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Substitution versus redox reactions of gold(III)
complexes with L-cysteine, L-methionine and
glutathioneQ1 †

Mirjana D. Đurović,a Živadin D. Bugarčić,*a Frank W. Heinemannb and
Rudi van EldikQ2 *b

The influence of tridentate, nitrogen donor ligands, on the stability of gold(III) complexes under physio-

logical conditions was investigated. The interaction of [Au(terpy)Cl]2+ (terpy = 2,2’:6’2’’ terpyridine),

[Au(bpma)Cl]2+ (bpma = bis(pyridyl-methyl)amine), [Au(dien)Cl]2+ (dien = diethylenetriamine) and

[AuCl4]
− with the biologically relevant thiols, L-cysteine (L-Cys) and glutathione (GSH), and thioether,

L-methionine (L-Met), was studied using UV-Vis spectroscopy, cyclic voltammetry, 1H NMR spectroscopy

and ESI-MS. In this study, the rate constants for substitution reactions between monofunctional gold(III)

complexes and sulfur donor ligands in aqueous solution were determined at different initial concen-

trations of reactants, chloride ions, pH and constant ionic strength. The obtained second-order rate con-

stants for the reaction with L-methionine in the absence of added chloride at pH 2.5 and 25 °C follow the

sequence (7.5 ± 0.4) × 103 > (4.5 ± 0.1) × 102 > 88.3 ± 0.8 M−1 s−1 for the terpy, bpma and dien com-

plexes, respectively, demonstrating that the substitution step could be detected prior to the reduction

step. This behavior was expected due to the influence of a decreasing π-donor ability of the chelate

ligands, which slows down the substitution reactions along the series of complexes studied. In order to

throw more light on the mechanism of biological activity of gold(III) compounds, such a systematic study

was performed for all the mentioned thiols and thioether.

Introduction

Undoubtedly, gold has been the hallmark of all times, from
ancient times to the 21st century. Its use started in 4000 years
BC with the production of decorative fashion objects and deve-
loped through its monetary role to medical applications.
Today, it is well known that Au(I) exhibits anti-arthritic, anti-
rheumatic and antimicrobial activities.1–3 In contrast, the be-
havior of Au(III) is questionable. Although it is isoelectronic
and isostructural with Pt(II),4 it can still not be applied as an
anticancer drug because of its ability to oxidize numerous bio-
logically relevant molecules. However, the oxidation of sulfur
containing amino acids, such as L-Cys, L-Met and the tri-
peptide GSH, is a reversible process.5

The thiol and thioether groups are part of amino acids and
their oxidation by metal ions has been studied for decades
because of their important role in both the structure and func-
tion of proteins.6 Oxidatively modified proteins accumulate
during aging, oxidative stress and in age-related diseases, and
some of them were found in liver, heart, skeletal muscle,
kidney, and in regions of the brain.5 L-Cysteine, L-methionine
and the tripeptide glutathione (GSH, γ-glu-cys-gly) contain at
least three potential donor groups, viz. the free α-amino group,
the carboxylate group, and a single reducing group, thiol or
thioether. Based on Pearson’s theory7 and the softness of
these groups, it is expected that the group containing a sulfur
donor atom should show the highest affinity for Au(I) and
Au(III) ions. Due to the fact that tests on their biological activity
show positive and promising results,8–11 studies dealing with
the elucidation of the underlying reaction mechanisms are
still in progress.

The development of Au(III) complexes has been encouraged
by the fact that an increase in the number of nitrogen donor
atoms in the coordination sphere of Au(III) leads to a signifi-
cant decrease in the reduction potential. Isab and coworkers
have shown that [Au(CN)4]

− does not react with L-Met.12 It is
apparent that the ability of gold to form stable complexes is of
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the greatest importance to improve their behavior under
physiological conditions.

Motivated by the observation that Au(III) compounds show
outstanding cytotoxic properties in different cancer lines,2,9 we
have studied the reactions of a series of Au(III) complexes and a
simple Au(III) salt. The chemical behavior of these compounds
in aqueous solution was studied in detail, focusing in particu-
lar on their substitution behavior. Studies based on similar
reactions date back to the mid-1970s, when it was suspected
that substitution proceeds too fast to be detected,13–15 until in
1980 Elding and coworkers suggested that there is no substi-
tution reaction at all.16 Here we report evidence for rapid sub-
stitution processes that occur prior to the redox reaction.

Experimental
Chemicals

All starting materials were used as received from commercial
sources. Potassium tetrachloroaurate (KAuCl4), diethylenetri-
amine (dien), di-(2-picolyl)amine (bpma), and 2,2′:6′,2″-terpyri-
dine (terpy) used for the synthesis of the studied complexes
were purchased from Aldrich. Reduced glutathione (GSH),
L-methionine (L-Met) and L-cysteine (L-Cys) were purchased from
Acros Organics, Sigma Aldrich and Fluka. Deuterated solvents
employed in NMR measurements were obtained from Acros
Organics. All other chemicals were of analytical reagent grade.

Synthesis of the complexes

The monofunctional Au(III) complexes used in this study, [Au-
(dien)Cl]Cl2, [Au(bpma)Cl]Cl2, and [Au(terpy)Cl]Cl2, were syn-
thesized according to published procedures.17–19 Chemical
analyses of the synthesized complexes: [Au(dien)Cl]Cl2. Calc.
for C4H13AuCl3N3: C, 11.82; H, 3.22; N, 10.34; found: C, 11.80;
H, 3.21; N, 10.29. [Au(bpma)Cl]Cl2. Calc. for C12H13AuCl3N3:
C, 28.68; H, 2.61; N, 8.36; found: C, 28.64; H, 2.58; N, 8.34.
[Au(terpy)Cl]Cl2. Calc. for C15H11AuCl3N3, C, 33.57; H, 2.07; N,
7.83; found: C, 33.51; H, 2.01; N, 7.78.

