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Gold(III) complexes of 5-methyl-5-(pyridyl)-2,4-
imidazolidenedione: synthesis, physicochemical,
theoretical, antibacterial, and cytotoxicity
investigation†

Seyyed Javad Sabounchei,*a Parisa Shahriary,a Sadegh Salehzadeh,a Yasin Gholiee,a

Davood Nematollahi,a Abdolkarim Chehreganib and Amene Amania

This work reports the synthesis and characterization of cytotoxic gold(III) complexes of a series of

5-methyl-5-(pyridyl)-2,4-imidazolidenedione ligands. Based on the elemental analysis and inductively

coupled plasma-mass spectrometry (ICP-MS), the complexes have the general formula AuL1Cl2 (1),

[Au(L2)2Cl2][AuCl4] (2), and [Au(L3)2Cl2][AuCl4] (3) (L1, L2, and L3 = 5-methyl-5-(2,3, and 4-pyridyl)-2,4-

imidazolidenedione, respectively). All the compounds were studied by means of IR, 1H, 13C NMR spectral

analyses, molar conductivity, cyclic voltammetry, and DFT methods. The studies showed the complexes

have square planar geometry, common for d8 complexes, with the ligand molecule coordinated in an

N-coordination bidentate (1) and monodentate (2 and 3) fashion to the metal center. DFT studies on

different geometrical isomers suggested that in both the gas and solution phases, the trans isomers for

2 and 3 are more stable than the cis ones. The antibacterial activity and in vitro cytotoxicity of these

compounds, as respectively assessed in six bacterial strains and two human tumor cell lines, have been

investigated. The results showed the title complexes have the capacity to inhibit the metabolic growth of

the investigated bacteria and tumor cells to different extents. The cytotoxicity profiles of the complexes

against MCF-7 tumor cell lines are comparable to that of cisplatin (cis-diamminedichloroplatinum(II), DDP).

Introduction

Over the past few years, much interest has focused on gold(III)
complexes. Au(III) complexes are square-planar d8, isoelectronic
and isostructural to platinum(II) complexes, and therefore they
appear to be very good candidates for anticancer investigations.1–5

Though a number of interesting Au(III) targets have been
investigated,6,7 the biological utility of such agents continues
to be questioned. This may be due, in part, to the reductive
potential and poor solubility of common Au(III) coordination
complexes under physiological conditions. Many groups are
providing insight into complexes of Au(III) that may possess
significant anticancer activity. These range from simple Au(III)
coordination complexes,4,8–17 Au(III) complexes containing
bioligands,18–31 and organometallic Au(III) species.21,32–41 However,
compared to the corresponding Pt(II) complexes, ligand substitution
reactions of gold(III) complexes42–45 have not been extensively
studied because of their poor kinetic and redox stabilities, and
there is a tendency for the reduction of Au(III) to Au(I) and
disproportionation to colloidal Au(0).

A noteworthy approach in the design of cisplatin analogues
is the use of physiologically active compounds as ligands. By
replacing the labile chloride ligands with other leaving groups or
by substituting amine ligands with cyclic or acyclic alkylamines,
a number of other drugs have been developed. Recent studies
have demonstrated that simple bidentate or polydentate ligands
containing nitrogen donor atoms may offer sufficient redox
stabilization to produce viable Au(III) anticancer drug targets
under physiological conditions.11 Therefore, various hydantoins
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and spirohydantoins can be used as carrier ligands because they
are both biologically active46 nitrogen donors. In these derivatives,
strong evidence is available which indicates the crucial effect of
the nature of C-5 substituents on the pharmacological action.47

We devoted this study to the chemical modification of structures
similar to cisplatin and obtained new complexes in an attempt to
illuminate the anticancer potential of these compounds.

This study represents the synthesis, physicochemical evaluation,
theoretical studies, and pharmacological investigation of Au(III)
complexes with 5-methyl-5-pyridylhydantoins. Unfortunately, all
our attempts to obtain single crystals from the newly synthesized
complexes have failed. For this reason, various spectroscopic
methods and DFT studies were used to elucidate their structures.

Results and discussion

Room temperature reactions of H[AuCl4]�xH2O with L1–L3
(1 : 1 M ratio) in aqueous ethanol solution gave complexes 1–3
(Scheme 1). On the basis of the data from the elemental
analysis and ICP-MS, the following formulae can be derived
for the new complexes: AuL1Cl2 (1), [Au(L2)2Cl2][AuCl4] (2), and
[Au(L3)2Cl2][AuCl4] (3). Binuclear complexes 2 and 3 have
[AuCl4]� as a counter-ion,48,49 see Scheme 1. The compounds
were characterized on the basis of the following studies.

