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a b s t r a c t

The reactions between [Pd2{(C,N)eC6H4CH2NH(Et)}2(m-X)2] (X ¼ Cl or Br) and 1,2-
bis(diphenylphosphino)ethane (dppe) in the 1:1 molar ratio resulted in the dppe-bridged Pd(II) com-
plexes, [Pd2{(C,N)eC6H4CH2NH(Et)}2(m-dppe)(Cl)2] (1) and [Pd2{(C,N)eC6H4CH2NH(Et)}2(m-dppe)(Br)2]
(2), respectively, which were characterized by elemental analyses, infrared (IR), 1H- and 31P{1H} NMR
spectroscopy. The molecular structure of 1 was determined by single-crystal X-ray diffraction. In vitro
cytotoxicity of 1, 2, dppe, PhCH2NH(Et) and cisplatin were carried out against four human tumor cell
lines. The interactions of complexes towards DNA and protein are investigated. The results suggested that
both complexes could interact with FS-DNA through the intercalation mode. Moreover, the reactivity
towards BSA revealed that the microenvironment and the secondary structure of BSA were changed in
the presence of Pd(II) complexes.

� 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

To date, cisplatin and its analogs are some of the most effective
chemotherapeutic agents in clinical use as the first line of treat-
ment in testicular and ovarian cancers [1e6]. Furthermore, these
analogs are increasingly used against other tumors, such as cervical,
bladder and head/neck tumors. Unfortunately, they have several
major side effects. Cumulative toxicities of nephrotoxicity, ototox-
icity and tumor resistance related to them have stimulated the
search for other antitumor-active metal complexes with improved
pharmacological properties [7e12].

Mechanistic investigations of the mechanism of action of Pt(II)
anticancer drugs, represent that their Pd(II) analogs are suitable
model compounds since they exhibit ca. 104e105 times higher
reactivity, whereas their structural and equilibrium behavior are
very similar [13]. Among palladium(II) complexes, special attention

has been paid to metallacycle complexes with nitrogen donor li-
gands, such as various alkyl and aryl substituted amines and imines,
azo, hydrazo and heterocyclic compounds. The chelate ring gener-
ally possesses three to seven members, with the five-membered
ring being most favored. These compounds are used successfully
in organic synthesis [14e16], homogeneous and heterogeneous
catalysis [17e19], asymmetric synthesis [20], photochemistry [21],
optical resolution [22,23], and are rather promising as liquid crys-
tals [24,25] and potential biologically active materials [26e30].

In the development of new such metal-based therapeutics,
detailed studies on the interactions between DNA and transition-
metal complexes is needed [31]. Depending on the exact nature
of the metal and ligand, the complexes can bind with nucleic acid
covalently or non-covalently [32,33]. Non-covalent interactions
between transition-metal complexes and DNA can occur by inter-
calation, groove binding, or external electrostatic binding. There-
fore, the study on the interaction of the transition metal complexes
with DNA is of great significance for the design of new drugs and
their application.

It has been found that some ortho-metalated species may bind
to DNA by means of intercalative or monofunctional covalent
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interactions [34e36]. In case of palladacycles, proving that their
intercalative mode of cytotoxic action is strictly related to the
presence of a planar and highly stable aromatic metallacycle
[37,38]. It was also reported that some cyclopalladated complexes
containing planar structures such as aromatic and aliphatic amines
exhibit cytotoxic effects against some tumor cells producing
intercalative lesion on DNA [39,40], which drew our attention to
study the biological activity of amine palladacycles in the form of
biphosphinic complexes 1 and 2 (Scheme 1).

On the other hand, investigation on the effect of metal ions on
drugeprotein binding is useful to understand the transport and
mechanism of the drug in the body [41,42]. Bovine serum albumin
(BSA) is a proteinwith hydrophobic patches that could be the initial
targets of their association to biomolecules [43]. Formation of a
stable drugeprotein complex can exert important effect on the
distribution, free concentration and metabolism of the drug in the
bloodstream. Thus the drugealbumin complex may be considered
as a model for gaining fundamental insights into the drugeprotein
interactions [44,45].

Enlightened by the above-mentioned facts, it is necessary to
design and synthesize new palladium complexes to evaluate their
cytotoxicity and reactivity towards DNA and protein. Recently,
much efforts have been devoted to the design and synthesis of new
Pd(II) complexes and investigate their biological properties.
Nevertheless, the studies on the interaction of cyclopalladated
complexes with DNA and BSA are very limited.

Regarding to these facts and as a continuation of our ongoing
program in the field of design and synthesis of new cyclo-
poalladated complexes, in this report, two new cyclopalladatee
dppe complexes 1 and 2, were synthesized and fully characterized.
The detailed structure of 1 was also determined by X-ray single
crystal analysis. We have evaluated the in vitro cytotoxic potential
(IC50) of the compounds 1 and 2 against the human cervix carci-
noma (Hela), colon cancer (HT-29), leukemia cancer (K562) and
human breast carcinoma (MCF-7) tumor cell lines. The in-
teractions of the palladacyclic complexes with fish sperm DNA (FS-
DNA) are investigated by UV absorption and fluorescence spectra.