Solutions

The kinetics of the ligand substitution reactions were studied
in aqueous solution. A 0.1 M NaClO4 (Merck, p.a.) solution
and a freshly prepared 25 mM Hepes buffer (Acros Organics)
were used for the measurements at pH 7. The pH value of the
solution was adjusted with HClO4 and HCl–DCl to 2.5,
whereas NaCl was used to adjust the chloride concentration.
For the UV-Vis monitored reactions, the concentration of the
gold complexes was 1 × 10−4 M, although higher concen-
trations (1 mM) were used in the cyclic voltammetric and 1H
NMR studies. The nucleophile solutions were freshly prepared
daily to prevent oxidation of the amino acids over time.
Double distilled water was used throughout.

Instrumentation

Spectroscopic techniques. UV-Vis spectra were recorded on
Cary 5G, Hewlett-Packard 8452A and Perkin Elmer Lambda 35

double-beam spectrophotometers equipped with thermostated
cell holders and a 0.88 cm path length tandem cuvette. The
pH of the aqueous solutions was carefully measured using a
Mettler Delta 350 pH meter previously calibrated with stan-
dard buffer solutions (Merck) at two pH values (4 and 7).
Kinetic measurements on fast reactions were monitored using
an Applied Photophysics SX.18 MV stopped-flow instrument
coupled to an online data acquisition system. The temperature
of the instrument was controlled to within ±0.1 °C. First-order
rate constants, kobsd, were obtained directly from the stopped-
flow software program.

Cyclic voltammetry. Cyclovoltammetric (CV) measurements
were performed in a one-compartment three-electrode cell
using a glassy carbon (GC) working electrode (Metrohm) with
a disc diameter of 2 mm, a saturated calomel reference elec-
trode (SCE) (Fischer Scientific) and a platinum wire as a
counter electrode (Metrohm). Measurements were recorded
with an Autolab PGSTAT 30 unit at room temperature. The
working electrode surface was polished with 0.05 µM alumina
(Buechler) on a microcloth with water as the lubricant. The
test solution with a volume of 10 ml was deoxygenated by
passing a stream of high purity N2 through the solution for at
least 15 min prior to the measurements, and an inert atmos-
phere of N2 was maintained over the solution during
the measurements. All CVs were recorded with a scan rate of
0.1 V s−1 at 25 °C, while the potential of the electrode was
cycled between +1.5 and −1.5 V. The supporting electrolyte was
a 0.4 M NaCl solution that contained 0.003 M HCl for the reac-
tion performed at pH 2.5. All potentials are reported with
respect to the saturated calomel electrode (SCE, 0.24 V vs.
NHE).

1H NMR. All 1H NMR measurements were performed on a
Varian Gemini 2000 spectrometer (200 MHz) using 5 mm
NMR tubes. Sodium trimethylsilylpropane-3-sulfonate (TSP)
was used as an internal reference. All NMR spectra were pro-
cessed using the NMRnotebook and the chemical shifts are
reported in parts per million (ppm). The pH was adjusted
using an Iskra MA 5704 pH meter, which was calibrated with a
Fischer-certified buffer solution of pH 4.

Electrospray ionization–mass spectrometry. MS measure-
ments were performed on a UHR-TOF Bruker Daltonik
(Bremen, Germany) maXis, an ESI-ToF MS capable of resolu-
tion of at least 40 000 FWHM in the group of Prof. Ivana Ivano-
vić-Burmazović, University of Erlangen-Nürnberg.

X-Ray crystal structure determination. Intensity data were
measured at a temperature of 120 K for a single crystal of
[Au(terpy)Cl](ClO4)2 on a Bruker Kappa APEX 2 IµS Duo diffr-
actometer using MoKα radiation (QUAZAR focusing Montel
optics, λ = 0.71073 Å). Data were corrected for Lorentz and
polarization effects; a semi-empirical absorption correction on
the basis of multiple scans was applied (SADABS 2008/1).20

Kinetic measurements

The reaction of 1 × 10−4 M Au(III) complex with an excess of
nucleophile was monitored by UV-Vis spectroscopy over the
wavelength range 200–800 nm at 25 °C. UV-Vis spectra were
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recorded before and after mixing the solutions in the tandem
cuvette, to determine the working wavelengths. The progress
of the reaction was monitored spectrophotometrically using
the stopped-flow apparatus working in the range of the pre-
viously determined wavelengths, at appropriate intervals from
5 ms up to 4 h (monitored by UV-Vis spectrophotometry). All
kinetic runs were carried out with sufficient excess of nucleo-
phile to provide pseudo-first-order conditions. All kinetic
traces, each consisting of about one thousand data points,
were repeated four to ten times. From the obtained kinetic
traces the values of the rate constants (kobsd/s

−1) were deter-
mined by fitting them to single/double exponential functions
(see ESI, Tables S1–S23†). Second order rate constants (k1/M

−1

s−1) were obtained from the slope of plots of kobds/s
−1 versus

nucleophile concentration/M (see Fig. 3 and 5 and ESI,
Fig. S1–S8†). All results were obtained at 25 °C and are sum-
marized in Table 1.