Molar conductivity studies

The molar conductance values of 10�3 M solutions of complexes
1–3 were measured in DMSO. The low conductance value for
complex 1 (11.70 O�1 cm2 mol�1) suggested that the replacement
of two chloride ligands by one L1 had occurred to give a neutral
and non-electrolytic complex,50 where L1 acts as a deprotonated

N,N-bidentate ligand.51 In complexes 2 and 3, the molar conduc-
tivity values, 79.12 and 43.45 O�1 cm2 mol�1, respectively, are in
the range of 1 : 1 electrolytes in this solvent.50 This may be taken
as evidence for the presence of [AuCl4]� as a counter-ion,
indicating the electrolytic nature of these complexes.

Electrochemical studies

Cyclic voltammetry was used to elucidate the suggested structures
for complexes 1–3. CV curves of the all compounds at a 100 mV s�1

scan rate in DMSO solutions (1.0 mM) are given in Fig. 1. The
reduction of Au(III) - Au(I) was observed for the Au(III) complexes
and the reduction of Au(I) - Au(0) for most of the Au(I) com-
plexes.52 As can be seen in Fig. 1, curve a, 1 shows one irreversible
cathodic peak, C1, appearing at �0.02 V, corresponding to the
two electron reduction of Au(III) to Au(I). Under these conditions,
the cyclic voltammogram of 2 shows one quasi-reversible
reduction process (C2 and A2) at 0.1 and 0.58 V, respectively,
and one irreversible reduction peak (C3) at �0.12 V vs. Ag/Ag+

(Fig. 1, curve b). The first quasi-reversible reduction peak (C2) is
assigned to the two electron reduction of Au(III) in the
[Au(L2)2Cl2]+ cation, whereas the second, more intense peak
C3, is related to the two electron reduction of Au(III) to Au(I) in
the counter ion, AuCl4

� + 2e�- AuCl2
� + 2Cl�.52 In this cyclic

voltammogram, the anodic peak A2 is related to the oxidation of
[Au(L2)2Cl2]+ to [Au(L2)2]+. In 3, such as 2, peak C4 (0.1 V) is
assigned to the two electron reduction of Au(III) in the
[Au(L3)2Cl2]+ cation and the second reduction peak, C5 (�0.14 V),
is related to the two electron reduction of Au(III) in the counter ion
(Fig. 1, curve c). A comparison of curve a with curves b and c in
Fig. 1 clearly confirms the presence of one (1) and two (2 and 3)
Au(III) centers in the complexes with different environments.

Spectroscopy

The assignment of the IR and NMR peaks was performed
according to the optimized structures of the ligands. For the
numbering of the atoms see Fig. 2 and 4 (to see the spectra refer
to Fig. S1–S17, ESI†).

Table 1 shows the most important vibrations in the ligands
and complexes. Comparative analysis of the IR spectra of the
complexes and of the free ligands revealed that the characteristic
absorption bands for the stretching vibrations of –CQN– from
the pyridine ring shifted towards higher frequencies in the
complexes. This indicates the nitrogen atom from the pyridine
ring participates in the coordination to the metal ion. The other
characteristic bands of the pyridine ring of the free ligand also
shifted to higher frequencies upon complexation. The bands
related to the stretching vibrations of the carbonyl groups and
more acidic NH groups (N3–H9 (Fig. 2), N3–H4 (Fig. 4), and
N2–H5 (Fig. 4) in L1–L3, respectively) remained almost
unchanged in the all the complexes. This fact is evidence that
these groups are not involved in the complex formation. The
band related to the stretching vibration of N2–H8 (Fig. 2) has
disappeared in 1, which shows the bidentate N-coordination of
L1 to the metal center, realized through the nitrogen atom of the
pyridine ring and the deprotonated nitrogen of the hydantoin
ring.51 On the other hand, in 2 and 3, as the nitrogen atom of theScheme 1 Synthesis of complexes 1–3.
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Fig. 1 Cyclic voltammograms of 1.0 mM solutions of the ligands and complexes in DMSO, containing 0.1 M tetra-n-butylammonium perchlorate
(Bu4NClO4) as a supporting electrolyte, at a Pt electrode. Scan rates: 100 mV s�1; t = 25 1C.

