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ABSTRACT: Employment of the monoanion of 2,6-diacetylpyridine dioxime (dapdoH2) as a tridentate chelate in palladium(II)
and platinum(II) chemistry is reported. The syntheses, crystal structures, spectroscopic and physicochemical characterization,
and biological evaluation are described of [PdCl(dapdoH)] (1) and [PtCl(dapdoH)] (2). Reaction of PdCl2 with 2 equivs of
dapdoH2 in MeOH under reflux gave 1, whereas the same reaction with PtCl2 in place of PdCl2 gave 2 in comparable yields (70−
80%). The divalent metal center in both compounds is coordinated by a terminal chloro group and a N,N′,N″-tridentate chelating
(η3) dapdoH− ligand. Thus, each metal ion is four coordinate with a distorted square planar geometry. Characterization of both
complexes with 1H and 13C NMR and UV−vis and electrospray ionization mass spectroscopies confirmed their integrity in
DMSO solutions. Interaction of the complexes with human and bovine serum albumin has been studied with fluorescence
spectroscopy, revealing their affinity for these proteins with relatively high values of binding constants. UV study of the
interaction of the complexes with calf-thymus DNA (CT DNA) has shown that they can bind to CT DNA, and the
corresponding DNA binding constants have been evaluated. Cyclic voltammograms of the complexes in the presence of CT
DNA solution have shown that the interaction of the complexes with CT DNA is mainly through intercalation, which has been
also shown by DNA solution viscosity measurements. Competitive studies with ethidium bromide (EB) have revealed the ability
of the complexes to displace the DNA-bound EB, suggesting competition with EB. The combined work demonstrates the ability
of pyridyl−dioxime chelates not only to lead to polynuclear 3d-metal complexes with impressive structural motifs and interesting
magnetic properties but also to yield new, mononuclear 4d- and 5d-metal complexes with biological implications.

■ INTRODUCTION
Pyridyl oximes and dioximes with general formula (py){C(R)-
NOH}x [R = various; x = 1 (for monoximes) or 2 (for
dioximes); Figure 1, top] constitute a very important class of
compounds related to biological systems. The strong
nucleophilicity of the oximate anion, >CN−O−, is associated
with many hydrolytic processes, such as transfer or cleavage of
an acyl, a phosphoryl, or a sulfuryl group, by attacking an

electrophilic center.1 Among these actions, the fact that a family
of pyridyl oximes has shown a pronounced ability to reactivate
the enzyme acetylcholinesterase (AChE), when it is fully
inhibited by organophosphorus compounds (OPs), including
pesticides and chemical warfare agents, is of particular
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pharmaceutical interest.2−5 Further, a wide spectrum of
biological activity of derivatives of pyridyl oximes has been
investigated, such as activity on the cardiovascular system, as a
sedative, antidepressant and antispasmodic activity, analgesic
and anti-inflammatory activity, among others.6

On the other hand, there is currently renewed interest in the
coordination chemistry of pyridyl oximes and dioximes whose
anions are versatile ligands for a variety of objectives, including
bridging affinity and formation of polynuclear metal complexes
(clusters), isolation of coordination polymers, mixed-metal
chemistry, and significant magnetic characteristic.7,8 From a
bioinorganic point of view, complexation of a metal ion with a
pyridyloximate ligand would help the nucleophilicity of the
oximate anion by lowering the pK of the molecule to an extent
near physiological values.9,10 It is furthermore known that metal
complexes of biologically active compounds possess features of
considerable pharmaceutical interest because of several factors.
In fact, the field of medicinal inorganic chemistry emerged a
long time ago,11 and it is based on certain principles such as (a)
complexation with the metal protects the drug against
enzymatic degradation because of the inertness of certain
metal−ligand linkages, (b) the metal complex can have better
hydrophobicity/hydrophilicity properties than the free ligand
and through this can improve the transport processes in the
tissues, (c) the metal complex can release the active drug(s) in
a specific organ, and its activity can be reinforced by the
combination of effects from the ligands and from the metal
residue. Worldwide research based on these principles is
focused on the design of metal-based drugs.12

The majority of synthetic metal complexes used as antitumor
chemotherapeutic compounds are structural analogues of the
neutral cisplatin, cis-[PtIICl2(NH3)2].

13 Many platinum(II)
complexes that are trans in geometry14 or charged15 have
been found to be also active. Recently, increasing interest has
been shown to “rule breakers” in the hope of finding new
candidates that could interact differently with biological targets
as compared to that of cisplatin.16 A number of these
complexes have exhibited biological profiles distinctly different
than those of cisplatin and its analogues.17−19 In addition to the
prolonged biological interest in platinum(II) complexes,

palladium(II) analogues were recently included among the
newly introduced structural types of metal complexes, designed
for increased antitumor efficiency and decreased toxicity to
normal cells.20 The first of these had little or no application as
antitumor compounds, due to the poor stability and rapid
hydrolysis in biological environments. However, employment
of chelating ligands in their synthesis was essential for
improvement of their stability, which was further increased by
generation of cyclopalladated compounds.21

Given the essential pharmaceutical and biological use of PdII

and PtII complexes and the broad biological activity of pyridyl
oximes and dioximes, it is rather surprising that the
coordination chemistry of these metal ions with various pyridyl
dioximes is completely unexplored. On the basis of this
observation and our previous experience with employment of
pyridyl dioxime ligands in 3d-metal cluster chemistry,8b,d we
recently started a program aiming at systematic investigation of
the MII/pyridyl dioxime system (M = Pd, Pt) by means of
exploring the structural and chemical characteristics of the new
complexes, study of their physicochemical properties, and
evaluation of their biological activity.
Toward this end, we herein report our first results from

employment of 2,6-diacetylpyridine dioxime (dapdoH2; Figure
1, bottom) ligand in PdII and PtII chemistry, which has
produced the new compounds [PdCl(dapdoH)] (1) and
[PtCl(dapdoH)] (2). The synthesis, structures, physicochem-
ical characterization, and biological implication of the products
are described in this work.

■ EXPERIMENTAL SECTION
Syntheses. All manipulations were performed under aerobic

conditions using chemicals and solvents as received, unless otherwise
stated. Specifically, trisodium citrate, NaCl, calf-thymus (CT DNA),
bovine serum albumin (BSA), human serum albumin (HSA), and
ethidium bromide (EB) were purchased from Sigma-Aldrich Co, and
all solvents relevant to the physicochemical and biological character-
ization were purchased from Merck. The organic ligand dapdoH2 was
synthesized as previously reported.22 The ligand is soluble in DMSO,
and its UV−vis spectra (λ/nm; ε/M−1 cm−1) have been recorded as a
Nujol mull (295 nm) and in DMSO solution (293 nm; 10 500 M−1

cm−1).
DNA stock solution was prepared by dilution of CT DNA to buffer

(containing 150 mM NaCl and 15 mM trisodium citrate at pH 7.0)
followed by exhaustive stirring at 4 °C for 3 days and kept at 4 °C for
no longer than 1 week. The stock solution of CT DNA gave a ratio of
UV absorbance at 260 and 280 nm (A260/A280) of 1.89, indicating that
the DNA was sufficiently free of protein contamination. The DNA
concentration was determined by the UV absorbance at 260 nm after
1:20 dilution using ε = 6600 M−1 cm−1.23

