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Reaction of salicylaldehyde thiosemicarbazone (H2L
1), 2-hydroxyacetophenone thiosemicarbazone

(H2L
2) and 2-hydroxynaphthaldehyde thiosemicarbazone (H2L

3) (general abbreviation H2L,

where H2 stands for the two dissociable protons, one phenolic proton and one hydrazinic proton)

with Na2[PdCl4] affords a family of polymeric complexes of type [{Pd(L)}n]. Reaction of the

polymeric species with two monodentate ligands (D), viz. triphenylphosphine (PPh3) and

4-picoline (pic), has yielded complexes of type [Pd(L)(D)]. These mixed-ligand complexes have

also been obtained from reaction of the thiosemicarbazones with [Pd(PPh3)2Cl2] and [Pd(pic)2Cl2].

Crystal structures of [Pd(L1)(PPh3)] and [Pd(L2)(pic)] have been determined. The [Pd(L)(D)]

complexes show characteristic 1H NMR spectra and intense absorptions in the visible and

ultraviolet region. They also fluoresce in the visible region at ambient temperature. In vitro

cytotoxicity screenings of the complexes along with four human clinical drugs viz. cisplatin,

BCNU, 5-fluorouracil (5-FU) and hydroxyurea have been carried out in two human tumor cell

lines, namely promyelocytic leukemia HL-60 and histiocytic lymphoma U-937. [Pd(L2)(PPh3)]

shows the lowest IC50 value and is found to be much more cytotoxic than the reference anticancer

drugs in both the cell lines. An apoptosis study in HL-60 with [Pd(L2)(PPh3)] confirms that at

10 mM concentration it induces apoptosis to a greater extent than cisplatin and camptothecin.

1. Introduction

The chemistry of transition metal complexes of thiosemicar-

bazones has received considerable attention, largely because of

their bioinorganic relevance.1 Such complexes are of particular

importance due to their potentially beneficial biological (viz.

antibacterial, antimalarial, antiviral and antitumor) activities.2

Thiosemicarbazones usually bind to a metal ion, via dissocia-

tion of the hydrazinic proton, as bidentate N,S-donors, form-

ing a five-membered chelate ring (1).3 If a third donor site (D)

is incorporated in such ligands, linked to the carbonylic

carbon via one or two intervening atoms, then D,N,S-tricoor-

dination (2) normally takes place.4 In addition to displaying

D,N,S-tricoordination, such ligands are also known to bridge

a second metal ion through the sulfur.5 It has also been

observed that salicylaldehyde thiosemicarbazone, in spite of

having the phenolic oxygen as a potential third donor site,

coordinates as a bidentate N,S-donor, forming a rather un-

usual four-membered chelate ring (3).6 This mode of binding

(3) has also been displayed by some other thiosemicarba-

zones.7 Formation of such a chelate ring (3) by salicylaldehyde

thiosemicarbazone, leaving some potential donor sites unused,

has been utilized successfully in the synthesis of an interesting

polynuclear complex.8 This variable binding mode of thio-

semicarbazones has encouraged us to explore their coordina-

tion chemistry further,6,8,9 and the present work has originated

from this exploration. Herein we have chosen three potentially

tridentate thiosemicarbazones, viz. the thiosemicarbazones of

salicylaldehyde, 2-hydroxyacetophenone and 2-hydroxy-

naphthaldehyde. These thiosemicarbazones are abbreviated

in general as H2L, where H2 stands for the two dissociable

protons, the phenolic proton and the hydrazinic proton.

Individual ligand abbreviations are shown in 4. To interact

with the chosen thiosemicarbazones, palladium has been

selected as the metal. It may be mentioned here that, though

the chemistry of palladium complexes of some thiosemicarba-

zones has been studied,10 that of the chosen thiosemicarba-

zones (4) appears to have remained unexplored. Reaction of

the three selected thiosemicarbazones (4) has been carried out

with three palladium starting materials, viz. Na2[PdCl4],

[Pd(PPh3)2Cl2] and [Pd(pic)2Cl2] (pic = 4-picoline), which

has afforded a family of interesting complexes containing the

thiosemicarbazones coordinated in the tridentate fashion (5).

The chemistry of these complexes is reported in this paper with

special reference to their synthesis, structure and spectral
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properties, and cytotoxic activity in two human tumor cell

lines.

Results and discussion

Syntheses

Reaction of the selected thiosemicarbazones (H2L, 4) has been

carried out first with Na2[PdCl4] in refluxing ethanol in the

presence of triethylamine to afford a family of polymeric

complexes of type [{Pd(L)}n] in decent yields. Based on the

compositions of these complexes, as well as the +2 oxidation

state of palladium in them, the thiosemicarbazones are be-

lieved to coordinate the metal center in the expected dianionic

O,N,S-fashion (5). The fourth coordination position on palla-

dium in the Pd(L) fragment is assumed to be taken up by the

sulfur of a coordinated thiosemicarbazone belonging to an-

other Pd(L) fragment (6). This bridging action of the thio-

semicarbazone sulfur, which is well documented in the litera-

ture,5 appears to be responsible for the formation of the

polymeric species.

