
S
[
d

M
D

a

A
R
R
A

K
P
B
E

1

i
d
a
a
i
i
a
p
d
o
s
h

s
c
p
e
o
r
a
a

1
d

Spectrochimica Acta Part A 79 (2011) 1226– 1233

Contents lists available at ScienceDirect

Spectrochimica  Acta  Part  A:  Molecular  and
Biomolecular  Spectroscopy

jou rn al hom epa ge: www.elsev ier .com/ locate /saa

peciation  studies  on  the  complex  formation  reactions  of
Pd(N,N-diethyl-ethylendiamine)(H2O)2]2+ with  some  bio-relevant  ligands  and
isplacement  reaction  by  mercaptoethylamine

ohamed  R.  Shehata,  Mohamed  M.  Shoukry ∗, Afaf  A.  Osman,  Abeer  T.  AbedelKarim
epartment of Chemistry, Faculty of Science, University of Cairo, Cairo, Egypt

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 18 January 2011
eceived in revised form 23 March 2011
ccepted 15 April 2011

a  b  s  t  r  a  c  t

Pd(deen)Cl2 and  Pd(deen)(CBDCA)  complexes,  where  deen  =  N,N-diethylethylenediamine  and
CBDCA  =  1,1-cyclobutanedicarboxylate,  were  synthesized  and  characterized  by elemental  analysis
and  spectroscopic  techniques.  The  stoichiometry  and  stability  of  the  complexes  formed  between  various
eywords:
alladium diammine complexes
ioligands
quilibrium constants

biologically  relevant  ligands  (amino  acids,  peptides,  DNA  constituents  and  dicarboxylic  acids)  and
[Pd(deen)(H2O)2]2+ were  investigated  at 25 ◦C and  0.1  M ionic  strength.  The  speciation  diagrams  of the
complexes  formed  in  solutions  are  evaluated.  The  mode  of  coordination  of  glycylglycine  is  investigated
by  spectrophotometric  measurements.  The  equilibrium  constants  for the  displacement  of  coordinated
ligands  as  inosine,  glycine  or methionine  by  mercaptoethylamine  are  calculated.  The  results  are  expected
to  contribute  to the  chemistry  of  antitumour  agents.
. Introduction

Since the discovery of the antitumor properties of plat-
num compounds by Rosenberg et al. [1],  cis-platin [cis-
iamminedichloroplatinum(II)] is proved to be one of the most
ctive anti-tumour drug. However, it has a narrow spectrum of
ctivity, and its clinical use is limited by undesirable side effects,
ncluding nephrotoxicity, ototoxicity, neurotoxicity, nausea, vom-
ting and myelosuppression [2,3]. In the search for new platinum
nticancer drugs, great efforts are devoted to the design of com-
lexes which are more efficient and less toxic than the reference
rugs already in clinical use. For this purpose, the rational design
f complexes and the study of relevant structure–activity relation-
hips have been extended to families of new compounds having
igh structural diversity.

Pd(II) and Pt(II)–amine complexes have the same general
tructures and thermodynamic properties. However, the former
omplexes are five orders of magnitude more reactive than their
latinum counterparts. Therefore, Pd(II) complexes are good mod-
ls for the analogous Pt(II) complexes in solution. Recent work in
ur laboratories focused on the equilibria of complex-formation

eactions of cis-(diamine)PdCl2 [4–12]. In this study, a chelated lig-
nd, N,N-diethylethylenediamine was used. It has two  ethyl groups
ttached to one nitrogen atom of ethylenediamine. The two  ethyl
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groups will create steric hinderence with the incoming ligand as
DNA. This will slow down the reactivity of the complexes to the
same level as for its platinum–amine analogues. The equilibrium
studies are conducted at 25 ◦C and ionic strength 0.10 M (NaNO3).
To model competition reactions between sulphur donor nucle-
ophiles and DNA constituents with the palladium complexes, we
used mercaptoethylamine, a ligand which has a strong affinity for
Pd(II) and Pt(II) complexes to study. These ligands will compete
with the DNA for the reaction with any antitumour agent. There-
fore, it is of biological significance to calculate the equilibrium
constants for the displacement reaction of model ligands as inosine,
glycine or methionine by mercaptoethylamine. These equilibrium
constants may  give a measure of the effectiveness of the antitumour
agent.

2. Experimental

2.1. Materials

K2PdCl4, N,N-diethylethylendiamine and cyclobutanedicar-
boxylic acid were obtained from Aldrich. The amino acids
and related compounds (glycine, alanine, �-alanine, �-amino
butyric acid, �-phenylalanine, valine, proline, hydroxyproline,
iso-leucine, ethanolamine·HCl, serine, histidine, histamine dihy-

drochloride, ornithine, lysine, mercaptoethylamine, methionine,
S-methylcysteine, and methylamine·HCl) were provided by
Sigma Chemical Co. The peptides used (glycinamide, gly-
cylglycine, glycylalanine, glycylleucine, asparagine and glu-

dx.doi.org/10.1016/j.saa.2011.04.047
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
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amine) and the diprotic acid used (cyclobutane dicarboxylic
cid, malonic acid, oxalic acid, succinic acid, maleic acid,
umaric acid and adipic acid) were all provided by BDH-
iochemicals Ltd., Poole, England. The DNA constituents (ino-
ine, inosine 5′-monophosphate, adenine, adenosine, adenosine-
′-monophosphate, cytosine, cytidine, thymine, thymidine-5′-
onophosphate, cytidine-5′-monophosphate, uracil, uridine and

ridine-5′-monophosphate) were provided by Sigma Chemical Co.
or equilibrium studies, [Pd(deen)Cl2] was converted into the
iaqua complex by treating it with two equivalents of AgNO3 as
escribed before [12]. The ligands in the form of hydrochlorides
ere converted into the corresponding hydronitrates. Cytosine

nd the nucleotides were prepared in the protonated form with
tandard HNO3 solution. All solutions were prepared in deionized
ater.

