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Abstract

Complex formation equilibria involving [Pd(bpy)(H2O)2]
2+ (bpy = 2,2¢-bipyridine) and the cyclobutanedicarbox-

ylate ligand (cbdca), ethylenediamine and DNA have been investigated. Mixed ligand complexes of
[Pd(bpy)(cbdca)] with inosine, inosine-5¢-monophosphate (5¢-IMP), uracil, uridine and adenine have been studied.
The results show ring opening of the cbdca and monodentate chelation of the DNA components. Stoichiometries
and stability constants for the complexes were determined at 25 °C and at constant 0.1 M ionic strength (adjusted
using NaNO3). The coordination sites were found to be pH-dependent. The [Pd(bpy)Cl2], [Pd(bpy)(cbdca)] and
[Pd(bpy)(inosine)](NO3) complexes were isolated.

Introduction

The clinical application of the second-generation drug
carboplatin, cis-diammine(1,1-cyclobutanedicarboxyl-
ate)platinum(II), achieved a signi®cant decrease in the
toxic side e�ects encountered in the treatment of cancer
with cisplatin, cis-diamminedichloroplatinum(II). For
example, it has less side e�ects than cisplatin [1]. These
di�erences were attributed to the greater pharmokinetic
stability of the carboplatin due to the presence of the
bidentate-chelate bis(carboxylato) ligand (cbdca) [2].
The reaction between the anticancer drug carboplatin
and guanosine-5¢-monophosphate (5¢-GMP) has been
investigated [3] in aqueous solution at 37 °C using
1H-n.m.r. and the ring-opened structure for cis-
[Pt(NH3)2(cbdca-O)(5¢-GMP-N7)] has been con®rmed.
These studies and, more recently, kinetics of the reaction
[4] of [Pd(diammine)(cbdca)] with 5¢-IMP have sug-
gested that the interaction of the carboplatin with DNA
units can occur via ring-opening with DNA constituents.
The palladium(II) analogue [Pd(NH3)2(cbdca)] was

shown [5] to be isostructural with carboplatin. Amino
acids, peptides and DNA units of palladium(II) and
platinum(II) amine complexes also have the same
structure [6]. With 5 orders of magnitude higher
reactivity, but similar thermodynamic parameters and
structures [7], analogous palladium(II) complexes are
good models for studies in solution. Much work has
been performed on the equilibrium studies of pallad-
ium(II) complexes with aliphatic amines [8±11], and it is
of considerable interest to extend this work to other
palladium complexes with aromatic heterocycles, such
as 2,2¢-bipyridine. The aromatic heterocycles act as r-
donors and can also function as fairly e�ective p-
acceptors. The p-accepting properties can be involved in

p±p stacking e�ect with purine and pyrimidine bases.
This will enhance complex formation with DNA
subunits, which is the principal target in the chemother-
apy of tumors.

The aim of this paper is to study complex formation
equilibria between [Pd(bpy)(H2O)2]

2+ and cbdca, en
and DNA constituents. The literature contains no
potentiometric equilibrium studies on the open-ring
species of [Pd(diamine)(cbdca)(DNA)]. Thus, this work
is concerned with studying the interaction between
[Pd(bpy)(cbdca)] and DNA units to form [Pd(bpy)(cbd-
ca)(DNA)], and the calculation of stability constants for
the open-ringed species.

Experimental

Reagents

PdCl2 and 1,1-cyclobutane dicarboxylic acid (H2cbdca)
were obtained from Aldrich. 2,2¢-Bipyridine, ethylene-
diamine and DNA subunits: inosine, inosine 5¢-mono-
phosphate, uracil, uridine and adenine, were obtained
from Sigma Chemical Co. For equilibrium studies
[Pd(bpy)Cl2] was converted into the diaqua complex
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by treatment with two equivalents of AgNO3, as
described before [12] for [Pd(en)Cl2]. All solutions were
prepared in deionized H2O.

