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Pd(AEMP)Cl2 complex, where AEMP¼ 2-(2-aminoethyl)-1-
methylpyrrolidine was synthesized and characterized. The coordi-
nation of [Pd(AEMP)(H2O)2]2þ with ligands of biosignificance as
DNA constituents, peptides and amino acids having different
functional groups was investigated. The present study described
the formation equilibria of binary and binuclear Pd(AEMP)(H2O)22þ

complexes with some selected DNA constituents, peptides and
amino acids. 4,4’-bipipridinewas used as a linker. Amino acids form
1:1 complexes. The stability constant is depending on the type of
functional groups. Peptides form 1:1 complexes followed by
induced ionization of the amide group. The potentiometric data of
the binuclear complexes revealed the formation of [H2O(AEMP)Pd-
Bip-Pd(AEMP)H2O]4þ complex. The reaction of the latter complex
with DNA constituents showed the formation of the 1:1 and 1:2
complexes by substitution of the two coordinated water molecules.
The stability constant of the binuclear thymine complex formed
with [H2O(CH3)2NCH2CH2NH2)Pd-Bip-Pd((CH3)2NCH2CH2NH2)
H2O]4þ is in good agreement with that of the binuclear inosine
complex formed with [(H2O)(AEMP)Pd(Bip)Pd(AEMP)(H2O)]4þ.The
formation constant of all possible bi- and mononuclear complexes
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were determined and their concentration distribution diagrams are
evaluated. The optimization of the amino acids and peptides and
their Pd(II) complexes geometries were investigated by the DFT/
B3LYP method with the Gaussian 09 program.
1. Introduction

It is reported that platinum(II) complexes as cisplatin, carbplatin
and oxaliplatin have been used for the treatment of different types
of cancer. Negative side effects such as vomiting, nephrotoxicity,
resistance, neurotoxicity ototoxicity and cardiotoxicity encouraged
chemists to design new platinum complexes with enhanced anti-
tumor activity [1e4]. The third generation of antitumor complexes
are binuclear Pt(II) complexes [5,6], where two platinum centres
are linked through a flexible bridge such as aliphatic chain [7] or
azole molecules having a rigid bridge [8]. Some of these binuclear
complexes are now under clinical tests. The reason for increasing
the antitumor activity in binuclear complexes is the ability to bind
with DNA better than cisplatin and related complexes [9]. Such
results lead to a completely different antitumor activity. Previous
studies showed that the dinuclear Pt(II) complexes using azole as a
linker have better antitumor activity in vitro in cisplatin-resistance
cell lines, as well as in several antitumor cell lines [10,11]. The high
activity of this class of complexes is described based on the struc-
tural feature, the azole-bridged complexes possess a leaving
hydroxo group, an appropriate Pt—Pt distance and some flexibility
to provide the 1,2-interstrand cross-links with a minimal distortion
of the DNA.

Palladium(II) and platinum(II) complexes are having the same
general structure and thermodynamic behaviour. However, Pd(II)
complexes are five order of magnitude more labile than their Pt(II)
analogues. Therefore, the Pd(II) complexes are taken as good
models for their Pt(II) complexes. Investigation of these complexes
in solution phase is feasible due to their lability. Current research in
our laboratories is focused on the speciation of the bi- and mono-
nuclear complexes in biological fluids [12e18]. In our previous
publication [16], Pd(AEMP)Cl2 was characterized by single-crystal
X-ray diffraction and the reactions of Pd(AEMP)(H2O)2 with
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dicarboxylic acids, and DNA constituents were investigated. In the
present project the binuclear complexes of Pd(AEMP)2þand 4,40-
bipiperidine linking two Pd(AEMP)2þ species was investigated. The
interaction of the DNA constituents with the binuclear complex is
studied. The pyrrolidine ring of AEMP may enhance the interaction
with DNA through hydrophobic interaction between the sugar
group of DNA and pyrrolidine ring of AEMP. Similar effect was re-
ported for the reaction between DNA and carboplatin [19]. Also, the
study of interaction of Pd(AEMP)2þwith ligands commonly existing
in biological media as peptides and amino acids is supporting this
investigation.
2. Experimental

2.1. Materials

Pd(AEMP)Cl2 was synthesized as described previously [16]. 4,40-
bipiperidine.2HCl (Bip) was provided from Aldrich. The DNA con-
stituents (inosine, inosine-50-monophosphate (IMP), uracil,
thymine, thymidine) were obtained from Sigma Chemical Co. The
amino acids (glycine, alanine, b-alanine, valine, proline, isoleucine,
b-phenylalanine, serine, threonine, histidine, histamine, lysine,
ornithine, S-methylcysteine, methionine, glutamic acid) are ob-
tained Aldrich Chem. Co. The peptides investigated and related
compounds (glycinamide, glycylglycine, asparagine, glutamine and
ethanolamine) are from Sigma Chem. Co. For equilibrium studies,
[Pd(AEMP)Cl2] was converted into the diaqua-form,
[Pd(AEMP)(H2O)2]2þ as reported previously. The hydrochloride li-
gands were changed to the corresponding hydronitrates. Ligands,
in the protonated form, were prepared by dissolving in standard
HNO3 solution. Deionized water was used to prepare all solutions.

2.2. Potentiometric measurements

Potentiometric measurements were obtained with a Metrohm
686 titroprocessor connected with a 665 Dosimat. The calibration
of the titroprocessor and electrode were done with standard buffer
solutions. The buffer solutions of NBS specification [20] were pre-
pared. All titrations were performed at 25.0 ± 0.1 �C in a purified
nitrogen atmosphere using a titration cell described previously
[21].