.2. Synthesis

Pd(deen)Cl2 was prepared by dissolving K2PdCl4 (2.82 mmol)
n 10 ml  water with stirring. The clear solution of [PdCl4]2− was
ltered and N,N-diethylethylenediamine (2.82 mmol), dissolved in
0 ml  H2O was added drop wise to the stirred solution. The pH was
djusted to 2–3 by the addition of HCl and/or NaOH. A yellowish-
rown precipitate of Pd(deen)Cl2 was formed and stirred for a
urther 30 min  at 50 ◦C. After filtering off the precipitate, it was
horoughly washed with H2O, ethanol and diethyl ether. A yellow
owder was obtained. Anal. Calcd. for C6H16N2PdCl2: C, 24.6; H,
.5; N, 9.5. Found: C, 24.5; H, 5.5; N, 9.4.

Pd(deen)(CBDCA) was synthesised by stirring of Pd(deen)Cl2
omplex (0.36 g, 1.0 mmol) with AgNO3 (0.34 g, 1.98 mmol) in 10 ml
2O overnight in the dark. After filtering off the white precipitate

AgCl), a solution of H2CBDCA (0.14 g, 1.0 mmol) dissolved in 20 ml
2O was added to the yellow filtrate. The pH value was  adjusted to
.0 with NaOH and the solution mixture was stirred for 2 h at 60 ◦C.
fter storing at 4 ◦C for 5 days, pale yellow crystals were obtained,

solated and washed with H2O, ethanol and finally with diethyl
ther. 0.21 g (yield 55.1%) of pale yellow crystals were obtained,
nal. Calcd. For C12H22N2O4Pd: Calcd. C, 39.52; H, 6.08; N, 7.68.
ound: C, 39.4; H, 6.2; N, 7.6.

.3. Characterization of complexes and potentiometric analysis

Potentiometric titrations were performed with a Metrohm 686
itroprocessor equipped with a 665 Dosimat. The titroprocessor and
lectrode were calibrated with standard buffer solutions, prepared
ccording to NBS specification [13]. All titrations were carried out
t 25.0 ± 0.1 ◦C in purified nitrogen atmosphere using a titration
essel described previously [14]. Elemental analysis were done by
HNS Automatic Analyzer, Vario ElIII-Elementar. IR spectra were
easured on a 8001-PC FT-IR Shimadzu spectrophotometer using

Br pellets.1H NMR  spectra were recorded on a Varian XL-200 MHz
n DMSO-d6.

The acid dissociation constants of the ligands were determined
y titrating 1 mmol  samples of each with standard NaOH solution.
igands were converted into their protonated form with standard
NO3 solutions. The acid dissociation constants of the coordinated
ater molecules in [Pd(deen)(H2O)2]2+ were determined by titrat-

ng 1 mmol  of complex with standard 0.05 M NaOH solution. The
ormation constants of the complexes were determined by titrating
olution mixtures of [Pd(deen)(H2O)2]2+ (1 mmol) and the ligand
n the concentration ratio of 1:1 for amino acids, peptides and
icarboxylic acids and in the ratio of 1:2 (Pd:ligand) for the DNA

onstituents. The titrated solution mixtures each had a volume of
0 ml  and the titrations were carried out at 25 ◦C and 0.1 M ionic
trength (adjusted with NaNO3). A standard 0.05 M NaOH solu-
ion was used as titrant. The pH meter readings were converted
Wavenumbers (Cm-1 )

Fig. 1. Infrared spectrum of [Pd(deen)Cl2] (-) and [Pd(deen)cbdca] (. . .)  complexes.

to hydrogen ion concentration by titrating a standard HNO3 solu-
tion (0.01 M),  the ionic strength of which was  adjusted to 0.1 M with
NaNO3, with standard NaOH (0.05 M)  at 25 ◦C. The pH was plotted
against p[H]. The relationship pH − p[H] = 0.05 was observed.

The species formed were characterized by the general equilib-
rium

pM + qL + rH � (M)p(L)q(H)r

for which the formation constants are given by

ˇpqr =
[
(Mp(L)q(H)r

]

[M]p[L]q[H]r

where M,  L and H stand for [Pd(deen)(H2O)2]2+ ion, ligand and
proton, respectively. The calculations were performed using the
computer program MINIQUAD-75 [15]. The stoichiometry and sta-
bility constants of the complexes formed were determined by
trying various possible composition models for the systems stud-
ied. The model selected was  that which gave the best statistical
fit and was  chemically consistent with the magnitudes of various
residuals, as described elsewhere [15]. Tables 1–6 list the stability
constants together with their standard deviations and the sum of
the squares of the residuals derived from the MINIQUAD output.
The concentration distribution diagrams were obtained with the
program SPECIES [16] under the experimental condition used.

2.4. Spectrophotometric measurements

Spectrophotometric measurements of Pd(deen)-glycylgycine
complex were performed by recording the UV–visible spectra of
solutions (A–C), where (A) = 1 mM of Pd(deen)(H2O)2

2+; (B) = 1 mM
of Pd(deen)(H2O)2

2+ + 1 mM of glycylglycine + 1 mM of NaOH and
(C) = 1 mM of Pd(deen)(H2O)2

2+ + 1 mM of glycylglycine + 2 mM  of
NaOH. Under these prevailing experimental conditions and after
neutralization of the hydrogen ions released, associated with com-
plex formation, it is supposed that the complexes have been
completely formed. In each mixture the volume was  brought to
10 ml  by addition of deionized water and ionic strength is kept
constant at 0.1 M NaNO3.

3. Results and discussion

3.1. Characterization of the solid complexes
The IR spectra of the Pd(deen)Cl2 and Pd(deen)(CBDCA) com-
plexes, given in Fig. 1, exhibit bands in the region 3050–3250 cm−1,
attributed to stretching vibrations of NH2 group. The complexes
exhibit bands for (NH2) bending at 1466 and 1570 cm−1 and bands
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Table  1
Formation constants for complexes of [Pd(deen)(H2O)2]2+ with amino acids at 25 ◦C
and  0.1 M ionic strength.