Cyclovoltammetric measurements

The reactions followed by CV were studied in 0.4 M NaCl solu-
tion as the background electrolyte and the pH was adjusted to
2.5 or 7 by the addition of diluted HCl and NaOH solution.
Solutions of NaClO4 and Hepes buffer were not employed
because of possible redox reactions that can interfere. The
required amount of nucleophile and Au(III) complex was mixed
in different molar ratios (1 : 1, 2 : 1, 20 : 1) with a final concen-
tration of the Au(III) complex of 1.00 mM. The experiments
were repeated at least three times at 25 °C. The obtained data
were collected and analyzed using the OriginPro8 and Micro-
soft Office Excel 2007 programs. Some organosulfur

compounds are known to undergo decomposition at the elec-
trode surface with the formation of a gold sulfide film, which
inhibits regeneration of the electrode surface. For this reason
the working electrode was polished daily or even more often
when necessary, prior to use.

1H NMR measurements
1H NMR spectra were recorded in D2O at two different pH
values (2.5 and 7), with and without an excess of added chlor-
ide. A solution of 20 mM [AuCl4]

− was mixed in different
molar ratios with the nucleophiles (1 : 1 and 1 : 3) at room
temperature. Due to the high reaction rate of the substitution
process which is not detectable by NMR, selected data
showing the progress of the redox reaction are presented here.

ESI-MS analysis

The reaction of [AuCl4]
− with L-Cys (1 : 20) results in the for-

mation of a white precipitate and a clear solution. The reaction
solution was decanted and analyzed since the obtained pre-
cipitate was not soluble in water or in methanol. Detection was
in the negative and positive-ion mode and the source voltage
was 5 kV. The flow rates were 180 µL h−1. The drying gas (N2),
to aid solvent removal, was kept at 180 °C. The machine was
calibrated prior to every experiment via direct infusion of the
Agilent ESI-TOF low concentration tuning mixture, which pro-
vided a m/z range of singly charged peaks up to 2700 Da in
both ion modes.

Table 1 Second-order rate constants (k1/M
−1 s−1) for the reactions of the [AuCl4]

− complex and monofunctional Au(III) complexes with thiols
(L-cysteine, glutathione) and thioether (L-methionine), at two different pH values, in the presence of different concentrations of Cl−, at 298 K

pH 2.5 pH 7

k1/M
−1 s−1 k1/M

−1 s−1 k1/M
−1 s−1 k1/M

−1 s−1

[AuCl4]
− a Without Cl− 10 mM Cl− k1/M

−1 s−1 Without Cl− 10 mM Cl− k1/M
−1 s−1

L-Cysteine 206.2 ± 0.6c (10.4 ± 0.4) × 102 c — (2.3 ± 0.1) × 102 c (14.5 ± 0.6) × 103 c —
L-Methionine (39.3 ± 0.8) × 101 c (2.8 ± 0.2) × 103 c — (5.2 ± 0.2) × 102 c (16.6 ± 0.9) × 102 c —
Glutathione (6.8 ± 0.5) × 101 c (10.5 ± 0.4) × 102 c — (7.3 ± 0.3) × 101 c (21.9 ± 0.8) × 102 c —

[Au(terpy)Cl]2+ b Without Cl− 10 mM Cl− 100 mM Cl− Without Cl− 10 mM Cl− 100 mM Cl−

L-Cysteine (7.5 ± 0.4) × 103 c (5.4 ± 0.1) × 103 c (44.2 ± 0.4) × 102 c (14.8 ± 0.9) × 103 c (20.5 ± 0.6) × 103 c —
L-Methionine — — — (4.8 ± 0.7) × 10−4 d —
Glutathione (3.0 ± 0.1) × 103 c (2.4 ± 0.2) × 103 c (1.85 ± 0.1) × 103 c (2.6 ± 0.1) × 103 c (6.7 ± 0.3) × 103 c (6.2 ± 0.6) × 103 c

[Au(bpma)Cl]2+ b Without Cl− 25 mM Cl− 100 mM Cl− Without Cl− 10 mM Cl− 20 mM Cl−

L-Cysteine (4.5 ± 0.1) × 102 c (5.2 ± 0.2) × 102 c (2.6 ± 0.1) × 102 c — (32.8 ± 0.9) × 102 c (4.0 ± 0.3) × 101 c

L-Methionine 10.2 ± 0.3d 10.9 ± 0.6d (2.6 ± 0.1) × 103 c — 2.6 ± 0.1d (40.8 ± 0.8) × 101 c

Glutathione (7.9 ± 0.3) × 101 c (8.0 ± 0.5) × 101 c (6.8 ± 0.2) × 101 c — (10.9 ± 0.6) × 101 c (11.3 ± 0.6) × 101 c

[Au(dien)Cl]2+ b Without Cl− 25 mM Cl− 100 mM Cl− Without Cl− 10 mM Cl−

L-Cysteine 88.3 ± 0.8c (9.8 ± 0.3) × 101 c (8.4 ± 0.2) × 101 c (4.6 ± 0.2) × 103 c (6.6 ± 0.2) × 103 c —
L-Methionine — — — — — —
Glutathione (3.4 ± 0.2) × 101 c 25.4 ± 0.9c (2.9 ± 0.1) × 101 c (8.6 ± 0.8) × 102 c (11.6 ± 0.5) × 102 c —

a In 0.1 M NaClO4, pH 7; in HClO4, pH 2.5. b In Hepes buffer pH 7; in HClO4, pH 2.5. c Rate constants for the substitution reaction. d Rate
constants for the reduction reaction.
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X-Ray crystal structure determination of [Au(terpy)Cl](ClO4)2

The X-ray suitable crystal was obtained by dissolving the syn-
thesized complex [Au(terpy)Cl]Cl2 in 0.1 M NaClO4 solution in
the presence of 10 mM Cl−, and subsequent slow evaporation.
The structure was solved by direct methods and refinement
was carried out by full-matrix least-squares procedures on F2

with SHELXTL NT 6.12.21 All non-hydrogen atoms were refined
anisotropically. The crystal under study turned out to be an
inversion twin with an approximate twin component ratio of
70 : 30 (see Flack parameter22 in Table S24 (ESI†)). All hydro-
gen atoms were placed in positions of optimized geometry;
their isotropic displacement parameters were tied to those of
their corresponding carrier atoms by a factor of 1.2 or 1.5.
Further details of the single crystal X-ray structure determi-
nation are summarized in Tables S24 and S25 (ESI†).
CCDC-967806 contains the supplementary crystallographic
data for this paper.