Synthesis of complexes

[Pd(bpy)Cl2] was prepared by heating PdCl2 (886.6 mg;
5 mmol) in H2O (100 cm3) and 5 cm3 HCl (37%) to
70 °C for 30 min. The clear solution was ®ltered and the
pH of the ®ltrate adjusted to 2±3 by addition of NaOH.
After cooling the [PdCl4]

2) solution to 20 °C, a solution
of 2,2¢-bipyridine (780.9 mg; 5 mmol), in 1 cm3 HCl
(37%) and H2O (10 cm3) was added dropwise to the
stirred solution. The pH of the solution was repeatedly
adjusted to 2±3 by the addition of HCl or NaOH. The
yellow precipitate of [Pd(bpy)Cl2] which formed was
stirred for a further 2 h at 20 °C. After ®ltering, the
precipitate was thoroughly washed with H2O, EtOH and
Et2O. A yellow power (307 mg, 92%) was obtained.
(Found: C, 35.9; H, 2.5; N, 8.5. C10H8N2PdCl2 calcd.:
C, 36.0; H, 2.4; N, 8.4%.)
[Pd(bpy)(cbdca)] was obtained by stirring [Pd(bpy)-

Cl2] (333.5 mg, 1 mmol) with AgNO3 (336.4 mg,
1.98 mmol) in H2O (10 cm3) in the dark for 2 h at
60 °C. Stirring was continued in the dark for a further
2 h without heating and the white AgCl precipitate
was removed by ®ltration. To the ®ltrate containing
[Pd(bpy)(H2O)2](NO3)2 (1 mmol) was added a solution
of cbdcaH2 (144.1 mg, 1 mmol) in H2O (10 cm3).
Adjusting the pH to ca. 5 gave yellow crystals which
were isolated by vacuum ®ltration and washed thrice
with H2O, EtOH and Et2O. After drying in vacuum,
pale yellow crystals (369 mg, 91%) were obtained.
(Found: C, 47.6; H, 3.3; N, 7.0. C16H14N2O4Pd calcd.:
C, 47.5; H, 3.5; N, 6.9%.)
[Pd(bpy)(inosine)](NO3) was obtained by adding a

solution of inosine (268.2 mg, 1 mmol) dissolved in H2O
(20 cm3) to the above ®ltrate containing [Pd(bpy)-
(H2O)2](NO3)2 (1 mmol). The pH was adjusted to ca.
5 and the solution was stirred for 1 h; the total vol was
adjusted by vacuum evaporation to 20 cm3. Yellow
crystals, isolated by vacuum ®ltration, were washed
thrice with H2O, EtOH and Et2O. After drying in
vacuum, yellow crystals (527 mg, 89%) were obtained.
(Found: C, 40.7; H, 3.2; N, 16.5. C20H19N7O8Pd calcd.:
C, 40.6; H, 3.2; N, 16.6%.)
The absence of water of crystallization was con®rmed

by t.g.a. in a N2 atmosphere, for the three complexes.
No loss of weight observed below 180 °C. The residues
in the three complexes are consistent with the formation
of Pd metal corresponding to the above formulae.

Apparatus

Potentiometric titrations were performed with a
Metrohm 686 titroprocessor equipped with a 665 Dosi-
mat (Switzerland-Herisau). The titroprocessor and elec-
trode were calibrated with standard bu�er solutions.
KHphthalate, pH = 4.008 and a mixture of KH2PO4

and Na2HPO4 (pH = 6.865) were prepared according
to NBS speci®cations [13]. All titrations were carried out
at 25.0 � 0.1 °C, in a puri®ed N2 atmosphere. The pH
readings were corrected in order to read the pH of the
free hydrogen ion concentration by titrating a known
concentration of standard HCl solution with standard
NaOH solution under the same experimental condi-
tions. The pkw of water was calculated at 0.1 M ionic
strength to be 13.87 � 0.05.
I.r. spectra were recorded on a 8001-PC FT-IR

Shimadzu spectrophotometer using KBr pellets. T.g.a.'s
were performed in N2 atmosphere with a TGA-50
Shimadzu thermogravimetric analyzer. 1H-n.m.r. spectra
were recorded on a Varian GEMINI 200 spectrometer at
200 MHz using TMS as internal standard and d6-DMSO
as solvent.