System M L Ha log ˇb Pd(deen)

Pd(deen)–OH 1 0 −1 −5.46(0.02)
1 0 −2 −15.16(0.03)
2  0 −2 −7.80(0.01)

Glycine 0  1 1 9.61(0.02)
0  1 2 12.02(0.03)
1 1 0 10.53(0.02)

Alanine 0 1 1 9.71(0.01)
0 1 2 12.17(0.02)
1  1 0 10.56(0.01)

�-Alanine 0  1 1 10.11(0.02)
0  1 2 13.75(0.03)
1  1 0 9.75(0.03)
1 1 1 14.63(0.04)

�-Aminobutyric
acid

0  1 1 9.97(0.01)
0 1 2 13.60(0.02)
1  1 0 7.99(0.04)
1 1 1 13.74(0.03)

�-Phenylalanine 0  1 1 9.12(0.01)
0  1 2 11.01(0.03)
1  1 0 10.26(0.01)

Valine 0  1 1 9.51(0.01)
0  1 2 11.82(0.02)
1  1 0 10.49(0.01)

Proline 0  1 1 10.49(0.01)
0  1 2 12.35(0.05)
1 1 0 11.00(0.01)

Iso-leucine 0 1 1 9.76(0.01)
0  1 2 12.22(0.02)
1  1 0 10.83(0.01)

Methylamine 0  1 1 10.43(0.01)
1  1 0 6.64(0.01)
1  2 0 12.75(0.02)

Ethanolamine 0  1 1 9.42(0.01)
1  1 0 7.21(0.02)
1  1 −1 1.61(0.02)
1 2 0 13.42(0.05)

Serine 0  1 1 9.14(0.01)
0  1 2 11.40(0.02)
1  1 0 10.25(0.02)
1 1 −1 1.29(0.03)

Histidine 0  1 1 9.15(0.01)
0  1 2 15.30(0.02)
0  1 3 17.81(0.06)
1  1 0 12.82(0.03)

Histamine 0  1 1 9.59(0.01)
0  1 2 15.65(0.02)
1  1 0 11.03(0.08)

Ornithine 0  1 1 10.58(0.02)
0 1 2 19.43(0.02)
1  1 0 11.42(0.03)
1  1 1 20.37(0.01)

Lysine 0  1 1 10.44(0.02)
0  1 2 19.66(0.03)
1  1 0 10.55(0.02)
1  1 1 20.73(0.03)

Mercaptoethylamine 0  1 1 10.61(0.01)
0  1 2 19.45(0.01)
1  1 0 12.59(0.03)
1  1 1 19.91(0.04)

S-
methylcysteine

0  1 1 8.65(0.02)
1  1 0 9.81(0.04)

Methionine 0  1 1 9.12(0.02)

Table 1 (Continued)

System M L Ha log ˇb Pd(deen)

0 1 2 11.39(0.03)
1 1 0 9.56(0.04)

a M,  L and H are the stoichiometric coefficients corresponding to Pd(deen), amino
+
acid, and H respectively.

b log  ̌ of Pd(deen)-amino acids. Standard deviations are given in parentheses;
sum of square of residuals are less than 5 × 10−7.

for the stretching vibration corresponding to Pd–N at 424 and
436 cm−1 for the previous complexes respectively. The stretching
vibration corresponding to Pd–O at 459 cm−1 for Pd(deen)(CBDCA)
complex. The stretching vibrations of C O and C–O appears at
1704 and 1288 cm−1 for carboxylic group in free cyclobutanedicar-
boxylic acid. Upon coordination, the C O band is shifted to lower
frequency, 1635 cm−1, while the C–O band was shifted to higher
frequency, 1386 cm−1. This indicates the participation of carboxy-
late group of CBDCA in complex formation.

The 1H NMR  spectrum of Pd(deen)(CBDCA) complex was
recorded. The H(�)  and H(�)  protons of cyclobutane group in the
free H2CBDCA appear at 2.38 and 1.85 ppm, respectively, corre-
sponding well to literature values for related systems [17]. Due
to coordination to Pd(II), the H(�)  signal is shifted downfield by
∼0.45 ppm in comparison to the free ligand. On the other hand, the
H(�) signal is not significantly affected (downfield by ∼0.1 ppm).
This may  be explained in the premise that H(�)  is considerably far
from the centre of coordination.

3.2. Acid–base equilibria of the ligands

The acid dissociation constants of the ligands were determined

in a solution of constant ionic strength of 0.1 M (NaNO3) at 25 ◦C.
The results obtained are in good agreement with the literature data
[18].

Table 2
Formation constants for complexes of [Pd(deen)(H2O)2]2+ with peptides at 25 ◦C and
0.1  M ionic strength.

Ligand M L Ha log ˇbPd(deen) pKa
d

Glycinamide 0 1 1 7.88(0.02)
1 1 0 7.86(0.04)
1 1 −1 3.53(0.02) 4.33

Glycylglycine 0  1 1 7.94(0.01)
0 1 2 11.01(0.01)
1 1 0 7.91(0.02)
1 1 −1 2.65(0.04) 5.26

Glycylalanine 0  1 1 8.04(0.02)
1 1 0 7.66(0.01)
1 1 −1 −0.78(0.08) 8.44

Glycylleucine 0  1 1 8.09(0.01)
1 1 0 7.59(0.03)
1 1  −1 −1.51(0.07) 9.10

Aspargine 0  1 1 8.56(0.01)
0 1 2 10.79(0.03)
1 1 0 9.55(0.01)
1 1 −1 −1.01(0.06) 10.56

Glutamine 0  1 1 9.50(0.01)
0 1 2 13.61(0.02)
0 1 3 15.88(0.04)
1 1 0 9.51(0.02)
1 1 −1 −1.23(0.09) 10.74

a M,  L and H are the stoichiometric coefficients corresponding to Pd(DEEN), pep-
tide, and H+ respectively.

b log  ̌ of Pd(deen)- peptide. Standard deviations are given in parentheses; sum
of  square of residuals are less than 5 × 10−7.

d The pKa of the peptide NH.
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Table  3
Formation constants for complexes of [Pd(deen)(H2O)2]2+ with DNA units at 25 ◦C
and 0.1 M ionic strength.