Fig. 2 Optimized structures of L1 (left) and 1 (right) at the BP86/TZVP level of theory.
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pyridine ring only participates in the coordination, the stretch-
ing vibrations of N2–H3 (2) and N3–H6 (3) (Fig. 4) are shifted to
higher frequencies. This change in the stretching frequency of
these groups can be due to their proximity to the coordination
site. Also, a solution IR study of the complexes in DMSO solvent
supported the structures observed in the solid state, which also
exist in solution. All the complexes displayed well-defined one
(2 and 3) and two (1) bands in the low-energy region at
390–300 cm�1, assigned to Au–Cl stretching vibrations.53–56

These bands clearly indicate the chlorine atoms are in the cis
and trans orientation, respectively.57

The chemical shifts from the NMR spectra of the ligands
and complexes are shown in Table 2.

The 1H NMR data for 1 indicates deprotonation at the NH
group as the signal of N2–H8 (Fig. 2) is not visible in the
spectrum. By comparing the other chemical shifts of L1 and 1,
we can conclude the NMR data supports the participation of
both the hydantoin and pyridine rings in the coordination.51

In the 1H NMR spectra of 2 and 3, the signals of the protons
from the pyridine ring are shifted to lower frequencies com-
pared to the spectra of the ligands. There are noticeable
differences between the proton chemical shifts of the ligands
and the corresponding complexes. These show that in these
complexes, the most probable bonding of the ligand with the
Au(III) ion is realized through the nitrogen atom of the pyridine
ring. The signals for the NH groups of the hydantoin ring are
slightly shifted. This fact indicates these atoms are not involved
in the coordination. The impressive changes in the chemical
shifts related to the carbon atoms of the pyridine ring also
confirm the participation of this ring in the bonding with the
metal ion. The signals of the two CQO groups from the
hydantoin ring in both complexes are slightly changed. C8–
O2 and C7–O1 (Fig. 4) show greater shifts toward higher
frequencies than C6–O1 and C8–O2 (Fig. 4) in 2 and 3,
respectively, which could be because these groups are nearer
to the coordination site. These findings are an indication that
in 2 and 3, the hydantoin ring does not participate in the
coordination.

Table 1 IR selected bands (nmax/cm�1) of the ligands (L1–L3) and com-
plexes (1–3), for the numbering of the atoms, see Fig. 2 and 4

Compound n(NH) n(CO) n(CN) n(AuCl)

L1 3262 (N2–H8) 1759 (C8–O1) 1587 —
3173 (N3–H9) 1724 (C9–O2)

1 — 1764 1604 374 and 333
3157 1723

L2 3244 (N2–H3) 1771 (C8–O2) 1594 —
3170 (N3–H4) 1723 (C6–O1)

2 3373 1780 1607 334
3167 1720

L3 3207 (N3–H6) 1776 (C7–O1) 1604 —
3113 (N2–H5) 1729 (C8–O2)

3 3246 1780 1620 374
3108 1728

Table 2 Experimental and theoretical 1H (90 and 300 MHz; DMSO; Me4Si)
and 13C NMR (300 MHz; DMSO; Me4Si) chemical shifts/ppm for the ligands
and corresponding complexes, for the numbering of the atoms, see Fig. 2
and 4

Compounds

L1 1

Exp. Theo. Exp. Theo.

1H NMR
5,6,7-H 1.74 1.59 1.80 1.75
2-H 7.32 6.48 7.85 7.49
J2,1 — — 7.25 —
4-H 7.52 6.89 7.94 8.38
J4,3 5.97 — 1.61 —
3-H 7.80 7.42 8.31 7.86
8-H 8.54 5.15 Disappeared —
1-H 8.57 7.92 9.10 9.75
J1,2 — — 6.27 —
9-H 10.83 4.82 11.29 6.14

13C NMR
C-7 22.53 31.90 23.37 32.09
C-6 66.36 74.50 65.22 88.27
C-2 120.68 125.45 123.02 128.31
C-4 123.74 123.71 125.44 128.05
C-3 137.71 138.48 142.58 141.47
C-1 149.61 152.40 146.52 150.91
C-9 157.45 156.04 155.27 155.35
C-5 158.28 163.92 156.91 172.02
C-8 177.11 177.46 175.38 174.15

Compounds

L2 2

Exp. Theo. Exp. Theo.

