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Cytotoxic Palladium Complexes

Synthesis, Characterization, Speciation, DNA Cleavage, and
Cytotoxic Studies of the Pd[2-(2-Aminoethyl)-1-
methylpyrrolidine]Cl2 Complex with Reference to Carboplatin
Mohamed R. Shehata,[a] Mohamed M. Shoukry,*[a,b] Mona S. Ragab,[a] and
Rudi van Eldik*[c,d]

Abstract: The [Pd(AEMP)Cl2] complex [AEMP = 2-(2-amino-
ethyl)-1-methylpyrrolidine] was prepared and characterized by
single-crystal X-ray diffraction and spectroscopic analyses. The
structure of the complex was found to be square-planar with
some distortion. The geometric optimizations of the ligand and
complex were performed with the DFT/B3LYP method by using
Gaussian 09. The stoichiometry and stability constants of the
complexes formed in the reaction of [Pd(AEMP)(H2O)2]2+ with
dicarboxylic acids and DNA constituents were investigated at

1. Introduction
Cisplatin, [Pt(NH3)2Cl2], is one of the most effective antitumor
drugs; it was approved for the treatment of several human
malignancies in 1978.[1,2] Cisplatin is one of the most used anti-
tumor drugs that exhibits high activity against solid tumors,
especially for testicular and ovarian cancer.[3–7] Even though it
is one of the most successful antitumor compounds developed
in recent years, it displays limited activity against some com-
mon forms of cancer. Cisplatin treatment is often accompanied
by severe side effects, including cumulative toxicities of nephro-
toxicity, neurotoxicity, and emetogenesis.[8–11] Thus, it was nec-
essary to exploit new drugs that have improved therapeutic
properties. Reports have shown that the proper choice of li-
gands is critical, as they play an essential role in controlling its
reactivity, lipophilicity, and substitution inertness.[12–15]

The corresponding PdII derivatives were also used for the
treatment of cancer owing to their structural analogy.[16,17] Pal-
ladium complexes are expected to have lower kidney toxicity
than cisplatin because the tightly bound chelate ligands of
PdII are not easily displaced by sulfhydryl groups in kidney
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0.1 M ionic strength and 25 °C. The results show that both DNA
constituents and cyclobutanedicarboxylate (CBDCA) coordinate
to [Pd(AEMP)(H2O)2]2+ to form the quaternary complex
[Pd(AEMP)(CBDCA-O)DNA], where CBDCA-O represents cyclo-
butanedicarboxylate coordinated through one carboxylate oxy-
gen atom to the PdII center. The speciation concentration distri-
butions in solution were evaluated. The biological activity for
DNA cleavage and cytotoxicity of the [Pd(AEMP)Cl2] complex
was studied.

tubules.[18–20] A number of PdII complexes with aromatic N- and
N,N-containing ligands, such as derivatives of pyridine, quinol-
ine, pyrazole, and 1,10-phenthroline, as well as those with N,S-
chelating ligands, such as derivatives of thiosemicarbazones
and dithiocarbamates, have shown very promising antitumor
properties.[21–23]

Our group is interested in studying complex-formation reac-
tions of complexes containing cis-(diamine)palladium(II) with
DNA, the major target in chemotherapy of tumors, and amino
acids, peptides, dicarboxylic acids, and esters.[24–30] In this study,
we have synthesized and characterized the [Pd(AEMP)Cl2] com-
plex. AEMP [2-(2-aminoethyl)-1-methylpyrrolidine] was selected
because of the pyrrolidine ring, which may undergo stacking
interactions with the sugar groups of DNA. Also in the case
of [Pd(AEMP)(CBDCA)] (CBDCA = cyclobutanedicarboxylate), the
sugar group of the interacting DNA may undergo stacking in-
teractions with both the cyclobutane ring of the bound CBDCA
and the pyrrolidine ring of AEMP. Such interactions could favor
reactions with DNA. The latter effect is similar to that reported
for carboplatin, where stacking interactions between the cyclo-
butane ring of CBDCA and the sugar group of DNA occur and
form part of the increased antitumor activity.[31] Complex-
formation equilibria between [Pd(AEMP)(H2O)2]2+, dicarboxylic
acids, and some selected DNA constituents were investigated.
The biological activity for DNA cleavage and cytotoxicity of the
[Pd(AEMP)Cl2] complex was studied.

2. Results and Discussion

2.1 Single-Crystal X-ray Diffraction

Crystals for X-ray crystallography were obtained by recrystalliza-
tion of [Pd(AEMP)Cl2] from a hot water/acetonitrile mixture fol-
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lowed by gradual evaporation. The structure of the complex
was investigated, for which the geometric information is re-
ported below. All diagrams and calculations were done with
maXus (Bruker Nonius, Delft & MacScience, Japan). The crystal
data and structure refinement is given in Table 1.

Table 1. [Pd(AEMP)Cl2] crystal data and structure refinements.

Crystal data Criterion: I > 3.00 σ(I)

Rint = 0.045
mol. formula: C7H16Cl2N2Pd θmax = 34.99°
formula Wt: 305.525 h = –12→12
crystal system: monoclinic k = –19→17
space group: P21/c l = –17→20
a = 7.8226(2) Å h = 0→12
b = 12.3381(3) Å k = 0→19
c = 12.6126(4) Å l = –20→17
α = 90°
� = 120.00(18)° refinement
γ = 90° refinement on F2

V = 1071.90(5) Å3 full-matrix least-squares refinement
Z = 4 R(all) = 0.061
Dx = 1.893 Mg m–3 R(gt) = 0.036
Mo-Kα radiation wR(ref ) = 0.074
λ = 0.71073 wR(all) = 0.103
cell parameters from 6579 wR(gt) = 0.075
θ = 1.018–34.972° S(ref ) = 1.203
μ = 2.18 mm–1 S(all) = 1.369
T = 298 K S(gt) = 1.232
prismatic 3363 reflections
orange 109 parameters

