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Synthesis and structural characterization of Pd(N,N-dimethylaminopropylamine)Cl2

complex – The interaction with bio-relevant ligands with reference to the effect
of cysteine on the deactivation of metal-based drug
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a b s t r a c t

The synthesis and X-ray structural characterization of Pd(DMPA)Cl2 complex, where DMPA = N,N-dim-
ethylaminopropylamine, is reported. The complex crystallizes in the space group P21/c, a = 8.8923(4),
b = 10.9050(5), c = 11.5006(7) Å, b = 120.00(18)�, V = 948.25(8) Å3, Z = 4. The palladium centre has a
typical square-planar geometry with a tetrahedral distortion. Stoichiometry and stability constants of
the complexes formed between [Pd(DMPA)(H2O)2]2+ and some selected DNA constituents and cytsteine
are investigated at 25 �C and at constant 0.1 M ionic strength. The concentration distribution diagrams of
the various species formed are evaluated. The equilibrium constants for the displacement of coordinated
ligands as inosine by cysteine are calculated. The results are expected to contribute to the chemistry of
tumour therapy.

� 2012 Elsevier B.V. All rights reserved.

Introduction

The discovery of the antitumour complex cisplatin in the late
1960s initiated extensive investigations of platinum compounds
[1]. The success of cisplatin has aroused much interest in the devel-
opment of new PtII complexes, such that today carboplatin and
oxaliplatin are extensively used as anticancer drugs. However,

many other platinum drugs have been developed to improve on
cisplatin [2–4].

Today it is generally accepted that the antitumour activity of
platinum drugs can be ascribed to interaction between the metal
complex and DNA [2–6]. There are many other potential biomole-
cules that can also react with the PtII complexes, such as small mol-
ecules, proteins and enzymes [7]. Sulpur-containing biomolecules
have a high affinity for platinum. However, these interactions have
been associated with negative phenomena such as nephrotoxicity,
gastrointestinal toxicity and neurotoxicity [2–6].
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Pd(II) complexes with bidentate amine forming five-membered
chelate ring were extensively investigated as a model of the antitu-
mour cis-diaminePt(II) complex. It seemed of interest to study the
behaviour of palladium(II) complexes with N,N-dimethylamino-
propylamine (DMPA), involving a six-membered chelate ring. This
may be the first step in the development of a new generation of
antitumour agents. Also, the increase in the chelate ring size will
increase the bite angle, which has an effect of increasing the steric
interaction between the guanines in the cis-Pt(diamine)G2 adduct,
thereby slowing down the rotation of the guanines about the Pt–N7

bonds [8,9]. Such restriction may stabilize the DNA adduct. The is
line with finding that cis-Pt(1,4-DACH)Cl2, (1,4-DACH = 1,4-diami-
nocyclohexane) where a seven-membered chelate ring is formed,
is more active than cisplatin and oxaliplatin in several in vivo
and in vitro tests [10].

PtII has a high affinity for binding to sulfur donors that compete
with nitrogen donor ligands such as DNA bases [11]. Intracellular
concentrations of mercapto groups could be as high as 10 mM. A
conventional hypothesis is that sulfur-containing nucleophiles
initially bind to the platinum centre and then covert to plati-
num–DNA complexes, thermodynamically more stable adducts.
Model studies under physiologically relevant conditions have con-
clusively shown that the kinetic preference of PtII is for biorelevant
thiols (cysteine, glutathione) rather than for 50GMP [11,12]. Methi-
onine bound to platinum may be replaced by thiols or nucleobase
[13–16], whereas the Pt–cysteine bond is considered to be kineti-
cally more inert [11,16]. Pt–sulfur adducts have been postulated
to be a drug reservoir for platinum at DNA and may act as interme-
diates of platinum compounds and transform them into Pt–DNA
adducts [13,14]. However, platinum drugs could be deactivated
in reactions with cysteine-rich proteins like glutathione [14].
Moreover, these proteins could substitute coordinated bases of
DNA from Pt–N7(DNA) adducts and also thioethers from Pt–S(thi-
oether) products to form very stable Pt–S(thiolate) bonds [11].
Therefore the thermodynamics of the reactions for the Pt(II) com-
plexes is of great interest. In order to avoid the inert substitution
behaviour of Pt(II) complexes, and on the basis of the remarkable
analogy between the coordination chemistry of Pt(II) and Pd(II)
complexes, a series of labile Pd(II) complexes have proved useful
as models for the Pt(II) complex. It is of biological significance to
calculate the equilibrium constants for the displacement reaction
of model ligands such as inosine, glycine or methionine by
cysteine. The equilibrium constants may give a measure of the
effectiveness of the antitumour agent.