1H NMR
5,6,7-H 1.69 1.64 1.76 1.83
9-H 7.39 7.31 8.13 8.62
J9,8 7.51 — — —
2-H 7.88 8.24 8.71 9.37
J2,9 7.56 — 6.54 —
8-H 8.51 8.87 8.92 7.90
1-H 8.71 9.01 8.97 4.36
3-H 8.71 4.38 9.07 8.60
4-H — 5.89 11.16 6.32

13C NMR
C-9 25.45 30.53 25.88 30.54
C-7 63.24 72.82 62.89 74.33
C-3 123.89 125.26 127.62 151.60
C-4 133.78 136.36 139.70 154.13
C-5 136.06 140.00 139.86 151.42
C-2 147.14 154.14 142.15 131.28
C-1 149.35 149.20 143.69 141.32
C-6 157.29 153.66 156.43 153.84
C-8 177.52 176.36 175.72 153.84

Compounds

L3 3

Exp. Theo. Exp. Theo.

1H NMR
7,8,9-H 1.66 1.70 1.72 1.84
2-H 7.49 7.50 8.04 8.20
3-H 7.51 7.89 8.04 8.78
J(2,3),(1,4) 4.80 — — —
1-H 8.58 8.68 8.91 8.75
4-H 8.59 8.69 8.91 8.57
J(1,4),(2,3) 4.80 — — —
6-H 8.84 4.28 8.72 4.27
5-H 10.99 6.68 11.16 6.30
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Theoretical studies

Complexes AuL1Cl2 (1), [Au(L2)2Cl2] (cation-2) and [Au(L3)2Cl2]
(cation-3) exhibit square planar coordination. The optimized geo-
metries of L1 and 1 are shown in Fig. 2 and representative selected
calculated bond parameters are listed in Table S1 (ESI†). In the case

of 2 and 3, there are two possible isomers, cis and trans. We can
consider four and six conformers for trans and cis in 2, and two and
three conformers for trans and cis in 3, respectively. Among all the
optimized isomers and related conformers (see Fig. S18–S20, ESI†),
only the most stable cis and trans structures are shown in Fig. 3.
The calculated total energies for 2 and 3 indicate in both cases the
that trans isomers are 24.2 and 33.4 kJ mol�1 more stable than the
cis ones, respectively. Since the corresponding gold(III) complexes
were obtained from 50 : 50 (v : v) ethanol–water solutions, a
Conductor-like Polarizable Continuum Model (CPCM) with the
dielectric constants of water or ethanol was used for further
calculations. In order to compare the stability of the structures,
an averaged value of the electronic energy of the complexes in water
and ethanol solutions was calculated. The resulting data suggests
the trans isomer, also in solution, is the most stable isomer in these
complexes. However, the difference between the stability of the
trans and cis isomers is only 15.8 and 12.9 kJ mol�1 for 2 and 3,
respectively. The optimized geometries of L2, L3, trans-2 and trans-3

Table 2 (continued )

Compounds

L1 1

Exp. Theo. Exp. Theo.

13C NMR
C-9 25.08 31.13 25.57 30.21
C-6 63.98 76.00 64.45 73.16
C-2, C-4 120.95 122.62 123.63 130.04
C-3 148.96 150.80 151.16 164.77
C-1, C-5 150.30 152.91 144.38 152.67
C-7 156.72 162.13 156.42 153.83
C-8 176.39 178.42 175.15 172.19

Fig. 3 The most stable cis and trans isomers of the optimized structures of 2 and 3.
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are shown in Fig. 4 and representative selected calculated bond
parameters are listed in Tables S2 and S3 (ESI†). It should be noted
that the presence of the sp3-hybridized chiral carbon atoms (C6 in
L1 and L3, and C7 in L2) is responsible for the dihedral angle
between the pyridine ring and five-membered C3N2 ring.

In order to consider the correlation of the 1H and 13C NMR
spectra of the ligands and complexes with the calculated data
obtained from their optimized structures, quantum chemical
calculations of shielding constants were performed. The abso-
lute isotropic magnetic shielding constants (si) were used to
obtain the chemical shifts (see eqn (1)) by referring to the
standard compound tetramethylsilane (TMS) for both the H
and C atoms. The TMS reference molecule was also optimized
and its isotropic NMR shielding constants were calculated
using the same level of theory as for the studied structures.

di = sTMS � si (1)

As shown in Table 2 and Fig. 5, the experimental 1H and 13C
chemical shifts of all the remarkable protons, except the acidic
protons (of the two –NH groups), and carbons for all the
compounds are in good agreement with the calculated values.