0 restraints
data collection only coordinates of H atoms refined
kappaCCD calculated weights sigma
absorption correction: none Δ/σmax = 0.044
11821 measured reflections Δρmax = 1.20 e Å3

5036 independent reflections Δρmin = –1.63 e Å3

3374 observed reflections

The crystal structure consists of [Pd(AEMP)Cl2] molecules
(monomeric) as shown in Table 1 and Figure 1. The compound
was found to crystallize in the space group P21/c, a =
7.8226(2) Å, b = 12.3381(3) Å, c = 12.6126(4) Å, α = 90.00°, � =
120(18)°, γ = 90.00°, V = 1071.90(5) Å3, four molecules per unit
cell, Z = 4, and Dx = 1.893 Mg m–3, Figure 2.

The structure of the complex was square-planar with some
distortion. There are two chloride anions in the cis-position co-
ordinated to Pd and the ligand coordinates through the N1 and
N2 atoms. Selected bond lengths and angles are reported in
Table 2.

The ligand forms a six-membered metallocyclic ring and acts
as a bidentate chelate with a distorted boat conformation. The
Pd–N1 bond length (2.099 Å) is slightly longer than that of Pd–
N2 (2.052 Å) owing to the steric nature of the ring and the CH3

group attached to N1. The Pd–Cl bond lengths (2.299 and
2.318 Å) are comparable to distances found in the literature
(2.220–2.361).[32,33] The values of the angles around the Pd
atom are close to 90°, viz., N1–Pd–N2, Cl1–Pd–Cl2, Cl1–Pd–N2,
and Cl2–Pd–N1 are 93.20, 89.39, 84.36, and 92.87°, respectively.
The angles Cl1–Pd–N1 and Cl2–Pd–N2 are 176.47 and 172.63°,
respectively, and are close to being linear.
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Figure 1. [Pd(AEMP)Cl2] ORTEP drawing with the displacement ellipsoids
drawn at the 50 % probability level.

Figure 2. Unit cell of the [Pd(AEMP)Cl2] crystal with four molecules per unit
cell.

Table 2. Important bond lengths and angles for [Pd(AEMP)Cl2].

Bond type Bond length [Å] Angle type Angle [°]

Pd–Cl1 2.299(2) N1–Pd–N2 93.20(7)
Pd–Cl2 2.318(2) Cl1–Pd-N2 84.36(6)
Pd–N1 2.099(2) Cl2–Pd-N1 92.87(5)
Pd–N2 2.052(2) Cl1–Pd–Cl2 89.39(3)
N1–C1 1.512(3)
N1–C4 1.515(3) Cl1–Pd–N1 176.47(5)
N1–C7 1.489(3) Cl2–Pd–N2 172.63(6)
N2–C6 1.475(3)
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2.2 Molecular Modelling

Calculation of the equilibrium geometry of the ligand and the
[Pd(AEMP)Cl2] complex by using density functional theory
(DFT)[34] was carried out with the program Gaussian 09 at the
B3LYP/LANL2DZ level of theory.[35] Figure 3 shows the opti-
mized structures of the ligand (AEMP) and the [Pd(AEMP)Cl2]
complex in the most stable configurations.

Figure 3. Ligand structure (top) and Pd complex structure (bottom) optimized
by DFT by using the B3LYP/LANL2DZ functional.

The bond lengths of N–C from modelling data for the com-
plex (1.492–1.532 Å) are larger than those of the free ligand
(1.474–1.509 Å). This can be attributed to the involvement of
the nitrogen atoms in complex formation with palladium, which
will elongate the bonds adjacent to the nitrogen atoms. The
uncoordinated ligand has a hydrogen bond (N2H1···N1,
2.276 Å) that is broken during complex formation. The distance
(N1···N2) decreased from 3.204 in the uncoordinated ligand to
3.038 Å in case of the complex owing to complex formation
through the N atoms. The bond angles C1–N1–C4, C1–N1–C7,
and C4–N1–C7 decreased upon complex formation from 109.4,
114.0, and 115.6° to 104.1, 110.4, and 108.5°, respectively. This
is probably due to pulling of the N1 atom during coordination
to palladium, which decreases the angles of C1–N1–C4, C1–N1–
C7, and C4–N1–C7, see Table 3.

There is a good agreement between the bond lengths and
angles for the calculated structure of the complex in the gas
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Table 3. Optimized bond lengths and angles of AEMP and [Pd(AEMP)Cl2].

Type of Bond length [Å] Type of Angle Angle [°]
bond AEMP Complex AEMP Complex

Pd–N1 – 2.163 N1–Pd–N2 – 97.0
Pd–N2 – 2.116 Cl1–Pd–N2 – 81.0
Pd–Cl1 – 2.394 Cl2–Pd–N1 – 89.4
Pd–Cl2 – 2.397 Cl1–Pd–Cl2 – 92.6
N1–C1 1.487 1.522 Cl1–Pd–N1 – 178.0
N1–C4 1.509 1.532 Cl2–Pd–N2 – 173.4
N1–C7 1.474 1.515 C1–N1–C4 109.4 104.1
N2–C6 1.479 1.492 C1–N1–C7 114.0 110.4
N1···N2 3.204 3.038 C4–N1–C7 115.6 108.5
N2H1···N1 2.276 3.903 N2–C6–C5 114.7 111.6

H1–N2–H2 112.3 107.0

phase and those obtained from the X-ray structure (see Table 2
and Table 3). In general, the X-ray data have smaller bond
lengths and angles than the modelling data because the X-ray
data are for the condensed solid phase, whereas the modelling
data are for the gas phase.