Work in our laboratories focused on the studies of metal com-
plexes of biological significance [17–25]. The present investigation
deals with the synthesis and crystal structure of Pd(II) complex
with 3-dimethylaminopropylamine (DMPA), involving a six-mem-
bered chelate. The two methyl groups will create steric hindrance
with the incoming ligand as DNA. This will slow down the reactiv-
ity of the complexes to the same level as for its platinum–amine
analogues. The interaction of [Pd(DMPA)(H2O)2]2+ with OH�, cys-
teine and selected DNA constituents is studied. The displacement
reaction of coordinated DNA constituent as inosine by cysteine is
investigated. This reaction measures the deactivation of the Pt/Pd
based-drug by the sulphur containing biomolecules as cysteine.

Experimental

Materials

K2PdCl4, N,N-dimethylaminopropylamine and cysteine. HCl
were obtained from Aldrich. The DNA constituents (inosine,
inosine-50-monophosphate (IMP), adenosine-50-monophosphate,

thymine, thymidine and uracil) were provided by Sigma Chemical
Co. For equilibrium studies, [Pd(DMPA)Cl2] was converted into the
diaqua complex by treating it with two equivalents of AgNO3 as
described before [26]. The ligands in the form of hydrochlorides
were converted into the corresponding hydronitrates. All solutions
were prepared in deionized water. The structural formulae of the
investigated ligands are given (See Scheme S1).

Synthesis

Pd(DMPA)Cl2 was prepared by dissolving K2PdCl4 (2.82 mmol)
in 10 ml water with stirring. The clear solution of [PdCl4]2� was fil-
tered and N,N-dimethylpropylamine (2.82 mmol), dissolved in
10 ml H2O was added dropwise to the stirred solution. The pH
was adjusted to 2–3 by the addition of HCl and/or NaOH. A yellow-
ish–brown precipitate of Pd(DMPA)Cl2 was formed and stirred for
a further 30 min at 50 �C. After filtering off the precipitate, it was
thoroughly washed with H2O, ethanol and diethyl ether. A yellow
powder was obtained. Anal. Calcd. for C5H14N2PdCl2(F.Wt =
279.48): C, 21.49; H, 5.05; N, 10.02. Found: C, 21.6; H, 5.2; N, 9.9.

Crystals suitable for X-ray crystallography were obtained by
recrystallisation of the [Pd(DMPA)]Cl2 complex from hot acetoni-
trile/H2O followed by slow evaporation brownish yellow crystal
was obtained.

Apparatus and experimental measurements

Potentiometric titrations were performed with a Metrohm 686
titroprocessor equipped with a 665 Dosimat. The titroprocessor
and electrode were calibrated with standard buffer solutions,
prepared according to NBS specification [27]. All titrations were
carried out at 25.0 ± 0.1 �C in purified nitrogen atmosphere.
Elemental analysis was done by CHNS Automatic Analyzer, Vario
EL III-Elementar Germany.