The calculated values of the acidic protons (H8 and H6 in L1
and 1 (Fig. 2); H3 and H4 in L2 and 2 (Fig. 4); H5 and H6 in L3
and 3 (Fig. 4)) are unacceptable apart from the experimental
values, as the continuum model has obviously not correctly
described the chemical shifts associated with these protons
and fails to reproduce the experimental findings for them.58–60

However, as can be seen in Fig. 5 and Fig. S21 (ESI†), the high
linear correlation coefficients (R2) established the robustness of
the assignments. Thus, it seems that the optimized and
selected gas phase structures are close to the structures of
these compounds in solution.

Pharmacology

Antibacterial activities. The antibacterial activity of the
chemicals was studied against six bacterial strains (Table 3).
All the compounds inhibited the growth of the bacterial strains,
producing a zone diameter of inhibition from 8–26 mm,
depending on the susceptibility of the tested bacteria. The
highest antibacterial effect of L1 was against Escherichia coli
(13 � 3 mm), 1 against Staphylococcus aureus, Escherichia coli,
and Proteus vulgaris (24 � 4 mm), L2 and L3 against Staphylo-
coccus aureus (20 � 3 and 20 � 4 mm, respectively), 2 against

Fig. 4 Optimized structures of L2, L3, trans-2, and trans-3 at the BP86/TZVP level of theory.
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Staphylococcus aureus (26 � 5 mm), and 3 against Staphylococcus
aureus and Escherichia coli (20 � 4 and 20 � 3.5 mm, respec-
tively). Our data indicate that the highest activity of the ligands
and complexes is versus Staphylococcus aureus and Escherichia
coli bacteria. Based on our results, the complexes show more
activity than the ligands against more microorganisms under
identical experimental conditions. This would suggest that the
strong chelation could facilitate the ability of a complex to cross
a cell membrane and can be explained by Tweedy’s chelation
theory.61 Chelation considerably reduces the polarity of the
metal ion because of the partial sharing of its positive charge
with donor groups and possible electron delocalization over the
whole chelate ring. Such chelation can enhance the lipophilic
character of the central metal atom, which subsequently favours
its permeation through the lipid layer of the cell membrane.62

On the other hand, several systems document the importance of
counter ion association to charged species for drug uptake.63

Therefore, some of the differences in the observed ligand and
complex activities can be explained according to permeability
improvement by counter ions in the complex system. Indeed, the

[AuCl4]� counter ion can enhance cellular uptake. As can be seen in
Table 3, the minimum inhibitory concentration (MIC) of the che-
micals against the tested organisms varied between 4–28 mg cm�3,
while those of the standard chloramphenicol changes are in the
range of 1–8 mg cm�3. As a result, both in terms of inhibitory potency
and MIC values, the standard antibiotic chloramphenicol has
stronger activity than the chemicals against these bacterial strains.
Nevertheless, it is noteworthy that the inhibitory zone and MIC of
complexes 1 and 2 against the Escherichia coli bacterium is notice-
able and comparable to chloramphenicol.

In vitro cytotoxicity. Cytotoxicity assay experiments were
conducted to determine the effect of the Au(III) complexes on
cell viability using human breast adenocarcinoma (MCF-7) and
human lung carcinoma (A-549) tumor cell lines as target cells. For
comparison purposes, the cytotoxicity of cisplatin, a standard
antitumor drug, was evaluated under the same conditions. The
concentration–response curves were drawn (Fig. 6) and the IC50

values were extrapolated (Table 4).
It has been proposed that gold(III) therapeutics impart tumor

cytotoxicty via a different mechanism than cisplatin.64 It is

Fig. 5 Correlations between the theoretical and corresponding experimental values of the 1H (the left) and 13C (the right) chemical shifts (d, ppm) for L1
and 1 (for those of L2, L3, 2, and 3, see Fig. S21, ESI†).

Table 3 Inhibition zones (mm) and minimum inhibitory concentration (MIC) (mg cm�3) of the ligands and corresponding complexes against bacterial
strains

Chemicals

DMSO L1 1 L2 2 L3 3 STDa

Inhibition zones
Staphylococcus aureus — — 24 � 4 20 � 3 26 � 5 20 � 4 20 � 4 25 � 3.5
Staphylococcus saprophyticus — — 20 � 4 — 20 � 3 — 16 � 3 23 � 5
Escherichia coli — 13 � 3 24 � 4 8 � 2 24 � 3 — 20 � 3.5 24 � 4.3
Proteus vulgaris — — 24 � 4 — 18 � 3 — 13 � 3 35 � 8
Serratia marcescens — — 18 � 3 — 14 � 2 — 15 � 3 22 � 5
Bacillus cereus — 8 � 2 13 � 2 10 � 2 15 � 3 — 15 � 4 18 � 2.5