Ligand M L Ha log ˇb Pd(deen) pKa
d

Inosine 0 1 1 8.80(0.03)
1 1 0 6.33(0.03)
1 2 0 10.29(0.05)
1 1 1 10.80(0.08) 4.47

Inosine-5′-mono
phosphate

0 1 1 9.02(0.02)
0 1 2 15.24(0.03)
1 1 0 8.29(0.01)
1 2 0 11.93(0.02)
1 1 1 14.45(0.03) 6.16
1  1 2 18.87(0.04) 4.42

Adenine 0  1 1 9.65(0.03)
0 1 2 13.90(0.04)
1 1 0 9.27(0.05)
1 2 0 13.95(0.05)
1 1 1 13.89(0.06) 4.62
1  2 1 22.90(0.06) 8.95
1 2 2 28.92(0.10) 6.02

Adenosine 0  1 1 3.60(0.01)
1 1 0 3.48(0.02)
1 2 0 5.80(0.07)

Adenosine-5′-
mono
phosphate

0 1 1 7.04(0.03)
0 1 2 11.37(0.05)
1 1 0 4.65(0.04)
1 2 0 8.71(0.02)
1 1 1 10.50(0.02) 5.85

Cytosine 0  1 1 4.65(0.02)
1 1 0 5.82(0.04)
1 2 0 8.72(0.09)

Cytidine 0 1 1 4.23(0.03)
1 1 0 5.15(0.03)
1 2 0 8.75(0.03)

Cytidine-5′-mono
phosphate

0 1 1 6.32(0.02)
0 1 2 10.82(0.03)
1 1 0 5.83(0.01)
1 2 0 8.29(0.05)
1 1 1 11.77(0.02) 5.94

Uracil 0  1 1 9.18(0.01)
1 1 0 8.26(0.02)
1 2 0 13.54(0.03)

Thymine 0 1 1 9.65(0.01)
1 1 0 8.44(0.01)
1 2 0 13.81(0.02)

Thymidine-5′-
mono
phosphate

0 1 1 9.77(0.01)
0 1 2 16.03(0.02)
1 1 0 8.24(0.04)
1 2 0 12.82(0.04)
1 1 1 13.89(0.06) 5.65

Uridine 0  1 1 9.01(0.01)
1 1 0 8.70(0.03)
1 2 0 13.37(0.05)

Uridine-5′-mono
phosphate

0 1 1 9.53(0.01)
0 1 2 15.62(0.02)
1 1 0 9.43(0.04)
1 2 0 13.60(0.04)
1 1 1 15.38(0.07) 5.95

a M,  L and H are the stoichiometric coefficients corresponding to Pd(deen), DNA
units, and H+ respectively.

o

3

a
r

Table 4
Formation constants for complexes of [Pd(deen)(H2O)2]2+ with dibasic acids at 25 ◦C
and  0.1 M ionic strength.

Ligand M L Ha log ˇbPd(deen) pKa
d

Cyclobutane-1,1-dicarboxylic acid 0 1 1 5.57(0.01)
0 1 2 8.57(0.01)
1  1 0 6.95(0.02)
1  1 1 9.41(0.04) 2.46

Malonic acid 0 1 1 5.25(0.02)
0 1 2 7.85(0.03)
1 1 0 5.88(0.05)
1 1 1 9.69(0.08) 3.81

Oxalic acid 0 1 1 3.96(0.02)
0  1 2 5.67(0.03)
1  1 0 6.82(0.08)
1 1 1 10.24(0.03) 3.42

Succinic acid 0 1 1 5.54(0.02)
0 1 2 9.57(0.03)
1  1 0 4.83(0.01)
1 1 1 8.94(0.02) 4.11

Adipic acid 0 1 1 5.45(0.03)
0  1 2 9.64(0.04)
1  1 0 4.66(0.02)
1  1 1 8.78(0.04) 4.12

Maleic acid 0 1 1 5.89(0.03)
0 1 2 7.76(0.03)
1  1 0 6.34(0.03)
1  1 1 10.5(0.02) 4.16

Fumaric acid 0 1 1 4.47(0.03)
0  1 2 6.93(0.04)
1 1 0 4.03(0.04)
1  1 1 7.46(0.05) 3.43

a M,  L and H are the stoichiometric coefficients corresponding to Pd(deen), dibasic
acids, and H+ respectively.

b log  ̌ of Pd(deen)- dibasic acids., Standard deviations are given in parentheses;
sum of square of residuals are less than 5e−7.

d The pKa of the protonated species (log ˇ111 − log ˇ110).

Table 5
Hydrolysis constants of [Pd(deen)(H2O)2]2+ at different concentrations of chlorides
at  25 ◦C and 0.3 M ionic strength.