The acid dissociation constants of the ligands were determined
by titrating 0.05 mmol samples of each with standard NaOH solu-
tions. Ligands were converted into their protonated form with
standard HNO3 solutions. The diaqua-complex [Pd(DMPA)(H2O)2]
(NO3)2 was prepared in solution by stirring the chloro-complex
with two equivalents of AgNO3 over night (with careful protection
from light). The precipitated AgCl was removed by filtration and
the filtrate made up to the requisited volume in a standard flask.
The acid dissociation constants of the coordinated water molecules
in [Pd(DMPA)(H2O)2]2+ were determined by titrating 0.05 mmol of
complex with standard 0.05 M NaOH solution. The formation
constants of the complexes were determined by titrating solution
mixtures of [Pd(DMPA)(H2O)2]2+ (0.05 mmol) and the ligand in
the concentration ratio of 1:2 (Pd:ligand) for the DNA constituents
and 1:1 for cysteine. The titrated solution mixtures each had a vol-
ume of 40 ml and the titrations were carried out at 25 �C and 0.1 M
ionic strength (adjusted with NaNO3). A standard 0.05 M NaOH
solution was used as titrant. The pH meter readings were con-
verted to hydrogen ion concentration by titrating a standard
HNO3 solution (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 values were plotted against p[H] values. The relationship
pH � p[H] = 0.05 was observed.

The species formed were characterized by the general
equilibrium

pMþ qLþ rH� ðMÞpðLÞqðHÞr
for which the formation constants are given by

bpqr ¼
½ðMÞpðLÞqðHÞr�
½M�p½L�q½H�r
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where M, L and H stand for [Pd(DMPA)(H2O)2]2+ ion, ligand and
proton, respectively. The calculations were performed using the
computer program MINIQUAD-75 [28]. The stoichiometry and sta-
bility constants of the complexes formed were determined by trying
various possible composition models for the systems studied. The
model selected was that which gave the best statistical fit and
was chemically consistent with the magnitudes of various residuals,
as described elsewhere [28]. The concentration distribution
diagrams were obtained with the program SPECIES [29] under the
experimental condition used.

Results and discussion

Characterization of the solid complexes

The analytical data indicates that the complex is of 1:1 stoichi-
ometry and of formula Pd(DMPA)Cl2. The IR spectrum of the Pd
(DMPA)Cl2 complex exhibits bands in the region 3300–3400
cm�1, attributed to stretching vibrations of NH2 group [30]. The
complex exhibits bands for (NH2) bending at 1465 and 1562
cm�1 and bands for the stretching vibration corresponding to
Pd–N at 480 and 523 cm�1 [30].

Crystallography

Crystals suitable for X-ray crystallography were obtained by
recrystallisation of the [Pd(DMPA)]Cl2 complex from hot acetoni-
trile/H2O followed by slow evaporation. The three dimensional
structure of the complex was investigated. Geometries are tabu-
lated below. All diagrams and calculations were performed using
maXus (Bruker Nonius, Delft & MacScience, Japan). The crystal data
and structure refinement is given in Table 1.

The crystal structure consists of monomeric [Pd(DMPA)]Cl2

molecules as given in Fig. 1. The compound crystallizes in the space
group P21/c, a = 8.8923(4), b = 10.9050(5), c = 11.5006(7) Å,
b = 120.00(18)�, V = 948.25(8) Å3, Z = 4 (i.e. Four molecules per unit
cell Fig. 2. The palladium centre has a typical square-planar geom-
etry with a tetrahedral distortion. The environment consists of two
chlorine atoms coordinated in cis-disposition to the Pd(II) and one

ligand coordinated via one N4 and one N5. Selected bond lengths
and angles data are gathered in Table 2.

The ligand acts as a bidentate chelate, forming a six-membered
metallocycle ring, with a distorted twist boat conformation. The
bond distance Pd–N4 (2.087 Å) is clearly longer than that of Pd–
N5 (2.043 Å). This is due to steric interaction around N4 by the
two methyl groups, C(6) and C(7). The Pd–Cl bond lengths (2.308
and 2.305 Å) can also be regarded as normal compared with dis-
tances found in the literature (2.220–2.361) [31,32]. The value of
N–Pd–N bite angle is 92.12o. Moreover, the Cl–Pd–Cl angle is
89.52o, showing a small deviation from the square-planar
geometry.

