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Introduction

Acute leukemia is a malignant neoplasm of the hematopoietic
cells characterized by an abnormal proliferation of precursor
cells, decreased rate of apoptosis, and arrest in cell differentia-
tion. Unfortunately, most leukemia turn refractory to chemo-
therapy necessitating the development of alternative chemo-
therapeutic strategies.[1] Due to the nature of leukemic pro-
cesses, chemotherapy constitute an important tool in the fight
against such hematological malignancies, although most of
the currently used drugs display significant toxicity and are
often nonspecific. In addition, development of drug resistance,
severe side effects, and a reduced spectrum of tumors against
which they are active also limit the clinical utility of these es-
tablished drugs. Over the years, the identification of new, effec-
tive chemotherapeutics against leukemia has remained a focus
of intense interest. In this regard, to develop highly effective,
selective anticancer drugs is a major challenge, particularly if
the cancer is resistant to established therapies. Nowadays,
many of the therapeutic agents used in the treatment of ma-
lignant neoplasms, including VP16, cisplatin, adriamycin, and
taxol, exert their anticancer effects by inducing apoptosis.[2] In
fact, a challenging goal of new chemotherapeutic agents is to
promote apoptosis in cancer cells, while shielding normal cells.

Thiosemicarbazones (TSCs) are compounds of considerable
interest because of their important chemical properties and
potentially beneficial biological activities. In recent years, a
large number of TSCs with diverse biological properties, in-
cluding antibacterial, antiviral, antimycotic and antitumor activ-
ity, has been described.[3–7] TSCs contain a rich set of donor

atoms and are well-known metal ion chelators. In fact, many of
the biological responses induced by TSCs depend on their
metal complexation.[7] The antitumor activity of TSCs is attrib-

In the search for alternative chemotherapeutic strategies
against leukemia, various 1-indanone thiosemicarbazones, as
well as eight novel platinum(II) and palladium(II) complexes,
with the formula [MCl2(HL)] and [M(HL)(L)]Cl, derived from two
1-indanone thiosemicarbazones were synthesized and tested
for antiproliferative activity against the human leukemia U937
cell line. The crystal structure of [Pt(HL1)(L1)]Cl.2MeOH, where
L1 = 1-indanone thiosemicarbazone, was solved by X-ray dif-
fraction. Free thiosemicarbazone ligands showed no antiproli-
ferative effect, but the corresponding platinum(II) and palladiu-
m(II) complexes inhibited cell proliferation and induced apop-

tosis. Platinum(II) complexes also displayed selective apoptotic
activity in U937 cells but not in peripheral blood monocytes or
the human hepatocellular carcinoma HepG2 cell line used to
screen for potential hepatotoxicity. Present findings show that,
in U937 cells, 1-indanone thiosemicarbazones coordinated to
palladium(II) were more cytotoxic than those complexed with
platinum(II), although the latter were found to be more selec-
tive for leukemic cells suggesting that they are promising com-
pounds with potential therapeutic application against hemato-
logical malignancies.
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uted to their ability to form chelates leading to compounds
that can redox cycle, which results in reactive oxygen species
(ROS) generation and marked chelation. It has been described
that these compounds not only target ribonucleotide reduc-
tase, but also other intracellular molecules such as N-myc
downstream-regulated gene-1 (NDRG1) and DNA topoisomera-
se IIa (top2a).[8] Furthermore, since neoplastic cells require a
higher amount of essential metals for proliferation than
normal cells, metal chelation becomes an interesting strategy
when developing anticancer drugs.[9] Therefore, given their
ability to form chelates, TSCs are structures of particular phar-
maceutical interest for the development of potential therapeu-
tic agents. In point of fact, 3-aminopyridine-2-carboxaldehyde
thiosemicarbazone (triapine) is currently being evaluated in
human phase II clinical trials as an anticancer agent.[10, 11] The
chemical nature of active TSCs reported in the literature is di-
verse. The imine moiety is typically substituted at the carbon
atom with aromatic, aliphatic and a-N-heterocyclic
groups.[8, 12–14] Furthermore, given the ability of these com-
pounds to form chelates, their complexation with metals, such
as Ni, Cu, Fe, Co, Ru, Pd and Pt, has been used as a strategy to
achieve derivatives with enhanced biological activity. Some ex-
amples are nickle(II) complexes of S-citronellalthiosemicarba-
zone,[15] copper(II) complexes of 2-acetylpyridine-4,4-dimethyl-
3-TSC and di-2-pyridylketone-4,4-dimethyl-3-TSC,[16] antimony-
(III) complexes of 2-benzoylpyridine-TSC,[17] and platinum(II)
and palladium(II) complexes of 5-nitrofuran-TSC deriva-
tives.[18–20] Coordination of TSCs with metals has been shown
to enhance their biological activity and even make them dis-
play a particular activity not shown by the free ligand. It has
been proposed that this results from increased TSCs lipophilici-
ty, which would favor entry into the cell.[21]

The present study reports the synthesis, and characterization
of 1-indanone-derived TSCs (1–10), as well as platinum(II) and
palladium(II) complexes of two of these TSCs (1 and 8) with
the formula [MCl2(HL)] and [M(HL)(L)]Cl (11–18). The biological
activity of all compounds was assessed in the human leukemia
U937 cell line. The effect of substituents on the TSC moiety
and metal complexation were simultaneously addressed re-
garding the potential antileukemic response. Results showed
that the free ligands had no effect on U937 cells growth,
whereas the platinum(II) and palladium(II) complexes inhibited
cell proliferation and induced apoptosis. In particular, the plati-
num(II) complexes exhibited selective cytotoxicity in U937 cells
over peripheral blood monocytes or HepG2 cells.<

Results and Discussion

Synthesis and spectroscopy

Modification of the TSC structure allows the synthesis of novel
compounds to explore their biological activities. In the present
study, we adopted three approaches to obtain different TSCs
derivatives. The TSC structure was modified at the indanone
(R1, R2 and R3), at N4 (R4), and by chelation with platinum(II) or
palladium(II). We previously reported the synthesis and chemi-
cal characterization of various TSCs (1–8) with modifications at

the indanone structure;[5] TSCs 9 and 10, bearing an allyl
group at the N4 of the TSC moiety, were synthesized using the
same method.