The total energy, the difference in energy between the
HOMO and LUMO energies, and the dipole moment for the
ligand and complex were calculated, see Table 4. The more neg-
ative value for the total energy of the complex (–542.58 a.u.)
than for the free ligand (–385.80 a.u.) indicates the extra stabil-
ity of the complex compared with the free ligand. The polarity
of the complex is much larger than for the free ligand as indi-
cated by the dipole moment of the [Pd(AEMP)Cl2] complex
(13.127 Debye) compared with that of the ligand (2.307 Debye).

Table 4. Energies and dipole moments calculated for ligand and complex at
the B3LYP level.[a]

E HOMO LUMO ΔE Dipole moment

AEMP –385.80 –5.1851 2.2503 7.9467 2.307
[Pd(AEMP)Cl2] –542.58 –6.0814 –2.2786 3.8029 13.127

[a] E is the total energy (a.u.), HOMO is the highest occupied molecular orbital
[eV], LUMO is the lowest unoccupied molecular orbital [eV], ΔE: ELUMO –
EHOMO [eV], and dipole moment calculated [Debye].

2.3 Speciation Studies

2.3.1 Acid–Base Equilibria of [Pd(AEMP)(H2O)2]2+

The spontaneous deprotonation of [Pd(AEMP)(H2O)2]2+ was in-
vestigated. The pKa of the ligands and the stability constants of
the formed complexes were determined at the same ionic
strength and temperature. The proposed model was chosen by
fitting the potentiometric data to a variety of acid–base models.
The experimental and theoretical data was found to be consist-
ent with the formation of three species in solution, viz., 1 0 0,
1 0 –1, and 1 0 –2 as given in the reactions in Equation (1) and
Equation (2). The species 2 0 –2 was not detected. This may be
explained on the basis that the limited solubility and concentra-
tion used for the PdII complex did not allow formation of di-
meric species. The pKa1 and pKa2 values for [Pd(AEMP)(H2O)2]2+

were found to be 5.04 and 10.78, respectively.
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(1)

(2)

The spectra of the [Pd(AEMP)(H2O)2]2+ complex and its de-
protonated forms are reported in Figure 4. The band at 355 nm
(A) corresponds to [Pd(AEMP)(H2O)2]2+, 1 0 0, and undergoes a
blueshift to 337 nm (B) upon formation of [Pd(AEMP)(H2O)OH]+,

Figure 4. The electronic spectra of (A) 1 × 10–3 M of [Pd(AEMP)(H2O)2]2+; (B)
1 × 10–3 M of [Pd(AEMP)(H2O)2]2+ and 1 × 10–3 M of NaOH; (C) 1 × 10–3 M of
[Pd(AEMP)(H2O)2]2+ and 2 × 10–3 M of NaOH.

Figure 5. Concentration distribution of different species as a function of pH for [Pd(AEMP)(H2O)2]2+ with OH– (A), CBDCA (B), inosine-5′-monophosphate (C),
and uracil (D) at a concentration of 1.25 mM (for [Pd(AEMP)(H2O)2]2+and CBDCA) and 2.50 mM (for inosine-5′-monophosphate and uracil).
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1 0 –1, as a result of deprotonation of coordinated water. This
band decreases in intensity and shifts further to 328 nm (C) for
[Pd(AEMP)(OH)2], 1 0 –2. The blueshift is due to the increase in
ligand field splitting.

The concentration distribution diagram for [Pd(AEMP)-
(H2O)2]2+ and its deprotonated species is shown in Figure 5A.
The concentration of the monohydroxo species, 1 0 –1, in-
creases with increasing pH until it reaches a maximum concen-
tration (99.7 %) at pH 8. The species 1 0 –1 is the main species
in the pH range 5.2–10.8, that is, it is the major species present
under physiological conditions. The concentration of the
dihydroxo species (1 0 –2) increases at higher pH and it is the
main species present above pH approximately 10.8.

2.3.2 Complex-Formation Equilibria of [Pd(AEMP)(H2O)2]2+

with Dicarboxylic Acids

Analysis of the pH titration data for the Pd(AEMP)–dicarboxylic
acid system showed the formation of the 1 1 0 complex species
and the protonated complex, 1 1 1 (see Table 5). The 1 1 0
complex-formation constant with succinic acid, a seven-mem-
bered chelate ring, is lower than those for cyclobutanedicarbox-
ylic acid, oxalic acid, and malonic acid, where more stable five-
membered and six-membered chelate rings are formed. Al-
though both CBDCA and malonic acid form six-membered
chelate rings, CBDCA has a higher stability constant than malo-
nic acid. This is probably due to the higher pKa value of CBDCA.
The pKa values of the protonated complexes are close to the
second acid dissociation constant of their acids. The distribution
diagram for the [Pd(AEMP)(CBDCA)] complex is given in Fig-
ure 5B. The protonated complex 1 1 1 predominates at low pH,
whereas 1 1 0 is the main species in the physiological pH range
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and reaches a maximum concentration of 94.3 % at approxi-
mately pH 5.8.

Table 5. Formation constants for complexes of [Pd(AEMP)(H2O)2]2+ with di-
basic acids or DNA units at 25 °C and 0.1 M ionic strength.