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.

Table 1
Crystal data and structure refinement of [Pd(DMPA) ]Cl2.

Crystal data V = 948.25(8) Å3

Mol. formula: C5H14Cl2N2Pd Z = 4
Formula Wt: 279.487 Dx = 1.958 Mg m�3

Crystal system: Monoclinic Mo Ka radiation
Space group: P21/c g = 0.71073
a = 8.8923(4) Å Cell parameters from 2035
b = 10.9050(5) Å h = 2.910–34.972�
c = 11.5006(7) Å l = 2.46 mm�1

a = 90.00� T = 298 K
b = 120.00(18)� Cube
c = 90.00� Orange

Data collection Refinement
Absorption correction: none Refinement on F2

5880 Measured reflections Fullmatrix least squares refinement
4311 Independent reflections R(all) = 0.083
2565 Observed reflections R(gt) = 0.047
Criterion: I > 3.00 sigma(I) wR(ref) = 0.133
Rint = 0.035 wR(all) = 0.138
hmax = 34.97� wR(gt) = 0.133
h = �14 ? 14 S(ref) = 1.462
k = �14 ? 16 S(all) = 1.409
l = �18 ? 18 S(gt) = 1.462
h = 0 ? 14 2565 reflections
k = 0 ? 16 91 parameters
l = �18 ? 15 0 restraints

Only coordinates of H atoms refined.

Fig. 1. ORTEP drawing of [Pd(DMPA)Cl2], showing all non-hydrogen atoms and the
atoms numbering scheme.

Fig. 2. Unit cell drawing of [Pd(DMPA)Cl2], showing four molecules per unit cell.
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The results obtained are in good agreement with the literature data
[33]. Table 3, lists the stability constants together with their stan-
dard deviations and the sum of the squares of the residuals derived
from the MINIQUAD output.

Hydrolysis of [Pd(DMPA)(H2O)2]2+

The [Pd(DMPA)(H2O)2]2+ ion may undergo hydrolysis. Its acid–
base chemistry was characterized by fitting the potentiometric
data to various acid–base models. The best-fit model was found
to be consistent with the formation of three species: 10–1, 10–2
and 20–2, as given in reactions (1)–(3). Trials were made to fit
the potentiometric data assuming the formation of the monohy-
droxo-bridged dimer, 20–1, but this resulted in a very poor fit to
the data.

ð1Þ

ð2Þ

ð3Þ

The pKa1 and pKa2 values for [Pd(DMPA)(H2O)2]2+ are 7.84 and 9.34,
respectively. The pKa1 value is higher than that for [Pd(PIC)(H2O)2]2+

(4.81) (PIC = 2-picolylamine) [20]. This shows that the first coordi-
nated water molecule in [Pd(DMPA)(H2O)2]2+ is less acidic than that
of [Pd(PIC)(H2O)2]2+. This is attributed to the p-acceptor properties
of the aromatic moiety of PIC, which leads to an increase in the elec-
trophilicity of the Pd(II) ion and consequently decrease the pKa of
coordinated water molecule. The equilibrium constant for the
dimerization reaction (3) can be calculated by Eq. (4) and amounts
to 3.81.

log Kdimer ¼ logb20—2 � 2logb10—1 ð4Þ

The concentration distribution diagram for [Pd(DMPA)(H2O)2]2+

and its hydrolyzed species is shown in Fig. 3. The concentration of
the monohydroxo species, 10–1 and the dimeric species, 20–2, in-
crease with increasing pH. The dimeric species 20–2 is the main
species in the pH range 7.4–9.8 with maximum concentration of
71.5% at pH 8.6. The monohydroxo species 10–1 has maximum
concentration of 21.0% at pH 8.6. Therefore, 10–1 and 20–2 are
the main species present under physiological conditions. A further

Table 3
Formation constants for complexes of [Pd(DMPA)(H2O)2]2+ with cysteine and DNA
constituents 25� C and 0.1 M ionic strength.