Coordination of TSCs with metals has been shown to en-
hance their biological activity. In the present study, two differ-
ent TSCs were coordinated to platinum(II) and palladium(II).
Compounds 1 and 8 were chosen for metal coordination, the
former due to its simple structure without substituents and
the latter for its more complex structure bearing substituents
R1 and R2 on the indanone skeleton. Complexes were obtained
by reaction of Na2[PdCl4] or K2[PtCl4] , with compounds 1 (HL1)
and 8 (HL2), rendering four palladium(II) and four platinum(II)
compounds (11–18). Complexes with the formula [MCl2(HL)]
(11, 12, 15, 16) were synthesized using a metal/ligand molar
ratio of 1:1. Complexes with the formula [M(HL)(L)]Cl (13, 14,
17, 18) were obtained by using a metal/ligand molar ratio of
1:2. Analytical data were consistent with the proposed formu-
lae (see Experimental Section).

[MCl2(HL)] complexes were nonconducting compounds,
whereas [M(HL)(L)]Cl compounds were 1:1 electrolytes. Ther-
mogravimetric analysis (TGA) of [Pt(HL1)(L1)]Cl isolated powder
released one methanol solvation molecule per molecule of
complex beginning at around 30 8C and centered at 70 8C
(mass release for [Pt(HL1)(L1)]Cl·CH3OH (%): calculated: 4.8,
found: 5.0). Mass release of the analogous Pt-L2 complex was
consistent with the formula [Pt(HL2)(L2)]Cl·2H2O (mass release
for [Pt(HL2)(L2)]Cl·2H2O (%): calculated: 4.5, found: 4.5). TGA re-
sults for the palladium(II) compounds agreed with similar for-
mulae, [Pd(HL1)(L1)]Cl·CH3OH and [Pd(HL2)(L2)]Cl·2H2O, show-
ing that platinum(II) replacement by palladium(II) led to analo-
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gous compounds. Mass spectra of complexes showing slight
solubility in methanol, ([M(HL)(L)]Cl), exhibited a peak assigned
to the molecular ion whose m/z value matched with the ex-
pected theoretical value. In addition, experimental isotopic
patterns matched up with the expected patterns for the pro-
posed formulae. Unfortunately, no suitable spectra for the
other complexes were achieved due to their extremely poor
solubility in methanol. Single crystals of [Pt(HL1)(L1)]Cl·2CH3OH
(13) were obtained by slow evaporation of the reaction
medium. Crystals lost one methanol solvation molecule very
slowly leading to the monosolvated complex, as confirmed by
elemental analysis.

Fourier transform infrared spectroscopy showed significant
vibration bands for the metal complexes. These were used to
tentatively assign the ligand coordination mode. After coordi-
nation, the n(C=N) bands of TSC free ligands (HL1: 1599 cm�1,
HL2: 1595 cm�1) shifted to higher frequencies. In addition, n(C=

S) bands, at approximately 825–855 cm�1, shifted to lower fre-
quencies. These changes are consistent with bidentate coordi-
nation of the TSC ligands through the thiocarbonylic sulfur
and the azomethynic nitrogen.[22–25] The n(NH) band at
~3155 cm�1 was present in all [MCl2(HL)] complexes, support-
ing the hypothesis that the ligand is not deprotonated.

Crystal structure of cis-[Pt(HL1)(L1)]Cl·2MeOH

cis-[Pt(HL1)(L1)]Cl·2MeOH (13) crystals consist of cationic units
of cis-[Pt(HL1)(L1)]+ showing atypical cis configuration of HL1
and L1 ligands in a distorted square-planar configuration of N-
and S-coordinated atoms around the platinum(II) center
(Figure 1). The Pt�N and Pt�S bond distances (Table 1) corre-
sponded to those reported for the only cis-platinum(II) com-
plex found in the literature[26] showing Pt�N and Pt�S bond
distances of 2.060 and 2.268 �, respectively. The distortion
from planar coordination polyhedra might be caused by the
twisting of the Pt�N bonds above and below the S�Pt�S
plane due to the cis configuration of the ligands. The five-

membered Pt�N�N�C�S rings show an envelope configura-
tion with platinum(II) occupying the out-of-plane position, de-
viating about 0.8 � from the N�N�C�S plane. The main differ-
ence between both ligands is the bond lengths and angles, in-
cluding N(12) and N(22) atoms in HL1 and L1 ligands, respec-
tively (Table 1). It results from N(22) protonation that makes
this atom exhibit sp2 hybridization with N(21)�N(22)�C(21)
angle of 118.7(11) 8, whereas negatively charged N(12) shows
sp3 hybridization with N(11)�N(12)�C(11) bond angle of
111.4(9) 8. Although hydrogen atoms failed to be identified in
the difference electron density maps, the protonated ligand
was easily identified by inspection of the mentioned bond dis-
tances and angles. The tails of the ligands were located in par-
allel but their aromatic rings were far apart suggesting an ab-
sence of a p–p interaction between them. Charge balance in
the crystal was achieved by the presence of a chlorine counter-
ion located close to the protonated HL1 ligand forming hydro-
gen bonds with hydrogen atoms linked to N21 and N22. Two
labile crystallization methanol molecules completed the crystal
structure, filling the void left by the absence of ligand tails at
one side of the platinum(II) ion. These two molecules were
connected to Cl(1), N(13) and N(23) by hydrogen bonds com-
pleting a full network of low-energy interactions. The infrared
spectra of these complexes resulted as expected for their pro-
posed structure according to our previously reported work.[22]