M L H[a] log �[b]

OH– H2CBDCA Malonic acid

1 0 –1 –5.04(0.008) – –
1 0 –2 –15.82(0.01) – –
0 1 1 – 5.57(0.01) 5.25(0.02)
0 1 2 – 8.57(0.01) 7.85(0.03)
1 1 0 – 6.54 (0.02) 5.68 (0.04)
1 1 1 – 10.30 (0.04) 9.36 (0.05)
pKa 3.84 3.68

succinic acid oxalic acid
0 1 1 5.54(0.02) 3.96(0.02)
0 1 2 9.57(0.03) 5.67(0.03)
1 1 0 4.56(0.06) 4.85(0.05)
1 1 1 9.47(0.08) 7.86(0.07)
pKa 4.91 3.01

inosine inosine-5′-mono-
phosphate

0 1 1 8.80(0.02) 9.02 (0.02)
0 1 2 – 15.24(0.03)
1 1 0 7.77(0.02) 8.38 (0.01)
1 2 0 12.22(0.02) 12.41 (0.05)
1 1 1 12.63(0.03) 15.43 (0.01)
pKa 4.86 7.05

uracil thymine uridine
0 1 1 9.18(0.01) 9.65(0.01) 9.11(0.01)
1 1 0 8.05(0.06) 8.42(0.01) 7.91 (0.02)
1 2 0 13.62(0.07) 14.19(0.03) 12.54 (0.03)

[a] M, L, and H are the stoichiometric coefficients corresponding to Pd(AEMP),
dibasic acids or DNA units, and H+, respectively; the coefficient –1 refers to
a proton loss, the pKa is of the protonated species (log �1 1 1 – log �1 1 0). [b]
Standard deviations are given in parentheses; sum of square of residuals are
less than 5×10–7.

2.3.3 DNA Complexes

Inosine and inosine-5′-monophosphate (IMP) form 1:1 and 1:2
complexes in addition to the mono-protonated species of the
1:1 complex, see Table 5. The protonated inosine complex has
a pKa value of 4.86, which corresponds to N1H and is lower
than that of free inosine owing to acidification of N1H as a
result of complex formation.[36,37] The pKa value of the proto-
nated inosine-5′-monophosphate complex is 7.05, which corre-
sponds to the phosphate group (6.22). The high pKa values of
the pyrimidines (uracil, thymine, and uridine) are due to their
basic N3 nitrogen donors. They form 1 1 0 and 1 2 0 complexes
and predominate above pH 8.5. Owing to the high basicity of
the N3 group of thymine that results from the extra electron-
donating methyl group, it was found to have a higher stability
than that of uridine. Also, the 1:1 inosine-5′-monophosphate
complex formed with [Pd(AEMP)(H2O)2]2+ (log K = 8.38) is more
stable than the inosine complex (log K = 7.77). This extra stabili-
zation may come from the negatively charged phosphate
group.

The spectra given in Figure 6 show that the band at 355 nm,
corresponding to [Pd(AEMP)(H2O)2]2+ (A), undergoes a blueshift
to a band at 342 nm for the formation of the 1 1 0 species (B).
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This band is further shifted to a shoulder at 334 nm for the
formation of the 1 2 0 species (C). The uracil solution has no
absorption in the visible range (D).

Figure 6. The electronic spectra of (A) 1 mM of [Pd(AEMP)(H2O)2]2+; (B) 1 mM

of [Pd(AEMP)(H2O)2]2+ + 1 mM of uracil; (C) 1 mM of [Pd(AEMP)(H2O)2]2+ +
2 mM of uracil; (D) 1 mM of uracil.

2.3.4. Ring-Opening of [Pd(AEMP)(CBDCA)] and the
Formation of [Pd(AEMP)(CBDCA-O)(DNA)]

The potentiometric data for the system consisting of
[Pd(AEMP)(H2O)2]2+, CBDCA, and the DNA constituents, inosine,
inosine-5′-monophosphate, uracil, uridine, and thymine, were
fitted on the basis of different selected models. The best ac-
cepted model for the pyrimidines corresponds to the formation
of the 1 1 1 0 species. For inosine and IMP, the accepted model
was found to consist of 1 1 1 0 and 1 1 1 1 species, Table 6.
These results were further verified by comparing the experi-
mental potentiometric data with the theoretically simulated
curves. Figure 7 presents such a comparison for the IMP system,
from which it follows that the experimental data match the
theoretical curve and supports the formation of the quaternary
complex. The pKa of the protonated complexes are 5.42 and
6.60 for the inosine and inosine-5′-monophosphate complexes,
respectively. These are most probably due to N1H for the
inosine and phosphate group for IMP. It is interesting to note
that the quaternary complexes of inosine and IMP are more
stable than those of the pyrimidines. This can be accounted for

Table 6. Formation constants for mixed ligand complexes of [Pd(AEMP)-
(H2O)2]2+ with cyclobutanedicarboxylic acid and some DNA units at 25 °C
and 0.1 M ionic strength.

M L L′ H[a] log �[b]

inosine inosine-5′-
monophosphate

1 1 1 0 14.12(0.04) 14.46(0.04)
1 1 1 1 19.54(0.07) 21.06(0.07)
pKa 5.42 6.60

uracil thymine uridine
1 1 1 0 13.61(0.04) 13.99(0.04) 13.59(0.04)

[a] M, L, L′, and H are the stoichiometric coefficients corresponding to
Pd(AEMP), CBDCA, DNA units, and H+, respectively; the pKa is of the proto-
nated species (log �1 1 1 1 – log �1 1 1 0). [b] Log � of Pd(AEMP)–CBDCA–DNA
units. Standard deviations are given in parentheses; sum of square of residu-
als are less than 5×10–7.
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on the basis that the sugar ring of inosine and IMP forms a
close hydrophobic contact with the cyclobutane ring of CBDCA
and pyrrolidine ring of AEMP. Such hydrophobic contacts may
contribute to the stabilization of the quaternary complexes. The
same finding was obtained from an NMR study of the carbo-
platin-5′-guanosine monophosphate (GMP) complex.[31]

Figure 7. Potentiometric titration curve of [Pd(AEMP)(H2O)2]2+ (0.05 mmol) +
CBDCA (0.05 mmol) + inosine-5′-monophosphate (0.05 mmol).