[PdCl(dapdoH)] (1). To a stirred colorless solution of dapdoH2
(0.12 g, 0.60 mmol) in MeOH (30 mL) was added solid PdCl2 (0.05
g, 0.30 mmol). The resulting yellow slurry was refluxed for 5 h, during
which time the entire PdCl2 solid dissolved and the color of the
solution turned to orange. The latter solution was then allowed to
slowly concentrate by solvent evaporation at room temperature for a
period of 4−5 days. Well-formed orange needle-shaped crystals of 1
appeared and were collected by filtration, washed with cold MeOH (2
× 3 mL) and Et2O (2 × 5 mL), and dried in air; the yield was 0.07 g
(∼70% based on Pd). Anal. Calcd for 1: C, 32.36; H, 3.02; N, 12.58.
Found: C, 32.52; H, 3.19; N, 12.44. Selected IR data (cm−1): 3442
(mb), 3058 (m), 3028 (m), 2914 (w), 1574 (m), 1478 (m), 1454 (s),
1388 (vs), 1348 (m), 1280 (m), 1238 (vs), 1184 (vs), 1154 (vs), 1094
(s), 1058 (vs), 1038 (s), 914 (m), 850 (w), 800 (s), 732 (m), 708 (s),
554 (w), 512 (w), 488 (s), 418 (s). UV−vis, λ/nm (ε/M−1 cm−1) as
Nujol mull: 570 (sh), 520 (sh), 402 (sh), 333 (sh), 305. UV−vis, λ/
nm (ε/M−1 cm−1) in DMSO: 563 (150), 520 (sh) (120), 395 (sh)

Figure 1. General structural formulas and abbreviations of the pyridyl
monoximes [(py)C(R)NOH] and dioximes [(py){C(R)NOH}2]
discussed in the text (top) and ligand 2,6-diacetylpyridine dioxime
(dapdoH2; R− = CH3−) employed in the present work (bottom).
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(850), 338 (5200), 300 (13300). The complex is soluble in DMSO
(ΛM = 7 mho cm2 mol−1, in 1 mM DMSO solution).
[PtCl(dapdoH)] (2). To a stirred colorless solution of dapdoH2

(0.12 g, 0.60 mmol) in MeOH (30 mL) was added solid PtCl2 (0.08 g,
0.30 mmol). The resulting brownish slurry was refluxed for 5 h, during
which time the entire PtCl2 solid dissolved and the color of the
solution turned to dark red. The latter solution was then allowed to
slowly concentrate by solvent evaporation at room temperature for a
period of 3−4 days. Well-formed red plate-like crystals of 2 appeared
and were collected by filtration, washed with cold MeOH (2 × 3 mL)
and Et2O (2 × 5 mL), and dried in air; the yield was 0.10 g (∼80%
based on Pt). Anal. Calcd for 2: C, 25.57; H, 2.38; N, 9.94. Found: C,
25.71; H, 2.45; N, 9.78. Selected IR data (cm−1): 3448 (mb), 3062
(m), 3025 (m), 2916 (w), 1590 (m), 1478 (m), 1444 (s), 1388 (vs),
1342 (m), 1282 (m), 1234 (m), 1156 (s), 1096 (m), 1068 (vs), 1036
(s), 912 (w), 856 (w), 796 (s), 734 (m), 710 (m), 686 (w), 558 (w),
522 (w), 500 (m), 422 (m). UV−vis, λ/nm (ε/M−1 cm−1) as Nujol
mull: 580 (sh), 530 (sh), 390 (sh), 336, 301. UV−vis, λ/nm (ε/M−1

cm−1) in DMSO: 575 (sh) (40), 539 (sh) (400), 391 (sh) (1750), 335
(9100), 297 (9500). The complex is soluble in DMSO (ΛM = 12 mho
cm2 mol−1, in 1 mM DMSO solution).
Single-Crystal X-ray Crystallography. Data for a selected crystal

of 1 were collected at Station 11.3.1 of the Advanced Light Source at
Lawrence Berkeley National Laboratory using a Bruker Apex II CCD
diffractometer (ωο rotation with narrow frames, synchrotron radiation
at 0.77490 Å, Silicon 111 monochromator). The structure was solved
by direct methods and refined using the SHELX-TL suite.24 All non-H
atoms were refined anisotropically. H atoms were placed in
geometrically suitable positions where possible, whereas the methyl
and hydroxyl H atoms were found in the difference map and
constrained using a riding model.
Data for a selected crystal of 2 were collected on a Rigaku R-AXIS

SPIDER Image Plate diffractometer using graphite-monochromated
Cu Kα radiation (λ = 1.54178 Å). Unit cell dimensions were
determined and refined using the angular settings of 25 automatically
centered reflections in the range 11° < 2θ < 23°. Intensity data were
recorded using a θ−2θ scan to a maximum 2θ value of 130°. Three
standard reflections monitored every 97 reflections showed less than
3% variation and no decay. Lorentz, polarization, and psi-scan
absorption corrections were applied using CrystalClear software.25

The structure was solved by direct methods using SHELXS-9726a and
refined on F2 by full-matrix least-squares techniques with SHELXL-
97.26b All H atoms were either located by Fourier difference maps and
refined isotropically or introduced at calculated positions as riding on
bonded atoms. All non-H atoms were refined anisotropically. The
programs used for molecular graphics were MERCURY27 and
DIAMOND.28

Unit cell parameters and structure solution and refinement data for
the two complexes are listed in Table 1.
Physical Measurements. Infrared (IR) spectra were recorded in

the solid state (KBr pellets) on a Perkin-Elmer 16 PC FT
spectrometer in the 4000−400 cm−1 range. Far-IR spectra (500−
100 cm−1) were recorded on a Bruker IFS 113v FT spectrometer with
a DTGS detector using polyethylene pellets. Elemental analyses (C, H,
and N) were performed by the in-house facilities of the University of
Patras using an EA 1108 Carlo Erba analyzer. 1H and 13C NMR
spectra of complexes 1 and 2 in DMSO-d6 were recorded with a
Bruker Avance 400 MHz spectrometer; chemical shifts are reported
relative to tetramethylsilane. Electrospray ionization (ESI) mass
spectra were taken on a 7T-Fourier-transform ion cyclotron resonance
(FT-ICR) mass spectrometer (APEX II, Bruker Daltonik) from
solutions of complexes 1 and 2 prepared in DMSO. UV−vis spectra
were recorded as Nujol mulls and in DMSO solution at concentrations
in the range from 10−5 to 5 × 10−3 M on a Hitachi U-2001 dual-beam
spectrophotometer. Molar conductivity measurements of 1 mM
DMSO solutions of the complexes were carried out with a Crison
Basic 30 conductometer. Fluorescence spectra were recorded in
solution on a Hitachi F-7000 fluorescence spectrophotometer.
Viscosity experiments were carried out using an ALPHA L Fungilab
rotational viscometer equipped with an 18 mL LCP spindle.

Cyclic voltammetry studies were performed on an Eco chemie
Autolab Electrochemical analyzer. Cyclic voltammetric experiments
were carried out in a 30 mL three-electrode cell. The working
electrode was platinum disk, a separate Pt single-sheet electrode was
used as the counter electrode, and a Ag/AgCl electrode saturated with
KCl was used as the reference electrode. Cyclic voltammograms of the
complexes were recorded in 0.4 mM DMSO solutions and 0.4 mM 1/
2 DMSO/buffer solutions at ν = 100 mV s−1, where TEAP
(tetraethylammonium perchlorate) and the buffer solution were the
supporting electrolytes, respectively. Oxygen was removed by purging
the solutions with pure nitrogen which had been previously saturated
with solvent vapors. All electrochemical measurements were
performed at 25.0 ± 0.2 °C.