In order to explore the possibility of forming monomeric

complexes by splitting the sulfur bridge in the [{Pd(L)}n]

complexes, their reaction has been carried out with two

monodentate ligands (D), viz. triphenylphosphine (PPh3) and

4-picoline (pic). From each of these reactions a monomeric

complex of type [Pd(L)(D)] (D = PPh3 or pic) has been

obtained. The same monomeric complexes have also been

synthesized, in better yields, by reaction of the thiosemicarba-

zones (4) with [Pd(PPh3)2Cl2] and [Pd(pic)2Cl2] in refluxing

ethanol in the presence of triethylamine. Synthetic methods for

all the complexes are illustrated in Scheme 1. The observed

elemental (C, H, N) analytical data of the synthesized com-

plexes are found to be consistent with their compositions.

Crystal structures

In order to authenticate the coordination modes of the thio-

semicarbazones in these monomeric [Pd(L)(D)] complexes,

structures of a representative member from each family, viz.

[Pd(L1)(PPh3)] and [Pd(L2)(pic)], have been determined by

X-ray crystallography. The structure of the [Pd(L1)(PPh3)]

complex is shown in Fig. 1 and some relevant bond parameters

are listed in Table 1. The structure shows that the thiosemi-

carbazone ligand is coordinated to palladium in the expected

tridentate fashion (5), forming six- and five-membered chelate

rings with O–Pd–N and N–Pd–S bite angles of 92.82(7)1 and

84.26(5)1, respectively. A triphenylphosphine is also coordi-

nated to the metal center, which is trans to the nitrogen.

Palladium is thus nested in an ONSP core, which is slightly

distorted from ideal square planar geometry, as reflected in the

bond parameters around the metal center. The Pd–O, Pd–N,

Pd–S and Pd–P distances are all quite normal, as observed in

structurally characterized complexes of palladium containing

these bonds.10 Bond distances within the coordinated

thiosemicarbazone are also usual.9c

Scheme 1
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The absence of any solvent of crystallization in the crystal

lattice of [Pd(L1)(PPh3)] indicates the possible existence of

non-covalent interaction(s) between the individual complex

molecules. A closer look at the packing pattern of in the

crystal reveals that hydrogen bonding interactions of two

types, viz. intramolecular C–H� � �O and intermolecular

N–H� � �N, are active in the lattice. A selected view of the

hydrogen bonding interactions is shown in Fig. 2 and some

hydrogen bond parameters are given in Table 2. One ortho

C–H of a phenyl ring of the PPh3 is intramolecularly hydrogen

bonded to the phenolate oxygen of the thiosemicarbazone

ligand. One –NH2 hydrogen of each complex molecule is

hydrogen bonded to the nitrogen next to the azomethine

nitrogen of a second molecule and thus a hydrogen bonded

dimer is formed. Apart from these hydrogen bonding interac-

tions, there also exist Pd–p interactions between the metal

center of one complex molecule and the phenyl ring of the

thiosemicarbazone ligand of a second complex molecule (Fig.

S1, Table S1w). This extended Pd–p interaction seems to be

responsible for holding the crystal together. It may be relevant

to note here that such non-covalent interactions are of

significant importance in molecular recognition processes as

well as in crystal engineering.11

The structure of the [Pd(L2)(pic)] complex (Fig. 3) shows

that the thiosemicarbazone ligand is coordinated to palladium

in the same tridentate fashion (5) as in [Pd(L1)(PPh3)], and a

4-picoline has taken up the fourth coordination site on the

metal center. In this complex palladium has an ONSN co-

ordination sphere around it. The observed Pd–N(pic) distance

is normal,12 and the structural features in the Pd(L2) fragment

are similar to those observed in the Pd(L1) fragment of the

[Pd(L1)(PPh3)] complex. An examination of the packing pat-

tern in this [Pd(L2)(pic)] crystal shows that three intramole-

cular hydrogen bonding interactions, viz. C–H� � �O, C–H� � �S
and C–H� � �N, and one intermolecular hydrogen bonding

interaction, viz. N–H� � �O, are active in the lattice (Fig. 4,

Table 2). Two picolyl C–Hs (at the 2 and 6 positions) are

intramolecularly hydrogen bonded to the phenolate oxygen

and sulfur of the thiosemicarbazone ligand. One methyl C–H

of the thiosemicarbazone is also intramolecularly hydrogen

bonded to the nitrogen (which is not bound to the metal

center) of the same ligand. One –NH2 hydrogen of each

complex molecule is hydrogen bonded to the phenolate oxygen

of a second molecule; this intermolecular hydrogen bonding

has propagated along the b-axis through the lattice. Besides

these hydrogen bonding interactions, there also exist p–p
interactions between the picolyl rings and also between the

picolyl and phenyl rings of the thiosemicarbazone ligand

(Fig. S2, Table S1w). The extended intermolecular interactions

have been responsible for holding the crystal together.

Fig. 1 Structure of the [Pd(L1)(PPh3)] complex drawn at the 50%

probability level.