The formation constants of the quaternary complexes ob-
tained in the present study are compared with those for
[Pd(pic)(CBDCA-O)(DNA)] reported in the literature.[38] The val-
ues of the formation constants of the complexes with stoichio-
metric coefficients 1 1 1 0 containing picolylamine (pic), are
14.65, 14.34, 14.18, and 14.18 for inosine-5′-monophosphate,
thymine, uracil, and uridine, respectively. These values are
higher than for the complexes containing AEMP (14.46, 13.99,
13.61, and 13.59, respectively), Table 6. This may be due to the
fact that picolylamine acts as a π-acceptor, which increases the
electrophilicity of the PdII ion and, as a result, the formation
constants. It should be mentioned that further studies are nec-
essary to elucidate the ring-opening reaction of chelated
CBDCA by DNA constituents, especially multinuclear NMR
measurements.

The speciation distribution for the Pd(AEMP)–CBDCA–IMP
system is shown in Figure 8. The Pd(AEMP)–CBDCA species
(1 1 0 0) dominates at pH 4.2 with 30.3 %. The protonated spe-
cies (1 1 1 1) prevails at lower pH (3.8–6.8) with a maximum

Table 7. Antimicrobial activities of AEMP and its Pd(AEMP) complex (inhibition zone diameter in mm mg–1 sample).

Compounds Microbial species
Bacteria Fungi
P. aeruginosa E. Coli B. Subtilis S. aureus A. flavus C. albicans

AEMP 16 21 19 20 17 11
Pd(AEMP) complex 25 27 22 26 27 18
Control (DMSO) 0.0 0.0 0.0 0.0 0.0 0.0
Standard
Ampicillin 17 22 20 18 – –
Amphotericin B – – – – 17 19
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concentration of 76.9 % at pH 5.6. The quaternary species
Pd(AEMP)–CBDCA–IMP (1 1 1 0) attains a maximum of 94.8 %
at a pH in the range 6.8–12. This indicates that the ring-opening
of chelated CBDCA by DNA is achievable in the physiological
pH range.

Figure 8. Concentration distribution of different species as a function of pH
in the Pd(AEMP)–CBDCA–IMP system at concentrations of 1.25 mM for
[Pd(AEMP)(H2O)2]2+, CBDCA, and IMP.

The concentration distribution diagrams in Figure 8 show
that the protonated species predominate at lower pH for
inosine and IMP. The quaternary species (1 1 1 0) of
[Pd(AEMP)(CBDCA)(DNA)] predominates in the physiological pH
range for all DNA constituents.

2.4 Antimicrobial Activity

The principle focus of the synthesis and production of any anti-
microbial compound is to restrain the infectious microbe with-
out any side effects on the patient. Metal complexes are well
known to have improved antimicrobial activities.[39,40] Thus, the
biological activities of the free ligand and its metal complex
were screened against bacterial and fungal strains. The antimic-
robial activity of the compounds was tested in vitro against
Staphylococcus aureus and Bacillus subtilis (as Gram-positive
bacteria), Pseudomonas aeruginosa and Echerichia coli (as Gram-
negative bacteria), also for their antifungal activity against As-
pergillus flavus and Candida albicans, and then compared with
standard antibacterial and antifungal drugs. The results are dis-
played in Table 7. Comparing the biological activity of the com-
pounds with those of the standards ampicillin (antibacterial
agent) and amphotericin B (antifungal agent), AEMP and its Pd
complex are shown to have inhibitory action against the four
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bacterial strains, and this action is higher than that of the ampi-
cillin standard.

These results can be explained in terms of chelation the-
ory.[41] On chelation, ligand orbital overlap and partial sharing
of the metal ion positive charge with the donor groups within
the chelate ring system will decrease the polarity of the metal
ion to a larger extent. This in turn increases the central metal
atom's lipophilic nature, which subsequently enhances the
penetration into the lipid layer and blocks the metal binding
sites in the enzymes of the microorganisms, resulting in inter-
ference with the normal cell processes and destroying them
more aggressively.[42]

2.5 Antitumor Activity

The sulforhodamine B (SRB) assay was used to assess the poten-
tial cytotoxicity of AEMP and its PdII complex against different
human cell lines. The cytotoxic effect of different concentrations
of AEMP and its PdII complex (0, 25, 50, 100, and 150 μM) was
tested against two cancer cell lines, viz., MCF7 (human breast
cancer) and HCT116 (human colon cancer), in addition to HFB4
(human normal melanocytes). The drug concentration that re-
duces 50 % of the cell population (IC50) was determined by

Figure 9. The relationship between the concentration of AEMP (a) and its Pd
complex (b), and the surviving fraction of HCT116 (human colon cancer cell
line), MCF7 (human breast cancer cell line), and HFB4 (human normal melan-
ocytes).
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interpolation from dose–response curves. From the results pre-
sented in Figure 9, it is clear that the Pd(AEMP) complex
showed higher cytotoxic activity against the HCT116 cell line
than the MCF7 cell line with an IC50 value of 130 μM. Evaluation
of the usefulness of a compound as a pharmacological drug
depends mainly on the balance between its therapeutic poten-
tial and its toxic side effects. Therefore, the interest in these
results is the marginal effect of the complex against the human
normal cells, suggesting that this active complex could be ap-
plied as an anticancer drug candidate.[43]