System M L Ha Logbb pKa
c

Pd(DMPA)-OH
1 0 �1 �7.84(0.02) 7.84
1 0 �2 �17.18(0.02) 9.34
2 0 �2 �11.87(0.04)

Inosine
0 1 1 8.80(0.02) 8.80
1 1 0 7.32(0.03)
1 2 0 12.38(0.03)
1 1 1 12.12(0.04) 4.80

Inosine-50-monophosphate
0 1 1 9.02(0.02) 9.02
0 1 2 15.24(0.03) 6.22
1 1 0 6.83(0.03)
1 2 0 11.33(0.03)
1 1 1 13.26(0.03) 6.43

Adenosine-50-monophosphate
0 1 1 7.04(0.03) 7.04
0 1 2 11.37(0.05) 5.33
1 1 0 7.38(0.03)
1 2 0 10.55(0.04)
1 1 1 14.12(0.03) 6.74

Uracil
0 1 1 9.18(0.01) 9.18
1 1 0 6.89(0.04)
1 2 0 12.27(0.06)

Thymine
0 1 1 9.65(0.01) 9.65
1 1 0 7.21(0.02)
1 2 0 12.93(0.02)

Thymidine
0 1 1 9.55(0.04) 9.55
1 1 0 7.29(0.01)
1 2 0 12.34(0.01)

Cysteine
0 1 1 10.30(0.01) 10.3
0 1 2 18.48(0.02) 8.18
0 1 3 20.38(0.02) 1.9
1 1 0 12.16(0.06)
1 1 1 18.81(0.04) 6.65

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

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

c The pKa of the protonated species (logb111�logb110).

Fig. 3. Concentration distribution of various species as a function of pH in the
Pd(DMPA)-OH system. (at concentration of 1.25 mmol/litre for [Pd(DMPA)
(H2O)2]2+.

Table 2
Selected bond lengths and angles of [Pd(DMPA)]Cl2.

Pd1—Cl2 2.3082(8) N4—C6 1.485(5)
Pd1—Cl3 2.3052(10) N4—C7 1.484(5)
Pd1—N4 2.087(2) N4—C8 1.503(5)
Pd1—N5 2.043(3) N5—C10 1.457(6)
C8—C9 1.469(6) C9—C10 1.522(7)
Cl2—Pd1—Cl3 89.52(4) Pd1—N4—C6 113.7(2)
N4—Pd1—N5 92.12(12) Pd1—N4—C7 108.1(2)
Cl2—Pd1—N4 176.87(8) Pd1—N4—C8 112.6(2)
Cl3—Pd1—N4 93.51(8) Pd1—N5—C10 119.9(3)
Cl2—Pd1—N5 84.80(10) N4—C8—C9 117.9(3)
Cl3—Pd1—N5 173.14(11) N5—C10—C9 110.8(4)
C6—N4—C7 108.2(4) C7—N4—C8 111.3(3)
C6—N4—C8 102.8(3) C8—C9—C10 115.9(4)
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increase in pH is accompanied by an increase in the dihydroxo spe-
cies, which is the main species above pH � 9.8, where the ability of
DNA to bind the [Pd(DMPA)(H2O)2]2+ complex will decrease
significantly.

Complexes of DNA constituents

The pyrimidines uracil, thymine and thymidine have basic
nitrogen donor atoms (N3) in the measurable pH range [34,35]
and as a consequence they form 1:1 and 1:2 complexes with
Pd(DMPA)2+ species. As a result of the high pKa values of pyrimi-
dines (pKa > 9) and complex-formation predominates above pH
8.5. The thymine complex is more stable than that of uracil, most
probably due to the higher basicity of the N3 site of thymine result-
ing from the inductive effect of the extra electron-donating methyl
group.