Procedure and measuring technique

The acid-dissociation constants of cbdcaH2 and DNA
units were determined potentiometrically by titrating
0.05 mM of a ligand solution with a standard NaOH
solution. DNA units were protonated with standard
HNO3 solution. The acid dissociation constants of the
coordinated water molecules in [Pd(bpy)(H2O)2]

2+ were
determined by titrating 0.03 mM of the complex with
NaOH. The formation constants of the complexes were
determined by titrating solution mixtures of [Pd(bpy)-
(H2O)2]

2+ (0.03 mM) and the ligand in a 1:1 and 1:2
(metal:ligand) concentration ratio. The mixed ligand
formation constants were determined by titrating solu-
tion mixtures of [Pd(bpy)(H2O)2]

2+ (0.03 mM) and
cbdca (0.03 mM) and DNA ligand (0.03 mM). The
titration mixtures had a vol of 40 cm3 and the titrations
were carried out at 25 °C and at constant (0.1 M) ionic
strength (adjusted with NaNO3). The NaOH solutions
were standardized each time with standard KHphthalate
solution.
The species formed were characterized by the general

equilibrium process (1) while the formation constants
for these species are given in Equation (2)

l�M��p�L1��q�L2�� r�H�)* �M�l�L1�p�L2�q�H�r
�1�

blpqr � ��M�l�L1�p�L2�q�H�r�=�M�l�L1�p�L2�q�H�r
�charges omitted for simplicity�

�2�

where M, L and H stand for [Pd(bpy)(H2O)2]
2+ ion,

ligand and proton respectively. The calculations were
performed using the MINIQUAD-75 program [14]
running on an IBM-486 computer. The stoichiometries
and stability constants of the complexes formed were
determined by trying various possible composition
models for the system studied. The model selected was
that which gave the best statistical ®t and was chemically
consistent with the magnitudes of various residuals, as
described elsewhere [14]. Tables 1 and 2 list the stability
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constants together with their standard deviations and
the sum of the squares of the residuals as derived from
the output by the MINIQUAD-75 program. The
concentration distribution diagrams were obtained with
the SPECIES [15] program under the experimental
conditions used.

Results and discussion

The acid dissociation constants of the ligands were
determined under the experimental conditions T =
25 °C and at constant 0.1 M ionic strength (adjusted
with NaNO3), which were also used for determining the
stability constants of the palladium(II) complexes. The
values of the acid dissociation constants of the ligands
are consistent with the literature values [16].

Acid-base equilibria of [Pd(bpy)(H2O)2]
2+

The [Pd(bpy)(H2O)2]
2+ ion may undergo hydrolysis. Its

acid-base chemistry was characterized by ®tting the
potentiometric data to various acid-base models. The
best ®t model was found to be consistent with three
species: 10-1, 10-2 and 20-2. The ®rst two, 10-1 and 10-2
are due to deprotonation of the two coordinated water
molecules, as given in Equations (3) and (4). The third
species, 20-2, is the dimeric di-l-hydoxy complex of two
10-1's according to Equation (5).

�Pd�bpy��H2O�2�2�
100

)*
pKa1 �Pd�bpy��H2O��OH����H�

10-1

�3�

�Pd�bpy��H2O��OH���
10-1

) *
pKa2 �Pd�bpy��OH�2� �H�

10-2

�4�

Table 1. Formation constants for complexes of [Pd(bipy)(H2O)2]
2+

with DNA units at 25 °C and 0.1 M ionic strength

System l p ra log bb pKa
c Sd

Pd(bipy)-OH

1 0 )1 )3.91 (0.04) 1.6e)8
1 0 )2 )12.30 (0.01)

2 0 )2 )4.70 (0.06)

Cyclobutane dicarboxylic acid

0 1 1 5.48 (0.01) 1.2e)8
0 1 2 8.27 (0.01)

1 1 0 8.45 (0.02) 4.6e)8
1 1 1 11.37 (0.04) 2.92

Ethylenediamine

0 1 1 9.96 (0.01) 7.4e)8
0 1 2 16.83 (0.01)

1 1 0 17.08 (0.04) 9.1e)8
1 1 1 20.87 (0.04) 3.79

Uracil

0 1 1 9.17 (0.01) 5.5e)8
1 1 0 10.96 (0.02) 6.0e)8
1 1 1 13.50 (0.04) 2.54

1 2 0 17.17 (0.04)

1 2 1 22.15 (0.11) 4.98

Uridine

0 1 1 9.11 (0.01) 3.2e)8
1 1 0 9.71 (0.03) 5.1e)9
1 1 1 13.29 (0.02) 3.58

1 2 0 16.88 (0.03)