Furthermore, the protein binding ability has been monitored by
UV absorption and tryptophan fluorescence quenching experi-
ment in the presence of the complexes using BSA as a model
protein.

2. Results and discussion

2.1. Synthesis and spectroscopic characterization

The reactions of the starting material [Pd2{(C,N)e
C6H4CH2NH(Et)}2(m-X)2] (X ¼ Cl or Br) [46,47] with
Ph2PCH2CH2PPh2 (dppe) in a 1:1 molar ratio give the complexes 1
and 2 in good yields. The preparation process of the complexes is
very simple, and only one type of compound could be detected by
the occurrence of only one precipitate, after the mixture of re-
actants was stirred at room temperature. This compound was
determined as m-dppe dinuclear palladium complex of the type
trans-N,P-[Pd2{(C,N)eC6H4CH2NH(Et)}2(m-dppe)(X)2] (X¼Cl (1)) or
(X ¼ Br (2)), in which the symmetric bidentate ligand dppe bridges
two identical cyclopalladated units. Both complexes were isolated
as white solids, stable at room temperature, soluble in chlorinated
solvents such as CH2Cl2, CHCl3 and polar, aprotic solvent like DMSO
(dimethylsulfoxide). Formation of isolated complexes has been
confirmed on the basis of characteristic bands in the IR spectra,
elemental analysis, resonance signals in the 1H-, and 31P{1H} NMR,
and single crystal X-ray crystallography.

The IR spectra of the complexes showed typical bands at 3193,
3205 cm�1, 3048, 3049 cm�1, 2962, 2966 cm�1, 1100, 1101 cm�1and
521, 522 cm�1assigned to n(NeH), n(CeH Ph), n(CeH alph), n(CeP)
and n(PdeP) for 1 and 2, respectively.

The 1H NMR spectra of 1 and 2 showed that these compounds
represent a molecular structure with an apparent center of inver-
sion, which divided the molecules into two symmetrical parts. This
is in agreement with the structures proposed for these compounds
with symmetric diphosphine ligand i) bridging the two palladiu-
m(II) centers and ii) coordinated to the cyclopalladated units with
trans-N,P stereochemistry.

X = Cl (1)
X = Br (2)
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Scheme 1. Synthesis of the dppe-bridged palladacyclic complexes 1 and 2.
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The 31P{1H} NMR spectra of 1 and 2 exhibited singlets at d¼ 37.3
and 36.7 ppm, respectively, as expected for the proposed struc-
tures. Moreover, in the 1H NMR spectra, in according with the
presence of aromatic rings in the bridging ligand close to the H6
protons, these protons are shifted upfield in relation to the free
ligand. Interestingly, the H6 protons of 1 and 2 were virtually
coupled with the two phosphorus atoms of the dppe bridging li-
gands, and afforded broad signals (Fig. 1). Similar behavior has
already been observed for other related complexes [48].

2.2. Molecular structure of 1

Complex 1 has been characterized in the solid phase by a single
crystal X-ray diffraction study. Suitable crystals of 1 were obtained
by slow diffusion of hexane into a CH2Cl2 solution. An ORTEP view
of the dinuclear complex 1 is shown in Fig. 2. Relevant crystallo-
graphic data and structure refinement details are listed in Table 1.
Selected bond lengths and angles are listed in Table 2.

This compound crystallized in the monoclinic space group Pn
with Z ¼ 2. The four coordinated palladium(II) is bonded to an
ortho-carbon atom of the benzylamine ring, a nitrogen atom of the
amine group and a chloro group trans-positioned to the carbo-
palladated site. A phosphorus atom from the diphosphine ligand,
which bridges the two metal atoms, completes the metal coordi-
nation sphere. The Pd1/Pd2 distance is 7.446 (19)�A, showing that
the twometal atoms in the dimer are not directly bonded. As can be
seen in the molecular structure, the symmetric bidentate phos-
phine bridges the two palladium(II) centers and is coordinated to
the cyclopalladated units in a trans-N,P stereochemistry. The sum of
angles around the palladium atom is 359.7�, with the distortion
most noticeable in the somewhat reduced “bite” angle of the
metalated moiety. The requirements of the five-membered rings
force the bond angles C38ePd1eN1 and C5ePd2eN2 to 82.4(9)�

and 83.1(8)�, respectively.
The square-planar coordination geometry of the palladium(II)

metal is slightly tetrahedrally distorted, and the mean deviations
from the least squares plane are only 0.030�A, Pd1 and 0.087�A, Pd2.
This planar geometry makes the complex ideally suited for poten-
tial intercalation into DNA. The angles between the cyclopalladated
rings and the central fragment P1eC1eC2eP2 is 61.60� and 72.91�,
respectively. The torsion angle P1eC1eC2eP2 of 178.5(16)� de-
viates from the ideal value of 180�. This is because the molecule is
not located in an inversion center of the crystal. The PdeN bond
lengths (2.102(19) and 2.123(14) �A) are longer than the sum of the
covalent radii of Pd and N(sp2) atoms (2.011 �A) [49] and is also
slightly longer than the mean value of 2.07 �A observed for related
cyclopalladated compounds [46,50]. This lengthening indicates a
weakening of the PdeN bond due to the great trans influence of the
phosphorous atom from dppe ligand. In addition, The PdeN

distances are also longer than the analogous distances reported in
other bridged biphosphinic palladacycles (2.086(5)�2.099(8) �A)
[48,51]. The PdeCpalladate distances (2.02(3) and 1.99(2) �A) are
shorter than the predicted value of 2.081�A (based on the sum of the
covalent radii for C(sp2) and Pd, 0.771 and 1.31�A, respectively) [49]
but lies in the range of 1.983(2)e2.068(3) �A obtained for related
complexes [29,46,48].