[Cl−] mol/l M L Ha log ˇb Pd(deen) pKa
c Kd

d

0.3 1 0 −1 −9.10(0.01) 9.10
1  0 −2 −19.64(0.01) 10.54
2  0 −2 −15.11(0.02) 3.09

0.25 1  0 −1 −9.06(0.01) 9.06
1  0 −2 −19.52(0.01) 10.46
2  0 −2 −15.02(0.02) 3.10

0.2 1  0 −1 −8.86(0.01) 8.86
1  0 −2 −19.19(0.01) 10.33
2  0 −2 −14.64(0.02) 3.08

0.15 1  0 −1 −8.67(0.01) 8.67
1  0 −2 −18.92(0.01) 10.25
2  0 −2 −14.25(0.02) 3.09

0.1 1  0 −1 −8.38(0.01) 8.38
1 0 −2 −18.59(0.01) 10.21
2  0 −2 −13.68(0.02) 3.08

0.05 1  0 −1 −7.83(0.01) 7.83
1  0 −2 −17.90(0.01) 10.07
2  0 −2 −12.58(0.02) 3.08

0.0 1 0  −1 −5.77(0.05) 5.77
1  0 −2 −15.51(0.01) 9.74
2  0 −2 −8.36(0.07) 3.18

a M,  L and H are the stoichiometric coefficients corresponding to Pd(deen), ligand,
and  H+ respectively

b

b log  ̌ of Pd(deen)- DNA units. Standard deviations are given in parentheses; sum
f  square of residuals are less than 5 × 10−7.
d The pKa of the protonated species (log ˇ111 − log ˇ110).

.3. Hydrolysis of [Pd(deen)(H2O)2]2+
The [Pd(deen)(H2O)2]2+ ion may  undergo hydrolysis. Its
cid–base chemistry was characterized by fitting the potentiomet-
ic data to various acid–base models. The best-fit model was found

log  ̌ of Pd(deen). Standard deviations are given in parentheses; sum of square
of residuals are less than 5 × 10−7

c pKa1 and pKa2 of coordinated water molecules in [Pd(deen)(H2O)2]2+

d Kd is the dimerization constant (log ˇ20-2 − 2log ˇ10-1).
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Table  6
Formation constants for complexes of [Pd(deen)(H2O)2]2+ with cbdca at different
concentrations of chlorides at 25 ◦C and 0.3 M ionic strength.

[Cl−] mol/l M L Ha log ˇb Pd(deen) pKa
c

0.3 1 1 0 2.85(0.03)
1 1 1 7.98(0.07) 5.13

0.25 1  1 0 3.26(0.02)
1  1 1 8.12(0.06) 4.86

0.2 1  1 0 3.53(0.02)
1 1 1 8.04(0.04) 4.51

0.15 1 1  0 3.93(0.01)
1 1 1 8.16(0.02) 4.23

0.1 1  1 0 4.37(0.01)
1  1 1 8.30(0.03) 3.93

0.05 1  1 0 4.85(0.02)
1 1 1 8.37(0.03) 3.52

0.0 1  1 0 7.78(0.02)
1  1 1 9.60(0.06) 1.82

a M, L and H are the stoichiometric coefficients corresponding to Pd(deen), cbdca,
a
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c pKa of the protonated species (111) = log ˇ111 − log ˇ110.

o be consistent with the formation of three species: 10-1, 10-2
nd 20-2, as given in reactions (1)–(3).  Trials were made to fit the
otentiometric data assuming the formation of the monohydroxo-
ridged dimer, 20-1, but this resulted in a very poor fit to the data.
he dimeric species 20-2 was detected by Nagy et al. [19] for a
imilar system.

Pd(deen)(H2O)2]2+
100

pKa1� [Pd(deen)(H2O)(OH)]
10−1

+ H+ (1)

Pd(deen)(H2O)(OH)]+
pKa2�

10−1
[Pd(deen)(OH)2] + H+

10−2
(2)

[Pd(deen)(H2O)(OH)]+
10-1

log Kdimer� [Pd(deen)(OH)2Pd(deen)]2+
20-2

(3)

The pKa1 and pKa2 values for [Pd(deen)(H2O)2]2+ are 5.46 and
.70, respectively, The equilibrium constant for the dimerization
eaction (3) can be calculated by Eq. (4) and amounts to 3.12.

og Kdimer = log ˇ20−2 − 2 log ˇ10−1 (4)

The distribution diagrams for [Pd(deen)(H2O)2]2+ and its
ydrolyzed species reveal that, the concentration of the monohy-
roxo species 10-1, and the dimeric species 20-2 increase with

ncreasing pH, predominate in the pH range 5.5–8.5, and reach a
elative amount of 45 and 52%, respectively. A further increase in
H is accompanied by an increase in the dihydroxo species (10-2),
hich is the main species above pH∼11.0. This reveals that in the
hysiological pH range, i.e. at pH 6–7, the monohydroxo complex
10-1) predominates and can interact with the DNA subunits. At
igher pH the inert dihydroxo complex will be the major species,
nd consequently the ability of DNA to bind the Pd(amine) complex
ill decrease significantly.

.4. Complex formation equilibria involving amino acids

Analysis of the titration data for the Pd(deen)-amino acid system
howed the formation of 1:1 species. Ornithine and lysine form in
ddition to 1:1 complexes, the monoprotonated complexes. The
Ka of the protonated complex was calculated from Eq. (5).
Ka = log ˇ111 − log ˇ110 (5)

The pKa values of the protonated species are 8.95 for ornithine
nd 10.18 for lysine. The stability constant of the histidine,
rnithine, and lysine complexes are higher than those of simple
Fig. 2. Distribution diagrams of various species of [Pd(deen)(H2O)]2+-serine as a
function of pH (at concentration of 1.25 mmol/l for [Pd(deen)(H2O)]2+and serine).

amino acids. This indicates that these amino acids coordinate via
the two nitrogen centres, i.e. imidazole and amino groups in the
case of histidine, and by two  amino groups in the case of ornithine
and lysine. This is in line with the strong affinity of Pd(II) for
nitrogen donor centres. Serine has an extra binding centre on the
�-alcoholate group. The potentiometric data is much better fitted
assuming the formation of the complex species 110 and 11-1. This
reveals that the �-alcoholate group participates in complex for-
mation through induced ionization of the alcoholic group forming
the species 11-1. The pKH value of the �-alcoholate incorporated in
the Pd(II) complex (log ˇ110 − log ˇ11-1) is 8.96. Also, ethanolamine
forms the complex species 110, 120 and 11-1, and the log ˇ110 value
for ethanolamine is smaller than those for amino acids. This may
be due to the coordination of ethanolamine at low pH through the
amino group, while in the case of serine the coordination is through
amino and carboxylate groups. At higher pH, the hydroxyl group
undergoes induced ionization and participates in complex forma-
tion forming the species 11-1. The pKH value of the coordinated
alcohol group in ethanolamine (5.60) is smaller than that of ser-
ine. This is consistent with the reaction scheme, where the alcohol
group of ethanolamine is coordinated to the PdII ion, where the
alcohol group of serine is competing with the carboxylate group in
binding to the Pd(deen)2+ ion. Due to the donation of the electron
pair on the oxygen to the metal centre, the OH bond is considerably
weakened and thus the ionization of the proton occurs at a lower
pH.