Results and discussion
General observations

All investigated complexes were synthesized with the aim to
test the influence of the strong chelating and π-donation
effects of the nitrogen donor tridentate ligands on the stability
of the Au(III) center. The reactions of the synthesized com-
plexes with L-methionine (L-Met), L-cysteine (L-Cys) and gluta-
thione (GSH), Fig. 1, in the 2 : 1, 1 : 1 and 1 : 20 metal : ligand
ratios, were studied by different techniques in order to gain as
much information as possible on their mechanistic behaviour.

The substitution reactions between the Au(III) complexes
and sulfur donor amino acids were studied by UV-Vis spectro-
photometry, and the concerted redox reaction was investigated
by 1H NMR spectroscopy and cyclovoltammetry (CV). 1H NMR
and ESI-MS spectra were used to investigate the oxidation pro-
ducts and to follow the binding ability of the studied thiols
and thioether. UV-Vis spectra recorded in a tandem cuvette
before and after mixing the solutions of 2 × 10−4 M Au(III)
complex and 2 × 10−2 M amino acids indicate a very fast reac-
tion which was complete within the first minute. Using the
stopped-flow technique, it was possible to follow the substi-
tution reactions of the labile Au(III) complexes with half-lives

in the millisecond range, accompanied by concerted reduction
reactions (see Fig. 2), for which equilibrium constants have
been determined previously.23 Some representative plots for
kobsd = f[Nu], obtained for the substitution step, are shown in
Fig. 3 and Fig. S1–S8 (ESI†).

The values of the rate constants obtained at different pH (2.5
and 7), in the presence of different chloride concentrations, are
summarized in Table 1. As far as we know, no data seem to be
available for the formation of the Au(III)-S complexes except for
the results obtained from our stopped-flow measurements.

During this study we found that [AuCl4]
− is not stable in

25 mM Hepes buffer, and therefore 0.1 M NaClO4 (for kinetic
measurements) or 0.4 M NaCl (for CV measurements) solu-
tions were employed for studies at pH 7. The changes in the
UV-Vis spectra observed during the first 30 min in 25 mM
Hepes buffer shown in Fig. S9† are ascribed to the formation
of gold nanoparticles, as evidence for Au(III) reduction

Fig. 1 Structures of the investigated complexes and nucleophiles.

Fig. 2 Typical kinetic traces observed for the reaction of [Au(terpy)Cl]2+

with GSH, where the substitution step occurred within 50 ms (right) and
the subsequent reduction reaction within 100 s (left).

Fig. 3 Pseudo-first-order rate constants plotted as a function of
nucleophile concentration for the substitution reactions of the
[Au(terpy)Cl]2+ complex with L-Cys and GSH at pH 2.5 (0.003 M HClO4),
without added chloride (first line), in the presence of 10 mM (second
line) and 100 mM chloride (third line) at 298 K.
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accompanied by Hepes oxidation. The 1H NMR spectra of the
Hepes buffer in the absence and presence of [AuCl4]

− indi-
cated a characteristic shift which can be ascribed to the oxi-
dation of the Hepes buffer, probably yielding N-oxide similar
to the earlier described oxidation by H2O2.

24 This was not
observed for the other studied complexes. Even though the pH
of the 0.1 M NaClO4 solution was also 7, the reasonable stabi-
lity of the Au(III) observed in Fig. 4 can be explained in terms
of a decrease in pH as the result of spontaneous aquation/
hydrolysis reactions that occur under such conditions.25,26

As compared to [AuCl4]
−, all the synthesized monodentate

complexes, [Au(dien)Cl]2+, [Au(bpma)Cl]2+ and [Au(terpy)Cl]2+,
displayed a higher stability under physiological conditions due
to the stabilization induced by the chelate effect of the triden-
tate ligands surrounding the Au(III) center and stabilization of
Au(III) against reduction at pH 7.

The initial rapid substitution process resulted in the for-
mation of unstable Au(III)–S complexes that were subsequently
reduced to Au(I/0) in a slower electron-transfer process. Both
Au(I) and Au(III) are defined as soft Lewis acids which have a
preference for soft S-donor ligands. The fact that soft ligands
form more stable complexes with metal ions of low valency,
whereas hard ligands show the tendency to bind metal ions of
higher valency,27 accounts for the observation that Au(III) com-
plexes with soft ligands can be easily reduced to the Au(I) state.
Soft ligands tend to transfer more electron density to the
metal center. Furthermore, substitution of chloride results in
the formation of a more positively charged complex, which
will show a higher tendency to oxidize the coordinated ligand.

Since Au(III) chloride complex ions exist in several forms due
to hydrolysis in aqueous solution depending on the pH,25,26

differences in the rate constants shown in Table 1 were
expected. In order to check the influence of added chloride on
the observed rate constant, different initial concentrations of
chloride were used in the system. For example, the influence of
chloride is also obvious from the intercept that decreases with
increasing Cl− concentration as seen in Fig. 5, which is ascribed
to the suppression of the parallel aquation reaction.