Albumin Binding Studies. The protein binding study was
performed by tryptophan fluorescence quenching experiments using
bovine (BSA, 3 μM) or human serum albumin (HSA, 3 μM) in buffer
(containing 15 mM trisodium citrate and 150 mM NaCl at pH 7.0).
Quenching of the emission intensity of tryptophan residues of BSA at
343 nm or HSA at 351 nm was monitored using the compounds as
quenchers with increasing concentration (up to 2.2 × 10−5 M).
Fluorescence spectra were recorded from 300 to 500 nm at an
excitation wavelength of 296 nm.29 Fluorescence spectra of
compounds were recorded under the same experimental conditions,
and a low-intensity maximum emission appeared at 330 nm.
Therefore, quantitative studies of the serum albumin fluorescence
spectra were performed after their correction by subtracting the
spectra of the compounds.

DNA-Binding Studies. Interaction of the ligand dapdoH2 and
complexes 1 and 2 with CT DNA has been studied with UV
spectroscopy in order to investigate the possible binding modes to CT
DNA and calculate the binding constants to CT DNA (Kb). Spectra of
a CT DNA solution in the presence of each compound have been
recorded for a constant CT DNA concentration in diverse
[compound]/[CT DNA] mixing ratios (r) up to the value r = 0.02.
Binding constants, Kb, of the compounds with CT DNA have been
determined using the UV spectra of the compound recorded for a
constant concentration in the absence or presence of CT DNA for

Table 1. Crystallographic Data for Complexes 1 and 2

parameter 1 2

formula C9H10PdN3O2Cl C9H10PtN3O2Cl
M/g mol−1 334.05 422.74
cryst syst orthorhombic orthorhombic
space group Pna21 Pna21
a/Å 6.8389(4) 6.9452(2)
b/Å 13.8406(7) 10.9950(3)
c/Å 10.9849(6) 13.7541(3)
α = β = γ/deg 90 90
V/Å3 1039.77(10) 1050.30(5)
Z 4 4
T/K 150(2) 160(2)
λ/Å 0.77490a 1.54178b

ρcalc/g cm−3 2.134 2.673
μ/mm−1 2.530 27.262
measd/independent (Rint)
reflns

9175/3085 (0.0316) 6417/1733 (0.0902)

obsd reflns [I > 2σ(I)] 9286 1658
R1
c 0.0261 0.0376

wR2
d 0.0691 0.0856

GOF on F2 1.055 1.045
(Δρ)max,min/e Å−3 0.445, −0.570 1.589, −2.096
aSynchrotron, ALS beamline 11.3.1, silicon 111 monochromator. bCu
Kα radiation, graphite monochromator. cI > 2σ(I). R1 = Σ(∥Fo| − |
Fc∥)/Σ|Fo|. dwR2 = [Σ[w(Fo2 − Fc

2)2]/Σ[w(Fo2)2]]1/2, w = 1/[σ2(Fo
2)

+ [(ap)2 +bp], where p = [max(Fo
2, 0) + 2Fc

2]/3.
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diverse r values in the range 0.03−1.0. Control experiments with
DMSO did not show any changes in the spectra of CT DNA.
Viscosity experiments were carried out using an ALPHA L Fungilab

rotational viscometer equipped with an 18 mL LCP spindle, and
measurements were performed at 100 rpm. The viscosity of a DNA
solution (0.1 mM) has been measured in the presence of increasing
amounts of the compounds (0.1 mM). The relation between the
relative solution viscosity (η/η0) and DNA length (L/L0) is given by
the equation L/L0 = (η/η0)

1/3, where L0 denotes the apparent
molecular length in the absence of the compound.30 The obtained data
are presented as (η/η0)

1/3 versus r, where η is the viscosity of DNA in
the presence of compound and η0 is the viscosity of DNA alone in
buffer solution.
Interaction of the complexes with CT DNA has been also

investigated by monitoring the changes observed in the cyclic
voltammogram of a 0.40 mM 1:2 DMSO:buffer solution of complex
upon addition of CT DNA at diverse r values. The buffer was also used
as the supporting electrolyte, and cyclic voltammograms were recorded
at ν = 100 mV s−1.
Competitive studies of each compound with ethidium bromide

(EB) have been investigated with fluorescence spectroscopy in order
to examine whether the compound can displace EB from its CT
DNA−EB complex. The CT DNA−EB complex was prepared by
adding 20 μM EB and 26 μM CT DNA in buffer (150 mM NaCl and
15 mM trisodium citrate at pH 7.0). The intercalating effect of the
compound with the DNA−EB complex was studied by adding a
certain amount of a solution of the compound step by step (up to r =
0.65) into the solution of the DNA−EB complex. The influence of the
addition of each compound to the DNA−EB complex solution has
been obtained by recording the variation of fluorescence emission
spectra.

■ RESULTS AND DISCUSSION

Syntheses, IR, and Mass Spectra. Many synthetic
procedures to oligo- and polynuclear transition metal
complexes rely on reactions of simple metal sources, such as
metal halides, carboxylates, or β-diketonates, with a potentially
chelating/bridging ligand.31 This route is also known from our
previous work to yield structurally interesting 3d-metal
complexes using several 2-pyridyl oxime7b,c and pyridyl
dioxime8 ligands. In the present study we investigated reactions
between the relatively unexplored 2,6-diacetylpyridine dioxime
(dapdoH2) ligand and simple PdII and PtII halide sources.
Various reactions have been systematically explored with

differing reagent ratios, reaction solvents, and other conditions.
Reaction of PdCl2 with dapdoH2 in a 1:2 molar ratio in MeOH
gave a yellow slurry, which was refluxed for a prolonged time to
give a final orange solution. Slow evaporation of the resulting
solution led to subsequent isolation of well-formed orange,
needle-shaped crystals of the complex [PdCl(dapdoH)] (1) in
very good yield (∼70%). When the same reaction and
crystallization process were repeated using PtCl2 in place of
PdCl2, the isostructural compound [PtCl(dapdoH)] (2) was
isolated as dark red, plate-like crystals in excellent yield
(∼80%). Formation of 1 and 2 is summarized in eq 1. It is
noteworthy that for syntheses of both compounds 1 and 2
high-temperature conditions (i.e., reflux) were employed in
order to enhance the solubility of the PdCl2 and PtCl2 starting
materials and thus lead the reactions to the corresponding
products formation.