MIC
Staphylococcus aureus — — 4 12 4 12 6 2
Staphylococcus saprophyticus — — 12 — 12 — 16 4
Escherichia coli — 16 8 20 8 — 10 8
Proteus vulgaris — — 16 — 20 — 28 4
Serratia marcescens — — 16 — 18 — 18 4
Bacillus cereus — 28 18 24 16 — 16 1

a Chloramphenicol standard. Each datum represents the mean � SE of 4–5 samples.
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generally accepted that cisplatin induces tumor cell death
primarily by forming coordinate covalent adducts with purine
nitrogen donors in the DNA, which in turn inhibits tumor cell
division and induces apoptosis.65 Conversely, it has been
reported that gold(III) compounds most likely initiate apoptosis
in tumor cells through mechanisms not related to DNA
binding.64

Evaluation of the cell viability in a panel of human tumor
cell lines following a 72 h treatment revealed that the new
gold(III) complexes exerted cytotoxic effects in a concentration-
dependent manner. Because compounds 2 and 3 share the
same anionic core and [AuCl4]� is uniformly less active than the
cationic core contained in neutral L2 and L3,7,49 the difference

in the activity of these complexes can be attributed to the
difference in the structure and coordination mode of the
ligands in the cationic core and is comparable to the neutral
complex 1 containing deprotonated L1. It should be noted that,
undoubtedly, the counter ion in 2 and 3 is important to the
properties and potential processing that might take place
under physiological conditions, as previously mentioned. The
IC50 values (Table 4) of the three complexes are approximately
2–5 and 9–20 times higher than that of cisplatin against MCF-7
and A549 cell lines, respectively. As can be seen, the most
profound effect of these complexes is against MCF-7 cell lines,
making them (especially 2) promising for further pharmaco-
logical evaluation. Although these complexes are far less active
against A549 cell lines compared to the referent agent cisplatin,
when they are applied at high micromolar concentrations, they
will exhibit significant inhibiting activity, causing almost total
eradication of malignant cells. The results of the above studies
provide another challenge to the paradigm that square planar
complexes in a trans conformation do not show any biological
activity. They are in accord with existing data, which suggests
that it should be possible to confer cytotoxicity to trans-
configuration compounds by introducing bulky spectator
ligands,66,67 such as those used here, which increase the
stability of the gold(III) state towards redox reactions.

Conclusions

The present study describes the synthesis and characterization
of new Au(III) complexes, 1–3, of 5-methyl-5(pyridyl)-2,4-
imidazolidenedione ligands, L1–L3. Physico-chemical and
spectroscopic data showed the ligands exhibit bidentate (L1)
and monodentate (L2 and L3) N-coordination to the metal
center. Based on the experimental results, the complexes have
a square planar structure with 1 : 1 (1) and 2 : 1 (2 and 3) ligand–
metal ratios. In 2 and 3, [AuCl4]� acts as a counter-ion. DFT
calculations support the formation of trans isomers for com-
plexes 2 and 3.

The results from the antibacterial studies demonstrate the
chemicals have lower activity against the tested bacterial
strains, except for the Escherichia coli bacterium, than chlor-
amphenicol. The in vitro cytotoxicity of the complexes against
breast cancer MCF-7 and lung cancer A-549 cell lines indicates
the gold(III) complexes exhibit relevant cytotoxic properties,
especially when tested on breast cancer cells. Among the
complexes, 2 shows comparable cytotoxicity profiles to that of

Fig. 6 Cytotoxic effects of complexes 1–3 as assessed by the MTT-dye
reduction assay following 72 h treatment of MCF-7 and A-549 cells.

Table 4 Cytotoxic activity of complexes 1–3 vs. cisplatin in a panel of
human malignant cell lines as determined by the MTT-dye reduction assay
following a 72 h continuous exposure

Cell lines

IC50 valuea (mM)

1 2 3 Cisplatin

MCF-7b 95.03 � 9.09 57.88 � 4.71 72.49 � 4.41 20.99 � 3.60
A-549c 225.08 � 16.89 107.74 � 12.86 234.53 � 9.44 11.73 � 2.96

a Means � sd of 8 separate wells, run in triplicate. b Breast adenocarci-
noma. c Lung carcinoma.
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cisplatin and seems to be a good candidate for future pharma-
cological evaluation. The results of the above studies provide
another challenge to the paradigm that square planar complexes
in a trans conformation do not show any biological activity.