Antiproliferative activity

The antiproliferative and cytotoxic effects of TSCs were evalu-
ated in U937 cells (Table 2). Free ligands 1–10 showed neither
antiproliferative nor cytotoxic activity in the range of concen-
trations studied. Due to their low water solubility, concentra-
tions higher than 50 mm could not be tested. Previous studies
from our laboratory showed that compounds of this nature

Table 1. Selected bond distances and bond angles for compound 13.[a]

Bond Distance [�] Bond Angle [8]

Ligand 1
Pt(1)�N(11) 2.044(9) N(11)�Pt(1)�N(21) 99.8(4)
Pt(1)�S(11) 2.259(3) N(11)�Pt(1)�S(21) 173.2(2)
S(11)�C(11) 1.751(11) N(11)�Pt(1)�S(11) 80.9(2)
C(11)�N(12) 1.307(14) Pt(1)�S(11)�C(11) 94.8(4)
C(11)�N(13) 1.347(15) S(11)�C(11)�N(12) 124.0(9)
N(11)�N(12) 1.383(12) C(11)�N(12)�N(11) 111.4(9)
N(11)�C(12) 1.311(13) N(12)�N(11)�Pt(1) 118.0(6)
Ligand 2
Pt(1)�N(21) 2.075(11) S(11)�Pt(1)�S(21) 97.04(12)
Pt(1)�S(21) 2.287(3) N(21)�Pt(1)�S(11) 175.5(2)
S(21)�C(21) 1.723(15) N(21)�Pt(1)�S(21) 82.8(3)
C(21)�N(22) 1.316(18) Pt(1)�S(11)�C(11) 95.1(5)
C(21)�N(23) 1.309(16) S(11)�C(11)�N(12) 121.0(10)
N(21)�N(22) 1.401(13) C(11)�N(12)�N(11) 118.7(11)
N(21)�C(22) 1.293(16) N(12)�N(11)�Pt(1) 111.2(7)

[a] Values in parentheses represent the estimated standard deviations in
the last significant figure. CCDC-778905 contains the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre (CCDC) via
www.ccdc.cam.ac.uk.

Figure 1. X-ray crystal structure of cis-[Pt(HL1)(L1)]Cl·2MeOH (13). Thermal
ellipsoids are plotted at 30 % probability levels and hydrogen atoms are
omitted for clarity. CCDC-778905 contains the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre (CCDC) via www.ccdc.cam.ac.uk.
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tend to form aggregates in water irrespective of the substitu-
ent at the N4 position (hydrogen or allyl group).[27] Current
findings show that changes to the indanone substituents (R1,
R2 and R3) or the N4 substituents on the TSC moiety fail to
induce antiproliferative activity. Conversely, platinum(II) and
palladium(II) complexes 11–18 derived from compounds 1 and
8, showed significant antiproliferative and cytotoxic activity in
this cell line. Moreover, the cytotoxic activity of platinum(II)
complexes was comparable to that of cisplatin, an established
anticancer drug, while palladium(II) complexes resulted more
potent than the latter.

Although palladium(II) TSC complexes have been reported
to exhibit comparable or slightly greater cytotoxicity than anal-
ogous platinum(II) compounds,[21] in the present study, palla-
dium(II) complexes (15–18) were found to be 100-fold more
potent than their corresponding platinum(II) analogues (11–
14) (see Table 2). Platinum(II) and palladium(II) complexes with
bidentate N,S-chelating ligands show high thermodynamic sta-
bility. Nevertheless, platinum(II) compounds show high kinetic
inertness towards ligand substitution, whereas those of palla-
dium(II) are kinetically labile. It has been proposed that the
high thermodynamic stability and high kinetic lability of palla-
dium(II) complexes make them more suitable to interact with
cancer cells.[21] Neither K2[PtCl4] nor Na2[PdCl4] showed antipro-
liferative or cytotoxic activity, supporting the hypothesis that
the effect on cell proliferation and viability exhibited by com-
pounds 11–18 is not due to the metal itself, but to their com-
plexed species.

Proapoptotic activity

The close IC50 and CC50 values for compound 11–18 suggest
that inhibition of cell proliferation could be ascribed to cell
death or loss of cell viability. Actually cell death is an important
variable not only in cancer development but also in cancer

prevention and therapy. The major approach for cancer treat-
ment is the removal of the neoplasm and/or the induction of
cancer cells death by radiation, chemotherapy, antibodies or
immune system cells.[28] Cytotoxic agents induce cell death by
necrosis or apoptosis. Apoptosis is a controlled type of cell
death induced by a variety of physiological and pharmacologi-
cal stimuli. The number of leukemia cells in a patient could be
reduced by either inhibiting cell proliferation or inducing cell
death. In vitro studies with tumor and leukemia cell lines
report that the cytotoxic drugs used in chemotherapy induce
cell death through the activation of diverse apoptotic signaling
pathways.[29]

Increased release of lactate dehidrogenase (LDH) from cells
supports impairment of plasma membrane permeability result-
ing from the loss of cell viability. Therefore, LDH activity was
measured in the medium following 24 h exposure to the differ-
ent compounds. Results showed that LDH activity increased in
the supernatant of cells treated with compounds 11–18 at
their EC50 value (20 mm compounds 11–14 and 0.3 mm com-
pounds 15–18 ; Figure 2 a). Conversely, no changes in LDH ac-
tivity were observed when cells were exposed to compounds
1 and 8 (50 mm) or the tetrachlorometallates (20 mm K2[PtCl4]
and 0.3 mm Na2[PdCl4]). These findings show that palladium(II)
complexes display higher cytotoxic activity than platinum(II)
complexes. As impaired membrane permeability may be
caused by necrosis or programmed cell death, apoptosis was
evaluated in cells following incubation with the different com-
pounds for 24 h.