Table 1 Selected bond distances and bond angles for [Pd(L1)(PPh3)]
and [Pd(L2)(pic)]

[Pd(L1)(PPh3)]
Bond distances/Å
Pd–N(3) 2.0147(17) C(8)–N(1) 1.354(3)
Pd–P 2.2711(5) C(7)–N(3) 1.290(3)
Pd–S 2.2411(6) C(1)–O(1) 1.306(3)
Pd–O(1) 2.0157(16) N(2)–N(3) 1.397(2)

C(8)–S 1.748(2)
Bond angles/1
N(3)–Pd–P 173.95(5) N(3)–Pd–O(1) 92.82(7)
O(1)–Pd–S(1) 177.07(5) N(3)–Pd–S 84.26(5)

[Pd(L2)(pic)]
Bond distances/Å
Pd(1)–N(3) 1.9861(15) C(8)–N(1) 1.359(3)
Pd(1)–N(4) 2.0698(18) C(7)–N(3) 1.309(2)
Pd(1)–S(1) 2.2510(7) C(1)–O(1) 1.321(2)
Pd(1)–O(1) 1.9981(14) N(2)–N(3) 1.397(2)

C(8)–S(1) 1.736(2)
Bond angles/1
N(3)–Pd1–N(4) 179.16(6) N(3)–Pd1–O(1) 91.74(7)
O(1)–Pd1–S(1) 175.69(5) N(3)–Pd1–S(1) 85.04(5)

Fig. 2 Hydrogen bonding interactions in the lattice of

[Pd(L1)(PPh3)].

Table 2 Hydrogen bond distances and bond angles for
[Pd(L1)(PPh3)] and [Pd(L2)(pic)]a

Bond distances/Å Bond angles/1

[Pd(L1)(PPh3)]
N1–H1A� � �N2i 0.86 2.18 3.004(3) 160
C10–H10A� � �O1 0.93 2.35 3.025(4) 130

[Pd(L2)(pic)]
N1–H2N� � �O1ii 0.86 2.24 2.888(2) 132
C9–H9A� � �N2 0.96 2.25 2.621(3) 102
C10–H10� � �S1 0.93 2.66 3.246(2) 122
C14–H14� � �O1 0.93 2.26 2.829(3) 119

a Symmetry: i = 1 � x, 2 � y, 1 � z; ii = 1
2
� x, 1

2
+ y, z.

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 105–114 | 107

D
ow

nl
oa

de
d 

on
 0

1 
Ja

nu
ar

y 
20

13
Pu

bl
is

he
d 

on
 0

6 
Se

pt
em

be
r 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

70
74

48
D

View Article Online

http://dx.doi.org/10.1039/b707448d


Spectral properties

1H NMR spectra of the [Pd(L)(PPh3)] complexes, recorded in

CDCl3 solutions, show all the expected signals. Broad signals

for the PPh3 ligands are observed within 7.4–7.8 ppm. In the

[Pd(L1)(PPh3)] and [Pd(L3)(PPh3)] complexes the azomethine

proton signal of the coordinated thiosemicarbazone is ob-

served at 8.24 and 9.52 ppm, respectively. The methyl signal

from the coordinated thiosemicarbazone in the [Pd(L2)(PPh3)]

complex is observed at 2.89 ppm. The NH2 signal of the

coordinated thiosemicarbazone is observed around 4.8 ppm.

Most of the expected signals from the aryl fragment of the

coordinated thiosemicarbazone are clearly observed in the

aromatic region, while few could not be detected due to their

overlap with other signals. In the 1H NMR spectra of the

[Pd(L)(pic)] complexes, the methyl signal of the coordinated

4-picoline is observed at around 2.4 ppm and a distinct

doublet is observed near 8.6 ppm, which is attributable to

the a-proton of the picoline. The other expected doublet for

the b-proton of the picoline is observed at 7.24 ppm in the

[Pd(L1)(pic)] complex, but the same signal could not be

detected in the other two complexes because of overlap

problems. The 1H NMR spectral features for the coordinated

thiosemicarbazones in these [Pd(L)(pic)] complexes are quali-

tatively similar to those observed for the corresponding

[Pd(L)(PPh3)] complexes. The 1H NMR spectral data of the

[Pd(L)(PPh3)] and [Pd(L)(pic)] complexes are therefore con-

sistent with their compositions.

Infrared spectra of all the [Pd(L)(PPh3)] complexes show

many vibrations of different intensities in the 1600–400 cm�1

region. Assignment of each individual band to a specific

vibration has not been attempted. However, three strong

bands displayed near 533, 694 and 743 cm�1 by these com-

plexes, are attributed to the coordinated PPh3 ligands. Com-

parison with the spectrum of [Pd(PPh3)2Cl2] shows the

presence of several new bands (e.g. near 811, 1130, 1229,

1285, 1346, 1562 and 1599 cm�1) in the spectra of the

[Pd(L)(PPh3)] complexes, which must be due to the presence

of the coordinated thiosemicarbazone ligand. Besides the

absence of the three diagnostic bands for the PPh3 ligands

near 533, 694 and 743 cm�1, infrared spectral properties of the

[Pd(L)(pic)] complexes are qualitatively similar to those of the

[Pd(L)(PPh3)] complexes.