Experimental
Materials and physical measurements

All the necessary chemicals obtained from commercial suppliers
were reagent grade and used without further purification. The
gold content was recorded by a Perkin-Elmer ICP-MS spectro-
meter performed on a wear metal analyzer 400. The carbon,
nitrogen and hydrogen contents were determined by elemental
analysis carried out on a ‘Vario EL III’ elemental analyzer. IR
spectra were recorded on a Perkin-Elmer and Bruker vertex 70
FT-IR spectrophotometer in the range of 4000–400 and
400–150 cm�1 as KBr and ATR cells, respectively. NMR spectra
were obtained on 90 MHz Jeol and 300 MHz Bruker spectro-
meters in DMSO-d6 as the solvent. Melting points were deter-
mined using a SMP3 apparatus. The molar conductivity of the
complexes in DMSO was measured by means of a Metrohm
conductometer 712.

Electrochemical studies

Cyclic voltammetric experiments were carried out using an
Autolab model PGSTAT 20 potentiostat/galvanostat. The data
were recorded using a Pt disc (2.2 mm diameter), a platinum
counter electrode, and an Ag/Ag+ reference electrode (all
the electrodes were from AZAR Electrodes). A DMSO solution
(containing tetra-n-butylammonium perchlorate, 0.1 M, as a
supporting electrolyte, the ligands and complexes, 1.0 mM) was
placed in a single compartment electrochemical cell and
degassed by bubbling with DMSO saturated with N2(g). The
N2 atmosphere was continuously maintained above the
solution while the experiments were in progress.

Computational details

The geometries of L1–L3 and the corresponding Au(III) com-
plexes in the gas phase were fully optimized using the BP86
functional.68,69 The def2-TZVP70 basis set was employed for all
the atoms and the structures were optimized without symmetry
restrictions. All the calculations were performed using the
Gaussian 03 set of programs.71 The Conductor-like Polarizable
Continuum Model (CPCM),72 as implemented in Gaussian 03,
was used for the prediction of the solvent influence on the
relative stability of the complexes. The 1H and 13C NMR
shielding results were obtained at the same level of theory.
The 1H and 13C isotropic shielding constants were calculated
using the gauge independent atomic orbital (GIAO) method.73,74

Antibacterial study

Test organisms. Standard strains of the following micro-
organisms were used as test organisms: Staphylococcus aureus
(ATCC 6633), Staphylococcus saprophyticus (ATCC 15305),
Escherichia coli (Lio), Proteus vulgaris (Lio), Serratia marcescens

(PTCC 1330), and Bacillus cereus (ATCC 7064). Some micro-
organisms were obtained from Persian Type Culture Collection,
Tehran, Iran and others were locally isolated (Lio). The organisms
were sub-cultured in a nutrient broth and nutrient agar (Oxiod Ltd.)
for use in the experiments, while diagnostic sensitivity test agar
(DST) (Oxoid Ltd.) was used in the antibiotic sensitivity testing.

Sensitivity testing. For the bioassays, a suspension of
approximately 1.5 � 108 cells per cm3 in sterile normal saline
was prepared, as described by Forbes et al.75 The sensitivity
testing was determined using the agar-well diffusion method.76

In each disk, 30 m dm3 of the chemicals were loaded. The
bacterial isolates were first grown in a nutrient broth for 18 h
before use. The inoculum suspensions were standardized and
then tested against the effect of the chemicals at amounts of
30 m dm3 for each disk in a DST medium. The plates were later
incubated at 37 � 0.5 1C for 24 h, after which they were
evaluated for zones of inhibition, an area of media where
bacteria are unable to grow due to the presence of a drug that
impedes their growth. The effects were compared with that
of the standard antibiotic chloramphenicol at a concentration
of 1 mg cm�3.77 The minimum inhibitory concentration
(MIC) of the chemicals was determined by tube dilution
techniques in a Mueller–Hinton broth (Merck) according to
NCCLS.78 The experiments were repeated at least three to five
times for each organism and the data are presented as the
mean � SE of 3–5 samples.