Cleavage and activation of caspase 3, which is the key termi-
nal effector of apoptosis, was assessed by Western blot analy-
sis. Following U937 cells exposure to IC50 level of compounds
11–18, the cleavage of pro-caspase 3 was observed (Fig-
ure 2 b). Furthermore the cleavage of caspase 3 downstream
substrate and mediator of cell death, poly(ADP-ribose)polymer-
ase (PARP), was also evidenced following 24 h exposure to
compounds 11–18 (Figure 2 b). These findings clearly support
that the compounds induce caspase 3 activation. Therefore,
the enzyme activity was measured. Figure 2 c illustrates that an
increase in caspase 3 activity occurred in the presence of the
different compounds except for the free ligands 1 and 8 or
K2[PtCl4] and Na2[PdCl4] .

Induction of apoptosis was also assessed in cells exposed for
24 h to compounds 11–18, K2[PtCl4] and Na2[PdCl4] using the
annexin–fluorescein isothiocyanate (FITC) assay kit (Figure 3).
In this assay, the placental protein annexin V (AnV) binds to
phosphatidylserine (PS) residues in the presence of Ca2+ . In
viable cells, PS is located in the plasma membrane facing the
cytosol and is therefore unable to bind AnV, whereas in apop-
totic cells, PS residues are enzymatically flipped to the outer
layer of the membrane ready to bind AnV. On the other hand,
costaining with propidium iodide (PI), which binds to DNA and
penetrates cells only when membrane permeability is im-
paired, permits the identification of early- and late-stage apop-
totic cells, as well as necrotic cells, where the latter is positive
for PI staining but negative for AnV-FITC labeling. Untreated
cells exhibited low PI and AnV staining, with approximately
92 % viable cells. However, cells exposed to compounds 11–18

Table 2. Inhibition of cell proliferation (IC50) and cytotoxic activity (CC50)
of the 1-indanone thiosemicarbazones and their platinum(II) and palladiu-
m(II) complexes.

Compd IC50 [mm][a] CC50 [mm][b]

1–10 >50 >50
11 26.86 (22.05–32.70) 35.89 (30.72–41.92)
12 23.67 (15.88–35.28) 23.31 (18.35–29.60)
13 21.41 (16.55–27.70) 16.81 (12.95–21.82)
14 17.79 (16.16–19.60) 24.12 (19.48–29.87)
15 0.2257 (0.1926–0.2645) 0.2331 (0.1539–0.3531)
16 0.1817 (0.1037–0.3184) 0.2803 (0.2349–0.3346)
17 0.1452 (0.1206–0.1748) 0.1132 (0.08698–0.1474)
18 0.1542 (0.1312–0.1812) 0.1297 (0.08525–0.1972)
K2[PtCl4] >50 >50
Na2[PdCl4] >1 >1
Cisplatin 8.081 (7.266–8.987) 13.39 (12.80–14.02)

[a] IC50 values were determined by measuring [3H]thymidine incorporation
following 48 h exposure to different concentrations of the compounds in
U937 cells. [b] CC50 values were assessed by Trypan Blue dye exclusion
assays. Further details on these assays are given in the Experimental Sec-
tion. Data represent the mean of three independent experiments; the
95 % confidence interval is given in parentheses.
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showed a significant increase in PI and AnV staining, with an
elevated number of cells in the early (An+PI�) and late (An+PI+

) stages of apoptosis. On the other hand, cells exposed to
K2[PtCl4] and Na2[PdCl4] alone showed no difference with un-
treated cells.

These results, together with the observation that the tetra-
chlorometallate salts failed to inhibit cell proliferation and ex-
hibited no cytotoxicity at the concentration tested, suggest
that TSC metal coordination is responsible for the activity dis-
played by the complexes. Furthermore, the present findings in-

dicate that palladium(II) complexes exhibit higher cytotoxicity
through apoptosis induction in leukemic cells than the platinu-
m(II) complexes. The experimental observation that the free li-
gands and the tetrachlorometallate salts failed to induce apop-
tosis strongly support that the activity results from the struc-
tural nature of the complexes.

Although palladium(II) analogues related to cisplatin and its
derivatives showed higher toxicity and lower activity, attribut-
ed to the high lability of palladium(II) compounds, there are
several examples in the literature of palladium(II) compounds
showing higher activities than their platinum(II) analogues, par-
ticularly with thiosemicarbazones as ligands.[18–20, 26, 30] Neverthe-
less, in many cases, palladium(II) compounds are more toxic
than the isostructural platinum(II) compounds; again, this is
due to the higher lability of palladium(II) compared with plati-
num(II). Therefore, we considered the observed selectivity to
be worthy of further scrutiny.

Selectivity

Specific induction of apoptosis in cancer cells is one of the
major goals in anticancer strategies because indiscriminate
apoptosis activation may result harmful to healthy tissue and
can induce the development of new tumors.[31] In order to
evaluate the selectivity of active compounds 11–18, peripheral
blood monocytes were used and results compared to those
obtained in U937 cells.

LDH release was measured in peripheral blood monocytes
following incubation for 24 h with compounds 11–18 at the
concentrations previously used to assess their pro-apoptotic
response in U937 cells. A significant increase in LDH was ob-
served in peripheral blood monocytes treated with palladiu-
m(II) complexes 15–18, whereas no changes were observed in
the enzyme activity when cells were exposed to platinum(II)
compounds (Figure 4 a). Furthermore, palladium(II) complexes
also increased caspase 3 activity in peripheral blood mono-
cytes, and the AnV/PI staining profile showed cells undergoing
early and late stages of apoptosis (Figure 4 b and c ). These
findings strongly support the hypothesis that platinum(II) com-
plexes are more selective towards U937 cells than palladium(II)
complexes.