The acid dissociation constants of the ligands (DNA constituents,
peptides and amino acids) were determined by titrating 0.05mmol
samples of each with NaOH solutions. The acid dissociation con-
stants of the water molecules coordinated to [Pd(AEMP)(H2O)2]2þ

were estimated by titrating 0.05mmol of complex with NaOH so-
lution. The formation constants of the amino acids and peptide
complexes were determined by titrating solution mixtures of
[Pd(AEMP)(H2O)2]2þ (0.05mmol) and the ligand in the concen-
tration ratio of 1:1 (Pd:ligand). The formation constants of the
binuclear complexes of 4,40-bipiperidine were determined by
titrating solution mixture of 0.05mmol of [Pd(AEMP)(H2O)2]2þ and
Bip in concentration ratio of 2:1 (Pd:Bip). The formation constants
of the binuclear complexes involving DNA were determined by
titrating solution mixtures of 0.05mmol of [Pd(AEMP)(H2O)2]2þ,
Bip and DNA constituent in concentration ratio of 2:1:2 (Pd: Bip:
DNA constituent). The initial volume of solution mixture is 40ml
and the titrations were carried out in solution of 0.1M ionic
strength (adjusted with NaNO3) and at 25 �C. A standard 0.05M
NaOH solution was used as titrant. The hydrogen ion concentration
was calculated from the pH meter readings by titrating a standard
HNO3 solution (0.01M), the ionic strength of which was adjusted to
0.1M with NaNO3, with 0.05M NaOH solution at 25 �C. The pH
values were plotted against p[H] values. The relationship pH - p
[H]¼ 0.05 was obtained.

The species of the general formula (M)p(L)q(H)r is characterized
by the following equilibrium:

pMþ qL þ rH#ðMÞpðLÞqðHÞr
The formation constants are given by

bpqr ¼
h
ðMÞpðLÞqðHÞr

i

½M�p½L�q½H�r

where M stands for [Pd(AEMP)(H2O)2]2þ ion. L stands for amino
acid, peptide, DNA constituent or Bip and H stands for proton. In
case of binuclear complex involving DNA constituent, M, L and H
stand for [(Pd(AEMP))2(Bip)(H2O)2]4þ, DNA constituent and proton;
respectively. The calculations were done using MINIQUAD-75
computer program [22]. Various possible composition models for
the systems studied were tested to assign the stoichiometry and
stability constants of the complexes formed. The model selected
gives the best statistical fit and chemically consistent with the
magnitudes of various residuals, as described elsewhere [22].
Tables ((1), (4), (9) and (10) list the stability constants with the
values of standard deviations and the sum of the squares of the
residuals. The program SPECIES [23] was used to get the concen-
tration distribution diagrams under the experimental condition.

2.3. Spectrophotometric measurements

Spectrophotometric measurements of Pd(AEMP)- glycine com-
plex were done by recording the electronic absorption spectra of
solution mixtures (A-C), where (A) 1� 10�3M of
[Pd(AEMP)(H2O)2]2þ; (B) 1� 10�3M of [Pd(AEMP)(H2O)2]2þ

þ 1 � 10�3M of glycine (HL±)þ 1 � 10�3M of NaOH and (C)
1� 10�3M of glycine (HL).

Spectrophotometric measurements of Pd(AEMP)-glycinamide
complex were investigated by recording the electronic spectra of
the solution mixtures (A-D), where (A) 1� 10�3M of
[Pd(AEMP)(H2O)2]2þ; (B) 1� 10�3M of [Pd(AEMP)(H2O)2]2þ

þ 1 � 10�3M of glycinamide (HLþ); (C) 1� 10�3M of
[Pd(AEMP)(H2O)2]2þþ1�10�3Mof glycinamide (HLþ)þ1�10�3M
of NaOH; (D) 1� 10�3M of [Pd(AEMP)(H2O)2]2þ þ 1 � 10�3M of
glycinamide (HLþ) þ 2 � 10�3M of NaOH and (E) 1� 10�3M of
glycinamide (HLþ).

Spectrophotometric measurements of Pd(AEMP)-4,40-bipiper-
idine complex,wereperformedby recording theUVeVisible spectra
of solutions (A-D), where (A) 2� 10�4M of Pd(AEMP)(H2O)22þ; (B)
2� 10�4Mof Pd(AEMP)(H2O)22þþ1� 10�4Mof Bipþ 2� 10�4Mof
NaOH, (C) 2� 10�4M of Pd(AEMP)(H2O)22þ þ 1 � 10�4 M of
Bip þ 4 � 10�4M of NaOH and (D) 1� 10�4M of Bip. The spectral
measurements of the binuclear complex of uracil, taken as example
for DNA,were performed by recording the spectra of solutions (E-H)
(E) 2� 10�4M of [Pd(AEMP)(H2O)2]2þ, 1� 10�4M of Bip and
2� 10�4M of NaOH; (F) 2� 10�4M of [Pd(AEMP)(H2O)2]2þ,
1� 10�4M of Bip, 1� 10�4M of uracil and 3� 10�4M of NaOH; (G)
2� 10�4M of [Pd(AEMP)(H2O)2]2þ, 1� 10�4M of Bip, 2� 10�4M of
uracil and 4� 10�4M of NaOH; and (H) 2� 10�4M of uracil.