The [Pd(L)(PPh3)] and [Pd(L)(pic)] complexes are soluble in

common organic solvents such as methanol, ethanol, acetone,

acetonitrile, dichloromethane, chloroform, etc., producing

intense yellow solutions. Electronic spectra of these complexes

have been recorded in dichloromethane solution. Spectral data

are presented in Table 3 and a selected spectrum is shown in

Fig. 5. All the mixed-ligand complexes show several intense

absorptions in the visible and ultraviolet regions. The absorp-

tions in the ultraviolet region are assignable to transitions

within the ligand orbitals and those in the visible region are

probably due to charge-transfer transitions involving both

metal and ligand orbitals. To have an understanding of the

nature of the transitions in the visible region, qualitative

extended Hückel molecular orbital (EHMO) calculations have

been performed13 on computer generated models of the

[Pd(L)(PPh3)] and [Pd(L)(pic)] complexes. The results ob-

tained are found to be similar for the three members of each

group. A partial MO diagram for a representative

[Pd(L)(PPh3)] complex is shown in Fig. 6 and that of a selected

Fig. 3 Structure of the [Pd(L2)(pic)] complex drawn at the 50%

probability level.

Fig. 4 Hydrogen bonding interactions in the lattice of [Pd(L2)(pic)].

Table 3 Electronic spectral data in dichloromethane solution

Compound lmax/nm (e/dm3 mol�1 cm�1)a

[Pd(L1)(PPh3)] 398(9000), 342(11 300)s, 315(15 500),
298(16 100)

[Pd(L2)(PPh3)] 389(9800), 340(12 600)s, 313(19 000),
298(16 800)

[Pd(L3)(PPh3)] 430(9800), 408(9500), 389(5800)s,
348(12 000), 317(19 400), 261(41 300)

[Pd(L1)(pic)] 402(6000), 386(5400), 339(6600)s,
314(7800)s, 299(8700)s

[Pd(L2)(pic)] 406(9000), 386(10 100), 341(11 800)s,
312(16 000)s, 297(17 500)

[Pd(L3)(pic)] 432(3300), 409(3100), 389(2100)s,
348(3800)s, 326(4700), 258(14 200)

a s = shoulder.
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[Pd(L)(pic)] is deposited as Fig. S3.w The compositions

of selected molecular orbitals are given in Table 4. In all the

cases, the highest occupied molecular orbital (HOMO) has

major contributions from the palladium d (dz2 and dxy)

orbitals. The lowest unoccupied molecular orbital (LUMO)

is delocalized almost entirely on the thiosemicarbazone ligand

and is concentrated heavily on the imine (CQN) fragment.

The lower energy absorption in these complexes may therefore

be assigned to a charge-transfer transition taking place

from the filled palladium d orbital (HOMO) to the vacant

p*(imine) orbital of the coordinated thiosemicarbazone ligand

(LUMO). Such charge-transfer transition in palladium

complexes is, to our knowledge, rare.14 The electronic spectral

properties, as well as features of the molecular orbitals,

of the [Pd(L)(pic)] complexes are similar to those of the

[Pd(L)(PPh3)] analogues.

The intensities of the charge-transfer transitions in the

visible region have tempted us to explore the luminescence

properties of these complexes and this has been carried out in

dichloromethane solution at ambient temperature (298 K). All

six [Pd(L)(D)] complexes have been found to display emission

in the visible region using an excitation wavelength of

B350 nm and a selected spectrum is shown in Fig. 5. Quantum

yields (f) of these emissions have been evaluated (Table 5)

with reference to [Ru(bpy)3]Cl2 (f = 0.028 at 298 K).15 The

Fig. 5 (a) Electronic spectrum and (b) emission spectrum of

[Pd(L3)(PPh3)] in dichloromethane solution.

Fig. 6 Partial molecular orbital diagram of the [Pd(L1)(PPh3)]

complex.

Table 4 Composition of selected molecular orbitals of the complexes

Compound
Contributing
fragments

% contribution of fragments to

HOMO LUMO

[Pd(L1)(PPh3)] Pd 89 —
L1 7 96

(CQN, 49)
[Pd(L2)(PPh3)] Pd 87 —

L2 8 93
(CQN, 44)

[Pd(L3)(PPh3)]
a Pd 73 —

L3 21 97
(CQN, 30)

[Pd(L1)(pic)] Pd 92 —
L1 2 93

(CQN, 47)
pic — 12

[Pd(L2)(pic)] Pd 90 —
L2 6 91

(CQN, 26)
pic — 44

[Pd(L3)(pic)]b Pd 50 —
L3 41 95

(CQN, 23)
pic — —

a The HOMO-1 has 88% contribution from the metal. b The

HOMO-1 has 93% contribution from the metal.

Table 5 Emission spectral data for the complexes

Compound

Emission data

lmax/nm

Quantum yield (f)Excitation Emissiona

[Pd(L1)(PPh3)] 340 367 1.17 � 10�3

428
[Pd(L2)(PPh3)] 340 380s 1.38 � 10�3

423
[Pd(L3)(PPh3)] 350 382 0.36 � 10�3

450
[Pd(L1)(pic)] 339 380 2.21 � 10�3

445s

[Pd(L2)(pic)] 341 380 0.83 � 10�3

440
478s

[Pd(L3)(pic)] 379 385 7.64 � 10�3

450
525

a s = shoulder.
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observed quantum yields indicate that these [Pd(L)(PPh3)] and

[Pd(L)(pic)] complexes are relatively poor emitters at room

temperature.