In an attempt to evaluate potential hepatotoxicity of the
active compounds (11–18), their effect was tested in HepG2
cells, a human hepatocellular carcinoma cell line used to esti-
mate xenobiotic hepatoxicity because of its close functional re-
semblance to adult hepatocytes.[32] Active compounds failed to
induce cytotoxicity in HepG2 cells. Apoptosis was not induced
by platinum(II) complexes but cell exposure to palladium(II)
complexes increased the rate of cells undergoing the early
stages of apoptosis (Figure 4 a–c). These findings suggest that
platinum(II) complexes would not be cytotoxic and further
supports the observation that they are selective for U937 cells.

Conclusions

The present study is, to our knowledge, the first to show that
platinum(II) complexes derived from 1-indanone thiosemicar-

Figure 2. Apoptotic activity in the U937 cell line. Cells were treated for 24 h
with: 1 and 8 (50 mm), 11–14 and K2[PtCl4] (20 mm), and 15–18 and Na2-
[PdCl4] (0.3 mm). After treatment, the cells were further analyzed as detailed
in the Experimental Section. a) LDH activity is given with respect to control
cells (a). b) Determination of cleaved caspase 3 and PARP by Western blot
analysis. U937 cells were treated and harvested, and equal amounts of pro-
tein were subjected to SDS-PAGE and analyzed by Western blot with anti-
caspase 3 and PARP antibodies. Data are representative of at least three in-
dependent experiments. c) Casapase 3 activity is given with respect to con-
trol cells (a). The data given in panels a and c represent the mean �
SEM (n = 3): (*) p <0.05; (**) p <0.01 and (***) p <0.001.
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bazones exhibit selective apoptotic activity in U937 cells with-
out displaying potential hepatotoxicity, as supported by stud-
ies in HepG2 cells. Although palladium(II) complexes derived
from 1-indanone thiosemicarbazones were more toxic than
platinum(II) derivatives, they were less selective. Platinum(II)
complexes selectively enhanced apoptosis in U937 cells sug-
gesting that these compounds may represent promising com-
pounds for the development of novel, selective cytotoxic anti-
leukemia drugs.

Experimental Section

Chemistry

General methods : Elemental anal-
yses were performed on a Carlo
Erba Model EA1108 elemental ana-
lyzer. Thermogravimetric measure-
ments were performed on a Shi-
madzu TGA 50 thermobalance
with a platinum cell, working
under a flow of nitrogen
(50 mL min�1) and at a heating rate
of 0.5 8C min�1 (RT–80 8C) and
1.0 8C min�1 (80–350 8C). Conducti-
metric studies were performed at
25 8C in 10�3

m solutions of dime-
thylformamide (DMF) using a Con-
ductivity Meter 4310 Jenway.[33]

Fourier transform infrared (FTIR)
spectra (4000–400 cm�1) of the
complexes and free ligands were
measured as KBr pellets or in Nujol
mull with a Bomen FTIR spectrom-
eter (M102 model). The experimen-
tal molecular weights (m/z) of the
free ligands were determined by
high-resolution mass spectrometry
(HRMS) on a micrOTOF-Q II spec-
trometer (Bruker Daltonics, Germa-
ny) using electrospray ionization
(ESI). ESI-MS spectra of the com-
plexes were measured in MeOH
with an Esquire 6000 instrument
(Bruker Daltonics). Spectra were re-
corded in the positive mode (105–
1000 m/z) under the following con-
ditions: end plate offset voltage
�500 V, capillary voltage �3500 V,
capillary exit 124.0 V, nebulizer
15 psi, dry gas flow 5.00 L min�1,
and dry gas temperature 325 8C.
1H NMR and 13C NMR spectra were
obtained in [D6]DMSO (Sigma) sol-
utions at RT on a Bruker 500 spec-
trometer, at 500 MHz and
125 MHz, respectively.

The free ligands were prepared
and characterized as previously de-
scribed by condensation of 1-inda-
nones with the appropriate thiose-
micarbazide.[5] Both reagents were
purchased from Sigma Chemical
Co. , St. Louis, MO (USA).

Preparation of thiosemicarbazones 1–10 : Compounds 1–10 were
obtained from the corresponding commercial or synthetic 1-inda-
nones combined with thiosemicarbazide or 4-allylthiosemicarba-
zide. A suspension of the appropriate 1-indanone (1.2 mmol) and
the corresponding thiosemicarbazide (2.7 mmol) in abs EtOH
(20 mL) was heated under reflux for 30 min. Concd H2SO4 (0.10 mL)
was then added and heating continued until the 1-indanone start-
ing material was consumed, as indicated by thin-layer chromatog-
raphy (TLC; silica gel 60 F254; CHCl3/EtOH, 1:0.1). The solvent was

Figure 3. Annexin V assay. Cells were treated for 24 h with: 11–14 and K2[PtCl4] (20 mm), and 15–18 and Na2[PdCl4]
(0.3 mm). After treatment, the cells were further analyzed as detailed in the Experimental Section. a) Density plots
obtained by evaluation with FITC-labeled annexin V (AnV) and propidium iodide (PI). Numbers shown on the den-
sity plot refer to the percentage of cells undergoing early stages of apoptosis (lower right quadrant: AnV+/PI�),
later stages of apoptosis (upper right quadrant: AnV+/PI+) and necrosis (upper right quadrant: AnV�/PI+). b) An-
nexin V binding assay. Percentage of cellular subpopulations after treatment with different agents. Data represent
the mean � SEM (n = 3): (**) p <0.01 and (***) p <0.001.
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removed in vacuo, and the solid was resuspended in H2O (20 mL),
filtered and washed with H2O (2 � 5 mL), EtOH (5 mL), CH2Cl2 (5 mL)
and hexane (2 � 5 mL). The identity of compounds 1–8 was con-
firmed by comparison of their physical and spectral data (1H
and13C NMR and IR) with those previously reported.[5]