+ ⎯ →⎯⎯⎯⎯⎯ +

= 1 2

MCl dapdoH [MCl(dapdoH)] HCl

M Pd( ); Pt( )

2 2 reflux

MeOH

(1)

The “wrong” reaction ratio employed for preparation of both
complexes, compared to the stoichiometric ratio (1:1) required
by eq 1, obviously did not prove detrimental to formation of
the products. The “correct” stoichiometric ratio, i.e.,
MII:dapdoH2 = 1:1, was also employed and led to the pure
compounds albeit in much lower yields (∼30−35%). We also
investigated the identity of the products as a function of the
reaction solvent employed, but we obtained analogous products
to 1 and 2 in every case from a variety of organic solvents, i.e.,
EtOH, MeCN, and MeNO2.
The most noticeable feature of this reaction scheme is the

single deprotonation of the dioximato group without the
presence of a base in the reaction system. This is likely due to a
metal-assisted polarization of the >N−OH bond upon
coordination of the oxime N atoms with the metal center,
which lowers the pKa of the first −OH group of the neutral
dapdoH2 ligand and thus favors its deprotonation.22,32 We
further targeted the double deprotonation of dapdoH− by
reaction of 1 and 2 with 1−3 equiv of external base, such as
NEt3 or MOH (M = Li, Na); however, such reactions gave
insoluble amorphous powders that perhaps were polymeric and
not further characterized.
Magnetic susceptibility measurements were also performed

and show that both complexes are diamagnetic, as expected
(vide infra). Compounds 1 and 2 are stable, crystalline solids at
room temperature and nonsensitive toward air and moisture.
They are both soluble in DMF and DMSO and insoluble in
almost all common organic solvents such as CHCl3, benzene,
and toluene.
The presence of a neutral oxime group in the single-

deprotonated form of the ligand dapdoH− in both complexes is
manifested by a broad IR band of medium intensity at 3442
(for 1) and 3448 (for 2) cm−1, assigned to ν(OH)oxime.

33 Their
broadness and relatively low frequency are both indicative of
hydrogen bonding. The in-plane deformation mode of the 2-
pyridyl ring of free dapdoH2 at 686 cm

−1 22 shifts upward in the
spectra of 1 (708 cm−1) and 2 (710 cm−1), confirming
involvement of the ring-N atom in coordination.34 Several
bands appear in the 1590−1390 cm−1 region for the two
complexes; contributions from ν(CN)oximate, δ(CH3), and
δ(OH) (>1570 cm−1) are expected in this region, but overlap
with the stretching vibrations of the aromatic dapdoH− ring
renders assignments and discussion of the coordination shifts
difficult. The medium-intensity band at 1090 cm−1 for free
dapdoH2 has been assigned to the ν(NO)oxime mode.22 The
wavenumber of this vibration only slightly increases to ∼1094
and ∼1096 cm−1 in 1 and 2, respectively. This essentially
negligible shift to higher frequencies has been discussed and is
in accordance with the absence of oximate-O coordination with
the metal center.35 Finally, strong-intensity bands at 290−330
cm−1 are present in the spectra of 1 and 2; these bands are
tentatively assigned to a vibration involving a MII−Cl− (M =
Pd, Pt) stretch.36

Formation of complexes 1 and 2 was further supported by
detection of peaks in ESI mass spectra that correspond to the
general formula [MCl(dapdoH)]. NMR results for both
compounds in DMSO-d6 are also consistent with the ESI-MS
data, indicating retention of their structures in solution (vide
infra).

Description of Structures. Both complexes crystallize in
the orthorhombic space group Pna21, with the mononuclear
[MCl(dapdoH)] (M = Pd (1); Pt (2)) molecules in a general
position. The structures of 1 and 2 are shown in Figures 2 and
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3, respectively. Selected interatomic distances and angles for 1
and 2 are listed in Tables 2 and 3, respectively.

The PdII center in 1 is coordinated by a terminal chloro
group and a N,N′,N″-tridentate chelating (η3) dapdoH− ligand.

The dapdoH− donor atoms are the two nitrogen atoms of the
oxime/oximate moiety (N1, N3) and the nitrogen atom of the
pyridyl group (N2). Thus, the PdII atom is four coordinate, and
the tetrahedrality calculated for complex 1 gives a dihedral
angle of 6.5° (the tetrahedrality for a four-coordinate complex
can be determined from the angle subtended by two planes,
each encompassing the metal and two adjacent atoms; for
strictly square planar complexes with D4h symmetry, the
tetrahedrality is 0°; for tetrahedral complexes with D2d
symmetry, the tetrahedrality equals 90°), supporting a distorted
square planar geometry for the basal plane PdN3Cl.

30

Additionally, the cis and trans angles lie in the 78.8−103.1°
and 159.4−173.2° ranges, deviating only slightly from the 90°
and 180° values, respectively, of an ideal square plane. This
deviation is likely due to formation of two, five-membered
chelating rings around the PdII ion, giving rise to an overall,
nonsymmetric PdN3Cl chromophore. The two five-membered
chelating rings, Pd1−N1−C8−C1−N2 and Pd1−N2−C5−
C6−N3, share the common Pd1−N2 edge. The dihedral angle
formed between the mean planes Pd1−N1−C8−C1−N2 and
Pd1−N2−C5−C6−N3 is 1.2°. The N1···N2 and N2···N3 bite
distances (2.544(3) and 2.552(3) Å, respectively) lead to N1−
Pd1−N2 and N2−Pd1−N3 angles (78.8(1)° and 80.6(1)°,
respectively), appreciably less than the ideal 90°. Such small
bite angles are typical for metal complexes with N-donor
chelating ligands.37

The pyridyl nitrogen atom can be viewed as strongly
coordinating to the metal [Pd1−N2 = 1.936(2) Å)], while the
chloride ion forms a weaker bond to PdII [Pd1−Cl1 =
2.2906(7) Å], in accordance with Pd−Cl distances reported in
the literature.36,38 The four donor atoms are not coplanar; N1
and N3 lie 0.054 and 0.057 Å, respectively, above the best least-
squares plane through the four atoms, while N2 and Cl1 lie
0.070 and 0.042 Å, respectively, below it; the PdII atom is 0.063
Å above the plane. There are four symmetry-equivalent,
interionic OH···O and OH···Cl hydrogen bonds involving the
protonated dapdoH− O atom as donor and deprotonated
dapdoH− O atom and Cl− group of adjacent molecules as
acceptors. Their dimensions are as follows: O(1)···O(2′)
2.571(3) Å, H(1)···O(2′) 1.736(3) Å, O(1)−H(1)···O(2′)
172.5(1)° and O(1)···Cl(1′) 3.253(1) Å, H(1)···Cl(1′)
3.073(1) Å, O(1)−H(1)···Cl(1′) 94.8(1)°. These H bonds
serve to link neighboring PdII monomers into one-dimensional,
zigzag chains along the c axis (Figure S1, Supporting
Information, top) and their existence rationalizes the high
thermodynamic stability of 1.
The structure of complex 2 (Figure 3) is very similar to that

of 1, with the only main difference being the nature of the metal
ion, i.e., PtII instead of PdII. Thus, the PtII atom is again four
coordinate with a distorted square planar geometry (the
tetrahedrality of the basal plane is equal to 5.6°) and
nonsymmetric PtN3Cl chromophore: the cis and trans angles
lie in the 79.9−102.7° and 159.8−173.8° ranges. The pyridyl
nitrogen atom can be viewed as strongly coordinating to the
metal [Pt−N2 = 1.902(9) Å)], while the chloride ion forms a
weaker bond to PtII [Pt−Cl = 2.290(3) Å] similar to that found
in 1. The four donor atoms are again not coplanar; N1 and N3
lie 0.039 and 0.042 Å, respectively, above the best least-squares
plane through the four atoms, while N2 and Cl lie 0.051 and
0.030 Å, respectively, below it; the PtII atom is 0.059 Å above
the plane. Finally, there are also four symmetry-equivalent,
interionic OH···O and OH···Cl hydrogen bonds, similar in
nature with those seen in 1, serving to link neighboring PdII

Figure 2. Labeled PovRay representation of complex 1.