2.3. DNA-binding studies

2.3.1. Electronic absorption titration
Electronic absorption spectroscopy is one of the most useful

techniques for DNA-binding studies of metal complexes. The ab-
sorption spectra of the two complexes in the absence and presence
of FS-DNA are given in Fig. 3. The intense absorption bands around
235 nm reveal the intraligand pep* transition of the coordinated
groups. Addition of increasing amounts of FS-DNA resulted in a
reduction in absorbency (hypochromism) without any shift in the
absorption maxima in the UV spectra of the complexes. Normally, a
compound binding to DNA through intercalation mode results in
hypochromism with or without a small red or blue shift, due to a

Fig. 1. The four aromatic protons of the cyclopalladated benzylamine moiety in the 1H
NMR spectra of 1 (a) and 2 (b).

Fig. 2. ORTEP diagram for palladacyclic complex 1 with ellipsoids drawn at the 50%
probability level.

Table 1
Crystallographic data and structure refinement details for 1.

1

Empirical formula C44H48Cl2N2P2Pd
Formula weight 950.57
T/K 100 (1)
Crystal system Monoclinic
Space group Pn
a/�A 11.9250(10)
b/�A 13.2650(10)
c/�A 13.4690(10)
a/� 90.00
b/� 108.344(8)
g/� 90.00
V/�A3 2022.33(3)
Z 2
m (mm�1) 9.42
Dcal/Mg m�3 1.587
F(000) 980
q range/� 3.3e70.1
Independent reflections 4201
Data/restraints/parameters 4201/0/246
Goodness-of-fit on F2 1.105
Final R indices R1 ¼ 0.0643, wR2 ¼ 0.1584
R indices (all data) R1 ¼ 0.0793, wR2 ¼ 0.1733
Largest difference peak and hole (e �A�3) 1.44, �1.20
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strong stacking interaction between the planar aromatic chromo-
phore of the compound and the base pairs of DNA [52,53]. Hence,
the observed hypochromic effect in the intraligand band suggests
that the new Pd(II) complexes are likely to bind to FS-DNA via
intercalation mode. In order to compare the binding strength of the
complexes, their intrinsic binding constants (Kb) were evaluated in
accordance the method proposed by Wolfe et al. [54] using the
equation:

½DNA�=
�

3a � 3f

�
¼ ½DNA�=

�
3b � 3f

�
þ 1=Kb

�
3b � 3f

�

where [DNA] is the concentration of DNA in the base pairs, 3a is the
apparent absorption coefficient corresponding to Aobs/[compound],
3f is the extinction coefficient of the free compound and 3b is the
extinction coefficient of the compound when fully bound to DNA.
The intrinsic binding constant Kb is determined by the ratio of slope
to the Y intercept in plots of [DNA]/( 3a � 3f) versus [DNA] (Fig. 3).
The Kb values of 1 and 2 were calculated about 0.4 � 103 and
4.5 � 103 M�1, respectively. The larger value of Kb for complex 2
indicates better binding with DNA for 2.

From the values of binding constant (Kb), free energy (DG) of
compoundeDNA complex was calculated, using the following
equation:

DG ¼ �RT ln Kb

Binding constants are measure of compoundeDNA complex
stability while free energy indicates the spontaneity/non-
spontaneity of compoundeDNA binding. Free energies of 1 and 2
were evaluated as negative values (�18.84 and �20.84 KJ mol�1,
respectively) showing the spontaneity of compoundseDNA inter-
action. However, these results indicated that 2 binds to the DNA
more spontaneously as compared to 1.

2.3.2. EB displacement experiment
The Ethidium bromide (EB) displacement experiment was car-

ried out to gain support for the mode of binding of the complex
with DNA from absorption titration experiments. EB (3,8-diamino-
5-ethyl-6-phenylphenanthrium bromide) is known to emit intense
fluorescence in the presence of DNA due to its strong intercalation
between the base pairs of DNA. It has been reported that the
enhanced fluorescence can be quenched by the addition of the
complex which can compete with EB to bind with DNA. This is a
proof that complexes intercalate to base pairs of DNA [55,56]. The

quenching extent of fluorescence of EB-DNA is used to determine
the extent of binding between the complex and DNA. The emission
spectra of EB bind to DNA in the absence and presence of Pd(II)
complexes are given in Fig. 4. The addition of the complexes to DNA
pretreated with EB cause an obvious reduction in the emission
intensity. The observed decrease in the fluorescence intensity
clearly indicates that the EB molecules are displaced from their
DNA binding sites and are replaced by the compounds under
investigation. From the spectral data, the quenching parameter can
be analyzed according to the SterneVolmer equation,