5-Methoxy-1-indanone-(N4-allylthiosemicarbazone) (9): White
solid (234 mg, 85 %): mp: 144–145 8C; 1H NMR (500 MHz,
[D6]DMSO): d= 2.87 (m, 2 H), 3.01 (m, 2 H), 3.78 (3 H, s), 4.21 (t, J =

5.7 Hz, 1 H), 5.08 (dd, J = 10.1, 1.5 Hz, 1 H), 5.14 (dd, J = 17.1, 1.5 Hz,
1 H), 5.91 (m, 1 H), 6.87 (dd, J = 8.5, 2.3 Hz , 1 H), 6.93 (d, J = 1.8 Hz,
1 H), 7.78 (d, J = 8.4, 1 H), 8.54 (t, J = 5.8 Hz, 1 H), 10.18 ppm (1 H, s);
13C NMR (125 MHz, [D6]DMSO): d= 28.0, 28.8, 46.2, 55.9, 110.0,
114.9, 116.0, 123.5, 135.7, 151.4, 157.4, 162.3, 178.0 ppm; IR (Nujol):
ñ= 3183 (NH); 1601 (C=N), 1531 (C(S)�N), 841 cm�1 (C=S); HRMS
(ESI + ): m/z [M + H]+ calcd for C14H18N3OS: 276.1165, found:
276.1169.

6-Methoxy-1-indanone-(N4-allylthiosemicarbazone) (10): White
solid (234 mg, 85 %): mp: 126–127 8C; 1H NMR (500 MHz,
[D6]DMSO): d= 2.88 (m, 2 H), 2.96 (m, 2 H), 3.79 (3 H, s), 4.25 (t, J =
5.7 Hz, 2 H), 5.09 (dd, J = 10.3, 1.4 Hz, 1 H), 5.15 (dd, J = 17.2, 1.4 Hz,
1 H), 5.92 (m, 1 H), 6.97 (dd, J = 8.2, 2.5 Hz, 1 H), 7.26 (d, J = 8.4 Hz,
1 H), 7.43 (d, J = 2.2 Hz, 1 H), 8.67 (t, J = 5.8 Hz, 1 H), 10.27 ppm (s,
1 H); 13C NMR (125 MHz, [D6]DMSO): d= 27.9, 28.4, 46.2, 56.0,
105.8, 115.9, 118.7, 126.7, 135.7, 139.5, 141.4, 157.3, 159.3,
178.2 ppm; IR (Nujol): ñ= 3348 (NH), 1610 (C=N), 1527 C(S)�N,
826 cm�1 (C=S); HRMS (ESI + ): m/z [M + H]+ calcd for C14H18N3OS:
276.11651, found: 276.11731.

Preparation of [MCl2(HL)] (M = Pt or Pd): K2[PtCl4] (54 mg,
0.13 mmol) or Na2[PdCl4] (38 mg, 0.13 mmol) and the appropriate
ligand (0.13 mmol) were heated under reflux in MeOH (10 mL) for
6 h. The resulting solid residue was filtered off and washed with
warm H2O followed by hot MeOH. Solids were dried at room tem-
perature under silica.

[PtCl2(HL1)] (11): Dark yellow solid (35 mg, 58 %): IR (KBr): ñ= 1608
(C=N), 802 cm�1 (C=S); Anal. calcd for C10H11Cl2N3PtS: C 25.5, H
2.35, N 8.92, S 6.80, found: C 25.6, H 2.35, N 8.90, S 6.74; LM (DMF):
11 ohm�1 cm2 mol�1.

[PtCl2(HL2)] (12): Dark yellow solid (31 mg, 48 %): IR (KBr): ñ= 1606
(C=N), 843 cm�1 (C=S); Anal. calcd for C12H15Cl2N3O2PtS: C 25.5, H
2.35, N 8.92, S 6.80, found: C 25.6, H 2.35, N 8.90, S 6.74; LM (DMF):
10 ohm�1 cm2 mol�1.

[PdCl2(HL1)] (15): Orange–brown solid (25 mg, 51 %): IR (KBr): ñ=
1618 (C=N), 815 cm�1 (C=S); Anal. calcd for C10H11Cl2N3PdS: C 31.4,
H 2.90, N 11.0, S 8.39, found: C 31.3, H 2.85, N 10.91, S 8.31;
LM (DMF): 12 ohm�1 cm2 mol�1.

[PdCl2(HL2)] (16): Orange–brown solid (29 mg, 55 %): IR (KBr): ñ=
1605 (C=N), 847 cm�1 (C=S); Anal. calcd for C12H15Cl2N3O2PdS: C
32.6, H 3.42, N 9.49, S 7.24, found: C 32.5, H 3.39, N 9.42, S 7.22;
LM (DMF): 10 ohm�1 cm2 mol�1.