Figure 3. Labeled PovRay representation of complex 2.

Table 2. Selected Bond Lengths (Angstroms) and Angles
(degrees) for Complex 1

Pd(1)−N(1) 2.069(2) Pd(1)−Cl(1) 2.2906(7)
Pd(1)−N(2) 1.936(2) N(1)−O(1) 1.370(3)
Pd(1)−N(3) 2.007(3) N(3)−O(2) 1.305(3)
N(1)−Pd(1)−N(2) 78.79(10) N(2)−Pd(1)−N(3) 80.62(10)
N(1)−Pd(1)−N(3) 159.39(8) N(2)−Pd(1)−Cl(1) 173.19(5)
N(1)−Pd(1)−Cl(1) 103.08(6) N(3)−Pd(1)−Cl(1) 97.49(6)

Table 3. Selected Bond Lengths (Angstroms) and Angles
(degrees) for Complex 2

Pt−N(1) 2.058(7) Pt−Cl 2.290(3)
Pt−N(2) 1.902(9) N(1)−O(1) 1.360(9)
Pt−N(3) 2.009(9) N(3)−O(2) 1.315(9)
N(1)−Pt−N(2) 80.0(4) N(2)−Pt−N(3) 79.9(3)
N(1)−Pt−N(3) 159.8(3) N(2)−Pt−Cl 173.8(2)
N(1)−Pt−Cl 102.7(2) N(3)−Pt−Cl 97.4(2)
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monomers into one-dimensional, zigzag chains along the c axis
(Figure S1, Supporting Information, bottom). Their dimen-
sions are as follows: O(1)···O(2′) 2.543(5) Å, HO(1)···O(2′)
1.484(5) Å, O(1)−HO(1)···O(2′) 157.5(1)° and O(1)···Cl′
3.260(1) Å, HO(1)···Cl′ 3.017(1) Å, O(1)−OH(1)···Cl′
92.6(1)°.
In general lines, there are no structurally characterized

palladium(II) and platinum(II) complexes bearing any kind of
pyridyl dioxime ligands. Complexes 1 and 2 are the first
structurally characterized PdII and PtII compounds that contain
any form (neutral, mono- or dianionic) of the 2,6-
diacetylpyridine dioxime ligand. They are also rare examples
of mononuclear, neutral molecular species containing the
MN3Cl chromophore (M = Pd,39 Pt40) with the three N atoms
arising from a tridentate chelating ligand. Among these, only
two PtII complexes have been biologically studied,40a,b albeit
none of them include an oximate ligand.
NMR Spectroscopy Studies. The 1H and 13C NMR

chemical shifts of dapdoH2 in DMSO-d6 have been previously
reported and discussed in detail.22 The solubilities of 1 and 2 in
common organic solvents were too low to allow other than
DMSO-d6 solutions to be prepared and studied. The
representative 1H NMR chemical shifts of both complexes in
DMSO-d6 are given in Table 4. In general, the chemical shifts

of ligand protons bound to diamagnetic metal ions are
influenced by three factors:41 (i) the electron density on the
ligand diminishes upon coordination, inducing a downfield
shift; (ii) steric effects lead to a downfield shift; (iii) alignment
of a proton above an adjacent aromatic ring leads to a dramatic
upfield shift. 1H NMR spectra of 1 and 2 were assigned with
the aid of recent studies of coordinated dapdoH2 and a number
of diamagnetic metal complexes with related ligands.22

As expected, the electron density on the pyridine ring of
dapdoH2 diminishes upon coordination to the metal centers.

Thus, a downfield shift of the pyridine proton resonances is
observed for both complexes compared to the free ligand. The
effect is greater for the proton in the 4 position than for the
protons in 3(5) positions, resulting in a reversal of their relative
positions compared to the free ligand.22,32 A relatively large
downfield shift is also observed for the oxime proton upon
coordination of the metal ion, in agreement with the greater
acidity observed for the oxime protons for the metal
compounds of dapdoH2. Another reason for the appearance
of the oxime proton at a low field in the spectra of both 1 and 2
might be the steric hindrance from the chloro ligand (observed
in the solid state structure).36a

UV−Vis Spectroscopy. The UV−vis spectra as Nujol mulls
and in DMSO solutions show a similar pattern, supporting the
integrity of complexes in solution. In the visible region, two
low-intensity bands are observed at 563 (ε = 150 M−1 cm−1)
and 520 nm (ε = 120 M−1 cm−1) for 1 and 575 (ε = 40 M−1

cm−1) and 539 nm (ε = 400 M−1 cm−1) for 2. These two bands
may be attributed to d−d transitions and are within the range
observed for square planar Pt(II) and Pd(II) complexes with d8

configuration.42 Additionally, the band observed in the range
391−395 nm (ε = 850−1750 M−1 cm−1) may be assigned to
charge-transfer transition.
In order to explore the stability of complexes in buffer

solution, UV−vis spectra in the series of pH (pH range 6−8,
since the biological experiments are performed at pH = 7) with
the use of diverse buffer solutions (150 mM NaCl and 15 mM
trisodium citrate at pH values regulated by HCl solution) have
also been recorded. No significant changes (shift of the λmax or
new peaks) have been observed (Figure S2, Supporting
Information), indicating that the complexes keep their integrity
in the pH range 6−8. The fact that the complexes are
nonelectrolytes in DMSO solution (ΛM = 7−12 mho cm2

mol−1, in 1 mM DMSO solution) and have the same UV−vis
spectral pattern in Nujol and DMSO solution as well as in the
presence of the buffer solution suggests that the compounds are
stable and keep their integrity in solution. It should be also
noted that a similar conclusion arose from the above NMR
studies.

Biological Studies. The general procedures related to the
study of the interaction of complexes 1 and 2, as well as that of
the free ligand dapdoH2, with the serum albumins binding by
tryptophan fluorescence quenching experiments30,43−45 and
with CT DNA46,47 by UV spectroscopy,48,49 viscosity experi-
ments50 and cyclic voltammetry as well as their competitive

Table 4. 1H NMR Dataa for the Free Ligand dapdoH2 and
Complexes 1 and 2

compound NO-H py-3(5)H py-4H −CH3

dapdoH2 11.52 7.78 7.64 2.23
1 12.53 7.97 8.14 2.40
2 12.58 7.94 8.11 2.37

aIn DMSO-d6 at 400 MHz. Chemical shifts (δ values) are given in
ppm relative to Me4Si. Spectra recorded at ambient temperature.