1 2 1 22.65 (0.02) 5.77

Inosine

0 1 1 8.81 (0.01) 5.7e)8
1 1 0 9.73 (0.01) 1.0e)8
1 1 1 12.55 (0.08) 2.82

1 2 0 14.89 (0.01)

1 2 1 20.11 (0.11) 5.22

1 2 2 25.37 (0.01) 5.26

Inosine-5¢-monophosphate

0 1 1 9.02 (0.01) 2.3e)8
0 1 2 15.24 (0.02)

1 1 0 10.17 (0.01) 7.3e)9
1 1 1 16.65 (0.01) 6.55

1 1 2 20.98 (0.05) 4.42

1 2 0 14.80 (0.01)

1 2 1 21.49 (0.08) 7.04

1 2 2 28.50 (0.03) 6.71

Adenine

0 1 1 9.65 (0.01) 1.7e)8
0 1 2 13.90 (0.00)

1 1 0 11.95 (0.02) 2.8e)9
1 1 1 15.97 (0.03) 4.02

1 2 0 16.59 (0.04)

1 2 1 25.76 (0.06) 9.17

1 2 2 30.25 (0.04) 4.49

a l, p and r are the stoichiometric coe�cients corresponding to Pd(bpy),

amino acid, DNA unit or peptide and H+ respectively; b standard

deviations are given in parentheses; c the pKa of the protonated species

(log b111 ) log b110);
d sum of the squares of the residuals.

Table 2. Formation constants for mixed ligand complexes of [Pd(bi-

py)(H2O)2]
2+ with cyclobutane dicarboxylic acid and some DNA units

at 25 °C and 0.1 M ionic strengtha

DNA l p q r log bb pKa
c Sd

Uracil

1 1 1 0 18.31 (0.05) 5.1e)7
1 1 1 1 24.76 (0.04) 6.45

1 1 1 2 27.05 (0.06) 2.29

Uridine

1 1 1 0 20.14 (0.03) 1.6e)8
1 1 1 1 26.74 (0.02) 6.60

1 1 1 2 28.62 (0.03) 1.88

Inosine

1 1 1 0 16.64 (0.05) 3.6e)8
1 1 1 1 22.77 (0.05) 6.13

1 1 1 2 25.58 (0.05) 2.81

Adenine

1 1 1 0 17.06 (0.05) 1.2e)7
1 1 1 1 23.24 (0.06) 6.18

1 1 1 2 27.08 (0.06) 3.84

Inosine-5¢-monophosphate

1 1 1 0 16.00 (0.04) 1.2e)9
1 1 1 1 22.42 (0.05) 6.42

1 1 1 2 27.92 (0.03) 5.50

1 1 1 3 31.49 (0.03) 3.57

a l, p, q and r are the stoichiometric coe�cients corresponding to

Pd(bpy), the cyclobutanedicarboxylic acid, DNA subunits and H+,

respectively; b standard deviations are given in parentheses; c the pKa of

the protonated species (log b111)log b110);
d sum of the squares of the

residuals.
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�5�

The pKa1 and pKa2 values were found to be 3.91 and
8.39, respectively, and are lower than the corresponding
values for all the amine platinum and palladium
complexes (see Table 3). The [Pd(pic)(H2O)2] values
are intermediate because pic has one pyridine ring. This
can be attributed to the increased positive charge on Pd
atoms due to the electron withdrawing character of the
pyridine rings. The equilibrium constant of the dimer-
isation (5) can be calculated by the relationship:

log Kdimer � b20-2 ÿ 2b10-1 � ÿ4:70ÿ 2�ÿ3:91� � 3:12

The concentration distribution diagram for [Pd(bpy)-
(H2O)2]

2+ and its hydrolyzed species is shown in
Figure 1. The concentration of the monohydroxo
species, 10-1, and the dimeric species, 20-2, increase
with increasing pH. These two are the main species with
a formation percentage of ca. 50% in the ca. 4.8±7.8 pH
range, i.e. they are the main species present under
physiological conditions. A further increase in pH is

accompanied by an increase in the dihydroxo species,
which is the main species above pH ca. 8.5.