Preparation of [M(HL)(L)]Cl (M = Pt or Pd): K2[PtCl4] (54 mg,
0.13 mmol) or Na2[PdCl4] (38 mg, 0.13 mmol) and the correspond-
ing ligand (0.26 mmol) were heated under reflux in MeOH (10 mL)
for 6 h. The solid was filtered off and washed with warm H2O fol-
lowed by hot MeOH. In the case of the Pd compounds, the reflux
period was extended to 24 h. The small amount of solid obtained
after heating was discarded and the solvent was slowly evaporated
over 3–4 days. The solid obtained after partial evaporation of the
solvent was filtered off and washed with hot MeOH followed by
warm H2O. Solids were dried at room temperature under silica.

cis-[Pt(HL1)(L1)]Cl·CH3OH (13): Yellow solid (34 mg, 43 %): IR (KBr):
ñ= 1609 (C=N), 802 cm�1 (C=S); Anal. calcd for C21H25ClN6OPtS2: C
37.5, H 3.75, N 12.5, S 9.54, found: C 37.4, H 3.70, N 12.4, S 9.60;
MS (ESI + ): m/z (%): 604.0 [M]+ (100 %); LM (DMF):
79 ohm�1 cm2 mol�1. Single crystals of [Pt(HL1)(L1)]Cl·2CH3OH were

Figure 4. Compound selectivity assessed in normal peripheral blood mono-
cytes (&) and human hepatocellular (HepG2) carcinoma cells (&). Cells
were exposed for 24 h to 11–14 (20 mm) and 15–18 (0.3 mm). After the incu-
bation period was complete, the cells were further analyzed as detailed in
the Experimental Section. a) LDH activity with respect to control cells (a).
b) Casapase 3 activity with respect to control cells (a). c) Annexin V bind-
ing assay. Percentage of cellular subpopulations after treatment with differ-
ent agents. Data represent the mean � SEM (n = 3): (*) p <0.05, (**)
p <0.01 and (***) p <0.001.
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obtained by slow evaporation of the solvent: Anal. calcd for
C22H29ClN6O2PtS2 : C 37.5, H 4.15, N 11.93, S 9.11, found: C 37.5, H
4.10, N 11.88, S 9.08.

[Pt(HL2)(L2)]Cl·2H2O (14): Yellow solid (46 mg, 45 %): IR (KBr): ñ=

1604 (C=N), 841 cm�1 (C=S); Anal. calcd for C24H33ClN6O6PtS2 : C
36.2, H 4.18, N 10.5, S 8.05, found: C 36.4, H 4.20, N 10.6, S 8.10;
MS (ESI + ): m/z (%): 724.1 [M]+ (100 %); LM (DMF):
59 ohm�1 cm2 mol�1.

[Pd(HL1)(L1)]Cl·CH3OH (17): Orange solid (27 mg, 35 %): IR (KBr):
ñ= 1618 (C=N), 803 cm�1 (C=S); Anal. calcd for C21H25ClN6OPdS2 : C
43.2, H 4.32, N 14.4, S 11.0, found: C 43.3, H 4.40, N 14.3, S 10.84;
MS (ESI + ): m/z (%): 515.0 [M]+ (100 %); LM (DMF):
60 ohm�1 cm2 mol�1.

[Pd(HL2)(L2)]Cl·2H2O (18): Red–orange solid (27 mg, 30 %): IR
(KBr): ñ= 1601 (C=N), 848 cm�1 (C=S); Anal. calcd for
C24H33ClN6O6PdS2 : C 40.7, H 4.70, N 11.9, S 9.06, found: C 40.9, H
4.71, N 12.0, S 9.15; MS (ESI + ): m/z (%): 635.0 [M]+ (100 %);
LM (DMF): 65 ohm�1 cm2 mol�1.

X-ray crystallography

CCDC-778905 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre (CCDC) via www.ccdc.ca-
m.ac.uk. Information concerning crystallographic data collection
and structure refinements is summarized in table S1 in Supporting
information.

Crystals of dimensions 0.20 � 0.22 � 0.30 mm3 were mounted on a
Rigaku AFC-7S automatic four-circle diffractometer and used for
data collection. Diffraction data were acquired at RT by graphite
monochromated Mo–Ka radiation (l= 0.71069 �) with the w�2q

scan mode. The unit cell parameters were determined from least-
squares refinement of the setting angles of 25 reflections in the 2q

ranges 25–308. Examination of three standard reflections, moni-
tored after every 150 reflections, showed signs of rapid crystal de-
terioration with intensity loss of 70 % during data collection up to
2q= 508. Intensity decay, Lorentz polarization and y-scan absorp-
tion corrections (MSC/AFC Diffractometer Software, 1993) were ap-
plied to the intensity data. All nonhydrogen atoms were refined
anisotropically, and all hydrogen atoms were included in the
model in geometrically suitable positions and refined riding with
Uiso = 1.2Ueq of the parent atom except for methanol hydrogens
where Uiso = 1.5Ueq of the parent atom was used. The refinement
was performed on F2 against 4344 observed reflections using
seven geometrical or thermal parameters restraints. The maximum
and minimum values of the electron density found in the final
Fourier-difference maps were 4.63 and �3.81 e ��3. Maximum or
minimum peaks were found less than 1 � far from the platinum
atom. The decomposition of the crystals studied, evidenced by the
high decay of the intensity of the standard reflections, also led to
low quality data producing high residuals and low accuracy in the
final parameters. The structure was solved by the Patterson
method and subsequently completed automatically by Fourier re-
cycling using DIRDIF[34] achieving the determination of coordinates
for more than 80 % of the atoms in the structure. Structural com-
pletion and refinement were performed with the SHELX-97 pack-
age running under WinGX suite of programs.[35, 36] The final geo-
metrical calculations were performed using the PLATON pro-
gram.[37]

Biological studies

Cell culture : The human histiocytic lymphoma U937 cell line (Ameri-
can Type Culture Collection, Rockville, MD, USA) was cultured at
37 8C in a humidified 5 % CO2 atmosphere in RPMI 1640 medium
(Sigma–Aldrich), supplemented with 10 % fetal calf serum (FCS)
and 50 mg mL�1 gentamicin. The human hepatocellular carcinoma
HepG2 cell line (American Type Culture Collection) was grown at
37 8C in a humidified atmosphere with 5 % CO2 in Dulbecco’s modi-
fied eagle’s medium (Sigma–Aldrich), supplemented with 10 % FCS
and 50 mg mL�1 gentamicin. HepG2 cells were plated 24 h before
each assay.