Cytotoxicity assay

The in vitro growth inhibitory effects of the [Pd(L)(D)] com-

plexes were evaluated in two human cell lines viz. promyelo-

cytic HL-60 and histiocytic lymphoma U-937. Four human

clinical drugs, cisplatin, BCNU, 5-FU and hydroxyurea, were

used as reference compounds for comparison. The activities

are expressed in terms of IC50 value, the concentration of the

respective compound required to reduce the cell survival

fraction to 50% after 72 h of exposure. The lower the IC50

value is, the greater is the cytotoxicity. From the results

presented in Table 6, it is found that the [Pd(L1)(PPh3)] and

[Pd(L2)(PPh3)] complexes are much more active than all the

clinical drugs, including cisplatin, in HL-60. In U-937,

[Pd(L2)(PPh3)] is more active than cisplatin and other refer-

ence compounds, while the activity of [Pd(L1)(PPh3)] is higher

than BCNU and hydroxyurea, comparable to 5-FU, and less

than cisplatin. The [Pd(L3)(PPh3)] complex did not show any

appreciable activity in the cell lines. In HL-60, the [Pd(L)(pic)]

complexes are more active than BCNU, 5-FU and hydroxy-

urea. The activity of [Pd(L1)(pic)] is less than cisplatin, while

that of the other two complexes is comparable to cisplatin. In

U-937 the [Pd(L)(pic)] complexes are more active than BCNU

and hydroxyurea, and less active than cisplatin and 5-FU.

In vitro apoptosis assay

Cell death may occur by one of two distinct mechanisms:

necrosis or apoptosis. The most common and well-defined

form of programmed cell death is apoptosis. During the past

decade, cell biology as well as oncology research has focused

on apoptosis. Hence, based on the results of our in vitro

cytotoxicity assay in HL-60, it was thought worthwhile to

further explore the apoptotic properties of [Pd(L2)(PPh3)] and

[Pd(L3)(pic)], the most active members from each group. The

apoptosis assay was conducted in HL-60 by the annexin

V-FITC/PI method in a flow cytometer after an incubation

period of 24 h. The results obtained for the complexes have

been compared with those for cisplatin and the well-known

apoptosis inducer camptothecin, and are shown in Fig. 7. Each

drug treatment was done at 5 and 10 mM concentration.

Exposure of cells to cisplatin resulted to 1.39% and 1.20%

of gated cells in LR and 3.23% and 6.31% in UR, respectively

(Fig. 7C and D).16 Camptothecin induced 7.79% and 10.52%

in LR and 5.46% and 5.30% in UR (Fig. 7E and F). The

[Pd(L2)(PPh3)] complex exhibited 1.84% and 3.31% in LR

and 2.48% and 27.35% in UR (Fig. 7G and H). Thus, it

Table 6 Cytotoxicity assay IC50 values (mM)a

Compound HL-60 U-937

[Pd(L1)(PPh3)] 2.5 4.8
[Pd(L2)(PPh3)] 0.6 1.3
[Pd(L3)(PPh3)] 203.0 231.6
[Pd(L1)(pic)] 16.2 7.3
[Pd(L2)(pic)] 7.1 6.6
[Pd(L3)(pic)] 6.5 7.7
Cisplatin 7.0 3.2
BCNU 30.5 12.3
5-FU 266.0 4.7
Hydroxyurea 204.0 115.0

a For details, see experimental.

Fig. 7 Flow cytometric analysis of apoptosis and necrosis in HL-60

cells after treatment with four drugs or complexes at two different

concentrations. Quadrant analysis of fluorescence intensity of gated

cells in FL-1 and FL-2 channels was from 10 000 events. Figures in

the cytogram indicate the percent of gated cells in each quadrant.

(FL1-H = annexin V, FL2-H = propidium iodide).

110 | New J. Chem., 2008, 32, 105–114 This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008

D
ow

nl
oa

de
d 

on
 0

1 
Ja

nu
ar

y 
20

13
Pu

bl
is

he
d 

on
 0

6 
Se

pt
em

be
r 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

70
74

48
D

View Article Online

http://dx.doi.org/10.1039/b707448d


induces apoptosis to a greater extent than cisplatin as well as

camptothecin at 10 mM concentration. On the other hand, the

[Pd(L3)(pic)] complex induces 2.09% and 2.16% in LR and

2.01% and 2.02% in UR (Fig. 7I and J).

Conclusions

The present study shows that salicylaldehyde thiosemicarba-

zones and similar ligands can smoothly bind to metal ions as

tridentate O,N,S-donors, provided an adequate number of

coordination sites are readily available on the target metal

ion. This study also demonstrates that [Pd(L2)(PPh3)] has

remarkable cytotoxic properties among all the compounds

tested, including recognized anticancer drugs, which is mani-

fested through the IC50 values and has been further corro-

borated by the apoptosis study in HL-60, where it induces

apoptosis to a greater extent than cisplatin and camptothecin.