F0=F ¼ Ksv½Q � þ 1

where F0 is the emission intensity in the absence of compound, F is
the emission intensity in the presence of compound, Ksv is the
quenching constant, and [Q] is the concentration of the compound.
The Ksv value is obtained as a slope from the plot of F0/F versus [Q]
(SterneVolmer plot) (Fig. 4). The experimental results data
(Table 3) suggest that both the complexes bind to DNA via inter-
calation but the complex 2 binds to DNA more strongly than the
complex 1, which is in agreement with the results observed from
the electronic absorption spectra.

2.4. BSA binding study

Serum albumin (SA) is the most abundant protein in plasma and
is involved in the transport of drugs, metal ions, and compounds
through the bloodstream. BSA is the most extensively studied
serum albumin, due to its structural homology with human serum
albumin (HSA). Binding to these proteins may lead to loss or
enhancement of the biological properties of the original drug, or
provide paths for drug transportation. Since serum albumins are

Table 2
Selected bond lengths (�A), and angles (�) for 1.

Atoms

Bond lengths
Pd1eCl1 2.371(7) Pd2eCl2 2.404(7)
Pd1eP1 2.263(7) Pd2eP2 2.253(7)
Pd1eN2 2.102(19) Pd2eN1 2.123(14)
Pd1eC38 2.02(3) Pd2eC5 1.99(2)
P1eC1 1.83(2) P2eC2 1.89(2)
Bond angles
C38ePd1eN2 82.4(9) C5ePd2eN1 83.1(8)
C38ePd1eP1 95.9(8) C5ePd2eP2 93.8(7)
P1ePd1eCl1 92.5(3) P2ePd2eCl2 92.8(2)
N2ePd1eCl1 90.4(5) N1ePd2eCl2 90.0(4)
N2ePd1eP1 172.8(5) N1ePd2eP2 175.7(4)
C38ePd1eCl1 167.3(8) C5ePd2eCl2 170.8(7)
C1eP1ePd1 116.6(8) C2eP2ePd2 119.0(8)
P1eC1eC2 116.3(9) P2eC2eC1 113.0(9)
C36eN2ePd1 111.2(13) C3eN1ePd2 116.0(12)
C43eN2ePd1 125.5(14) C10eN1ePd2 118.0(12)
Pd1eN2eC36eC37 3.3(15) Pd2eN1eC3eC4 3.9(19)
C36eC37eC38ePd1 9.(3) C3eC4eC5ePd2 �9.(2)
P1ePd1eC38eC39 5.(2) P2ePd2eC5eC6 �3.(2)

Fig. 3. Electronic spectra of 1 (A) and 2 (B) in buffer solution (5 mM TriseHCl/10 mM
NaCl at pH 7.2) upon addition of FS-DNA. [Complex] ¼ 50 mM, [DNA] ¼ 0e120 mM.
Arrow shows the absorption intensities decrease upon increasing DNA concentration.
Inset: Plots of [DNA]/( 3a � 3f) vs. [DNA] for the titration of 1 and 2 with FS-DNA.
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well known to bind small aromatics, the possible binding in-
teractions of 1 and 2with BSA have been investigated by absorption
and emission-titration experiments at room temperature.

2.4.1. UV absorption spectra of BSA in the presence of the complexes
UV absorption spectrum is a very simple and applicable method

to explore the structural change and to know the complex forma-
tion in solution [57]. Fig. 5 shows the UV absorption spectra of BSA
in the presence of different concentrations of the two complexes.
As can be seen from this figure, BSA has twomain absorption bands.
One is located in the range of 220e240 nm, which is the skeleton
absorption peak, and the other is at 278 nm,which is the absorption
band of the aromatic amino acids (Trp, Tyr, and Phe). Fig. 5 indicates
that upon adding the two complexes, the BSA skeleton absorption
intensity in the range of 220e240 nm is increased and red-shifted.
In addition, the maximum absorption at 278 nm is also enhanced
with a blue shift (from 278 nm to 274 and 267 nm for 1 and 2,
respectively). This phenomenon indicates the interaction of BSA
with the complexes [58]. It is well known that dynamic quenching
only affects the excited state of fluorophore and does not change
the absorption spectrum. However, the formation of non-
fluorescence ground-state complex induced the change in ab-
sorption spectrum of fluorophore. Thus, possible quenching
mechanism of BSA by 1 and 2 was a static quenching process
[59,60].

2.4.2. Tryptophan quenching experiment
In order to further investigate the interaction of the two com-

plexes with protein, the tryptophan emission-quenching

experiments were carried out using BSA in the presence of the two
complexes. Generally, the fluorescence of protein is caused by three
intrinsic characteristics of the protein, namely tryptophan, tyrosine,
and phenyl alanine residues. Actually, the intrinsic fluorescence of
many proteins is mainly contributed by tryptophan alone. The
emission intensity depends on the degree of exposure of the two
tryptophan side chains [61], 134 and 212, to polar solvent. As
already mentioned in the above section, quenching can occur by
different mechanisms either by dynamic or static. Dynamic
quenching refers to a process in which the fluorophore and the
quencher come into contact during the transient existence of the
excited state while the latter type of quenching refers to fluo-
rophoreequencher complex formation in the ground state.