Based on the published distribution of Au(III)-chloride
species in solution,26 and the fact that aqua species do not
exist in aqueous solution,28 we assume that [Au(OH)Cl3]

− is
the dominant species at pH 2.5, whereas [Au(OH)3Cl]

− at pH 7.
From this comparison it can be evaluated that at a higher pH
the substitution reaction of chloride is accelerated because of
the relative inertness of the Au(III)–OH bond and its cis/trans
influence on the lability of the coordinated chloride ligand(s).
The lability of coordinated hydroxide depends on the nature of
the gold ion, ranging from very inert for hydroxide bound to
Au(III) to highly labile for hydroxide bound to Au(I). Therefore,
further reduction of [Au(OH)2]

− can be explained in terms of
substitution by chloride and formation of chloride bridged
species responsible for electron transfer reactions,29 as well as
by the well-known disproportionation of Au(I), viz. 3Au(I) →
Au(III) + 2Au0.30,31 Although Au(I) species are known to be
stable against reduction, this is not the case in the present
system where reduction is already initiated, see Scheme 1.

Fig. 5 Pseudo-first-order rate constants plotted as a function of
nucleophile concentration for the substitution reactions of the [AuCl4]

−

complex by L-Cys, L-Met and GSH at pH 2.5 (0.003 M HClO4), without
added chloride (left), in the presence of 10 mM chloride (right) at 298 K.

Scheme 1 Proposed reaction pathways for the interaction of gold(III)
ions with thiols/thioethers.

Fig. 4 UV-Vis spectra of 2 × 10−4 M [AuCl4]
− undergoing spontaneous

hydrolysis in neutral aqueous solution (0.1 M NaClO4), recorded over 1 h.
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Since perchlorate is considered to be an oxidant, the rate
constants obtained for the reactions of [AuCl4]

− cannot be
directly compared to values obtained for the other complexes.
The synthesized complexes also occur in different reactive
forms as a function of pH, see Scheme 2. The pH values of the
solutions employed in this study partially arise from the fact
that gold(III) chelate complexes undergo ring-opening at pH <
2.5.32 Furthermore, the addition of an excess of chloride ions
enhances the stability of such complexes and can influence
the rate of reduction, as well as lead to the formation of
[AuCl4]

− via displacement of the chelate ligand by chloride at
low pH.33

According to the pKa values of [Au(dien)Cl]2+ and
[Au(bpma)Cl]2+ (4.0 and 3.5, respectively,18,34 for the co-
ordinated chelate), it is expected that at pH 6–7 ligand deproto-
nation has fully occurred. Thus the stronger trans influence of
the amido complex causes a faster substitution reaction than
that found at pH 2.5 (see Table 1), where the lower donor
strength of NH in comparison to N− induces a shorter Au–Cl
bond and therefore lower substitution rate constants.

From the obtained crystal structure of [Au(terpy)Cl](ClO4)2
it is obvious that 10 mM Cl− can suppress the solvolysis, as
well as that the perchlorate ion does not coordinate to Au(III)
in aqueous solution, Fig. S10 and Tables S24–S25 (ESI†). Since
Pitteri reported that the pKa of the corresponding aqua
complex is 0.1, it can be expected that in the absence of an
excess of chloride ions, the dominant species in solution will
be [Au(terpy)OH]2+.35 Even though chloride is less strongly
bonded and the kinetics are faster, the results summarized in
Table 1 in some cases show the opposite trend. In the presence
of chloride, the formation of chloride bridged species can be
responsible for the acceleration of the redox reaction, but
slows down the substitution step when compared to solutions
without an excess of chloride ions.29 Increasing the basicity of
the nitrogen donor of the coordinated ligand increases the
stability of the Au–N bond by a few orders of magnitude. Since
both substitution and reduction occur to give the final
product, both accompanied by absorbance changes in the
same direction, it was not possible to observe the first step as
long as the substitution was not fast enough. The redox rate
constants were observed to decrease with increasing pH,36

such that substitution could be observed at pH 7 due to the
slow concerted reduction under such conditions.

Reactions with L-methionine

The reaction between 1 × 10−4 M [AuCl4]
− and 20 to 100 fold

excess of L-Met was followed spectrophotometrically by

measuring the change in absorbance at a fixed, previously
determined wavelength as a function of time. These changes
occur as the new complex formed by reduction of Au(III) to
Au(I), and Au(I) to Au(0), undergoes ligand exchange between
chloride ions and the sulfur donor nucleophile according to
Scheme 1. The rate constant k1 = 393 ± 8 M−1 s−1 at 25 °C was
determined for the ligand substitution reaction; however, the
reaction proceeds more rapidly when the chloride concen-
tration is 10 mM in both acidic and neutral media, see
Table 1. This can be ascribed to the stabilization of the chlor-
ide gold(III) complex.