Cytotoxicity assay

Cell lines and culture conditions. The following cell lines
were prepared from the Iranian Biological Resource Center and
used in the experiments: MCF-7 (DSMZ No.: ACC 115, cell type:
human estrogen receptor positive breast adenocarcinoma,
established from the pleural effusion of a 69-year-old Caucasian
woman with metastatic mammary carcinoma); A-549 (DSMZ No.:
ACC 107, cell type: human lung carcinoma, established from an
explanted lung tumor which was removed from a 58-year-old
Caucasian man); the cells were used to induce tumors in athmyic
mice and to synthesize lecithin. MCF-7 and A549 cells were grown
as monolayer adherent cultures in 90% DMEM supplemented with
10% FBS. 2� 104 cells per well cultured in 96 well plates. All the cell
lines were maintained in tissue culture flasks in a humidified
atmosphere at 37 1C and 5% CO2. The cells were kept in log phase
by supplementation with a fresh medium 2–3 times per week.
Adherent cells were reset by trypsinization twice weekly.

Cytotoxicity assessment. The cytotoxicity of the complexes
was assessed using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] dye reduction assay79 with some
modifications.80 Exponentially growing cells were seeded in
96-well microplates (100 mdm3 per well at a density of
2 � 105 cells per cm3) and allowed to grow for 24 h prior to
exposure to the studied compounds. Stock solutions of the
complexes were freshly prepared in DMSO and then diluted
with a corresponding growth medium. At the final dilutions, the
solvent concentration never exceeded 0.5%. The cells were
exposed to the test agents for 72 h, whereby for each concen-
tration, a set of 8 separate wells were used. After incubation with
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the test compounds, MTT solution (5 mg cm�3 in PBS) aliquots
were added to each well. The plates were further incubated for
4 h at 37 1C and the formazan crystals formed were dissolved by
adding 100 m dm3 per well of DMSO. Absorption of the samples
was measured by an ELISA reader (Uniscan Titertec) at 570 nm.
The survival fraction was calculated as a percentage of the
untreated control.

Data processing and statistics. The cytotoxicity data were
processed using commercially available software packages
(Microsoft Excel and GraphPad Prizm for PC). The MTT survival
plots were fitted to sigmoidal dose–response curves and the
corresponding IC50 values were calculated on the basis of 8 separate
wells, run in triplicate. The statistical procedures included
Student’s t-test with p r 0.05 set as the significance level.

Synthesis and characterization

Synthesis of the ligands. The ligands were prepared by a
previously published method.81 Since in the original work these
compounds were poorly characterized, and also for compara-
tive purposes, spectroscopic characterization was performed.

Synthesis of the complexes. H[AuCl4]�xH2O in 3 cm3 water
(0.3397 g, 1.000 mmol) was added to a solution of the ligand
(0.1911 g, 1.000 mmol) in 3 cm3 water–ethanol 50% and the
resulting solution was stirred at room temperature for 24 h. The
solid product was precipitated from the reaction mixture. The
stable complex was filtered off, washed with cold water and
dried under vacuum. The purity was checked by thin layer
chromatography with CH3COOC2H5–C2H5OH = 2 : 1as the eluent.
The substance is soluble in DMSO.

Dichloro-(5-methyl-5-(2-pyridyl)-2,4-imidazolidenatedione)gold(III)
(1). (0.3997 g, 87.2%). MP 224 1C. Found: C, 23.97; H, 1.50; N,
9.22; Au, 43.40. Calc. for AuCl2C9H8N3O2: C, 23.60; H, 1.76; N,
9.17; Au, 43.00. LM (10�3 M, DMSO) 11.70 O�1 cm2 mol�1.

trans-Dichloro-bis(5-methyl-5-(3-pyridyl)-2,4-imidazolidenedione)-
gold(III) tetrachloroaurate(III) (2). (0.4581 g, 92.6%). MP 258 1C.
Found: C, 22.14; H, 1.66; N, 8.58; Au, 39.50. Calc. for
Au2Cl6C18H18N6O4: C, 21.86; H, 1.83; N, 8.50; Au, 39.83. LM

(10�3 M, DMSO) 79.12 O�1 cm2 mol�1.

trans-Dichloro-bis(5-methyl-5-(4-pyridyl)-2,4-imidazolidenedione)-
gold(III) tetrachloroaurate(III) (3). (0.4457 g, 90.1%). MP 227 1C.
Found: C, 22.21; H, 1.94; N, 8.59; Au, 39.42. Calc. for
Au2Cl6C18H18N6O4: C, 21.86; H, 1.83; N, 8.50; Au, 39.83. LM

(10�3 M, DMSO) 43.45 O�1 cm2 mol�1.
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