It can be seen from Fig. 6, the fluorescence emission intensities
of BSA at 343 nm show moderate decreasing trend with increasing
concentration of the two complexes, indicating that the interaction
of the complexes with BSA could cause changes in protein sec-
ondary structure leading to changes in tryptophan environment of
BSA [62].

In order to understand quantitatively the magnitude of the
complexes to quench the emission intensity of BSA, the linear
SterneVolmer equation is also employed [57].

F0=F ¼ 1þ Ksv½Q � ¼ 1þ Kqs0½Q �

F0 and F represent the fluorescence intensities in the absence and
presence of quencher, respectively. Ksv is a linear SterneVolmer
quenching constant. Kq is the quenching rate constant of biomol-
ecule, s0 is the average lifetime of the fluorophore without

Fig. 4. The emission spectra of the DNAeEB system, in the presence of 1 (A) and 2 (B). [DNA] ¼ 60 mM, [Complex] ¼ 0e40 mM, [EB] ¼ 2 mM. The arrow shows the emission intensity
changes upon increasing complex concentration. SterneVolmer plots of the EB-DNA fluorescence titration data of 1 and 2 (C).

K. Karami et al. / European Journal of Medicinal Chemistry 73 (2014) 8e1712
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quencher, the value of s0 of the biopolymer is 10�8 s, and [Q] is the
concentration of quencher.

From the quenching plot of F0/F versus [complex] (Fig. 6), Ksv
and Kq of the two complexes are obtained from the slope. The
calculated values of Ksv and Kq for the interaction of 1 and 2 with
BSA are given in Table 4 and indicate good BSA binding propensity
of the complexes with 2 exhibiting the higher protein-binding
ability. The Kq values (w1012 M�1 s�1) are higher than diverse
kinds of quenchers for biopolymers fluorescence
(2.0 � 1010 M�1 s�1) indicating the existence of static quenching
mechanism [63]. Therefore, the quenching of BSA fluorescence by
the two complexes depended on the formation of the complex
between the compounds and BSA.

2.4.3. Binding constants, number of binding sites and Gibbs free
energy values

For the static quenching interaction, if it is assumed that there
are similar and independent binding sites in the biomolecule, the
binding constant (Kbin) and the number of binding sites (n) can be
determined according to the Scatchard equation [64]:

log½ðF0eFÞ=F� ¼ log Kbin þ n log½Q �

where Kbin is the binding constant for the complex-BSA or -DNA
interactions and n is the number of binding sites per albumin or
DNA molecule, which can be determined by the slope and the
intercept of the double logarithm regression curves of log [(F0 � F)/
F] versus log [Q] (Figs. 7 and 8).

The results in Tables 3and 4 indicate that there are more binding
sites on BSA than DNA for both complexes. Furthermore, n < 1 for
compoundeDNA complex implies only a binding site per two base
pairs, giving evidences for an intercalation mode, since groove
binding and electrostatic binding usually results in significantly
higher binding site number [65,66].

The values of Kbin exhibit that there is interaction and the for-
mation of complex between compounds and DNA or BSA. The
binding constants of both complexes with DNA and BSA follow this
order: 2-BSA > 2-DNA > 1-BSA > 1-DNA. These results are
consistent with greater DNA or BSA binding affinity of 2.

From the binding constant data, the standard Gibbs free energy
changes for 1 and 2 were also calculated, (Tables 3and 4). The
negative values of DG through fluorescence results also supported
the UV-results of free energy changes and indicated the sponta-
neity of the compoundeDNA or BSA binding.

2.4.4. Energy transfer between the palladacyclic complexes and BSA
The importance of the energy transfer in biochemistry is that,

the efficiency of transfer can be used to evaluate the distance, r,
between the compound and tryptophan residues in the protein.
According to the Foster’s non-radioactive resonance energy trans-
fer theory (FRET) [67], the effective energy transfer from donor to
acceptor will occur when two molecules meet the following pre-
conditions: (i) donor is a fluorophore; (ii) the overlap is enough
between the fluorescence emission spectrum of the donor and UVe
vis absorption spectrum of the acceptor; (iii) the distance between

Table 3
Quenching constant (Ksv), binding constant (Kbin), free energy (DG) and number of
binding sites (n) for the interactions of 1 and 2 with FS-DNA.

Complex Ksv/M�1 Kbin/M�1 �DG/KJ mol�1 n

1 2.1 � 104 9.4 � 102 16.96 0.67
2 2.6 � 104 3.3 � 103 20.07 0.81

Fig. 5. UV absorption spectra of BSA (15 mM) in the absence and presence of complexes
(10 mM) 1 and 2.

Fig. 6. Emission spectra of BSA upon the titration of 1 (A) and 2 (B) [BSA] ¼ 6 mM,
[Complex] ¼ 0e10 mM. Arrow shows the change upon the increasing complex con-
centration. Plots of F0/F vs. [complex] for the titration of the complexes to BSA (C).