Complex-formation equilibria involving cbdca

The potentiometric data for H2cbdca complex-forma-
tion were ®tted considering the formation of 110 and the
monoprotonated complex species 111. The stability
constant of the cbdca complex with [Pd(bpy)(H2O)2]

2+

is higher than the constants for [Pd(aliphatic diamine)-
(H2O)2]

2+. Also, the protonated species were not
observed in similar palladium complexes of cbdca and
aliphatic amines [8, 9] using potentiometric techniques.
The higher stability of the complex, with cbdca and the
stabilization of the protonated species may be attributed
to the p-acceptor properties of the pyridine rings. The
pKa of the protonated species is 2.92; a value lower than
that of Hcbdca), which indicates acidi®cation upon ®rst
chelation to Pd through one carboxylate group by
2.56 pK units (5.48±2.92). The pKa value of this
protonated species were estimated previously from
u.v.±vis. measurements to be ca. 2.5 at 25 °C and
0.1 M ionic strength [21]. The concentration distribution
diagram, Figure 2, shows that the species 111 is stable
only at a low pH, i.e. less than ca. 4. The main species in
the physiological pH range is the closed structure, 110,
species, which reaches a maximum of 92.8% at pH 5.
The concentration distribution diagram (Figure 2)
clearly shows a dramatic decrease in the dimeric species,
20-2. The concentration of the monohydroxo species,
10-1, decreased and its maximum is shifted to higher
pH. However, the dihydroxo species, 10-2, was not
a�ected.
The involvement of the carboxylic oxygen in coordi-

nation is con®rmed by the shift of the asymmetric and
symmetric stretching frequencies of COO) to lower
and higher frequencies, respectively. mas and ms are
1706 and 1293 cm)1 in H2cbdca (this work), which are
shifted to 1645 and 1354 cm)1 in the complex. This
corresponds to a unidentate chelation mode [22].

Fig. 1. Concn distribution of various species as a function of pH in the

Pd(bpy)(H2O)2 and its hydrolyzed species (concn 0.75 mmol l)1).

Table 3. Comparison of acid dissociation constants of some Pt and Pd

diaquo complexes

Complexa pKa1 pKa2 Ref

cis-[Pt(NH3)2(H2O)2]
+2 5.6 7.3 [17]

[Pt(en)(H2O)2]
+2 5.8 7.6 [18]

[Pd(en)(H2O)2]
+2 5.6 7.3 [19]

[Pd(dap)(H2O)2]
+2 5.62 9.35 [8]

[Pd(pic)(H2O)2]
+2 4.43 8.64 [20]

[Pd(bpy)(H2O)2]
+2 3.91 8.39 This work

a en, dap, pic and bpy represent ethylenediammine, 1,2-diamino-

propane, picolylamine and 2,2¢-bipyridine, respectively.

Fig. 2. Concn distribution of various species as a function of pH in the

Pd(bpy)(H2O)2 and cbdca system (concn 0.75 and 0.75 mmol l)1,

respectively).
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The structure of the [Pd(bpy)(cbdca)] complex was
con®rmed by comparing the 1H-n.m.r. signals of 2,2¢-
bipyridine, [Pd(bpy)Cl2] and [Pd(bpy)(cbdca)]. The
spectrum of 2,2¢-bipyridine shows doublets for each
CH ring proton at 7.47, 7.95, 8.41 and 8.70 p.p.m. These
values are shifted slightly down®eld (deshielded) to 7.81,
8.36, 8.58 and 9.12 p.p.m. for [Pd(bpy)Cl2] and to 7.87,
8.41, 8.45 and 8.60 p.p.m. for [Pd(bpy)(cbdca)]. Also,
the cyclobutane protons are shifted down®eld (de-
shielded) upon complex formation. The H(b) protons
appear as triplets at 2.33, 2.37 and 2.41 p.p.m. and, in
H2cbdca, are shifted to 2.67, 2.71 and 2.75 p.p.m. in the
[Pd(bpy)(cbdca)]. H(c) protons appear as quintet at
1.65, 1.68, 1.72, 1.75 and 1.79 p.p.m. which, in H2cbdca,
are shifted to 1.77, 1.80, 1.84, 1.88 and 1.92 p.p.m. in the
[Pd(bpy)(cbdca)]. The shift in the signal for H(c) protons
are much less than that for H(b) protons, which can be
explained on the basis that H(c) protons are far from the
coordination sites.