Figure 4. Plot of % relative fluorescence intensity at (A) λem = 351 nm (%) vs r (r = [compound]/[HSA]) and (B) λem = 343 nm (%) vs r (r =
[compound]/[BSA]) for the compounds in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0).
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studies with ethidium bromide by fluorescence spectrosco-
py51−53 have been thoroughly described in the corresponding
references.
Binding to Serum Albumins. 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. Bovine serum albumin (BSA) is the most
extensively studied serum albumin, due to its structural
homology with human serum albumin (HSA). Addition of
the compounds to HSA results in a low to relatively moderate
fluorescence quenching at λem = 351 nm, reaching up to 9% for
dapdoH2 and 36% for 1 and 2, as calculated after correction of
the initial fluorescence spectra (Figure 4A). The observed
quenching may be attributed to possible changes in protein
secondary structure leading to changes in the tryptophan
environment of HSA, thus indicating binding of each
compound to HSA.44

The Stern−Volmer and Scatchard equations and graphs may
be often used in order to study the interaction of a quencher
with SAs. According to Stern−Volmer quenching equation, eq
230,54

τ= + = +
I
I

k K1 [Q] 1 [Q]o
q 0 SV (2)

the dynamic quenching constant (KSV, M
−1) may be obtained

by the slope of the diagram Io/I vs [Q], where Io is the initial
tryptophan fluorescence intensity of SA, I is the tryptophan
fluorescence intensity of SA after addition of the quencher
(ligand or complexes), kq is the quenching rate constants of SA,
KSV is the dynamic quenching constant, τo is the average
lifetime of SA without the quencher (τo of tryptophan in SA at
∼10−8 s), and [Q] is the concentration of the quencher. The
approximate quenching constant kq (M−1 s−1) may be
calculated from eq 3

Table 5. HSA and BSA Binding Constants and Parameters (KSV, kq, K, n) Derived for the Free Ligand and the Reported
Compounds 1 and 2

compound KSV (M−1) kq (M
−1 s−1) K (M−1) n

HSA
dapdoH2 4.52(±0.70) × 103 4.52(±0.07) × 1011 4.57(±0.25) × 105 0.07
[PdCl(dapdoH)] 2.89(±0.20) × 104 2.89(±0.20) × 1012 1.23(±0.09) × 105 0.53
[PtCl(dapdoH)] 4.94(±0.25) × 104 4.94(±0.25) × 1012 4.54(±0.27) × 105 0.40
BSA
dapdoH2 2.31(±0.08) × 104 2.31(±0.08) × 1012 3.13(±0.22) × 104 0.81
[PdCl(dapdoH)] 7.70(±0.25) × 105 7.70(±0.25) × 1013 4.48(±0.21) × 105 1.05
[PtCl(dapdoH)] 5.49(±0.25) × 104 5.49(±0.25) × 1012 5.50(±0.65) × 104 0.92

Figure 5. (A) UV spectra of CT DNA (1.8 × 10−4 M) in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0) in the absence or
presence of [PtCl(dapdoH)] (2). Arrows show the changes upon increasing amounts of compound. (B) UV spectra of dapdoH2 in DMSO solution
(1 × 10−5 M) in the presence of CT DNA at increasing amounts. (C) UV spectra of [PdCl(dapdoH)] (1) in DMSO solution (1 × 10−5 M) in the
presence of CT DNA at increasing amounts. Arrows in B and C show the changes upon increasing amounts of CT DNA. Insets in B and C: plot of
([DNA])/(εA − εf) vs [DNA].
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τ=K kSV q o (3)

The calculated KSV and kq values (Table 5) for interaction of
the free ligand and complexes 1 and 2 with HSA (Figure S3,
Supporting Information) indicate good HSA propensity of the
compounds, with [PtCl(dapdoH)] (2) exhibiting the strongest
quenching ability (kq = 4.94(±0.25) × 1012 M−1 s−1). kq values
are higher than diverse kinds of quenchers for biopolymers
fluorescence (2.0 × 1010 M−1 s−1), indicating the existence of a
static quenching mechanism.45

From the Scatchard equation, eq 430

Δ
= − ΔI I

nK K
I

I
/

[Q]
o

o (4)

the association binding constant K (M−1) may be calculated
from the slope in plots (ΔI/Io)/([Q]) versus ΔI/Io (Figure S4,
Supporting Information), while the number of binding sites per
albumin, n, is given by the ratio of the y intercept to the slope.30

The association binding constants (K) of the compounds
(Table 5) are moderate to high, and dapdoH2 and 2 have the
highest K values among the compounds. Comparison of the n
values reveals that both complexes 1 and 2 exhibit significantly
higher n values than the free ligand.
The quenching provoked by the compounds to the BSA

fluorescence at λ = 343 nm (Figure 4B) is more significant than
HSA and reaches up to 71% of the initial fluorescence intensity
for dapdoH2, 7% for 1, and 49% for 2, indicating that the
binding of each compound to BSA quenches the intrinsic
fluorescence of the tryptophans in BSA.55 The calculated values
of KSV and kq for the compounds, as obtained by the slope of
the Stern−Volmer plot (Figure S5, Supporting Information),
indicate their good BSA binding propensity, with complex 1
exhibiting significantly higher quenching ability (Table 5).
From the Scatchard plots (Figure S6, Supporting Information),
the K and n values of each compound for BSA have been
calculated (Table 5), with 1 exhibiting the highest association
binding constant and n value to BSA among the compounds.
Comparing the affinity of the complexes for BSA and HSA

(K values), it is obvious that the free ligand dapdoH2 and
complex [PtCl(dapdoH)] (2) show higher affinity for HSA
than BSA while [PdCl(dapdoH)] (1) shows higher affinity for
BSA than HSA. The binding constant (K) between a
compound and serum albumins should be less than one of
the highest protein−ligands binding affinity (Kavidin‑ligands ≈1015
M−1) observed in order to get released from the albumins to
the target cells.56a In the case of a K with a higher value than
Kavidin‑ligands ≈ 1015 M−1, the compound cannot be released upon
arrival to the target cells. It is obvious that K values for
dapdoH2 and complexes 1 and 2, lying in the range from 3.13 ×
104 to 4.57 × 105 M−1 (Table 5), are quite below this value,
suggesting potential release from the albumins at the target
cells. Therefore, interaction of compounds with albumins may
provide useful information concerning any potential applica-
tion.56b

Study of the DNA Interaction with UV Spectroscopy.
UV spectra have been recorded for a constant CT DNA
concentration in different [compound]/[DNA] mixing ratios
(r). UV spectra of a solution of CT DNA in the presence of 2
derived for diverse r values are shown representatively in Figure
5A, since the behavior of CT DNA in the presence of dapdoH2
and 1 is similar. Their addition to a DNA solution results in a
decrease of the intensity at λmax = 258 nm, indicating that the

interaction with CT DNA results in direct formation of a new
complex with double-helical CT DNA.46a

In the UV spectra of the compounds, the intense absorption
bands observed are attributed to the intraligand transition of
the characteristic groups of the coordinated ligand. Any
interaction between each compound and CT DNA could
perturb the intraligand-centered spectral transitions as observed
in the UV spectra of a 1 × 10−5 M solution of the compounds
upon addition of CT DNA in diverse r values.57 In the UV
spectra of dapdoH2, the band centered at 293 nm exhibits, in
the presence of increasing amounts of CT DNA, a significant
hyperchromism (Figure 5B) which may suggest tight binding to
CT DNA probably by external interaction.58 Similarly, in the
UV spectra of 2, the bands centered at 297 and 335 nm, in the
presence of increasing amounts of CT DNA, do not shift,
exhibiting a lower hyperchromism. For 1, the band centered at
300 nm exhibits, in the presence of increasing amounts of CT
DNA, a hyperchromism accompanied by a red shift of 7 nm
(up to 307 nm) while the band at 338 nm presents a
hyperchromism without any change of the position (Figure
5C).
The results derived from the UV titration experiments

suggest that the compounds can bind to CT DNA.59 The
hyperchromism observed may be a first evidence of possible
external binding to CT DNA, while the existence of a red shift
for 1 may suggest stabilization upon binding to DNA; in such
case, intercalation due to π → π* stacking interactions between
the base pairs of CT DNA may not be ruled out.60