2.6 DNA Cleavage Studies

The DNA cleavage activity of AEMP and its PdII complex was
examined by means of agarose gel electrophoresis through
controlling the relaxation of the supercoiled circular form of
pBR322 DNA into the nicked circular and/or linear form. In gen-
eral, when a circular plasmid DNA is subjected to electrophore-
sis, the intact supercoiled DNA (SC, Form I) migrates relatively
fast. When scission occurs on one strand (nicking), the supercoil
will relax to give a slower moving nicked circular form (NC,
Form II). Cleavage of both strands will result in a linear form (L,
Form III), which migrates between the above two forms. Firstly,
the nuclease activity of these compounds was studied by incu-
bating supercoiled pBR322 plasmid DNA (300 ng) with different
concentrations of AEMP (50, 150, 200 μM) and its PdII complex
(100, 200 μM) in a medium of Tris-HCl/NaCl buffer at 37 °C for
24 h in the absence of any external reagent. Upon gel electro-
phoresis of the reaction mixtures (Figure 10), the experiment
with only DNA showed no significant DNA cleavage. A concen-
tration-dependent DNA cleavage in case of incubated DNA
samples with AEMP and Pd(AEMP) was observed. With increas-
ing concentration of AEMP and its PdII complex, a significant
conversion of DNA from the supercoiled form (Form I) to the
nicked circular form (Form II) and linear form (Form III) was
observed. Figure 11 presents a bar diagram of the percentage
of cleavage for AEMP and its PdII complex. The DNA cleavage
activity showed that these compounds can effectively cleave
DNA compared with the control DNA. The PdII complex showed
a higher DNA cleavage activity compared with the free ligand.
The observed variation in the cleavage activity may be due to
the change in binding abilities of DNA. As AEMP and its com-
plex are able to cleave DNA in the absence of any external

Figure 10. Agarose gel electrophoresis pattern showing cleavage of pBR322
plasmid DNA (0.3 μg) incubated with AEMP and its Pd complex in Tris-HCl/
NaCl buffer (pH 7.1) at 37 °C for 24 h. Lane 1: DNA control; Lane 2: DNA +
AEMP (0.05 mM); Lane 3: DNA + AEMP (0.15 mM); Lane 4: DNA + AEMP
(0.2 mM); Lane 5: DNA + PdII AEMP (0.1 mM); Lane 6: DNA + PdII AEMP
(0.2 mM).
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Figure 11. Bar diagram showing the percentage of supercoiled (SC) pBR322 DNA cleavage by AEMP and its Pd complex at different concentrations after
incubation at 37 °C for 24 h. The sum of the intensities of the three forms of pBR322 DNA for each individual lane is standardized to 100 %.

Figure 12. Agarose gel electrophoresis pattern showing cleavage of pBR322
plasmid DNA (0.3 μg) incubated with AEMP and its Pd complex (0.2 mM) in
Tris-HCl/NaCl buffer (pH 7.1) with incubation at 37 °C for 24 h in the presence
of H2O2 as activating agent. Lane 1: DNA control; Lane 2: DNA + AEMP; Lane
3: DNA + AEMP + H2O2 (0.2 M); Lane 4: DNA + Pd(AEMP); Lane 5: DNA +
Pd(AEMP) + H2O2 (0.2 M).

Figure 13. Bar diagram showing the percentage of SC pBR322 DNA cleavage by AEMP and its Pd complex in the presence of H2O2 as activating agent after
incubation at 37 °C for 24 h. The sum of intensities of the three forms of pBR322 DNA is standardized to 100 % for each individual lane.
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reagent or irradiation, it may be assumed that DNA could be
cleaved through a discernible hydrolytic pathway. As a result, it
can be said that the ability of the compounds for DNA cleavage
may be considered as a major reason for their cytotoxic effect
on the proliferation and growth of the pathogenic organisms
and cancer cells.[44]

The nuclease efficiency of metal complexes relies mainly on
the activators used to initiate DNA cleavage. Therefore, further
activity of the compounds was tested in the presence and ab-
sence of hydrogen peroxide as an oxidant. As shown in Fig-
ure 12 and its bar diagram in Figure 13, the DNA cleavage activ-
ity of the compounds was significantly enhanced in the pres-
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ence of H2O2 (lanes 3 and 5). This may be due to the reaction
of hydroxyl radicals with DNA as in the Fenton mechanism,[45]

as hydroxyl radicals contribute to the oxidation of the deoxy-
ribose moiety, followed by hydrolytic cleavage of the sugar-
phosphate backbone.[46]

3. Conclusions

In the present study, the solution chemistry of the
[Pd(AEMP)Cl2] complex was investigated. The AEMP chelate has
a pyrrolidine ring that may interact with the sugar group of
DNA. Also, the [Pd(AEMP)(CBDCA)] complex has structural fea-
tures that favor interaction with DNA. The sugar group of DNA
may undergo stacking interactions with both the cyclobutane
ring of CBDCA and pyrrolidine ring of AEMP. This paper reports
the synthesis and structural characterization of [Pd(AEMP)Cl2].
The complex is formed through binding to two nitrogen atoms
and formation of a six-membered chelate ring. The bond
lengths and angles of the calculated structure of the complex
in the gas phase show good agreement with the data obtained
by single-crystal X-ray analysis. [Pd(AEMP)(H2O)2]2+ is hydro-
lyzed to give mono- and dihydroxo species, which is in line with
a previous report.[47] Dibasic acids form 1 1 0 complexes and
the protonated 1 1 1 complexes. DNA constituents form 1:1
and 1:2 complexes, whereas inosine and IMP form the mono-
protonated species of the 1:1 complex as well.

The results show that the [Pd(AEMP)(H2O)2]2+ complex can
interact with both CBDCA and DNA. Such a reaction is consid-
ered as a model for ring-opening of the chelated CBDCA com-
plex by DNA. It is of considerable interest that the quaternary
complexes of purines such as inosine and IMP, which have a
sugar group, are more stable than those of the pyrimidines. The
extra stability is accounted for in terms of the sugar group,
which undergoes a hydrophobic interaction with the cyclo-
butane ring of CBDCA and pyrrolidine ring of AEMP. Such an
interaction is one of the driving forces for the ring-opening of
chelated CBDCA. Cytotoxic and antiproliferative studies indi-
cated that AEMP and its PdII complex exhibit significant activi-
ties against different bacteria, fungal strains, and the cell line
HCT116.