The distribution diagram for the serine complex is given in Fig. 2.
The complex species with coefficients 110 reaches the maximum
degree of formation (∼98%) in the pH range 4.5–7.0, i.e. in the phys-
iological pH range. However, the species 11-1 predominates after
pH 9.0 and attains the maximum concentration of ∼95% at pH∼10.

3.5. Peptide complexes

The potentiometric data for the peptide complexes were fit-
ted on the basis of formation of the complexes with stoichiometric
coefficients 110 and 11-1 according to the following equilibria:

[Pd(deen)(H2O)2]2+
100

+ L− K
�[Pd(deen)L]+

110
+ 2H2O

[Pd(deen)L]+
110

KH

�[Pd(deen)LH−1]
11-1

+ H+
The 110 complex is formed via coordination of the amine and
carbonyl groups. On increasing the pH, the amide groups undergo
deprotonation and the complex [Pd(deen)LH−1] (11-1) is formed.
The pKH values of the mide groups incorporated in the Pd(II)
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omplexes (log ˇ110 − log ˇ11-1) are in the range 4.33–10.74. It is
oteworthy that the pKH for glycinamide complex is lower than
he pKHs of other peptides. This signifies that the more bulky sub-
tituent group on the peptide may  serve to hinder the structural
hange in going from the protonated to the deprotonated com-
lexes. The pKH of the glutamine complex is markedly higher than
hose for other peptide complexes. This is ascribed to the formation
f a seven-membered chelate ring, which would probably be more
trained and therefore less favoured.

The relative magnitude of the pKH values of the Pd(II) complexes
ith peptides has interesting biological implications. Under normal
hysiological conditions (pH 6–7) the peptide would coordinate
o [Pd(deen)(H2O)2]2+ in entirely different fashions. Glutaminate
ould exist solely in the protonated form, whereas the other
eptides would be present entirely in the deprotonated form. In
ddition, the slight difference in the side chain of the peptides pro-
uces dramatic differences in their behaviour toward the palladium
pecies.

The speciation diagram of glycylglycine complex is given in
ig. 3. The Pd(deen)(L)+ (species 110) starts to form at pH 2.0 and
n increasing pH, its concentration is increasing as well reaching a
elative amount of 68% at pH 4.15. Further increase of pH is accom-
anied by a decrease in Pd(deen)(L)+ concentration and an increase

f Pd(deen)(LH-1) complex formation.

Spectral bands of Pd(deen)(H2O)2
2+ and its glycylglycine

omplex are quite different in the position of the maximum
avelength and molar absorptivity, Fig. 4. The spectrum

0

20

40

60

80

100

12111098765432
pH

%
 P

d(
de

ep
)2+

(10-1)

(100)

(110)
(11-1)

(10-2)

ig. 3. Distribution diagrams of various species of [Pd(deen)(H2O)]2+- glycylglycine
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ylglycine).
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ig. 4. The electronic spectra of (a) 1 mM of [Pd(deen)(H2O)]2+, (b) 1 mM of
Pd(deen)(H2O)]2+, 1 mM of glycylglycine (HL) and 1 mM of NaOH, (c) 1 mM of
Pd(deen)(H2O)]2+, 1 mM of glycylglycine (HL) and 2 mM of NaOH.
ta Part A 79 (2011) 1226– 1233 1231

of Pd(deen)(H2O)2
2+complex shows an absorption maxi-

mum  at 355 nm.  On the other hand the spectrum obtained
for Pd(deen)(glycylglycinate)+ (110 species), (mixture B),
exhibits a band at 305 nm.  The spectrum obtained for
Pd(deen)(glycylglycinateH−1) complex (11-1 species) (mix-
ture C) exhibits a band at 280 nm.  The progressive shift toward
shorter wavelength in the absorption spectrum may  be taken as
evidence, supporting the potentiometric measurements for the
induced ionization of amide upon complex formation.

3.6. Dicarboxylic acid complexes

In the Pd(deen)–dicarboxylic acid system, the results showed
the presence of the 1:1 species and its protonated form. The results
in Table 4 show that the adipic acid complex is the least stable
as the complex involves the formation of the least stable eight-
membered chelate ring. The pKa values of the protonated species
for [Pd(deen)HL]+ is in the range (2.46–4.16). These values are lower
than those for the HL− ion, Table 4. The lowering of the pKa is due to
acidification of the second carboxylic acid group upon coordination
of Pd(II) to one carboxylate group.

From the concentration distribution diagram of the CBDCA com-
plex as a representative example, it is interesting to note that the
mono-protonated species attains a relative amount of 43% at pH 2.7.
This form has one coordination site available for binding to DNA.
This species was  documented to be the active form in the case of
carboplatin [20].