The course of this reaction with the thioether in the molar
ratios of 1 : 1 and 1 : 20 (Au : L-Met) in aqueous solution in the
presence of 0.4 M chloride ions was followed using CV and 1H
NMR. The CV of a 1 mM solution of [AuCl4]

− in 0.003 M HCl
in the presence of 0.4 M NaCl as a background electrolyte
recorded for a GC electrode upon reaction with an equimolar
concentration of L-Met displayed a shift of the cathodic peak
from A (0.37 V) to B (0.42 V), see Fig. 6, which is evidence for
the reduction of Au(III) to Au(I) and formation of an Au(I)
complex.37 In the case of an excess of L-Met, the cathodic peak
B is not detectable anymore due to faster reduction, induced
by a very fast substitution reaction. For the reverse sweep, clear
oxidation waves were observed, but are not described here
because of the influence of numerous oxidation steps that can
possibly occur.38–40 Due to the precipitation of elemental gold,
the electrode surface was not active anymore. When [AuCl4]

−

and L-Met were mixed in 1 : 1 or 1 : 20 molar ratios at pH 7,
and reactions were performed under the above-mentioned con-
ditions, similar results were obtained.

As reported in Fig. S11 (ESI†), which shows the 1H NMR
spectra for the reaction of 10 mM [AuCl4]

− with 10 mM L-Met
in aqueous solution (pH 7), the initial 2.13 and 2.64 ppm reso-
nances of the CH3 and CH2 groups bonded to sulfur, respect-
ively, were replaced by resonances at 2.79 and 3.20 ppm,
respectively. These changes in the chemical shift are in the

Fig. 6 Cyclic voltammograms recorded during the progress of the
reaction between [AuCl4]

− and L-Met, at different complex : L-Met molar
ratios, at two pH values; GC electrode, scan rate 0.1 V s−1, Estep = 0.01 V,
0.4 M NaCl as the background electrolyte.

Scheme 2 Influence of the reaction conditions on the formation of
different reaction species of the [Au(dien)Cl]2+ complex.
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direction of the formation of methionine sulfone over meth-
ionine sulfoxide, which is in agreement with the acidity of the
solution at the end of the reaction (pH 1.54). Such a high con-
centration of H+ ions as well as participation of elemental gold
as a catalyst, or even paramagnetic nanoparticles, can account
for the up-field shift of these signals during overnight moni-
toring. Since the oxidation products of L-methionine are meth-
ionine sulfoxide and sulfone, we assume that the intermediate
Au(I) cannot coordinate to sulfoxide; therefore signals of the
coordinated oxidized product did not appear. The nonbonding
electrons of the sulfur atom, which form bonds with electro-
philes such as metal ions, are responsible for the redox reac-
tion, whereas participation of the water molecule in the redox
process was already assumed and leads to the formation of
H3O

+ ions.14 Furthermore, the most significant effect of chan-
ging the acidity of the reaction solution is the appearance of
the cathodic signal during the CV study at −1.08 V, which cor-
responds to the conditions of a low pH value (see Fig. S12,
ESI†).41

No significant spectral changes were observed for the reac-
tion between [Au(dien)Cl]2+ and L-Met for 1 h at room tempera-
ture, based on the recorded UV-VIS spectra. The minor
spectral changes that are generally observed within the first
hour may be ascribed to the progressive hydrolysis of Au(III)
bound chloride, leading to the formation of polynuclear com-
plexes. Compared to the other studied nucleophiles, L-Met
does not seem to be efficient enough to reduce a polynuclear
complex of gold(III).

For the reaction of [Au(bpma)Cl]2+ with L-Met, the substi-
tution step is only observed in the case of 100 mM chloride,
which could be an indication of the formation of [AuCl4]

− in
the presence of a large excess of chloride. The other values of
the rate constant obtained in the presence of different chloride
concentrations for the [Au(bpma)Cl]2+ complex, see Table 1,
point to domination of the reduction process.

In agreement with the earlier reported results that metal-
terpyridine complexes do not undergo substitution reactions
with thioethers,42 similar results were obtained in this study.
UV-Vis spectra recorded for a tandem reaction of [Au(terpy)-
Cl]2+ and L-Met in the 1 : 100 molar ratio at pH 2.5 and 7
showed that the reaction proceeds really slowly and yields the
free terpyridine ligand, see Fig. 7. Strong absorption bands
with maxima at 288 and 323 nm correspond to [H2terpy

2+]
(pKa1 = 2.6, pKa2 = 4.2),43 whereas a broad band at 283 nm is
characteristic of [terpy].44,45

To explain the reduction in this system, we suggest a mech-
anism that involves outer-sphere electron transfer via the axial
positions in a pseudo-octahedral complex, Scheme 3. The pres-
ence of a buffer system, including protonation of the tridentate
ligands, can account for the stable pH values mentioned
above.

The value of the rate constant for the electron transfer reac-
tion (kET) is (4.8 ± 0.7) × 10−4 M−1 s−1, which is obtained from
eqn (1), see Fig. 8:

kobsd ¼ kETK ½Nu�
1þ K ½Nu� ð1Þ

Reactions with L-cysteine

With the aim to check the stability of the newly synthesized
Au(III) complexes with thiols under physiological conditions
and to detect possible reaction products, different Au(III) : L-Cys
molar ratios were studied. CVs were recorded for the reduction
process as shown in Fig. S13, ESI.† In the negative backward
scan, a characteristic current peak for Au(III) was formed at
0.37 V. During the first minute of the reaction between
[AuCl4]

− and L-Cys (1 : 1), it was possible to detect a shift to a
more positive potential. The signal at 0.42 V is suggested to be

Fig. 7 Spectral changes observed during the reaction of 1 × 10−4 M
[Au(terpy)Cl]2+ and 1 × 10−2 M L-Met, at different pH: (a) 2.5 and (b) 7.

Scheme 3 Suggested mechanism for the reduction of [Au(terpy)Cl]2+

by L-Met.

