 3.35 (m, 4H), 3.67 (t, 2H),
3.75 (s, 6H), 3.78 (s, 6H), 4.96 (bs, 2H, NH), 5.87 (2H, Ar-H),
5.96 (2H, Ar-H), 8.28 (s, 2H, CH)N); IR (KBr, cm-1) 1610 υ-
(CdN); κ (Ω-1 mol-1 cm2) 133; MS (FAB) for [C26H36N4O6Ga]+
m/z ) 569.1. Anal. (C26H36N4O6GaI‚2H2O) C, H, N.
[(3-OMe-ENBPI)In]+NO3

- (1d). Using method A involv-
ing H3Mabi ligand (1) (132 mg, 0.23 mmol), potassium
hydroxide (3M, 230 µL), and In(NO3)‚5H2O (89 mg, 0.23 mmol)
on final washings with ether containing 15% methanol yielded
1d (100 mg, 0.16 mmol, 71%; spectroscopically identical
compound was obtained by an in situ method29 as an iodide):
1H NMR (300 MHz, DMSO-d6) δ 1.75 (m, 2H), 2.12 (m, 2H),
2.65 (m, 2H), 3.10 (m, 4H), 3.46 (m, 2H), 3.67 (m, 2H), 3.75 (s,
6H, OCH3), 4.17 (t, 2H), 5.22 (bs, 2H, NH), 6.54 (t, 2H, Ar-H),
6.79 (d, 2H, Ar-H), 6.97 (d, 2H, Ar-H), 8.34 (s, 2H, CH)N); IR
(KBr, cm-1) 1626 υ(CdN), 1280-1244b υ(NO3

-); κ (Ω-1 mol-1
cm2) 110; MS (FAB) for [C24H32N4O4In]+ m/z ) 555.0. Anal.
(C24H32N4O4InI‚KCl) C, N; H: calcd, 4.26; found, 4.86.
[(4,6-DiOMe-ENBPI)In]+I- (2d). Using method B involv-

ing H3DMabi ligand (2) (118 mg, 0.17 mmol), In(acac)3 (73 mg,
0.17 mmol), and KI (30 mg) resulted in 2d (100 mg, 0.13 mmol,
76%): 1H NMR (300 MHz, DMSO-d6) δ 1.70 (m, 2H), 2.10 (m,
2H), 2.55 (m, 2H), 3.05 (m, 4H), 3.40 (m, 4H), 3.72 (s, 6H,
OCH3), 3.76 (s, 6H, OCH3), 3.94 (t, 2H), 5.14 (bs, 2H, NH),
5.83 (2H, Ar-H), 5.94 (2H, Ar-H), 8.34 (s, 2H, CH)N); IR (KBr,
cm-1) 1608 υ(CdN); κ (Ω-1 mol-1 cm2) 174; MS (FAB) for
[C26H36N4O6In]+ m/z ) 615.1. Anal. (C26H36N4O6InI.2H2O) C,
H, N.
Cell Culture and Cytotoxicity Assays. Monolayers of

parental KB-3-1 and multidrug resistant KB-8-5 cell lines were
routinely grown in DMEM (GIBCO, Grand Island, NY) supple-
mented with L-glutamine (2 mM), penicillin/streptomycin
(0.1%), and heat-inactivated fetal bovine serum (10%) in the
absence and presence of 10 ng/mL colchicine (Sigma Chemical
Co.), respectively. Multidrug resistant cells were cultured in
drug-free media for 96 h prior to cytotoxicity assays. Cyto-
toxicity potencies of R-ENBPI metal complexes, metal salts,
or colchicine were determined in 96-well microtiter plates as
described.16 Cells (5000/well) were plated in media containing
fetal bovine serum (5%) and allowed to recover for 4 h. The
indicated concentrations of R-ENBPI complex, metal(III)
nitrate with matched vehicle or a cytotoxic concentration of
colchicine (10 µg/mL, 25 µM) were added in triplicate wells
for each cell line. Drug solubility and vehicle concentration
limited the highest test concentration to 100 µM. Cells were
then incubated for 72 h under normal growth conditions (37
°C, 5% CO2 atmosphere). Cell survival was assayed using
sulforhodamine B (SRB) as previously described with slight
modification.48 Briefly, cells were fixed in 10% trichloroacetic
acid for 60 min at 4 °C, washed five times with tap water,
and allowed to air-dry overnight (25 °C). Protein precipitates
were then stained with 0.4% SRB in 1% acetic acid for 20 min
at room temperature. Excess SRB was removed with four 1%
acetic acid washes, plates were air-dried (25 °C), and then the
stain was redissolved in 10 mM unbuffered Tris base. Quan-
titation was performed on an ELISA plate reader using an
absorption difference technique (490-450 nm).
Survival is expressed as the percentage of surviving cells

relative to growth in media containing drug vehicle alone
(ligand 1, 1% ethanol; ligand 2 and metal(III) nitrates, 0.85%
ethanol/0.15% DMSO). LC50 determinations were obtained
from the cell survival curves by computer fitting with a sigmoid
equation: S ) {(Smax - Smin)/[1 + (C/LC50)γ]} + Smin, where S
is cell protein, Smax is cell protein in control buffer, Smin is
residual cell protein at highest drug toxicity, γ is the slope, C
is cytotoxic agent concentration, and LC50 represents the half-
maximal cytotoxic concentration. For analysis, Smin was con-
strained to zero at high drug concentrations. Smax ranged from
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79% to 94% of control, with no significant differences between
groups by one-way analysis of variance (F-ratio, 1.5249). Paired
data were compared by the Student’s t-test.49 Dependencies
of fitted curves were generally < 0.5 indicating that the curves
were not overparameterized. Most analogs were tested in at
least two separate culture experiments with essentially identi-
cal results.
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