4. Experimental Section
4.1 Materials: The ligands investigated are 2-(2-aminoethyl)-1-
methylpyrrolidine (AEMP), dicarboxylic acids, purines, and pyrimid-
ines. The dicarboxylic acids are cyclobutane-1,1-dicarboxylic acid
(H2CBDCA), oxalic acid, malonic acid, and succinic acid. The purines
are inosine and inosine-5′-monophosphate (IMP), and the pyrimid-
ines are uracil, uridine, and thymine. All the ligands were obtained
from Aldrich Chem. Co. Palladium(II) chloride, potassium chloride,
and silver nitrate were provided by BDH-Biochemicals Ltd., Poole,
England.

4.2 Synthesis of Complexes: The complex [Pd(AEMP)Cl2] was pre-
pared by heating a mixture of PdCl2 (0.177 g; 1.0 mmol) and KCl
(0.149 g; 2.0 mmol) in the least amount of water to 70 °C with
stirring. The clear solution of [PdCl4]2– was cooled to 25 °C, filtered,
and 2-(2-aminoethyl)-1-methylpyrrolidine (0.128 g; 1.0 mmol) was
added to the stirred solution. The pH of the medium was adjusted
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by HCl solution in the range 2–3. The solution was evaporated to a
small volume (20 mL) under vacuum, after which an orange crystal-
line precipitate of [Pd(AEMP)Cl2] was formed on cooling. The precip-
itate was filtered off and washed with water; yield 90 %. Elemental
analysis calcd. (%) for C7H16Cl2N2Pd (MW = 305.54): C 27.51, H 5.27,
N 9.16; found: C 27, H 5.1, N 9.

IR spectrum of the ligand: ν(NH2) broad between 3040 and 3500
with a maximum around 3340 cm–1, from hydrogen-bonding;
ν(C–H) at 2955, 2885, and 2793 cm–1; δ(NH2) at 1604 cm–1. IR of the
complex: ν(NH2) at 3255, 3202, and 3136 cm–1; ν(C–H) at 3128, 2962,
2928, and 2866 cm–1; δ(NH2) at 1581 cm–1; ν(Pd–N) at 478 cm–1. 1H
NMR of AEMP shows a band at δ = 1.28 ppm for the NH2 group, a
multiplet at 1.3–2.0 ppm (6 protons) assigned to H2, H3, and H5, a
multiplet at δ = 2.55 ppm for H1, a singlet at δ = 2.18 ppm for the
NCH3 group, a multiplet at δ = 2.55 ppm for H6, and a multiplet at
δ = 2.90 ppm for H4. These bands show a downfield shift in the
[Pd(AEMP)Cl2] complex spectrum to a multiplet at 1.77–2.45 ppm
(6 protons) assigned to H2, H3, and H5, the proton H6 appeared at
δ = 2.44 ppm. The NCH3 protons are at δ = 2.78 ppm and the H1
proton is a multiplet at δ = 4.12 ppm. The H4 multiplet is shifted
from 3.35 ppm. The NH2 is at δ = 4.47 ppm.

The 13C NMR spectrum of the ligand showed seven peaks at 21.6,
30.2, 37.3, 39.1, 40.0, 56.6, and 64.9 ppm for C2, C3, C5, C6, NCH3,
C1, and C4, respectively. These bands were shifted to 20.90, 23.6,
27.3, 28.7, 35.9, 47.4, and 54.7 ppm in the [Pd(AEMP)Cl2] complex
spectrum.

Crystals suitable for X-ray crystallography were obtained by recrys-
tallization of the [Pd(AEMP)Cl2] complex from hot acetonitrile/water,
followed by slow evaporation, then orange crystals were observed.

CCDC 1481623 (for the [Pd(AEMP)Cl2] complex) contains the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre.

4.3 Devices and Experimental Measurements: A Metrohm 686
titroprocessor was used for potentiometric titrations. Standard
buffer solutions, prepared according to NBS specifications, was used
to calibrate the titroprocessor and electrode.[48] All titrations were
performed in a purified nitrogen atmosphere. Elemental analysis
was done by using a CHNS Automatic Analyser, Vario EL III-Elemen-
tar, Germany. The infrared spectra were recorded by using a Shim-
adzu FTIR spectrophotometer (8001-PC), with KBr pellets. 1H NMR
and 13C NMR spectra were measured with a Varian GEMINI 200
spectrometer at 200 MHz with [D6]DMSO as solvent.

4.4 Potentiometric Measurements: Standard HNO3 solutions were
used to protonate ligands. The pKa of the ligands were determined
by titrating the sample solutions (0.05 mmol) with standard solu-
tions of NaOH. The diaqua complex [Pd(AEMP)(H2O)2]2+ was pre-
pared in solution by stirring the chloro complex with two equiva-
lents of AgNO3 overnight (with careful protection from light). The
precipitated AgCl was filtered off and the filtrate was diluted, in a
standard flask, to the required volume. The acid–base equilibria of
the diaqua complex [Pd(AEMP)(H2O)2]2+ were investigated by titrat-

https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.201601524
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
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ing the complex (0.05 mmol) with standard NaOH solution (0.05 M).
The formation constants of the complexes were determined by
titrating solution mixtures of [Pd(AEMP)(H2O)2]2+ (0.05 mmol) and
the ligand, in the ratio 1:1 and 1:2 for the dicarboxylic acids and
for the DNA constituents, respectively. The formation constants of
[Pd(AEMP)(CBDCA-O)(DNA)] were determined by titrating solution
mixtures of [Pd(AEMP)(H2O)2]2+ (0.05 mmol), H2CBDCA, and DNA
constituents in a concentration ratio of 1:1:1. All solution mixtures
each have a 40 mL volume and NaNO3 was used to adjust the ionic
strength to 0.1 M. A standard NaOH solution (0.05 M) was used as
titrant. The readings of the pH meter were changed to hydrogen
ion concentration by titrating a standard HNO3 solution (0.01 M), at
0.1 M ionic strength, with standard NaOH solution (0.05 M) at 25 °C.
Plotting pH values against p[H], the relationship pH – p[H] = 0.05
was observed.