In the previous mixtures the volumewas raised to 10ml and the
ionic strength was kept 0.1M by NaNO3. Under these experimental
conditions and after neutralization of the hydrogen ions released



Table 1
Formation constants for complexes of [Pd(AEMP)(H2O)2]2þ with amino acids at
25 �C and 0.1M ionic strength.

System M L Ha Logbb pKa
c

Pd(AEMP)-OH 1 0 -1
1 0 -2

�5.04(0.008)
�15.82(0.01)

5.04
10.78

Glycine 0 1 1
0 1 2
1 1 0

9.61(0.02)
12.02(0.03)
9.43(0.01)

9.61
2.41

Alanine 0 1 1
0 1 2
1 1 0

9.71(0.01)
12.17(0.02)
9.74(0.01)

9.71
2.46

b-Alanine 0 1 1
0 1 2
1 1 0
1 1 1

10.11(0.02)
13.75(0.03)
9.10(0.01)
14.04(0.04)

10.11
3.64
4.94

Valine 0 1 1
0 1 2
1 1 0

9.51(0.01)
11.82(0.02)
9.20(0.02)

9.51
2.31

Proline 0 1 1
0 1 2
1 1 0

10.52(0.01)
12.35(0.05)
10.17(0.01)

10.52
1.83

Isoleucine 0 1 1
0 1 2
1 1 0

9.76(0.02)
11.89(0.03)
9.44(0.03)

9.76
2.13

b-Phenylalanine 0 1 1
0 1 2
1 1 0

9.12(0.01)
11.01(0.03)
8.71(0.02)

9.12
1.89

Ethanolamine 0 1 1
1 1 0
1 2 0
1 1-1

9.45(0.02)
7.93(0.02)
15.64(0.02)
1.12(0.03)

9.45
6.81

Serine 0 1 1
0 1 2
1 1 0
1 1-1

9.14(0.01)
11.40(0.02)
8.95(0.01)
�0.65 (0.02)

9.14
2.26
9.60

Threonine 0 1 1
0 1 2
1 1 0
1 1-1

9.06(0.01)
11.03(0.02)
8.64 (0.01)
�0.74 (0.02)

9.06
1.97
9.38

Histidine 0 1 1
0 1 2
0 1 3
1 1 0
1 1 1

9.15(0.01)
15.30(0.02)
17.00(0.06)
9.86(0.08)
16.07 (0.06)

9.15
6.15
1.70
6.21

Histamine 0 1 1
0 1 2
1 1 0
1 1 1

9.69(0.01)
15.75(0.02)
9.75(0.08)
15.35 (0.06)

9.69
6.06
5.6

Lysine 0 1 1
0 1 2
0 1 3
1 1 0
1 1 1

10.56(0.02)
19.75(0.03)
21.48(0.03)
9.57 (0.10)
20.11(0.04)

10.56
9.19
1.73
10.54

Ornithine 0 1 1
0 1 2
0 1 3
1 1 0
1 1 1

10.58(0.02)
19.43(0.02)
21.39(0.03)
10.47(0.03)
19.26(0.02)

10.58
8.58
1.96
8.79

S-Methylcysteine 0 1 1
0 1 2
1 1 0

8.65(0.02)
10.61(0.02)
9.34(0.03)

8.65
1.96

Methionine 0 1 1
0 1 2
1 1 0

9.12(0.02)
11.39(0.03)
9.25(0.04)

9.12
2.27

Glutamic acid 0 1 1
0 1 2
0 1 3
1 1 0
1 1 1

9.54(0.02)
13.65(0.03)
15.83(0.05)
10.76 (0.02)
14.87(0.02)

9.54
4.11
2.18
4.11

a M, L and H are the stoichiometric coefficients corresponding to Pd(AEMP),
amino acid, and Hþ, respectively; the coefficient �1, refers to a proton loss.

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

c the pKa of the ligands, the protonated species or the aquo complexes.
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from the complex formation, it is considered that the complexes
have been completely formed.

2.4. Theoretical DFT calculations

Density functional theory was applied to calculate the opti-
mized geometries using the Gaussian09 program [24]. The molec-
ular geometry was investigated by the DFT/B3LYP method.
Geometry optimization was performed using B3LYP/LANL2DZ as a
basis set to derive the optimized structure for ligands and the
complex.

3. Results and discussion

3.1. Acid-base equilibria of the ligands

The acid dissociation constants of the ligands were determined
in a 0.1M ionic strength (NaNO3) at 25 �C. The results obtained are
in good agreement with the literature data [25].

3.2. Hydrolysis of [Pd(AEMP)(H2O)2]
2þ

The hydrolysis of [Pd(AEMP)(H2O)2]2þ ion was investigated
previously [16]. The hydrolysis constant values were used as non-
refinable parameters in the calculation of the bi- and mono-
nuclear Pd(II) complexes.