Experimental

Materials

Palladium chloride was obtained from Arora Matthey, Kolk-

ata, India, and was converted to Na2[PdCl4].
17 Salicylalde-

hyde, 2-hydroxyacetophenone and 2-hydroxynaphthaldehyde

were obtained from S. D. fine-chem, Mumbai, India. Thio-

semicarbazide was procured from Loba Chemie, Mumbai,

India. All other chemicals and solvents were reagent grade

commercial materials and were used as received. The

[Pd(PPh3)2Cl2] and [Pd(pic)2Cl2] complexes were prepared

starting from Na2[PdCl4] by following reported proce-

dures.18,19 The thiosemicarbazone ligands (H2L
1, H2L

2 and

H2L
3) were prepared by condensing the respective aldehyde or

ketone with thiosemicarbazide in hot ethanol.

Synthesis

[{Pd(L1)}n]. To a solution of H2L
1 (64 mg, 0.33 mmol) in hot

ethanol (30 ml), was added triethylamine (66 mg, 0.66 mmol)

followed by Na2[PdCl4] (100 mg, 0.33 mmol). The mixture was

heated at reflux for 6 h. A brown precipitate settled down on

cooling, which was collected by filtration, washed with ethanol

and dried in air to afford [{Pd(L1)}n] as a brown powder.

Yield: 84 mg (85%). Anal. calc. for (C8H7N3SOPd)n: C 31.96;

H 2.33; N 13.98. Found: C 31.77; H 2.43; N 14.11%.

The [{Pd(L2)}n] and [{Pd(L3)}n] complexes were prepared by

following the same above procedure using, respectively, H2L
2

and H2L
3 instead of H2L

1.

[{Pd(L2)}n]. Anal. calc. for (C9H9N3SOPd)n: C 34.46;

H 2.87; N 13.40. Found: C 34.58; H 2.99; N 13.23%.

[{Pd(L
3
)}n]. Anal. calc. for (C12H9N3SOPd)n: C 48.82;

H 3.62; N 12.66. Found: C 48.67; H 3.77; N 12.87%.

[Pd(L1)(PPh3)]. Method A. The polymeric [{Pd(L1)}n] spe-

cies (100 mg) and triphenylphosphine (88 mg) were taken

together in ethanol (30 ml) and the solution was refluxed for

24 h to yield a yellow solution. Evaporation of this solution

gave a yellow solid, which was subjected to purification by thin

layer chromatography on a silica plate. With 1 : 40 aceto-

nitrile–benzene as the eluant, a major yellow band separated,

which was extracted with acetonitrile. Upon evaporation of

the acetonitrile extract [Pd(L1)(PPh3)] was obtained as a

crystalline yellow solid. Yield: 113 mg (60%).

Method B. To a solution of H2L
1 (28 mg, 0.14 mmol) in hot

ethanol (30 ml) was added triethylamine (29 mg, 0.29 mmol)

followed by [Pd(PPh3)2Cl2] (100 mg, 0.14 mmol). The mixture

was heated at reflux for 5 h to yield a yellow solution.

Evaporation of this solution gave a yellow solid, which was

subjected to purification by thin layer chromatography on a

silica plate. With benzene as the eluant, a yellow band

separated, which was extracted with acetonitrile. Upon eva-

poration of the acetonitrile extract [Pd(L1)(PPh3)] was ob-

tained as a crystalline yellow solid. Yield: 52 mg (65%) Anal.

calc. for C26H22N3SOPd: C 55.57; H 3.92; N 7.48. Found: C

55.62; H 3.86; N 7.50%. 1H NMR in CDCl3 d/ppm: 4.76

(s, 2H), 6.62 (t, J= 7.3 Hz, 1H), 6.68 (d, J= 8.5 Hz, 1H), 7.22

(t, J = 7.7 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H), 7.41–7.7520

(PPh3), 8.24 (d, J = 12.99 Hz, 1H).

The [Pd(L2)(PPh3)] and [Pd(L3)(PPh3)] complexes were pre-

pared by following the same above procedure using, respec-

tively, H2L
2 and H2L

3 instead of H2L
1.

[Pd(L2)(PPh3)]. Anal. calc. for C27H24N3SOPd: C 56.31; H

4.17; N 7.30. Found: C 56.40; H 4.23; N 7.33%. 1H NMR in

CDCl3 d/ppm: 2.89 (s, 3H), 4.78 (s, 2H), 6.62 (d, J = 8.34 Hz,

1H), 6.68 (t, J = 7.6 Hz, 1H), 7.17 (t, J = 7.7 Hz, 1H),

7.43–7.7220 (PPh3), 7.62 (d, J = 1.4 Hz, 1H).