Complex-formation equilibria involving
1,2-ethylenediamine

1,2-Ethylenediamine (en) forms two species namely, the
monoprotonated species 111 at low pH (below pH ca. 5)
and the closed form 110 species with log b110 = 17.08.
The pKa of the protonated species (3.79) is lower than
the pKa of the free protonated en (9.96). This means that
the en is acidi®ed by 6.17 pK units by the ®rst chelation.
The acidi®cation is probably enhanced by the bidentate
character of the en. The concentration distribution
diagram in Figure 3, clearly shows the absence of any
hydroxo species. This is due to the high stability of the
[Pd(bpy)(en)]2+ complex, which is inert to hydrolysis
even at higher pH.

Complex-formation equilibria involving
DNA constituents

The pKa values of DNA constituents, Table 1, are
consistent with the literature values [16]. The accepted

models for DNA complex formation are consistent with
the formation of 1:1 and 1:2 complexes. The protonated
species are also observed at low pH. (Table 1 and
Figures 4 and 5). The complexes with DNA constituents
are stabilized by intramolecular stacking between the
bipyridine aromatic ring structure and the purine rings
[23]. The concentration distribution diagrams, (Figures 4
and 5), show that complex formation between [Pd(bpy)
(H2O)2]

2+ and DNA subunits suppresses dramatically
the hydoxo species, shifting them to higher pH.

Inosine may protonate at N7 forming a (N1H±N7H)
monocation. In the present study, the pKa of N1H was
determined (pKa = 8.81). The pKa of N7H is 1.2 [24]. It
was reported [11] that, in the acidic pH range, N1
remained protonated, while the metal ion is coordinated
to N7. In inosine, the pKa of the protonated species is
2.82, which means that N1H is still protonated and is
acidi®ed by 5.99 pK units, (8.81±2.82), Table 1. The
binding site at the higher pH was disputed and a gradual

Fig. 3. Concn distribution of various species as a function of pH in the

Pd(bpy)(H2O)2 and en system (concn 0.75 and 0.75 mmol l)1,

respectively).

Fig. 4. Concn distribution of various species as a function of pH in the

Pd(bpy)(H2O)2 and inosine system (concn 0.75 and 1.50 mmol l)1,

respectively. Minor species are not shown for clarity).
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change from N7-binding to N1-binding with an increase
of pH [25] was suggested. Several solid palladium(II)
complexes of guanosine and inosine exhibit N7AO6
chelation [26, 27]. Also, according to ab initio SCF
calculations, N7AO6 chelation is the energetically
favored bonding mode [28, 29]. In this work, the i.r.
spectrum of [Pd(bpy)(Inosine)]NO3 shows a shift of the
m(C@O) stretching vibration from 1700 and 1676 cm)1

in the free inosine (which correspond to keto±enol
forms) to 1639 in the complex. This clearly indicates the
involvement of C@O, at C6 adjacent to N1, in
coordination. At higher pH, the N1H is deprotonated
and the negative charge on N1 resonates with C@O, and
so this will increase the negative charge on the oxygen
atom, in agreement with the large acidi®cation of the
N1H. The concentration distribution diagram, Figure 4,
shows that species 110 prevails between pH ca. 3.6±7
and reaches a maximum (90.3%) at pH 5.3. The 120
species prevails at higher pH than ca. 7 and reaches a
maximum (86.4%) at pH 9.
Inosine-5¢-monophosphate (5¢-IMP) forms a stronger

complex with [Pd(bpy)(H2O)2]
2+ than does inosine;

log b110 is 10.17 compared to 9.73 for inosine complex.
The extra stabilization can be attributed to the triply
negatively charged 5¢-IMP3) ion. The 5¢-IMP complex
has two protonated species associated with the 1:1
complex namely; 111 and 112, and their pKa values are
6.55 and 4.42, respectively. The species 112 was not
detected with the Pd(aliphatic amines) complexes
studied before [10, 11]. This may be interpreted on the
basis that the 112 is stabilized through the backbonding
to the p-system of the pyridine rings. The N1H and the
phosphate-OH groups were found to be acidi®ed upon
complex formation by 2.47 (9.02±6.55) and 1.80 (6.22±
4.42) pK units, respectively. The diprotonated 112
species, prevails up to pH ca. 4.3 (Figure 5), which has
the N7 site unprotonated and it is the potential
coordination site at low pH. At slightly higher pH
(4.4±6.4) the 111 species one cannot neglect the possible
involvement of the phosphate-O). At a higher pH