3.3. Amino acid complexes

Analysis of potentiometric data for Pd(AEMP)- amino acid sys-
tem indicated the formation of 1:1 (Pd(AEMP): amino acid) com-
plexes. The stability constant values of the amino acids complexes
are lower than those of Pd(picolylamine)-amino acid system. This is
explained based on the picolylamine pyridine group is acting as a
p-acceptor [17], on the other hand the pyrrolidine group of AEMP is
acting as s-donor. The results are discussed and summarized in the
following:

i) The stability constant of amino acids complexes having two
nitrogen donor atoms as histidine, lysine and ornithine are
higher than those of simple amino acids having amino and
carboxylate groups and those having amino and sulphur
donor group as methionine. This is explained based on the
high affinity of Pd(II) ion to nitrogen donor ligands [26].

ii) The stability constant of glutamic acid complex is higher than
those of simple amino acids. This is explained on the
assumption that glutamic acid is coordinated as binegatively
charged ion.

iii) Serine and threonine are amino acid having extra binding
centre, OH group. It is reported that the OH group can
participate in the complex formation [27,28]. Their complex
titration curve is lower the other amino acids curves in the
region followed by the formation of the 110 complex. The
potentiomeric data of these complexes aremuch better fitted
with the formation of the complexes 110 and 11-1. The pKa of
the alcoholato group involved in the Pd(II) complex (logß110 -
logß11-1) are 9.60 and 9.38 for serine and threonine;
respectively. The pKa of serine complex is higher that re-
ported [17] for Pd(pic)-serine complex (8.30). This may be
due to bi-accepting property of the picolylamine pyridine
group. This will increase the electrophilicity of the Palla-
dium(II) ion and leads to a decrease in the pKa value of the
coordinated OH group. Ethanolamine forms the complexes
110, 120 and 11-1. The stability constant of the 1:1 complex
(110) is smaller than the corresponding complexes with
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amino acids. This may be described on the basis that etha-
nolamine is neutral and the amino acid is negatively charged.
Also, the OH group has a weaker coordinating tendency. The
110 complex species is converted to the species 11-1, through
the imduce ionization of the OH group with pKa value 6.81.
This value is lower than those of serine (9.60) and threonine
(9.38). This is explained in terms of the reaction way where
the ethanolamine OH group is coordinated to the Pd(II) ion.
Due to the donation of the oxygen electron pair, the OH bond
is weakened and the ionization of the proton occurs with
lower pKa value.

The electronic absorption spectra of aqueous solutions of
[Pd(AEMP)(H2O)2]2þ in presence and absence of glycine are
compared. Fig. (1) shows a band at 355 nm for [Pd(AEMP)(H2O)2]2þ.
It is shifted to 317 nm for [Pd(AEMP)glycine]þ. There is no signifi-
cant absorption for glycine in this region.

DFT calculations have been carried out to investigate the equi-
librium geometry of glycine, [Pd(AEMP)(OH2)2]2þ and [Pd(AEMP)
Gly]þ species. Fig. 2 (a) and (b), show their optimized structures as
the most stable configurations.

The palladium centre has a typical square-planar geometry with
some distortion. Glycine acts as a bidentate chelate, forming a five-
membered ring. The bond lengths between Pd atom and glycine
(Pd-O2¼ 2.012 and Pd-N3¼ 2.126 Å) are shorter compared to those
of coordinated water oxygens (Pd-O2¼ 2.163 and Pd-O1¼2.159 Å)
in [Pd(AEMP)(H2O)2]2þ, which indicates strong coordination of
glycine to Pd centre, Table (2). The values of angles around Pd atom,
in [Pd(AEMP)Gly]þ complex, are near to 90�: N1-Pd-N2, N2-Pd-N3,
N1-Pd-O2 and N1-Pd-O2 are 97.1, 95.3, 86.1 and 81.5�; respectively.
The values of angles N1-Pd-N3 and N2-Pd-O2 are 167.6 and 176.6�;
respectively are close to linearity, Table (2).

The more negative value of total energy of the complex
[Pd(AEMP)Gly]þ (�796.22 a.u.) compared to that of glycine
(�284.39 a.u.) indicates the stability of the coordinated glycine
complex, Table (3). The polarity of [Pd(AEMP)Gly]þ complex (10.82
Debye) is much larger than the free glycine ligand (6.752 Debye)
and the diaqua [Pd(AEMP)(OH2)2]2þ complex, (5.803 Debye),
Table (3).

3.4. Peptides complexes

The potentiometric data of Pd(AEMP)-peptide system is best
fitted considering the formation of the species 110 and 11-1,
Fig. 1. The electronic absorption spectra of [Pd(AEMP)(H2O)2]2þ - glycine system.
Composition of solution mixtures A, B and C were given in the Experimental part.

Fig. 2. Optimized structures of glycine, [Pd(AEMP)(glycine)]þ and the diaqua complex
[Pd(AEMP)(OH2)2]2þ (H atoms on carbon atoms are omitted for clarity) by DFT method
using B3LYP/LANL2DZ functional.
according to eq. (1) and (2). Their stability constants are given in
Table 4.

PdðAEMPÞðH2OÞ2þ2 þ L�1#PdðAEMPÞLþ1 þ 2H2O (1)

PdðAEMPÞLþ1#PdðAEMPÞLH�1 þ Hþ (2)

The species 110 is formed by binding of the peptide amino and



Table 2
Important optimized bond lengths (Å) and angles of [Pd(AEMP)(OH2)2]2þ and
[Pd(AEMP)Gly]þ.

Bond length(Å)

[Pd(AEMP)(OH2)2]2+ [Pd(AEMP)Gly]+

PdeN1¼ 2.087 PdeN1¼ 2.118
PdeN2¼ 2.067 PdeN2¼ 2.126
PdeO2¼ 2.163 PdeO2¼ 2.012
PdeO1¼ 2.159 PdeN3¼ 2.126

Angle (�)

[Pd(AEMP)(OH2)2]2+ [Pd(AEMP)Gly]+

N1ePdeN2¼ 96.2 N1ePdeN2¼ 97.1
N2ePdeO1¼ 84.0 N2ePdeN3¼ 95.3
N1ePdeO2¼ 91.7 N1ePdeO2¼ 86.1
O1ePdeO2¼ 88.2 N3ePdeO2¼ 81.5
N2ePdeO2¼ 171.2 N2ePdeO2¼ 176.6
N1ePdeO1¼ 179.1 N1ePdeN3¼ 167.6

Table 4
Formation constants for complexes of [Pd(AEMP)(H2O)2]2þ with peptides at 25 �C
and 0.1M ionic strength.