K. Karami et al. / European Journal of Medicinal Chemistry 73 (2014) 8e17 13
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the donor and the acceptor is within 2e8 nm. The energy transfer
effect is not only related to the distance between the donor (tryp-
tophan residue) and acceptor, but also influenced by the critical
energy transfer distance R0. It is described by the following
equations:

E ¼ 1eðF=F0Þ ¼
h
1þ ðr=R0Þ6

i�1

R0 ¼
h
8:79� 10�25K2N�4FJ

i�6

where R0 is the critical energy transfer distance when the transfer
efficiency is 50%, r is the distance between the acceptor and the
donor, and E is the energy transfer efficiency. K is the spatial
orientation factor of the dipole, N is refractive index of the medium,
F is the fluorescence quantum yield of the donor, and the overlap
integral (J) between the fluorescence emission spectrum of the
donor and the absorption spectrum of the acceptor can be calcu-
lated using the equation below [68]:

J ¼
X

FðlÞ 3ðlÞl4Dl=
X

FðlÞDl

where F(l) is the fluorescence intensity of the fluorescent donor at
some wavelength, 3(l) is the molar absorbance of the acceptor at
the wavelength l. Fig. 9 presents the overlap integral of the fluo-
rescence emission spectra of BSA and the absorption spectra of
Pd(II) complexes. In the present case, K2 ¼ 2/3, N ¼ 1.336, and
F ¼ 0.15 [69]. Hence, from the above equations we could calculate
the following parameters: J ¼ 2.05 � 10�15 M�1 cm3, R0 ¼ 1.96 nm,
E ¼ 0.083, and r ¼ 2.92 nm for 1 and J ¼ 1.28 � 10�14 M�1 cm3,
R0 ¼ 2.65 nm, E ¼ 0.089, and r ¼ 3.91 nm for 2. Obviously, the

Table 4
Quenching constant (Ksv), binding constant (Kbin), free energy (DG) and number of
binding sites (n) for the interactions of 1 and 2 with BSA.

Complex Ksv/M�1 Kq/M�1 s�1 Kbin/M�1 �DG/KJ mol�1 n

1 2.3 � 104 2.3 � 1012 1.6 � 103 18.27 0.74
2 3.1 � 104 3.1 � 1012 1.02 � 104 22.86 0.92

Fig. 7. Scatchard plots of log [(F0 � F)/F] vs log [Q] for determination of the complex-
DNA binding constant and the number of binding sites on DNA for 1 (A) and 2 (B).

Fig. 8. Scatchard plots of log [(F0 � F)/F] vs log [Q] for determination of the complex-
BSA binding constant and the number of binding sites on BSA for 1 (A) and 2 (B).

Fig. 9. Spectral overlaps of the absorption spectra of 1 (A) and 2 (B) with the fluo-
rescence spectra of BSA.
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distance between each complex and BSA is less than 8 nm, and
0.5R0 < r < 1.5R0, implying that the energy transfer from BSA to
complexes occurred with high probability. The bigger r value
compared with that of R0 again indicated the presence of static
quenchingmechanism in the binding of two complexes to BSA [70].

2.5. Cytotoxic activity against human tumor cell lines

In vitro cytotoxicity of compounds was evaluated by means of
the standard MTT-dye reduction assay which is a widely used
method in biological evaluation. Recently, new metal complexes
were assessed using this method [71,72]. The cytotoxic activity of
the dppe and N-benzyl ethylamine ligands and their Pd(II) com-
plexes were tested against human cervix carcinoma (Hela), colon
cancer (HT-29), leukemia cancer (K562) and human breast carci-
noma (MCF-7) tumor cell lines. The results are reported in Table 5 in
terms of IC50 values (the concentration needed to inhibit 50% of the
cellular proliferation). For comparison purposes, the cytotoxicity of
cisplatin, a standard antitumor drug, was evaluated under the same
conditions. As depicted in Table 5, compounds 1 and 2 exhibit high
antiproliferative activity with IC50 values in the range 2e9 mM
below those of cisplatin in three cell lines, which is a reflection of
their good solubility and lipophilicity. The lipophilicity of the
bridged complexes can be related to the presence of two bulky PPh2
groups from dppe which facilitate transport through the cellular
membranes. In addition, the dppe bridge leads to the more flexi-
bility in the structures and makes more interactions with DNA.

It was also observed that 1 and 2 demonstrated a noticeable
cytotoxicity against all cell lines when compared with the free li-
gands, implying that the biological activity is largely ascribed by the
presence of the Pd(II) metal center. In addition, compound 2
exhibited a slightly higher toxicity than 1 against Hela, HT-29 and
K562 cell lines (Fig. 10). These results suggest that the replacement
of the chloride by the bromide ligand increased the cytotoxic

activity of the Pd(II) compound in these three cell lines, as observed
in the screening of other antitumor agents [73,74].