(6.5±7.8), species 110 prevails; the most probable site, as
in inosine, is the N7AO6 site. The 120 species prevails at
a pH higher than 7.8 and reaches a maximum (77.8%) at
pH 9.3.
Protonated adenine has two pKa's at 4.25 and 9.65,

corresponding to the N1 and N9 sites, respectively.
Hodgson [30] and Marzilli [31] discussed both solution
and solid complex studies and concluded that N9 is the
coordination site of adenine in the palladium(II)
complex. The data in Table 1 indicates the presence of
protonated species 111, 121 and 122, which con®rms a
site change upon varying the pH. At low pH, the N9H is
still protonated, as is further con®rmed by the higher
pKa value, 9.17 for the 121 species and acidi®cation of
the N9H in the species 111 by 5.63 (9.65±4.02). At higher
pH, as soon as N9H is deprotonated the binding site
may shift to N9.
Uracil and uridine are consistent with the formation

of the species 110, 111, 120, and 121. The presence of the
protonated species indicates a site change with pH. It
was suggested that, at low pH, the C2-oxygen coordi-
nates in the acidic solution and N7 coordinates in basic
solutions [32]. At low pH, the N3H site is still
protonated, and the coordination site could be through
the carbonyl oxygen, C(2)-oxygen, which is stabilized
by the bipyridine rings. It was established before that
the bipyridyl mixed complexes are highly stable to
oxygenated ligands [33]. Similarly, the coordination
sites are shifted to the N3 site at higher pH. The pKa of
the protonated species con®rms these ®ndings and
indicates acidi®cation of N3H by 6.63 (9.17±2.54) and
5.53 (9.11±3.58) for uracil and uridine, respectively.

Ring-opening of [Pd(bpy)(cbdca)] and the formation
of [Pd(bpy)(cbdca-O)(DNA)]

The experimental data were best ®tted by considering
the species 1110, 1111 and 1112 for uracil, uridine,
inosine and adenine (Table 2). An additional species
calculated for inosine 5¢-monophosphate, 1113, is the
triprotonated species which is expected to have three
protons: one on the N1H corresponding to pKa of 6.42
(acidi®cation of 9.02±6.42 = 2.60 pK units), the second
proton on the phosphate oxygen corresponding to a pKa

of 5.50 (acidi®cation of 6.22±5.50 = 0.72 pK units), and
the third proton on the carboxylic group of cbdca,
corresponding to a pKa of 3.57 (acidi®cation of 5.48±
3.57 = 1.91 pK units).
The presence of ring-opened species was con®rmed [3]

using 1H-n.m.r. for cis-[Pt(NH3)2(cbdca-O)(5¢-GMP-
N7)]. These studies indicated that cbdca is attached
through one carboxylate oxygen and 5¢-GMP through
N7 of the purine base. The ring-opened species was
further con®rmed by kinetic studies of [Pd(diammine)
(cbdca)] complex and 5¢-IMP [4].
The concentration distribution diagram, Figure 6,

for [Pd(bpy)(H2O)2], cbdca and Inosine system shows
that protonated species 1112 and 1111 are the most
common species below pH ca. 6. The species 1110 is

Fig. 5. Concn distribution of various species as a function of pH in the

Pd(bpy)(H2O)2 and 5¢-IMP system (concn 0.75 and 1.50 mmol l)1,

respectively. Minor species are not shown for clarity).
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the predominant species in the 6.2±11 pH range, with
maximum (96%) at pH 8.4. The concentration distribu-
tion diagram for the [Pd(bpy)(H2O)2], cbdca and 5¢-IMP
systems, Figure 7 shows that the protonated 1113, 1112
and 1111 are the predominant species up to pH = 6.4.
The species 1110 is the main species in the 6.6±10.6 pH
range, with maximum (92%) at pH 8.5.
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Fig. 7. Concn distribution of various species as a function of pH in the

Pd(bpy)(H2O)2, cbdca and 5¢-IMP system (at concn of 0.75, 0.75 and

0.75 mmol l)1, respectively. Minor species are not shown for clarity).

Fig. 6. Concn distribution of various species as a function of pH in the

Pd(bpy)(H2O)2, cbdca and Inosine system (at concn of 0.75, 0.75 and

0.75 mmol l)1, respectively. Minor species are not shown for clarity).
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