System M L Ha Logbb pKa
c

Glycinamide 0 1 1
1 1 0
1 1-1

7.88(0.02)
7.32(0.07)
3.13(0.03)

7.88
4.19

Glycylglycine 0 1 1
0 1 2
1 1 0
1 1-1

7.94(0.01)
11.01(0.01)
7.48(0.02)
0.49(0.04)

7.94
3.07
6.99

Asparagine 0 1 1
0 1 2
1 1 0
1 1-1

8.56(0.01)
10.79(0.03)
8.30(0.02)
�1.48(0.05)

8.56
2.23
9.78

Glutamine 0 1 1
0 1 2
1 1 0
1 1-1

8.92(0.01)
11.10(0.02)
8.19(0.06)
�1.16(0.05)

8.92
2.18
9.35

a M, L and H are the stoichiometric coefficients corresponding to Pd(AEMP),
peptides, and Hþ, respectively; the coefficient �1, refers to a proton loss.

b log b of Pd(AEMP)-peptides. Standard deviations are given in parentheses; sum
of square of residuals are less than 5E-7.

c the complex pKa of the peptides or of the peptide NH ionization.

Fig. 3. Concentration distribution of various species as a function of pH in the
Pd(AEMP)- Glycinamide system. (at concentration of 1.25mmol/L for
[Pd(AEMP)(H2O)2]2þ and Glycinamide).
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carbonyl groups, Eq. (1). Upon increasing of pH, the amide group is
ionized and the coordination sites switch from the carbonyl oxygen
to the amide nitrogen, leading to formation of species 11-1, Eq. (2).
Such switching of coordination sites is reported previously for
peptide complexes [29,30]. Glutamine forms more stable complex
than glycinamide. This is presumably due to that fact that glyci-
namide is neutral and glutaminate is mononegatively charged ion.
The pKa values of the coordinated amide group in the Pd(II) com-
plex (log b110 - log b11-1) are in the range 4.19e9.78. These values are
higher than those Pd(Pic)-peptide complexes [17]. This is a result of
the p -accepting property of the picolylamine pyridine group. It is
interesting to compare between the pKa values of the peptide
complexes. The pKa value for the glycinamide complex has the
lowest value. This is discussed on the premise that the more bulky
substituent on the peptide hinders the switching of the binding
sites from the carbonyl oxygen to the amide nitrogen. The specia-
tion diagram of the Pd(AEMP)-glycinamide system is given in Fig. 3.
The 110 species, starts to form at low pH and its concentration in-
creases with increase of pH, attaining a maximum concentration of
39.3% at pH¼ 3.8. Further increase of pH is accompanied by
decrease of the 110 species concentration and an increase of the 11-
1 species concentration, [Pd(AEMP)LH-1]þ, which is the main spe-
cies after pH ~ 4.3. Therefore, the 11-1 species predominates in the
physiological pH range.

The electronic absorption spectra of Pd(AEMP)-glycinamide
complex is investigated. Spectral bands of [Pd(AEMP)(H2O)2]2þ

and its glycinamide (GlyA) complex are quite different in the po-
sition of the maximumwavelength, Fig. 4. The spectral band of the
[Pd(AEMP)(H2O)2]2þ complex (A) appeared at 355 nm is shifted to
314 nm upon formation of [Pd(AEMP)(GlyA)]2þ complex (B). A
further shift of the band to 306 nm in the deprotonation and for-
mation of [Pd(AEMP)(GlyA-H)]þ complex (C). The progressive shift
toward shorter wavelength in the absorption spectrum may be
taken as evidence, for the induce ionization of the amide proton
upon complex formation. This is supporting the potentiometric
Table 3
Calculated energies of (Gly) and the complex [Pd(AEMP)Gly]þ at B3LYP/LANL2DZ.

Ea HOMOb

Glycine �284.39 �0.2602
[Pd(AEMP)Gly]þ �796.22 �0.3654
[Pd(AEMP)(OH2)2]2þ �664.92 �0.5473

a E: the total energy (a.u.).
b HOMO: highest occupied molecular orbital (eV).
c LUMO: lowest unoccupied molecular orbital (eV).
d DE:ELUMO- EHOMO (eV).
e Dipole: dipole moment calculate (Debye).
measurements for the coordination scheme of peptides. There is no
significant absorption for glycinamide in this region.

DFT calculations have been carried out to investigate the equi-
librium geometry of ligands glycinamide (GlyA) and glycylglycine
(GlyGly) and their complex species [Pd(AEMP)GlyA]2þ, [Pd(AEMP)
GlyA-H]þ, [Pd(AEMP) GlyGly]þ and [Pd(AEMP)GlyGly-H]. Figs. 5e8,
show their optimized structures as the most stable configurations.