3. Conclusion

Two new cyclopalladated compounds bearing biphosphinic
ligand dppe have been described in this work. The single crystal
X-ray crystallographic study of 1 revealed a slightly tetrahedrally
distorted square planar geometry around the Pd(II) ion. The DNA-
binding properties of the two complexes were explored by
electronic absorption and fluorescence spectroscopy. The results
suggested that both complexes could interact with FS-DNA
through the intercalation mode and both follow the binding af-
finity order of 2 > 1. The reactivity towards BSA revealed that the
quenching of BSA fluorescence by the two complexes are static
quenching, and complex 2 exhibits greater binding affinity than
that of complex 1. The binding distances of 1 and 2 with BSA
were calculated to be 2.92 and 3.91 nm, respectively, on the basis
of the Foster’s theory, which indicates the energy transfer from
BSA to complexes can occur. The cytotoxic studies show that the
complexes exhibit high cytotoxic activity against different cell
lines tested. Also, the results of cytotoxicity revealed that the
metal complexes are more effective than that of the respective
free ligands under identical experimental conditions and the use
of bromide instead of chloride improved the biological activity. It
is interesting that the DNA and protein binding abilities of the
two complexes are consistent with in vitro cytotoxic activity and
follow the order of 2 > 1.

4. Experimental

4.1. General

Starting materials and solvents were purchased from Sigmae
Aldrich or Alfa Aesar and used without further purification. FS-DNA
and BSA were purchased from SigmaeAldrich and were used as
supplied. Cisplatin was gifted from Isfahan University of Medical
Sciences. Infrared spectra were recorded on a FT-IR JASCO 680
spectrophotometer in the spectral range 4000e400 cm�1 using the
KBr pellets technique. NMR spectra were measured on a Bruker
spectrometer at 400.13 MHz (1H) and 161.97 MHz (31P) using
standard pulse sequences at 298 K. Elemental analysis was per-
formed on a Leco, CHNS-932 apparatus. UVeVis spectra were
recorded on a JASCO 7580 UVeViseNIR double-beam spectro-
photometer using a quartz cell with a path length of 10 mm.
Fluorescence spectra were performed on a PerkineElmer LS55
fluorescence spectrofluorometer.

4.2. Synthesis of [Pd2{(C,N)eC6H4CH2NH(Et)}2(m-dppe)(Cl)2] (1)

To a suspension of the dimer [Pd2{(C,N)eC6H4CH2NH(Et)}2(m-
Cl)2] (0.077 g, 0.14 mmol) in dichloromethane (15 mL) was added
dppe (0.055 g, 0.14 mmol). The reaction mixture was stirred for 2 h
at room temperature and then filtered through a plug of MgSO4.
The filtrate was concentrated to ca. 2 mL and to this concentrated
solution, n-hexane (15 mL) was added to precipitate a white solid,
which was collected and air-dried. White crystals of 1 were ob-
tained from CH2Cl2ehexane. Yield: 85%. 1H NMR (CDCl3, ppm):
d ¼ 1.29 (t, 3H, CH3), 2.72e2.81 (m, 1H, CHaH), 2.85e3.20 (m, 2H,
CH2), 3.20e3.26 (m,1H, CHbH), 3.81e3.90 (m, 2H, CH2 (dppe)), 4.68
(br s, 1H, NH), 6.28 (br s, 1H, C6H4), 6.40 (t, 1H, C6H4), 6.80 (t, 1H,
C6H4), 6.98 (d, 1H, C6H4), 7.28e7.95 (m, 10H, Ph); 31P{1H} NMR
(CDCl3, ppm): d ¼ 37.3 (s). Anal. calcd. for C44H48N2P2Cl2Pd2: C,
55.5; H, 5.08; N, 2.94. Found: C, 55.3; H, 5.02; N, 2.90%.

Table 5
Cytotoxicity data (IC50) of the dppe and N-benzyl ethylamine ligands and their
palladium (II) complexes against human Hela, HT-29, K562 and MCF-7 tumor cell
lines.

Compound IC50 (mM) � SD

Hela HT-29 K562 MCF-7

dppe >100 100 � 0.02 100 � 0.1 >100
N-Benzyl ethylamine >100 100 � 0.09 100 � 0.07 100 � 0.06
1 8.5 � 0.4 7.5 � 0.22 3.1 � 0.02 7.5 � 0.02
2 7.5 � 0.6 5.3 � 0.5 2.5 � 0.51 7.5 � 0.05
cisplatin 53.5 � 1.4 41.2 � 0.09 7.6 � 0.07 5.2 � 0.04

Fig. 10. In vitro cytotoxic activity of 1 and 2 against different human tumor cell lines.
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4.3. Synthesis of [Pd2{(C,N)eC6H4CH2NH(Et)}2(m-dppe)(Br)2] (2)