[Pd(L3)(PPh3)]. Anal. calc. for C30H24N3SOPd: C 58.88; H

3.93; N 6.87. Found: C 58.86; H 3.88; N 6.94%. 1H NMR in

CDCl3 d/ppm: 4.83 (s, 2H), 6.76 (d, J = 9.2 Hz, 1H), 7.32

(t, J = 5.6 Hz, 1H), 7.50–7.8320 (m, 15H (PPh3) and t, 1H),

8.11 (d, J = 8.5 Hz, 1H), 9.52 (d, J = 13.2 Hz, 1H).

[Pd(L1)(pic)]. Method A. The polymeric [{Pd(L1)}n] species

(100 mg) and 4-picoline (31 mg) were taken in ethanol (30 ml)

and the solution was refluxed for 24 h to yield a yellow

solution. Evaporation of this solution gave a yellow solid,

which was subjected to purification by thin layer chromato-

graphy on a silica plate. With 1 : 20 acetonitrile–benzene as the

eluant, a prominent yellow band separated, which was ex-

tracted with acetonitrile. Upon evaporation of the acetonitrile

extract [Pd(L1)(pic)] was obtained as a crystalline yellow solid.

Yield: 66 mg (50%).

Method B. To a solution of H2L
1 (54 mg, 0.28 mmol) in hot

ethanol (30 ml) was added triethylamine (56 mg, 0.55 mmol)

followed by [Pd(pic)2Cl2] (100 mg, 0.28 mmol). The mixture

was heated at reflux for 6 h to yield a yellow solution.

Evaporation of this solution gave a yellow solid, which was

subjected to purification by thin layer chromatography on a

silica plate. With 1 : 20 acetonitrile–benzene as the eluant, a

major yellow band separated, which was extracted with acet-

onitrile. Upon evaporation of the acetonitrile extract

[Pd(L1)(pic)] was obtained as a crystalline yellow solid. Yield:

59 mg (55%). Anal. calc. for C14H14N4SOPd: C 42.56; H 3.42;

N 14.29. Found: C 42.38; H 3.45; N 14.23%. 1H NMR in

CDCl3 d/ppm: 2.44 (s, 3H), 4.87 (s, 2H), 6.67 (t, J = 7.3 Hz,

1H), 7.03 (d, J = 8.8 Hz, 1H), 7.24 (d, J = 5.7 Hz, 2H),

7.29–7.3420 (2H), 7.92 (s, 1H), 8.62 (d, J = 5.9 Hz, 2H).
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The [Pd(L2)(pic)] and [Pd(L3)(pic)] complexes were prepared

by following the same above procedure using, respectively,

H2L
2 and H2L

3 instead of H2L
1.

[Pd(L
2
)(pic)]. Anal. calc. for C15H16N4SOPd: C 44.29; H

3.94; N 13.78. Found: C 44.44; H 3.86; N 13.76%. 1H NMR in

CDCl3 d/ppm: 2.43 (s, 3H), 2.75 (s, 3H), 4.84 (s, 2H), 6.68

(t, J = 7.3 Hz, 1H), 7.04 (d, J = 8.2 Hz, 1H), 7.21–7.2620

(3H), 7.68 (d, J = 8.2 Hz, 1H), 8.61 (d, J = 6.2 Hz, 1H).

[Pd(L3)(pic)]. Anal. calc. for C18H16N4SOPd: C 48.82; H

3.62; N 12.66. Found: C 48.99; H 3.78; N 12.45%. 1H NMR in

CDCl3 d/ppm: 2.45 (s, 3H), 4.87 (s, 2H), 7.13–7.2620 (4H), 7.48

(d, J = 7.44 Hz, 1H), 7.69–7.5020 (2H), 8.06 (d, J = 8.5 Hz,

1H), 8.65 (d, J = 2.5 Hz, 2H), 8.93 (s, 1H).

Cytotoxicity assay

Cell lines and culture. HL-60 and U-937 (purchased from

National Center for Cell Sciences, Pune, India) were main-

tained in complete sterile growth medium RPMI-1640 with

L-glutamine (GIBCO, Invitrogen Corporation, USA), con-

taining 10% heat inactivated fetal bovine serum (GIBCO,

Invitrogen Corporation, USA) and 1% antibiotics [10 000 U

penicillin ml�1 and 10 000 mg streptomycin ml�1, BioWhit-

taker, Cambrex Bio Science, USA]. Cell cultures were main-

tained in log phase using a subculture ratio of 1 : 5 twice a

week.

Preparation of test material. Working stock solutions of all

the compounds were prepared by dissolving 20 mg of each

compound in 1 ml of DMSO [Hybri-Max grade, Sigma-

Aldrich Co., USA] and filtered under sterile conditions. These

were serially diluted with complete RPMI-1640 medium prior

to use to obtain different drug concentrations.

MTT-based cytotoxicity test. 100 ml of cell suspension from

the stock 2 � 105 HL-60 or 1 � 105 U-937 cells ml�1 were

added to 96-well cell culture plates. Next, 10 ml of drug

solutions of different concentrations were added to respective

wells followed by the addition of the medium (90 ml) in

triplicate (total volume 200 ml/well). All vehicle controls con-

tained the same concentration of DMSO. Plates were incu-

bated for 72 h at 37 1C, 5% CO2–95% air with humidity.