Fig. 8 Pseudo-first-order rate constants plotted as a function of
nucleophile concentration for the outer-sphere redox reaction of the
[Au(terpy)Cl]2+ complex with L-Met at pH 7 (25 mM Hepes buffer,
without added chloride), 298 K.
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an indication of Au(I) complex formation. A very strong effect
was recorded for the 1 : 2 and 1 : 20 molar ratios that corre-
sponded to complete degradation leading to metallic gold.
From Table 1 it is obvious that the rate constants for the sub-
stitution reaction at pH 7 are ten times higher than those at
pH 2.5, and therefore the reduction is completed in the first
minute; thus the signal corresponding to Au(I) formation was
not observed.

In Fig. 9 it is shown that the formal potential of Au(III)/
Au(0) becomes more negative on comparing [Au(dien)Cl]2+ and
[AuCl4]

−. The shift towards a more negative potential indicates
a higher stability of the complex, which was expected. Thus,
the dien ligand stabilizes the Au(III) center more than the Cl−

ions.
Scanning the potential toward more negative values (+1.5 to

−1.5 V) yielded an intense reduction peak at −1.08 V that is
not present during the scanning in neutral solution, see
Fig. S14, ESI.† Disulfide formation via reductive elimination
from two adjacent L-Cys species resulted in the formation of
2H+ ions and a decrease in pH. From the CVs obtained for the
reaction of [Au(dien)Cl]2+ with L-Cys, it can be seen that during
the reaction an intense signal appears at ca. −0.9 V as the pH
is lowered to 2, but then it disappears, which is not observed
in the case of L-Met, see Fig. S14, ESI.† The small decrease in
peak intensity was probably due to the competing process of
the formation of a cysteine layer on the electrode, which indi-
cated that thiols show a higher tendency to decompose on the
electrode surface than thioethers.46,47

In a tandem cuvette reaction of [Au(terpy)Cl]2+ with L-Cys in
the molar ratio 1 : 20, the characteristic spectrum of the
complex is displaced by two intense bands centered at 288 and
324 nm, see Fig. 10. Similar to the reaction with L-Met, these
spectra agree well with those known from the literature and
confirm the presence of the free terpyridine ligand at pH 1–4
in the studied system.41 Additional scanning during the time
shows the appearance of a characteristic broad band of higher
intensity in the range between 350 and 450 nm, due to further
oxidation of the amino acid, see Fig. 10.

It is well known that oxidation of L-Cys leads to the for-
mation of different products, which in this study were detected
by 1H NMR spectroscopy and ESI-MS as well, see Fig. 11 and
12, respectively. As disulfides are more resistant to oxidation,
they usually require a stronger oxidant, excess oxidant, higher
temperature or a catalyst. The ability of gold to cleave the di-
sulfide bond in Cys-disulfide, as well as to act as a catalyst,
may explain further the oxidation that leads to the formation
of sulfonic acid. In addition, it is well known that at pH < 2,
L-Cys gives cysteic (cysteine sulfonic) acid.36 The final pH value
of the solution is 1.31, which is in agreement with the for-
mation of sulfonic acid. The progressive downfield shifts upon
oxidation of a thiol group to disulfide could be accounted for
by a decrease of the electron density on sulfur, followed by the
drastic influence of the decrease in pH.

The course of the reaction of 10 mM [AuCl4]
− with 30 mM

L-Cys in aqueous solution was also followed using 1H NMR.
Based on a comparison of the results with those obtained pre-
viously, it would be reasonable to expect that oxidation of the
thiol group may proceed through the formation of disulfide,
while all final products cannot be detected by 1H NMR since
some of them appear to be a precipitate. The appearance of
the two groups of signals, where both are less low field shifted
than expected, indicates the formation of two different and

Fig. 9 Cyclic voltammograms recorded for the reaction between 1 mM
[Au(dien)Cl]2+ and 20 mM L-Cys at pH 7, in 0.4 M NaCl as the back-
ground electrolyte, GC electrode.

Fig. 10 Spectral changes recorded during the reaction of 1 × 10−4 M
[Au(terpy)Cl]2+ and 1 × 10−2 M L-Cys at pH 2.5; evidence for further oxi-
dation of the disulfide bond.

Fig. 11 A comparison of the 1H NMR spectra recorded for: (1) L-Cys; (2)
the reaction of an equimolar amount of [AuCl4]

− and L-Cys; (3) the reac-
tion of 10 mM [AuCl4]

− and 30 mM L-Cys; 0.4 M NaCl in D2O; 30 min.
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also differently soluble products. Under this condition, it
could be Cys-disulfide and cysteinesulfonic acid.

Furthermore, ESI-MS spectra for the reaction of [AuCl4]
−

with L-Cys (1 : 20 molar ratio, respectively), shown in Fig. 12,
contain signals at m/z 167.96 and 152.00, which correspond to
the cysteinesulfonic acid anions (1, 2), the signals at m/z
120.01 and 122.03 corresponding to the L-Cys anion (3) and
cation (4), as well as those at m/z 241.03 and 278.99 which cor-
respond to Cys-disulfides (5, 6). A similar spectrum was
obtained for the reaction of equimolar amounts of the gold(III)
complex and L-Cys, and is therefore not presented here. Since
we were not able to analyze the reaction precipitate, we suggest
that it contains the less soluble product of L-cysteine oxidation,
such as sulfone and sulfonate, and even more L-cysteine co-
ordinated to Au(I). Finally, a possible reaction mechanism, pre-
sented in Scheme S1, ESI,† can offer an explanation for the
formation of the reaction products, similar to Scheme 1.