The palladium centre has a typical square-planar geometry with
some distortion. Ligands act as bidentate chelates, forming a five-
membered ring. The values of angles around Pd atom are near to
90�, see Table (5).
LUMOc DEd Dipole momente

�0.0039 0.2563 6.752
�0.2130 0.1524 10.82
�0.3913 0.1560 5.803



Fig. 5. Optimized structures of glycinamide (upper) and coordinated glycinamide
([Pd(AEMP)GlyA]2þ) (lower, H atoms are omitted for clarity) by DFT method using
B3LYP/LANL2DZ functional.
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The optimized bond lengths of glycinamide and glycylglycine
compared to their complexes before and after peptide ionization
are listed in Tables (6) and (7), respectively. The following conclu-
sions were obtained confirming the potentiometric data that a
stronger coordination of glycylglycine (logb110¼ 7.48) compared to
glycinamide (logb110¼ 7.32):

1. The peptide carbonyl groups coordinated to Pd atom in complex
before ionization) are elongated more in case of glycylglycine
(1.319e1.252¼ 0.067 Å) than glycinamide
(1.292e1.254¼ 0.038 Å) compared to their free peptides.

2. The coordinate bond lengths between Pd and N and O in the
peptides (Pd-N3¼ 2.099 and Pd-O1¼2.092 Å) are shorter in
case of glycylglycine compared to glycinamide (Pd-N3¼ 2.164
and Pd-O1¼2.098 Å)

3. The more negative value of total energy of the complex
[Pd(AEMP)GlyGly]þ (�1004.17a.u.) compared to that of
[Pd(AEMP)GlyA]2þ (�776.64 a.u.) indicates that the former is
more stable, Table 8.

The following findings were obtained confirming the potentio-
metric data that the pKa of peptide NH is more acidic in case of
glycinamide (pKa¼ 4.19) compared to that of glycylglycine
(pKa¼ 6.99):

1. The calculated formal charge on the hydrogen of peptide NH in
case of coordinated glycinamide H22 (þ0.397) is more positive
than that for coordinated glycylglycine H21 (þ0.309).

2. The calculated formal charge on the carbonyl carbon of peptide
is more positive in case of coordinated glycinamide C8 (þ0.456)
than that of coordinated glycylglycine C8 (þ0.406).

The computed total energy, the highest occupied molecular
orbital (HOMO) energies, the lowest unoccupied molecular orbital
(LUMO) energies and the dipole moment for peptides and their
complexes were calculated, Table (8). The more negative value of
total energy of the complexes than those of free peptides indicate
the complexes are more stable than their free peptides. The po-
larities of the complexes are much larger than the free ligand.
3.5. Binuclear Pd(AEMP)2þcomplex involving 4,40-bipiperidine as a
linker

The solution mixture of Pd(AEMP)(H2O)2]2þ and 4,40-bipiper-
idine in ratio (2:1), is titrated with NaOH. The titration curve, given
in Fig. 9, has a sharp inflection at a¼ 1 (a is number of mole of base
Fig. 4. The electronic absorption spectra of [Pd(AEMP)(H2O)2]2þ- glycinamide system.
Composition of solution mixtures A,B and C were given in the Experimental part.

Fig. 6. Optimized structure of coordinated glycinamide after peptide ionization
([Pd(AEMP)GlyA-H]þ) (H atoms are omitted for clarity) by DFT method using B3LYP/
LANL2DZ functional.
added per mole of 4,40-bipiperidine), This corresponds to the
complete formation of [(H2O)(AEMP)Pd(Bip)-Pd(AEMP)(H2O)]4þ

complex with formation constant value, log b210¼ 20.04, Scheme 1,
Table 9.

After the inflection at a¼ 1, the binuclear complex is hydrolysed.
In this region, the titration data is best fitted considering the for-
mation of the hydrolysed species having stoichiometric coefficients



Fig. 7. Optimized structures of glycylglycine (upper) and [Pd(AEMP)GlyGly]þ (lower,
110 species, H atoms are omitted from carbon atoms for clarity) by DFT method using
B3LYP/LANL2DZ functional.

Fig. 8. Optimized structures of coordinated glycylglycine after peptide ionization
([Pd(AEMP)GlyGly-H]þ) (lower, H atoms are omitted for clarity) by DFT method using
B3LYP/LANL2DZ functional.

Table 5
Important optimized bond angles(�) of [Pd (AEMP)GlyA]2þ, [Pd(AEMP)GlyA-H]þ,
[Pd(AEMP) GlyGly]þ and [Pd(AEMP)GlyGly-H].

[Pd(AEMP)GlyA]2þ [Pd(AEMP)GlyA-H]þ
N1-Pd-O1 89.9 N1-Pd-N4 91.6
N1-Pd-N2 96.4 N1-Pd-N2 96.9
N2-Pd-N3 94.6 N2-Pd-N3 91.9
N3-Pd-O1 79.0 N3-Pd-N4 79.6
N2-Pd-O1 173.3 N2-Pd-N4 171.5
N1-Pd-N3 168.8 N1-Pd-N3 171.2

[Pd(AEMP)GlyGly]þ [Pd(AEMP)GlyGly-H]

N1-Pd-O1 88.6 N1-Pd-N2 94.3
N1-Pd-N2 97.2 N2-Pd-N3 94.2
N2-Pd-N3 91.9 N3-Pd-N4 76.7
N3-Pd-O1 82.0 N1-Pd-N4 94.6
N1-Pd-N3 170.2 N1-Pd-N3 171.1
N2-Pd-O1 172.2 N2-Pd-N4 170.6
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10-1 and 10-2, as given in Scheme 2.
The speciation diagram of Pd(AEMP)-Bipiperidine system is

depicted in Fig. 10. The binuclear complex species, [(H2O)(AEMP)
Pd(Bip)Pd-(AEMP)(H2O)]4þ (210), is formed at low pH and its
concentration increases with increasing of pH reaching amaximum
concentration of 96% in the pH range 6e7.5, i.e. it is predominating
in the physiological pH range.