After removal of 100 ml of media from each well, 10 ml
of a ;5 mg ml�1 solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide [MTT, Sigma, USA] in Dulbec-

co’s PBS (GIBCO, BRL) were added to each well and the plate

was incubated for 4 h at 37 1C. Subsequently 100 ml of acidic
isopropanol solution (0.04 N HCl in isopropanol) was added

to the wells to dissolve formed formazan crystals. The plate

was read in a microplate reader (Bio-Rad, USA, Model 550) at

540 nm. The percentage cell viability was calculated by

dividing the average absorbance of the cells treated with

compounds by that of the control; IC50 (drug concentration

needed for 50% inhibition of cells relative to control)

was determined through Curvefit software by plotting %

inhibition vs. drug concentration and expressed in mM
concentration.

In vitro apoptosis assay

Induction of apoptosis in vitro by two representative com-

plexes of each type [Pd(L)(D)] (when D = PPh3 and pic),

cisplatin and camptothecin were determined by a flow cyto-

metric assay using an annexin V-FITC21 apoptosis detection

kit (BD Biosciences Pharmingen, San Diego, USA). Exponen-

tially growing HL-60 cells in complete RPMI-1640 media

(100 ml of 5 � 106) were plated in six well plates. 10 ml of each
compound in DMSO (5 and 10 mM concentrations) was added

to the wells followed by the addition of required media (total

volume 1 ml). Plates were incubated at 37 1C for 24 h. The cells

were centrifuged at room temperature at 1500 rpm for 5 min.

The pellet was washed twice with cold PBS and re-suspended

in the binding buffer (1X, 100 ml) provided in the kit. The cells

were stained with annexin V-FITC (5 ml) and propidium

iodide [PI] (5 ml) and incubated for 15 min in the dark at

25 1C. Next, 400 ml of binding buffer was added to each tube

and analyzed on a FACScan flow cytometer (Becton Dick-

inson, Mountainview, CA) using Cell Quest software. Two

controls, viz. unstained cells and cells stained with both

annexin V-FITC and PI, containing DMSO as vehicle were

used. Cells that were annexin+/PI� and annexin+/PI+ were

considered positive for apoptosis.

Physical measurements

Microanalyses (C, H, N) were performed using a Heraeus

Carlo Erba 1108 elemental analyzer. IR spectra were obtained

on a Shimadzu FTIR-8300 spectrometer with samples pre-

pared as KBr pellets. Electronic spectra were recorded on a

JASCO V-570 spectrophotometer. Emission spectra were

recorded on a Perkin Elmer LS55 luminescence spectrometer.
1H NMR spectra were recorded in CDCl3 solutions on a

Table 7 Crystallographic data for [Pd(L1)(PPh3)] and [Pd(L2)(pic)]

[Pd(L1)(PPh3)] [Pd(L2)(pic)]

Empirical formula C26H22N3OPSPd C15H16N4OSPd
Formula mass 561.9 406.78
Crystal system Triclinic Orthorhombic
Space group P�1 Pbca
a/Å 7.5385(4) 8.3942(12)
b/Å 10.2179(5) 15.149(2)
c/Å 16.9756(9) 25.099(4)
a/1 77.025(1) 90
b/1 80.819(1) 90
g/1 71.567(1) 90
V/Å3 1203.27(11) 3191.7(8)
Z 2 8
Dcalc/mg m�3 1.551 1.693
F(000) 568 1632
l/Å 0.71073 0.71073
Crystal size/mm3 0.38 � 0.30 � 0.15 0.12 � 0.28 � 0.48
T/K 295(2) 298
m/mm�1 0.948 1.3
Independent reflections 5525 3135
Rint 0.0261 0.022
Collected reflections 15972 30751
R1

a 0.026 0.0219
wR2

b 0.0702 0.0595
GOFc 1.159 1.076

a R1 = S||Fo7 � 7Fc||/S7Fo7.
b wR2 = [S[w(Fo

2 � Fc
2)2]/

S[w(Fo
2)2]]

1
2. c GOF = [S[w(Fo

2 � Fc
2)2]/(M � N)]

1
2, where M is the

number of reflections and N is the number of parameters refined.
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Bruker Avance DPX 300 NMR spectrometer using TMS as

the internal standard.

X-Ray crystallography

Single crystals of [Pd(L1)(PPh3)] and [Pd(L2)(pic)] were grown

by slow evaporation of 1 : 1 dichloromethane–acetonitrile

solutions of the respective compounds. Selected crystal data

and data collection parameters are given in Table 7. Data on

the crystals were collected on a BRUKER SMART ApexCCD

area detector. A total 15 972 and 30 571 reflections giving 5525

and 3135 unique reflections were collected (Rint = 0.0261 and

0.022) for [Pd(L1)(PPh3)] and [Pd(L2)(pic)], respectively.

X-Ray data reduction, structure solution and refinement were

done using the SHELXS-97 and SHELXL-97 packages.22 The

structures were solved by direct methods.

CCDC reference numbers 646551 and 646552. For crystal-

lographic data for the [Pd(L)(PPh3)] and [Pd(L)(pic)] com-

plexes in CIF or other electronic format see DOI: 10.1039/

b707448d
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