The equilibrium constants for the species of the general formula
MLH, where M = Pd(AEMP), L = dicarboxylic acid or DNA constitu-
ent, and for the species MLL′H, where M = Pd(AEMP), L = cyclo-
butane dicarboxylic acid and L′ = DNA constituent, were calculated
with the MINIQUAD-75 program.[49] The stoichiometry and stability
constants of the complexes formed were obtained by examining
different probable composition models for the studied systems. The
model selected was the one that had the best fit and was consistent
with the amounts of various residuals.[49] The program SPECIES[50]

was used to obtain the concentration distribution diagrams at simi-
lar experimental conditions.

4.5 Spectrophotometric Measurements: Complexes of
[Pd(AEMP)(H2O)2]2+ were investigated by spectrophotometric meas-
urements by recording the UV/Visible spectra of solution mixtures
of [Pd(AEMP)(H2O)2]2+, ligand, and NaOH. Deionized water was used
to bring the volume of each mixture to 10 mL and the ionic
strength was kept constant at 0.1 M NaNO3. It was assumed that
the complexes were formed completely after neutralization of the
hydrogen ions released by complex formation.

4.6 DFT Calculations: The optimized geometries were obtained by
DFT calculations with the Gaussian09 program.[34] The DFT/B3LYP
method was used for the geometry calculations. The basis set
B3LYP/LANL2DZ was used to calculate the lowest energy structure
for the ligand and the complex.

4.7 Cytotoxic Studies

4.7.1 Antimicrobial Activity: The potential of AEMP and its Pd
complex as antibacterial agents against Staphylococcus aureus and
Bacillus subtilis (as Gram-positive bacteria), Pseudomonas aeruginosa
and Echerichia coli (as Gram-negative bacteria), and also as antifun-
gal agents against Aspergillus flavus and Candida albicans, was as-
sessed by using a modified Kirby–Bauer disc diffusion method.[51]

Melting nutrient agar media (pH 7.4), kept at 45 °C, were inoculated
by the cell suspension (0.5 mL 50 mL–1) of bacteria or fungi. These
inoculated media were shaken, and then poured into sterile Petri
dishes (15 cm–2 in diameter). Paper discs of Whatman No. 2 filter
paper, 6 mm diameter, were sterilized in an autoclave for 15 min at
121 °C, and immersed in the required concentration of the
compound solutions, then aseptically placed on the surface of the
inoculated plates with tested organisms and incubated. After one
day incubation at 37 °C in the case of bacteria and 2 d incubation
at 28 °C in the case of fungi, the inhibition zone diameters were
measured (in mm) and compared with standard drugs. All experi-
ments were repeated three times and the mean values were taken.

4.7.2 Antitumor Activity: The sulforhodamine B (SRB) assay was
measured at the National Cancer Institute, Egypt, to evaluate the
potential cytotoxicity of the ligand and its PdII complex against dif-
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ferent human cell lines, normal melanocytes (HFB4), breast carci-
noma cell line (MCF7), and colon carcinoma cell line (HCT116), by
using the Skehan and Storeng method.[52] Cells were plated in 96-
multiwell plates (1 × 104 cells per well) for 24 h before treatment
with AEMP or its Pd complex to allow attachment of cells to the
wall of the plate. The compounds were dissolved and applied to
cell monolayers in the wells, achieving final concentrations ranging
from 25 to 150 μM, then these cells were incubated at 37 °C for 2 d
in 5 % CO2. After 2 d incubation, the cells were fixed with chilled
10 % trichloroacetic acid (TCA) for 1 h at 4 °C, washed several times
with distilled water, air dried, and then stained for half an hour with
SRB (0.4 %). After staining, the plates were washed with 1 % acetic
acid to remove excess unbound stain and the bound stain was
recovered by using 10 mM unbuffered Tris base. The color intensity
was measured by recording the optical density at a wavelength of
540 nm by using an ELISA plate reader. The experiments were done
three times for each cell line, and the IC50 values representing half
maximal inhibitory concentrations were calculated from the curves
constructed by plotting cell surviving fraction (%) versus drug con-
centration.

4.7.3 DNA Cleavage Assays: The cleavage of plasmid pBR322 DNA
by AEMP and its Pd complex was examined by using an agarose
gel electrophoresis experiment. Supercoiled pBR322 DNA (300 ng)
treated with AEMP and its Pd complex in Tris–HCl/NaCl buffer in
the absence of additives was incubated at 37 °C for 24 h, and then
mixed with buffer (0.01 % bromophenol blue, 50 % glycerol, 0.25 M

EDTA). The samples were subjected to electrophoresis at 70–75 V
for 2 h in TBE buffer (89 mM Tris–HCl, 89 mM boric acid, 2 mM EDTA)
by using 1 % agarose gel containing 1.0 μg mL–1 ethidium bromide.
Other DNA cleavage experiments were monitored in the presence
of H2O2 as an oxidizing agent by using agarose gel electrophoresis.
After electrophoresis, the bands were photographed under a UV
trans-illuminator by using a digital camera. Image J software was
used to quantify cleavage products. The efficiency of DNA cleavage
activity of the compounds was assessed by determining their ability
to convert the supercoiled (SC) DNA to nicked circular (NC) and
linear (L) forms.[53]

Keywords: 2-(2-Aminoethyl)-1-methylpyrrolidine ·
Palladium · Stability constants · Antifungal agents · Antitumor
agents · DNA cleavage · Cytotoxicity
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