Reactions with glutathione

Similar to the earlier described reactions of Au(III), interaction
with glutathione was also investigated by UV-Vis, CV and 1H
NMR techniques. By measuring the absorbance change at a
specific wavelength, the first-order rate constant, kobsd, was
determined for the substitution reaction between some of the
investigated complexes and the cysteine residue of GSH. The
expected influence of an excess of chloride ions, as well as the
pH value of the reaction solution, resulted in comparable
values of the rate constants, k1, for the reaction of [AuCl4]

−

with GSH. Since the pKa of a thiol group is 6 and the pH of the
solution determines the position of the thiol/thiolate equili-
brium, very slow rate constants can be attributed to the effect
of a low pH (2.5) on the nucleophilicity of the thiol group.
Hydrolysis of [AuCl4]

− in the reaction without an excess of
chloride induces a lower pH than 7, which could be the reason
for the similar rate constants obtained at pH 2.5 and 7, viz.
68 ± 5 and 73 ± 3 M−1 s−1, respectively.

The first scan after mixing the reactants [Au(terpy)Cl]2+ and
GSH exhibits an intense absorbance in the range between 250
and 390 nm, which corresponds to the free terpyridine ligand

at a different pH, similar to the spectra obtained in the reac-
tion with L-Cys and L-Met. This indicates that the products of
the substitution and redox reactions were formed within the
time of mixing of the reactants. A very fast consecutive
reduction reaction was indicated by an absorbance increase in
the range >350 nm that corresponds to the product of further
oxidation of GSH, see Fig. S15 (ESI†).

The low rate constants found for the substitution reaction
for the [Au(bpma)Cl]2+ and [Au(dien)Cl]2+ complexes once
again prove that the chelate effect and stabilization of the
Au(III) center induced by terpyridine are much stronger than
those in the case of the bpma and dien tridentate ligands.
Therefore, the higher lability of [Au(terpy)Cl]2+ made the sub-
stitution reaction visible prior to the reduction step.

Cyclic voltammetry was also employed to monitor this reac-
tion. As the reaction of [AuCl4]

− and an equimolar amount of
GSH proceeded, a cathodic peak at 0.33 V was detected that
corresponded to the formation of an Au(I) complex, but its
intensity decreased during the time of the reaction, see
Fig. S16 (ESI†). As in the case of the other employed thiol and
thiolate described above, an excess of GSH also leads to com-
plete reduction of Au(III) to Au(0), followed by the formation of
a GSH monolayer on the electrode surface.

Treatment of Au(III) with GSH in different molar ratios
resulted in the formation of the same product. The most
important reaction of the disulfide bond is its cleavage, which
proceeds much faster than the reduction,48 and leads to the
formation of GSO3

−. Due to the already reported observation
that glutathione sulfonic acid is not observed at pH > 4,36 we
can conclude that it is the product of the oxidation of GSH by
Au(III), which is in agreement with the final acidity of the reac-
tion mixture (pH 1.66). When 1H NMR is used to monitor this
reaction, all signals are shifted downfield, which is indicative
of disulfide and sulfonic acid formation, Fig. S17 (ESI†),
whereas the signals for sulfoxide and sulfone formation were
undetectable due to their low solubility. The addition of
increasing concentrations of GSH induced the appearance of
new signals, which indicate that in solution we might have
GSSG, as well as GSO3

−, as the only soluble species. These
results indicate similar reaction intermediates to those
described for the other thiols above.

Even upon addition of an excess of Au(III), there are similar
changes in the UV-Vis spectrum that correspond to the for-
mation of free terpyridine, but not in a few minutes. At this
molar ratio the reaction is completed in 3–5 days, see Fig. S18
(ESI†). In order to slow down the redox reaction or to even sup-
press it in blood during medical therapy, a higher concen-
tration level of gold could be selected. It typically reaches 20
µM, which is still low in comparison to the concentration of
GSH in the cell that is up to 10 mM.49

Due to the fact that Au(III) complexes behave as strong oxi-
dizing agents and are quickly reduced to Au(I) or colloidal gold
that still shows biological activity,50–53 we can account for this
in terms of the formation of two to three active species in vivo:
viz. Au(I) and free ligand with proven activity,54,55 and elemen-
tal Au with possible surface interaction with DNA,56 while the

Fig. 12 Representative ESI-MS spectra as evidence for complete L-Cys
oxidation in the reaction with [AuCl4]

−; products are detected as (a)
negative and (b) positive ion mode.
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oxidation products of GSH (GSSG) could be reduced by the
activity of the glutathione reductase enzyme, see Scheme 4.
Therefore, this mechanism deserves to be underlined.

Conclusions

We have shown that in the investigated complexes the oxidiz-
ing properties of Au(III) are drastically decreased by the pres-
ence of a multidentate ligand in such a way that a ligand
substitution reaction was detectable. In the presence of bio-
logically relevant thiols and thioether, they undergo irrevers-
ible redox reactions. The mechanism can be described as
competition between substitution and redox reactions, in
which the coordinated inert ligands and the nucleophiles play
the most important role to make substitution “visible” prior to
reduction. The first ligand substitution reaction occurs very
fast and can only be detected by the stopped-flow technique.

Cyclovoltammetry was useful to detect Au(I) as an inter-
mediate species, while the final oxidation products of L-Cys,
L-Met and GSH were detected by NMR spectroscopy. ESI-MS
spectra of the L-Cys oxidation product confirmed our assump-
tion that it leads to cysteinesulfonic acid formation.

It should be noted that even though the initial substitution
step is very similar, it is certain that their mode of action will
be different from that of Pt(II) complexes. The previously
observed cytotoxic effect may well arise from in vivo reduction
of the complex followed by the action of Au(I) and elemental
gold, as well as by the free ligand itself.
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