Inosine and nucleotides such as inosine-50-monophosphate and
adenosine-50-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 4.80. This value corre-
sponds to N1H. The lowering of this value with respect to that of
free inosine (pKa = 8.80) is due to acidification upon complex for-
mation [36,37]. 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 [38,39].

Displacement reaction of coordinated inosine

It was shown above that N-donor ligands such as DNA constit-
uents have affinity for [Pd(DMPA)(H2O)2]2+, which may have
important biological implications since the interaction with DNA
is thought to be responsible for the anti-tumour activity of related
complexes. However, the preference of Pd(II) to coordinate to S-do-
nor ligands suggests that Pd(II)–N adducts can easily be converted
into Pd–S adducts [40,41]. Consequently, the equilibrium constant
for such conversion is of biological significance. Consider inosine as
a typical DNA constituent (presented by HA) and cysteine as a
typical thiol ligand (presented by H2B). The equilibria involved in
complex-formation and displacement reactions are

HA�Hþ þ A� ð5aÞ

H2B�2Hþ þ B2� ð5bÞ

ð6aÞ

b PdðDMPAÞA½ �
110 ¼ PdðDMPAÞAþ

� �
=½PdðDMPAÞ2þ� A�½ � ð6bÞ

ð7aÞ

b PdðDMPAÞB½ �
110 ¼ ½PdðDMPAÞB�=½PdðDMPAÞ2þ�½B2�� ð7bÞ

½PdðDMPAÞðAÞ�þ þ B2�
�

Keq
½PdðDMPAÞðBÞ� þ A� ð8Þ

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

Keq ¼ PdðDMPAÞðBÞ½ � A�½ �=½PdðDMPAÞðAÞþ�½B2�� ð9Þ

Substitution from Eq. (6b) and (7b) in Eq. (10) results in:

Keq ¼ b½PdðDMPAÞB�=b½PdðDMPAÞA�þ
110 ð10Þ

The values of logb110 for [Pd(DMPA)(A)]+ and [Pd(DMPA)B] com-
plexes taken from Table 3 amount to 7.32 and 12.16, respectively,
and by substitution in Eq. (10) results in logKeq = 4.84. This value
clearly indicates how sulphide ligands such as cysteine and by anal-
ogy glutathione are effective in displacing the DNA constituent, i.e.,
the main target in tumour chemotherapy.

Conclusion

The paper reports the synthesis and structural characteriza-
tion of Pd(II)–N,N-diamethylaminopropylamine complex. The
complex involves formation of six-membered chelate ring, with
Pd–Cl bond angles 89o. A complex having larger chelate rings
may involve a smaller Pd–Cl bond angle. The decrease in bond
angle is on line with the finding that increase of the chelate ring
size will squeeze the Pd–Cl bonds. This effect will increase the
steric interaction between the bound DNA bases. Such restriction
may stabilize the DNA adducts and consequently increase the
antitumour activity. It should be mentioned that the first depro-
tonation of [Pd(DMPA) (H2O)2]2+ (pKa = 7.81) is less acidic than
for [Pd(1,3-diaminopropane)(H2O)2]2+ (pKa = 5.96). This can be
attributed to the electron-donating property of the methyl sub-
stituents, presumably cause a decrease in the acidity of coordi-
nated water. The stability constant of the inosine, uracil and
thymine complexes with [Pd(DMPA)(H2O)2]2+ are lower than
those of [Pd(1,3-diaminopropane)(H2O)2]2+. This may attributed
to the steric interaction between the methyl substituents and
the DNA constituents. The competition between cysteine and
DNA (Inosine) for reaction with Pd(II) complex was investigated.
The equilibrium constant for the displacement of DNA by cys-
teine measures the deactivation of the Pt/Pd based-drug by the
sulphur containing biomolecules.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.saa.2012.07.101.
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