The reaction between [(H2O)(AEMP)Pd(Bip)Pd(AEMP)(H2O)]4þ
and inosine, taken as an example of DNA constituent, system leads
to the formation of 1:1 and 1:2 complexes, as given in Scheme 3.
The titration data is consistent with this model. The stability con-
stant order of the DNA complexes is found to be thymine> ura-
cil> inosine, Table 10. This may be discussed as a result of the
difference in the basicity of the donor atom as reflected from the
pKa values.

The speciation diagram of [(H2O)Pd(AEMP)(Bip)
Pd(AEMP)(H2O)]4þ -Inosine complex is depicted in Fig. 11. The 1:1
complex starts to form at pH 4 and on increasing pH, its concen-
tration increases and reaches 88% at pH ~7.2. The 1:2 complex at-
tains a maximum formation degree of 52% at pH 10.0. The
hydrolysed species are formed after pH 9.5. From the biological
point of view, it interesting to find that the DNA complex is pre-
dominating in the biological pH range and the reaction of the
binuclear complex with DNA is quite feasible.

Spectra of Pd(AEMP)(H2O)22þ and its 4,40-bipiperidine complex
are compared. The spectral bands differ in the position of the
maximum wavelength and molar absorptivity, Fig. 12. The
[Pd(AEMP)(H2O)2]2þcomplex spectrum (mixture A) exhibits an
absorption maximum at 355 nm. On the other hand the
[(H2O)(AEMP)Pd(Bip)Pd(AEMP)(H2O)]4þ complex spectrum
(mixture B), shows a band at 336 nm. Deprotonation of coordinated
water molecules by addition of NaOH causes a further shift to
312 nm (mixture C). Free Bip (mixture D) has no absorption has no
uv absorption in this region.

Absorption spectra of Pd(AEMP)(H2O)22þ complexes with 4,40-
bipiperidine and uracil are given in Fig. 13. The spectral bands for
[(H2O)(AEMP)Pd(Bip)Pd(AEMP)(H2O)]4þ complex (mixture E) oc-
curs at 361 nm. The spectrum obtained for the reaction product of
the latter complex with uracil in the ratio 1:1 and 1:2 (Pd: uracil),
mixture (F) and (G) respectively exhibit shoulders at 343 nm and
336 nm, respectively. The spectral band shifts are supporting the
binuclear complex formation.
4. Conclusion

The present study aims to describe the formation equilibria of
binary and binuclear Pd(AEMP)(H2O)22þ complexes with some
selected DNA constituents, peptides and amino acids. 4,40-bipipri-
dine is used as a linker. Amino acids form 1:1 complexes. The sta-
bility constant is depending on the type of functional groups.
Peptides form 1:1 complexes followed by induce ionization of the
amide group. The pKH of the amide groups coordinated to the Pd(II)
complexes is interesting from the biological point of view. In the
biological conditions (pH 6e7) the peptide is coordinated to



Table 6
Important bond lengths (Å) of GlyA, [Pd(AEMP)GlyA]2þ and [Pd(AEMP) GlyA-H]þ.

GlyA [Pd(AEMP)GlyA]2þ (Before ionization) [Pd(AEMP)GlyA-H]þ (After ionization)

O1aC1¼1.254 O1]C8¼1.292 O1]C¼1.255
N1eC2¼ 1.459 N3eC9¼ 1.513 N3eC9¼ 1.516

e PdeN1¼ 2.100 PdeN1¼ 2.147

e PdeN2¼ 2.093 PdeN2¼ 2.153

e PdeN3¼ 2.164 Pd-N3¼ 2.125

e PdeO1¼ 2.098 PdeN4¼ 2.000

N1/O1¼ 2.857 N3/O1¼ 2.173 N3/O1¼ 3.532
N1/N2¼ 3.763 N3/N4¼ 3.701 N3/N4¼ 2.642

Table 7
Important bond angles of GlyGly, [Pd(AEMP)GlyGly]þ and [Pd(AEMP)GlyGly-H].

GlyGly [Pd(AEMP)GlyGly]þ (Before ionization) [Pd(AEMP)GlyGly-H] (After ionization)

O1]C1 ¼ 1.252 O1]C8 ¼ 1.319 O1]C8 ¼ 1.259
N1]C2 ¼ 1.455 N3]C9 ¼ 1.509 N3]C9 ¼ 1.503

e PdeN1¼ 2.117 PdeN1¼ 2.187

e PdeN2¼ 2.096 PdeN2¼ 2.160

e PdeN3¼ 2.099 PdeN3¼ 2.080

e PdeO1¼ 2.092 PdeO1¼ 4.132

e Pd—N4¼ 4.022 Pd-N4¼ 2.044

N1/O1¼ 3.224 N3/O1¼ 2.750 N3/O1¼ 3.537
N1/N2¼ 3.729 N3/N4¼ 3.508 N3/N4¼ 2.559

Table 8
Calculated energies of Glycinamide (GlyA), glycylglycine (GlyGly) and their complexes [Pd(AEMP) GlyA]2þ, [Pd(AEMP)GlyA-H]þ, [Pd(AEMP) GlyGly]þ and [Pd(AEMP)GlyGly] at
B3LYP/LANL2DZ.