Nevertheless, the exact mode of binding cannot be merely
proposed by UV spectroscopic titration studies. The binding
constant of the compounds to CT DNA (Kb) is obtained by the
ratio of the slope to the y intercept in plots ([DNA])/(εA − εf)
versus [DNA]48 according to eq 5

ε ε ε ε ε ε−
=

−
+

−K
[DNA]

( )
[DNA]

( )
1

( )A f b f b b f (5)

where [DNA] is the concentration of DNA in base pairs, εA =
Aobsd/[compound], εf is the extinction coefficient for the free
compound, and εb is the extinction coefficient for the
compound in the fully bound form. The calculated Kb values
for the compounds (Table 6) suggest a strong binding to CT

DNA.23,30,60c It is obvious from Table 6 that coordination of
the dapdoH2 to Pd(II) and Pt(II) in complex 1 or 2,
respectively, results in a slight or a more pronounced decrease
of the Kb value, respectively, since free dapdoH2 exhibits the
highest Kb value (=1.83(±0.23) × 105 M−1) among the
compounds, which is (as well as the Kb value of complex 2) of
the same magnitude to that of the classical intercalator EB (Kb
= 1.23(±0.07) × 105 M−1).60,61

Cyclic Voltammetry and DNA-Binding Study. Cyclic
voltammograms of the complexes in DMSO solution show that
they are redox active. Their electrochemical behavior and the
corresponding potentials of each process are in accordance with
similar Pt(II) and Pd(II) complexes previously reported. More

Table 6. DNA Binding Constants (Kb) of the Compounds
and Stern−Volmer Constants (KSV) for EB Displacement

compound Kb (M
−1) KSV (M−1)

dapdoH2 1.83(±0.23) × 105 1.20(±0.05) × 106

[PdCl(dapdoH)], 1 4.58(±0.06) × 104 4.95(±0.23) × 105

[PtCl(dapdoH)], 2 1.13(±0.08) × 105 3.64(±0.13) × 106
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specifically, for [PtCl(dapdoH)] (2), all observed waves can be
characterized as irreversible (Figure S7, Supporting Informa-
tion). Two one-electron cathodic waves appear at −975 (Epc1)
and −1140 mV (Epc2), which can be assigned to the process
[Pt(II)] → [Pt(I)] and formation of [Pt(0)], respectively. On
the reverse scan, two anodic waves at −440 (of low current,
Epa1) and +1400 mV (Epa2) can be attributed to oxidation to
[Pt(II)] and [Pt(IV)], respectively, followed by the presence of
an intense cathodic wave at −590 mV (Epc3, reduction of
[Pt(IV)] to [Pt(II)]) upon second scan.62

In the case of [PdCl(dapdoH)] (1), the observed waves may
be characterized as quasireversible or irreversible. Cyclic
voltammograms of 1 exhibit two cathodic waves at −700
(Epc1) and −1200 mV (Epc2) which can be assigned to the
process [Pd(II)] → [Pd(I)] and formation of [Pd(0)],
respectively. On the reverse scan, the anodic waves at −490
(of low current, Epa1), +750 (Epa2), and +1335 mV (Epa3) may
be attributed to metal-based oxidation to Pd(II), Pd(III), and
Pd(IV), respectively, and are followed in the second scan by
reduction to Pd(II) species at −590 mV (Figure S8, Supporting
Information).42b,c,63

Electrochemical investigations of metal−DNA interactions
can provide a supplement to spectroscopic methods and yield
useful information about interactions with both the reduced
and the oxidized form of the metal. In general, the
electrochemical potential of a small molecule will shift
positively when it intercalates into DNA double helix, and it
will shift to a negative direction in the case of electrostatic
interaction with DNA. Upon addition of a CT DNA to a
complex solution, new redox peaks did not appear and the
current intensity decreased, suggesting the existence of an
interaction between each complex and CT DNA. The decrease
in current intensity can be explained in terms of an equilibrium
mixture of free and DNA-bound complex to the electrode
surface.64

For increasing amounts of CT DNA (Figures S9 and S10,
Supporting Information), both the cathodic (Epc) and the
anodic (Epa) potentials of 1 exhibit a positive shift (ΔEp)
(Table 7), suggesting an intercalative mode of binding between

the complexes and CT DNA bases.30,65 In the case of 2, the
positive shift of ΔEpa may suggest intercalation as a binding
mode to CT DNA, while the negative shift of ΔEpc may reveal
the coexistence of a binding of the complex to the surface of
CT DNA.
DNA-Binding Study with Viscosity Measurements.

The viscosity of DNA is sensitive to its length changes;
therefore, its measurement upon addition of a compound is
often concerned to clarify the interaction mode of a compound
with DNA. Viscosity measurements were carried out on CT
DNA solutions upon addition of increasing amounts of the
compounds. The DNA relative viscosity is increased upon

addition of free dapdoH2 or its complexes 1 and 2 (Figure 6),
which can be explained by insertion of the compounds in

between the DNA base pairs, leading to an increase in the
separation of base pairs at intercalation sites and, thus, an
increase in overall DNA length. Therefore, the existence of
intercalation of the complexes into the DNA bases may be
concluded as the most possible interaction mode to CT
DNA.30,43,50b,c

Competitive Studies with Ethidium Bromide. The
compounds show no fluorescence at room temperature in
solution or in the presence of CT DNA, and their binding to
DNA cannot be directly predicted through the emission
spectra. On the other hand, free EB does not exhibit significant
emission in buffer solution due to fluorescence quenching by
the solvent molecules, while the fluorescence intensity is highly
enhanced upon addition of CT DNA, due to its strong
intercalation with DNA base pairs. Therefore, competitive EB
binding studies may be carried out in order to examine the
binding of each compound with DNA. Emission spectra of EB
bound to CT DNA in the absence and presence of each
complex have been recorded for [EB] = 20 μM, [DNA] = 26
μM for increasing amounts of each compound. Addition of
each compound at diverse r values results in significant
quenching (∼79% for dapdoH2, 83.5% for [PtCl(dapdoH)]
(2), and 86% for [PdCl(dapdoH)] (1)) of the emission band
(Figure 7) of the DNA−EB system at 592 nm, indicating the

Table 7. Cathodic and Anodic Potentials (in mV) for the
Redox Couple M(II)/M(I) in 1/2 DMSO/Buffer Solution of
the Complexes in the Absence and Presence of CT DNA

complex Epc(f)
a Epc(b)

b ΔEpcc Epa(f)
a Epa(b)

b ΔEpac

[PdCl(dapdoH)], 1 −691 −686 +5 −556 −548 +8
[PtCl(dapdoH)], 2 −730 −820 −90 −572 −435 +137
aEpc/a in DMSO/buffer solution in the absence of CT DNA (Epc/a(f)).
bEpc/a in DMSO/buffer solution in the presence of CT DNA (Epc/a(b)).
cΔEpc/a = Epc/a(b) − Epc/a(f).

Figure 6. Relative viscosity of CT DNA (η/ηo)
1/3 in buffer solution

(150 mM NaCl and 15 mM trisodium citrate at pH 7.0) in the
presence of the compounds at increasing amounts (r).