3.7. Complexes of DNA constituents

DNA constituents such as adenosine, cytosine, cytidine, uracil,
uridine and thymine, form 1:1 and 1:2 complexes with the
Pd(deen)2+ ion. However, inosine, adenine and nucleotides such
as inosine-5′-monophosphate, adenosine-5′-monophosphate,
thymidine-5′-monophosphate, cytidine-5′-monophosphate and
uridine-5′-monophosphate form the monoprotonated complex, in
addition to the formation of 1:1 and 1:2 complexes. The pKa value
of the protonated inosine complex is 4.47. This value corresponds
to N1H. The lowering of this value with respect to that of free
inosine (pKa = 8.80) is due to acidification upon complex formation.
Inosine-5′-monophosphate form mono- and diprotonated com-
plexes. The pKa values of the protonated species of the IMP  complex
(112) are 4.42 (log ˇ112 − log ˇ111) and 6.16 (log ˇ111 − log ˇ110).
The former pKa value corresponds to N1H group and the second
pKa value to the –PO2(OH) group. The N1H group was acidified
upon complex formation by 4.60 pKa units. Acidification of the
N1H group upon complex formation is consistent with previous
reports for IMP  complex [21,22]. The phosphate group was  not
acidified significantly upon complex formation since it is far away
from the coordination centre. IMP  complex is more stable than
that of inosine. This may  be explained on the basis of different
coulombic forces operated between the ions resulting from the
negatively charged phosphate group. Hydrogen bonding between
phosphate group and exocyclic amine is also thought to contribute
to the increased stability. Such a hydrogen bonding was reported
previously for similar system [23,24].

The pyrimidines uracil, uridine-5′-monophosphate and
thymine, have basic nitrogen donor atoms (N3) in the measurable
pH range and as a consequence they form 1:1 and 1:2 complexes
with Pd(deen)2+ species. As a result of the high pKa values of

pyrimidines (pKa > 9) and complex-formation predominates above
pH 8.5. Both cytosine and cytidine-5′-monophosphate undergo N3
protonation under mild acidic conditions. The values obtained for
their protonation constants are 4.65 and 6.32, respectively. The
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ower values of the stability constants of their complexes, Table 3,
eflect the difference in the basicity of the donor site.

.8. Effect of chloride ion concentration

Antitumour Pt(II)-amine complexes are usually administrated
s cis-dichloro-complexes. This form persists in human blood
lasma with its high 0.16 M Cl− ion content [25]. The net zero charge
n the complex fasters its passage through cell walls. Within many
ells the Cl− ion concentration is much lower, only 4 mM.  Under this
ow chloride ion concentration, the reactivity of the Pt(II)-amine
omplex increases. Therefore a realistic extrapolation of the present
tudy to biologically relevant conditions will require investigating
he effect of [Cl−] on the stability constant of the complexes.

.9. Effect of chloride ion concentration on the equilibrium
onstants of [Pd(deen)(H2O)2]2+

Chloride ion competes with OH− for reaction with
Pd(deen)(H2O)2]2+ complex, so the pKa values of the first
nd second coordinated water molecules increase with increasing
hloride ion concentration and the results are included in Table 5.
his means that the hydrolysis is suppressed by increasing of
hloride ion concentration. The data of the effect of chloride ion
oncentration on the stability of [Pd(deen)(CBDCA)] complex
as given in Table 6. The stability constant of the 1:1 complex

n Pd(deen)-CBDCA system tends to decrease with increasing of
Cl−]. This is accounted for on the basis that the concentration of
he active species, the mono- and diaqua- complexes, decrease
n increasing [Cl−], and this in turn will affect the stability of the
omplexes.

The pKa of the protonated species 111 increases with increase
f [Cl−]. This may  be explained on the premise that the chloride ion
oordinated to Pd(II) ion stabilizes the uncoordinated carboxylic
roup proton through hydrogen bonding. This will lead to increase
he pKa value of the uncoordinated carboxylic group.

.10. Displacement reaction of coordinated inosine

It was shown above that N-donor ligands such as DNA con-
tituents have affinity for [Pd(deen)(H2O)2]2+, which may  have
mportant biological implications since the interaction with DNA
s thought to be responsible for the anti-tumour activity of related
omplexes. However, the preference of Pd(II) to coordinate to S-
onor ligands was previously documented [26,27].  These results
uggest that Pd(II)-N adducts can easily be converted into Pd-S
dducts. Consequently, the equilibrium constant for such conver-
ion is of biological significance. Consider inosine as a typical DNA
onstituent (presented by HA) and mercaptoethylamine as a typical
hiol ligand (presented by H2B). The equilibria involved in complex-
ormation and displacement reactions are:

A � H+ + A−

2B � 2H+ + B2−

Pd(deen)]2+
(100)

+ A− � [Pd(deen)A]+
(110)

(6a)

110
[Pd(deen)A]+ = [Pd(deen)A+]

[Pd(deen)2+][A−]
(6b)

2+ 2−
Pd(deen)]
100

+ B � [Pd(deen)B]
110

(7a)

110
[Pd(deen)B] = [Pd(deen)B]

[Pd(deen)2+][B2−]
(7b)

[

[
[

ta Part A 79 (2011) 1226– 1233

[Pd(deen)(A)]+ + B2−Keq� [Pd(deen)(B)] + A− (8)

The equilibrium constant for the displacement reaction given in
Eq. (8) is given by

Keq = [Pd(deen)(B)][A−]

[Pd(deen)(A)+][B2−]
(9)

Substitution from Eqs. (6b) and (7b) in Eq. (9) results in:

Keq = ˇ110
[Pd(deen)B]

ˇ110
[Pd(deen)A]+

(10)

log ˇ110 values for [Pd(deen)(A)]+ and [Pd(deen)B] complexes
taken from Table 2 amount to 7.38 and 12.59, respectively, and
by substitution in Eq. (10) results in log Keq = 5.21. In the same
way  the equilibrium constants for the displacement of coordi-
nated inosine by glycine and methionine are log Keq = 2.95 and
1.94, respectively. These values clearly indicate how sulfhydryl lig-
ands such as mercaptoethylamine and by analogy glutathione are
effective in displacing the DNA constituent, i.e., the main target
in tumour chemotherapy. Chelated cyclobutanedicarboxylate may
undergo displacement reaction with inosine. log Keq for such a reac-
tion was  calculated as described above and amounts to 1.27. The
low value of the equilibrium constant for the displacement reaction
of coordinated cyclobutanedicarboxylate by inosine is of biologi-
cal significance since it is in line with the finding that carboplatin
interacts with DNA through ring opening of chelated CBDCA and
not through displacement of CBDCA [20]. Further investigation on
the displacement of chelated dicarboxylate by other bio-relevant
ligands will be undertaken in the future.