Ea HOMOb LUMOc DEd Dipole momente

GlyA �264.53 �0.2291 0.0088 0.2379 3.590
[Pd(AEMP)GlyA]2þ �776.64 �0.5183 �0.3551 0.1632 7.958
[Pd(AEMP)GlyA-H]þ �776.34 �0.4229 �0.4140 0.0089 9.968
GlyGly �492.36 �0.2590 �0.0339 0.2251 7.782
[Pd(AEMPGlyGly]þ �1004.17 �0.3095 �0.2254 0.0841 12.24
[Pd(AEMP)GlyGly-H] �1003.75 �0.1792 �0.0646 0.1146 16.58

a E: the total energy (a.u.).
b HOMO: highest occupied molecular orbital (eV).
c LUMO: lowest unoccupied molecular orbital (eV).
d DE:ELUMO- EHOMO (eV).
e Dipole: dipole moment calculate (Debye).
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[Pd(AEMP)(H2O)2]2þ in different ways. DNA constituents form 1:1
and 1:2 complexes. Combination of stability constants data of the
binary complexes formed with amino acids, peptides and DNA
Fig. 9. Potentiometric titration curves 1.25mmol of [Pd(AEMP)(H2O)2]2þ and
0.0625mmol of Bip, at 25 �C and 0.1M NaNO3.

Scheme 1. Complex formation equilibria of Pd(AEMP)-4,40-bipiperidine complexes.



Table 9
Formation constants for the complexes of [Pd(AEMP)(H2O)2]2þ with Bipiperidine at
25 �C and 0.1M ionic strength.

System M L Ha logbb pKa
c

Bipiperidine 0 1 1
0 1 2
1 1 0
2 1 0

10.96(0.02)
21.12(0.01)
12.66(0.06)
20.92(0.06)

10.96
10.16

a M, L and H are the stoichiometric coefficients corresponding to Pd(AEMP), Bip
and Hþ, respectively.

b logb of Pd(AEMP)-Bip complexes. Standard deviations are given in parentheses;
sum of square of residuals are less than 5e�7.

c the pKa of the ligand or the protonated complex.

Scheme 2. Acid-base equilibria of [(H2O)(AEMP)Pd(Bip)Pd(AEMP)(H2O)]4þ.

Fig. 10. Concentration distribution of various species as a function of pH in the
[Pd(AEMP)(H2O)2]2þ-4,40-Bipiperidine system.

Scheme 3. Complex formation equilibria of [(H2O)(AEMP)-Pd-(Bip)-
Pd(AEMP)(H2O)]4þ - inosine complex.

Table 10
Formation constants for binary complexes of [(H2O)(AEMP)Pd(Bip)-
Pd(AEMP)(H2O)]4þ with some DNA constituents at 25 �C and 0.1M ionic strength.

System M L Ha logbb pKa
c

[(H2O)(AEMP)Pd(Bip)Pd-(AEMP)(H2O)]4þ 1 0 -1
1 0 -2

�8.75(0.01)
�18.94(0.01)

8.75
10.19

Inosine 0 1 1
1 1 0
1 2 0

8.80(0.02)
5.74(0.05)
9.35(0.08)

8.80

Thymine 0 1 1
1 1 0
1 2 0

9.65(0.01)
6.12(0.03)
10.21(0.05)

9.65

Uracil 0 1 1
1 1 0
1 2 0

9.18(0.01)
5.83 (0.04)
9.62(0.06)

9.18

a M, L and H are the stoichiometric coefficients corresponding to Pd(AEMP)2Bip,
DNA constituent, and Hþ respectively.

b logb of binuclear- DNA units, Standard deviations are given in parentheses; sum
of square of residuals are less than 5e�7.

c the pKa of the ligands or the aquo complexes.

Fig. 11. Concentration distribution of various species as a function of pH in the
4þ
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constituents, will lead to calculate the equilibrium distribution of
the Pd(II) complexes in biological fluids.

The potentiometric data of the binuclear complexes reveal the
formation of [H2O(AEMP)Pd-Bip-Pd(AEMP)H2O]4þ complex. The
reaction of the latter complex with DNA constituents showed the
formation of the 1:1 and 1:2 complexes by substitution of the two
coordinated water molecules. The binuclear complexes data is
supporting the biological significance of the tri- and dinuclear
platinum(II) complexes [31,32]. It is interesting to compare the
[(H2O)(AEMP)Pd-Bip-Pd(AEMP)(H2O)] - Inosine system.



Fig. 12. The electronic spectra of [Pd(AEMP)(H2O)2]2þ and its Bip complexes,
Composition of solution mixtures A,B and C were given in the Experimental part.

Fig. 13. The electronic absorption spectra of [Pd(AEMP)(H2O)2]2þ- Bip-uracil system.
Composition of solution mixtures E, F, G and H were given in the Experimental part.
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results of the present investigation with those of the previously
study of similar binuclear Pd(II) complex. The stability constant of
the binuclear thymine complex formed with
[H2O(CH3)2NCH2CH2NH2)Pd-Bip-Pd((CH3)2NCH2CH2NH2)H2O]4þ is
log K ¼ 5.73 , as reported previously [33]. This value is in good
agreement with that of the binuclear inosine complex formed with
[(H2O)(AEMP)Pd(Bip)-Pd(AEMP)(H2O)]4þ (logK ¼ 5.73) as reported
in the present investigation.
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