To a suspension of the dimer [Pd2{(C,N)eC6H4CH2NH(Et)}2(m-
Br)2] (0.089 g, 0.14 mmol) in dichloromethane (15 mL) was added
dppe (0.055 g, 0.14 mmol). The reaction mixture was stirred for
2 h at room temperature and then filtered through a plug of
MgSO4. The filtrate was concentrated to ca. 2 mL and to this
concentrated solution, n-hexane (15 mL) was added to precipi-
tate a white solid, which was collected and air-dried. Yield: 87%.
1H NMR (CDCl3, ppm): d ¼ 1.26 (t, 3H, CH3), 2.80 (m, 1H, CHaH),
2.89e2.99 (m, 2H, CH2), 3.21 (m, 1H, CHbH), 3.82e3.96 (m, 2H,
CH2 (dppe)), 4.71 (br s, 1H, NH), 6.29 (br m, 1H, C6H4), 6.42 (t, 1H,
C6H4), 6.82 (t, 1H, C6H4), 7.01 (d, 1H, C6H4), 7.26e7.90 (m, 10H,
Ph); 31P{1H} NMR (CDCl3, ppm): d ¼ 36.7 (s). Anal. calcd. for
C44H48N2P2Br2Pd2: C, 50.84; H, 4.65; N, 2.69. Found: C, 50.35; H,
4.62; N, 2.65%.

4.4. Crystallography

X-ray diffraction experiments were done at 100 K with the use
of Agilent SuperNova single crystal diffractometer (Mo K(a) radia-
tion). Analytical numeric absorption correction using a multifac-
eted crystal model based on expressions derived by R.C. Clark & J.S.
Reid was made [75]. The structures were solved by direct methods
using the SHELXS97 program and refined with the use of SHELXL
(Sheldrick 2008) program. Hydrogen atoms were added in the
calculated positions and were riding on their respective carbons
during the refinement.

4.5. DNA-binding studies

The DNA-binding studies were performed at room tempera-
ture by electronic absorption spectrometric experiments and
were conducted by adding FS-DNA solution to the sample of 1 and
2 at different concentrations. Fluorescence quenching experi-
ments were conducted by adding the solutions of 1 and 2 at
different concentrations to the samples containing 2 mM EB and
60 mM DNA. The samples were excited at 471 nm, and emission
was recorded at 540e700 nm. All studies on the interaction of
compounds with FS-DNA were carried out in TriseHCl buffer
(5 mM TriseHCl/10 mM NaCl at pH 7.2). The solutions of FS-DNA
gave a ratio of UV absorbance at 260 and 280 nm of 1.86, indi-
cating that the DNA was sufficiently free of protein [76]. The DNA
concentration per nucleotide was determined by absorption
spectrometry using the known molar extinction coefficient value
of 6600 M�1 cm�1at 260 nm [77].

4.6. BSA-binding studies

All experiments involving BSA were performed in TriseHCl
buffer (5 mM TriseHCl/10 mM NaCl at pH 7.2). Solutions of BSA
were prepared by dissolving them in the TriseHCl buffer solution to
required concentrations, respectively. For UV absorption experi-
ment, a solution of BSA (15 mM) was titrated with various con-
centrations of the complexes. Equal solutions of complexes were
added to the reference solutions to eliminate the absorbance of the
complexes themselves. In the tryptophan fluorescence quenching
experiment, quenching of the tryptophan residues of BSA [78] was
done by keeping the concentration of the BSA constant while
varying the complexes (quenchers) concentration, producing the
solutions with the varied mole ratio of the quenchers to BSA. The
fluorescence spectra were recorded at an excitation wavelength of
295 nm and an emission wavelength of 343 nm in the Fluorometer
after each addition of the quencher.

4.7. Cell culture and MTT assay

Hela, HT-29, K562 and MCF-7 cell lines were purchased from
Pasture Institute, Tehran, Iran. They were grown in PRMI 1640
which was supplemented with 10% of fetal calf serum, 5 mL of
penicillin/streptomycin (50 IUmL�1 and 500 mgmL�1, respectively),
NaHCO3 (1 g) and 5 mL of L-glutamine (2 mM). Completed media
was sterilized through 0.22 mm microbiological filters after prepa-
ration and kept at 4 �C before using.

The cytotoxic effects of compounds against various cell lines
were determined by a rapid colorimetric assay using 3-[4,5-
dimethylthiazole-2-yl]-2,5-diphenyl tetrazolium bromide (MTT)
for cell growth inhibition and compared with untreated control
[79]. The test is based on the reduction of the yellow tetrazolium
salt MTT to a violet formazan product via the mitochondrial suc-
cinate dehydrogenase in living cells. The color can then be quan-
tified by spectrophotometric means. The amount of violet color
produced is directly proportional to the number of viable cells.
Briefly 200 mL of cells (1 � 105 cells/mL) were seeded in 96-well
micro plates and incubated for 24 h (37 �C, 5% CO2 air humidified).
Then, 20 mL of final concentration of each compoundwas added and
incubated for another 72 h in the same condition. To evaluate cell
survival, each well was incubated with 20 mL of MTT solution (5mg/
mL in phosphate-buffered saline) for 3 h and afterward, 150 mL of
the media of each well was gently replaced with DMSO and mixed
to dissolve insoluble formazan crystals. The MTT-formazan ab-
sorption was measured at 540 nm using an ELISA plate reader (Stat
fax2100, Awareness, USA). The percentage of inhibition was
calculated using the ratio between the absorbance of treated and
untreated cells.
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