4. Conclusion

In combination of stability constant [Pd(deen)(H2O)2]2+ com-
plexes with amino acids, peptides, dicarboxylic acids and DNA
constituents, it would be possible to calculate the equilibrium
distribution of Pd(II) species in biological fluids, where all types
of ligands are present. The competition between mercaptoethy-
lamine and DNA (Inosine) for reaction with Pd(II) complex was
investigated. The equilibrium constant for displacement of DNA by
mercaptoethylamine measures the deactivation of the Pt/Pd based-
drug by the sulphur containing biomolecules.

References

[1] B. Lippert (Ed.), Chemistry and Biochemistry of Leading Anticancer Drugs,
Wiley–VCH, Weinheim, Germany, 1999.

[2] H. Krakoff, in: M.  Nicolini (Ed.), Platinum and Other Metal Coordination Com-
pounds in Cancer Chemotherapy: Clinical Applications of Platinum Complexes.,
Martinus Nijhoff Publishers, Boston, 1988, p. 351.

[3] E. Wong, C.M. Giandomenico, Chem. Rev. 99 (1999) 2451.
[4]  M.R. Shehata, M.M. Shoukry, R. Van Eldik, Eur. J. Inorg. Chem. (2009) 3912.
[5]  T. Soldatovic, M.M.  Shoukry, R. Puchta, Z.D. Bugarcic, R. Van Eldik (2009) 2261.
[6]  M.R. Shehata, M.M. Shoukry, F.M. Nasr, R. Van Eldik, Dalton Trans. (2008) 779.
[7] M.M.  Shoukry, R. Van Eldik, J. Chem. Soc., Dalton Trans. (1996) 2673.
[8] M.M.A. Mohamed, M.M.  Shoukry, Polyhedron 20 (2001) 343.
[9] A.A. El-Sherif, M.M. Shoukry, R. Van Eldik, J. Chem. Soc., Dalton Trans. (2003)

1425.
10] T. Rau, M.M.  Shoukry, R. Van Eldik, Inorg. Chem. 36 (1997) 1454.
11] M.R. Shehata, Transit. Met. Chem. 26 (2001) 198.
12] Z.D. Bugarcic, M.M.  Shoukry, R. Van Eldik, J. Chem. Soc., Dalton Trans. (2002)

3945.
13] R.G. Bates, Determination of pH: Theory and Practice, 2nd ed., Wiley Inter-

science, New York, 1975.
14] M.M.  Shoukry, W.M. Hosny, M.M.  Khalil, Transit. Met. Chem. 20 (1995) 252.
15] P. Gans, A. Sabarini, A. Vacca, Inorg. Chim. Acta 18 (1976) 237.
16] L. Pettit, Personal Communication, University of Leeds, 1993.
17] A. Shoukry, T. Rau, M.M.  Shoukry, R. Van Eldik, J. Chem. Soc., Dalton Trans.
(1998) 3105.
18] K. Burger, K. Burger (Eds.), Biocoordination Chemistry: Coordination Equilibria

in  Biological Active Systems, Ellis Horwood Ltd., England, 1990.
19] Z. Nagy, I. Sovago, J. Chem. Soc., Dalton Trans. (2001) 2467.
20] U. Frey, J.D. Ranford, P.J. Sadler, Inorg. Chem. 32 (1993) 1333.



ica Ac

[
[
[
[

M.R. Shehata et al. / Spectrochim
21]  H. Sigel, S.S. Massoud, N.A. Corfu, J. Am. Chem. Soc. 116 (1994) 959.
22] B.P. Operschall, E.M. Bianchi, R. Griesser, H. Sigel, J. Coord. Chem. 62 (2009) 23.
23] D. Kiser, F.P. Intini, Y. Xu, G. Natile, L.G. Marzilli, Inorg. Chem. 33 (1994) 4149.
24] S.O. Ano, F.P. Intini, G. Natile, L.G. Marzilli, J. Am.  Chem. Soc. 119 (1977) 8570.

[

[
[

ta Part A 79 (2011) 1226– 1233 1233
25] M.A. Jakupec, M.  Galanski, V.B. Arion, C.G. Hartinger, B.K. Keppler, Dalton Trans.
(2008) 183.

26] T. Rau, R. Alsfasser, A. Zahl, R. Van Eldik, Inorg. Chem. 37 (1998) 4223.
27] K. Lemma, S.K.C. Elmroth, L.I. Elding, J. Chem. Soc., Dalton Trans. (2002) 1281.


	Speciation studies on the complex formation reactions of [Pd(N,N-diethyl-ethylendiamine)(H2O)2]2+ with some bio-relevant l...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis
	2.3 Characterization of complexes and potentiometric analysis
	2.4 Spectrophotometric measurements

	3 Results and discussion
	3.1 Characterization of the solid complexes
	3.2 Acid–base equilibria of the ligands
	3.3 Hydrolysis of [Pd(deen)(H2O)2]2+
	3.4 Complex formation equilibria involving amino acids
	3.5 Peptide complexes
	3.6 Dicarboxylic acid complexes
	3.7 Complexes of DNA constituents
	3.8 Effect of chloride ion concentration
	3.9 Effect of chloride ion concentration on the equilibrium constants of [Pd(deen)(H2O)2]2+
	3.10 Displacement reaction of coordinated inosine

	4 Conclusion
	References