Peripheral blood monocytes were isolated from healthy volunteers
by standard density gradient centrifugation on Ficoll–Hypaque.
Monocytes were purified by centrifugation on a discontinuous Per-
coll gradient as previously described with minor modifications.[38]

Briefly, peripheral blood monocytes were suspended in Ca2
+- and

Mg2 +-free Tyrode solution supplemented with 0.2 % ethylenediami-
netetraacetic acid (EDTA) and incubated for 30 min at 37 8C. The
medium osmolarity was gradually increased from 290 to
360 Osmol L�1 by the addition of 9 % aq NaCl solution. Three differ-
ent Percoll fractions were layered in polypropylene tubes: 50 % at
the bottom followed by 46 % and 40 %. The top peripheral blood
monocyte (5.10 � 106 mL) layer was centrifuged at 400 g for 20 min
at 4 8C. Monocytes were recovered at the 50–46 % interface. Purity
was checked by FACS analysis using anti-CD14 monoclonal anti-
bodies and was found to be >85 %. Cells were cultured at 37 8C in
a humidified atmosphere with 5 % CO2 in RPMI 1640 medium, sup-
plemented with 10 % FCS and 50 mg mL�1 gentamicin. Before seed-
ing, the viability of U937 cells, HepG2 cells and monocytes was
tested by Trypan blue assay. Cells were used if viability was greater
than 90 %.

Cell growth inhibition assay : U937 cells growing in exponential
phase were seeded at 2.0 � 104 cells in 200 mL RPMI 1640 in a 96-
well culture plate and incubated under a 5 % CO2 atmosphere.
Cells were exposed for 48 h to different concentrations of the com-
pounds: 0.78–50 mm for compounds 1–14 and K2PtCl4; 0.039–
2.5 mm for compounds 15–18 and Na2[PdCl4] , followed by incuba-
tion with 0.5 mCi of [3H]methylthymidine (PerkinElmer, Boston, MA,
USA), added 12 h before the end of the experiment. The cells were
then harvested using an automatic cell harvester (Nunc, Maryland,
USA). The incorporation of the radioactive nucleotide was mea-
sured in a Pharmacia Wallac 1410 liquid scintillation counter and
expressed as incorporation percentage with respect to a control
group (cells grown in culture medium). IC50 values were calculated
by the equation for sigmoidal dose–response using Prism 5.00 for
Windows (GraphPad Software, San Diego, CA, USA). Assays were
performed in triplicate and at least three independent experiments
were conducted.

Cytotoxic activity determination : Cells growing in exponential phase
were seeded at 3.5 � 104 cells in 200 mL RPMI 1640 in a 48-well cul-
ture plate and incubated under a 5 % CO2 atmosphere for 48 h.
Cells were exposed at different compound concentrations: 0.78–
50 mm for compounds 1–14 and K2PtCl4 ; 0.039–2.5 mm for com-
pounds 15–18 and Na2[PdCl4] . Following incubation, 20 mL 0.4 %
trypan blue was added and viable cells were estimated by a hemo-
cytometer chamber. CC50 values were calculated using the equa-
tion for sigmoidal dose–response using Prism 5.00 for Windows
(GraphPad Software). Assays were carried out in duplicate and at
least three independent experiments were conducted.
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Following cell exposure at the IC50 value of the different deriva-
tives, the cytotoxic activity was assessed by lactate dehidrogenase
(LDH) release. Cells growing at exponential phase were seeded at
3.5 � 104 in 200 mL of culture medium in a 48-well plate and were
incubated for 24 h either with medium alone or with 20 mm com-
pounds 11–14 or 0.3 mm compounds 15–18. At the end of the in-
cubation, LDH release was determined using a CytoTox 96 non-ra-
dioactive cytotoxicity assay kit (Promega).

Determination of cleaved caspase 3 and PARP by Western blot analy-
sis : Following 24 h exposure to the IC50 value of the different com-
pounds, cells were lysed in 50 mm Tris-HCl pH 6.8, 2 % sodium do-
decyl sulfate (SDS), 100 mm 2-mercaptoethanol, 10 % glycerol and
0.05 % bromophenol blue and sonicated to shear DNA. Total cell ly-
sates were resolved by SDS-PAGE, immunoblotted with anti-cas-
pase 3 rabbit polyclonal antibody or with anti-poly (ADP-ribose)
polymerase (PARP) rabbit antibody (Santa Cruz Biotechnology, CA,
USA) followed by horseradish peroxidase conjugated anti-rabbit
IgG (Santa Cruz Biotechnology), and developed by enhanced
chemiluminesence (ECL) following the manufacturer’s instructions
(Amersham Life Science, Amersham Place, Little Chalfont Bucking-
hamshire, England).

Caspase 3 enzymatic activity assay : Cells growing in exponential
phase were treated for 24 h with 20 mm compounds 11–14, 0.3 mm

compounds 15–18. Cells were then harvested and processed ac-
cording to CASP3C caspase 3 colorimetric assay kit (Sigma Chemi-
cal Co. , St. Louis, MO, USA).

Annexin V binding assay : Cells growing in exponential phase were
exposed for 24 h to 20 mm compounds 11–14, 0.3 mm compounds
15–18. After washing with cold phosphate-buffered saline, 2.0 � 105

cells were incubated with fluorescein isothiocyanate (FITC)-labeled
annexin V and propidium iodide (annexin V-FITC assay kit, Invitro-
gen) and analyzed on a FACS scan flow cytometer (Becton–Dickin-
son, Frankling Lakes, NJ, USA).

Statistical analysis : IC50 and CC50 values were calculated by the
equation for sigmoidal dose–response using software Prism 5.00
for Windows (GraphPad Software). Logarithmic transformation of
the variable was required prior one-way ANOVA followed by the
Student Newman–Keuls test (GraphPad InStat version 3.01), where
p <0.05 was considered statistically significant.
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