Figure 7. Plot of EB relative fluorescence intensity at λem = 592 nm
(%) vs r (r = [Compound]/[DNA]) for the compounds in buffer
solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0).
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strong ability of the compounds to displace EB from the
DNA−EB complex. Thus, interaction of the complexes to CT
DNA by the intercalative mode may be suggested.
In order to evaluate the quenching efficiency for each

compound, the Stern−Volmer constant KSV is calculated by the
slope of the diagram Io/I vs [Q] according to eq 6

= +
I
I

K1 [Q]o
SV (6)

where Io and I are the emission intensities in the absence and
presence of the quencher, respectively, and [Q] is the
concentration of the quencher. The Stern−Volmer plots of
DNA−EB (Figure S11, Supporting Information) illustrate that
the quenching of EB bound to DNA by the compounds is in
good agreement (R = 0.99) with the linear Stern−Volmer
equation, proving that replacement of EB bound to DNA by
each compound results in a decrease in the fluorescence
intensity.66 The high KSV (Table 6) values of the compounds
show that they can bind tightly to the DNA probably by
intercalation.60,65

■ CONCLUSIONS AND PERSPECTIVES

The present work extends the body of results that emphasize
the ability of the pyridyl dioximate-based ligands to form
interesting metal complexes, not only with 3d-metal ions
exhibiting high nuclearities and impressive magnetic properties
but also with 4d- and 5d-metal ions, providing access to a new
biological perspective. The reported mononuclear compounds
[PdCl(dapdoH)] (1) and [PtCl(dapdoH)] (2) are the first
structurally characterized palladium(II) and platinum(II)
complexes bearing any kind of pyridyl dioxime ligands. Detailed
spectroscopic and physicochemical characterization of both
compounds with a plethora of techniques revealed their
integrity in DMSO solutions. UV study of the interaction of
the free ligand dapdoH2 and its complexes 1 and 2 with CT
DNA has shown that the compounds can bind to CT DNA.
Cyclic voltammograms of the complexes in the presence of CT
DNA solution as well as viscosity measurements have shown
that the interaction of the complexes with CT DNA is mainly
through intercalation. Competitive studies with EB indicate that
the complexes have the ability to displace the DNA-bound EB,
suggesting competition with EB. Finally, both dapdoH2 and its
metal complexes 1 and 2 exhibit good binding affinity to human
or bovine serum albumin proteins, having relatively high
binding constant values.
As far as future perspectives are concerned, we are currently

targeting selective replacement of the terminal Cl− ion in both
1 and 2, through abstraction with a Ag+ salt, with a neutral,
monodentate N-donor ligand, such as pyridine, in order to
isolate cationic mononuclear species with probably better
solubilities and different biological properties, i.e., a different
kind of binding to DNA. The cytotoxic and antibacterial
activities, such as those against LMS and MCF-7 cells, flow
cytometry analysis, as well as photophysical properties of both
complexes 1 and 2 are also in progress, and the results will be
reported in an upcoming full paper.
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Gouveâ, C. M. C. P. Genetics and Molecular Biology 2012, 35, 159.
(22) Glynn, C. W.; Turnbull, M. M. Trans. Met. Chem. 2002, 27, 822.
(23) Dimiza, F.; Papadopoulos, A. N.; Tangoulis, V.; Psycharis, V.;
Raptopoulou, C. P.; Kessissoglou, D. P.; Psomas, G. Dalton Trans.
2010, 39, 4517.
(24) Bruker AXS Inc.: Madison, WI, 2003.
(25) Crystal Clear, Rigaku/MSC Inc, The Woodlands, Texas, USA,
2005.
(26) (a) Sheldrick, G. M. SHELXS-97, Structure Solving Program,
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(27) Mercury; Bruno, I. J.; Cole, J. C.; Edgington, P. R.; Kessler, M.
K.; Macrae, C. F.; McCabe, P.; Pearson, J.; Taylor, R. Acta Crystallogr.,
Sect. B 2002, 58, 389.
(28) Bradenburg, K. DIAMOND, Release 3.1f, Crystal Impact GbR;
Bonn, Germany, 2008.
(29) Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3rd ed.,
Springer, New York, 2006.
(30) Dimiza, F.; Fountoulaki, S.; Papadopoulos, A. N.; Kontogiorgis,
C. A.; Tangoulis, V.; Raptopoulou, C. P.; Psycharis, V.; Terzis, A.;
Kessissoglou, D. P.; Psomas, G. Dalton Trans. 2011, 40, 8555.
(31) For representative reviews, see: (a) Brechin, E. K. Chem.
Commun. 2005, 5141. (b) Winpenny, R. E. P. J. Chem. Soc., Dalton
Trans. 2002, 1. (c) Bagai, R.; Christou, G. Chem. Soc. Rev. 2009, 38,
1011. (d) Tasiopoulos, A. J.; Perlepes, S. P. Dalton Trans. 2008, 5537.
(e) Stamatatos, Th. C.; Christou, G. Inorg. Chem. 2009, 48, 3308.
(f) Christou, G. Polyhedron 2005, 24, 2065. (g) Stamatatos, Th. C.;
Efthymiou, C. G.; Stoumpos, C. C.; Perlepes, S. P. Eur. J. Inorg. Chem.
2009, 3361.
(32) Hanania, G. I. H.; Irvine, D. H.; Schurauh, F. J. Chem. Soc. 1965,
1149.
(33) (a) Milios, C. J.; Stamatatos, Th. C.; Kyritsis, P.; Terzis, A.;
Raptopoulou, C. P.; Vicente, R.; Escuer, A.; Perlepes, S. P. Eur. J. Inorg.
Chem. 2004, 2885. (b) Nordquest, K. W.; Phelps, D. W.; Little, W. F.;
Hodgson, D. J. J. Am. Chem. Soc. 1976, 98, 1104.
(34) (a) Papatriantafyllopoulou, C.; Efthymiou, C. G.; Raptopoulou,
C. P.; Terzis, A.; Manessi-Zoupa, E.; Perlepes, S. P. Spectrochim. Acta,
Part A 2008, 70, 718. (b) Papatriantafyllopoulou, C.; Stamatatos, Th.

C.; Wernsdorfer, W.; Teat, S. J.; Tasiopoulos, A. J.; Escuer, A.;
Perlepes, S. P. Inorg. Chem. 2010, 49, 10486.
(35) (a) Chaudhuri, P.; Winter, M.; Flörke, U.; Houpt, H.- J. Inorg.
Chim. Acta 1995, 232, 125. (b) Papatriantafyllopoulou, C.;
Raptopoulou, C. P.; Terzis, A.; Manessi-Zoupa, E.; Perlepes, S. P. Z.
Naturforsch. 2006, 61b, 37. (c) Stamatatos, Th. C.; Escuer, A.; Abboud,
K. A.; Raptopoulou, C. P.; Perlepes, S. P.; Christou, G. Inorg. Chem.
2008, 47, 11825.
(36) (a) Perlepes, S. P.; Garoufis, A.; Sletten, G.; Bakalbassis, E. G.;
Plakatouras, G.; Katsarou, E.; Hadjiliadis, N. Inorg. Chim. Acta 1997,
261, 93. (b) Pratihar, J.; Maiti, N.; Pattanayak, P.; Chattopadhyay, S.
Polyhedron 2005, 24, 1953.
(37) (a) Newkome, G. R.; Fronczek, F. R.; Gupta, V. K.; Puckett, W.
E.; Pantaleo, D. C.; Kiefer, G. E. J. Am. Chem. Soc. 1982, 104, 1782.
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