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q Essential elements (Mineral
supplements, e.g. Fe, Zn, Se)

q Diagnostic Agents 
(MRI e.g. Gd, Mn) (X-ray e.g. Ba, I)

q Radiopharmaceuticals as
Diagnostic (99mTc) and 

Therapeutic (186Re) agents

q Therapeutic Agents 
(e.g. Pt, Au, V, Bi, Li) 

q Chelation Therapy (metal 
sequestering agents)

Medicinal Inorganic Chemistry

q Inorganic nanoparticle
q Supramolecular metal-based molecules



Pt(II) anticancer compounds
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Mechanisms of action of Pt(II) complexes:
a simplified view



Historic development
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Drug Uptake
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Ruthenium(III) complexes

NAMI-A
Alessio, Mestroni, Sava KP1019

Keppler



“Activation by reduction” mechanism



Ru(II) organometallic complexes
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Sadler type
‘piano-stool’ complexes
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“Structural” metallodrugs
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ATP-binding to the hinge 
region of protein kinases

q Protein kinases involved in a large range of diseases
q Protein kinase inhibitors for cancer therapy: Gleevec 

(Novartis) 
q 500 Protein kinases encoded in human genome
q Unsolved challenge: How to design selective inhibitors 

for each individual kinase?

Klebe, Wirkstoffdesign, Spektrum, 2nd Ed.
Noble & Endicott, Pharmacol. Ther. 1999, 82, 269-278

ATP-Recognition by Protein Kinases and the Design of Metal-Based
Protein Kinase Inhibitors



Inspiration……

Staurosporin
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Screening against panels of human wild type protein kinases. Each bar represents the activity of one individual
protein kinase. Protein kinases in each panel (Millipore KinaseProfiler) were solely selected on the basis that their
concentration was equal to or lower than the concentration used of the screened compound. All assays were
performed with 10 µM ATP.
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Ferrocene-based complexes



Gold compounds in therapy

q Gold used medicinally for centuries
Chrysotherapy
q Arabian, Chinese and Indians 2500 BC
q Medieval Europe: aurum potabile. This mixture was an alcoholic

solution that contained various herb extracts and essential oils,
along with gold, as a powder or as small flakes

q Europe 17th century: Nicholas Culpeper treated melancholy
q Bartholomäus Kretschmar made his recipe for “aurum vitae”

public, which he advertised to be an efficient remedy against
syphilis, dropsy, madness, epilepsy, malaria, icterus, leprosy,
lupus, cancer (ulcers), skin rashes, fistulae, and cysts. He
considered it also as a preservative (i.e., prophylactic medicine)
against poisoning, magic and plague

q 1890 Robert Koch discovered the bactericidal properties of gold
cyanide and in 1920 it was used to treat tuberculosis

q 20th century Ridaura (auranofin) – arthritis
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Abstract The medicinal chemistry and biomedical
applications of gold complexes have been intensively

studied over the last decades. Some complexes have been

used for the treatment of rheumatoid arthritis, and a con-
siderable number of new metallodrug candidates have been

developed as new anticancer drugs and anti-infectives.

However, the therapeutic use of gold and its complexes
goes back to ancient times and was also of great impor-

tance for alchemists until the modern age. In this report, we

give an overview of the alchemic medicine between the
sixteenth and the early eighteenth century and describe the

cytotoxicity and thioredoxin reductase (TrxR) inhibition of

a typical ‘‘aurum vitae’’ medicine, which was prepared
according to a recipe by Bartholomäus Kretschmar from

the seventeenth century. ‘‘Aurum vitae’’ consists of a

mixture of gold, mercury and antimony complexes and
shows the expected cytotoxic and TrxR inhibitory proper-

ties providing some rationale for therapeutic effects of this

kind of historical medicinal preparation.

Keywords Alchemy ! Antimony ! Aurum vitae !
Cytotoxicity ! Gold

Introduction

The last decades have witnessed a steadily increasing
interest in the biochemistry and biomedical applications of

gold complexes [1]. Gold-based drugs such as Ridaura

(auranofin), Myocrisin (aurothiomalate) and Solgonal
(aurothioglucose) are nowadays used in the treatment of

rheumatoid arthritis [2]. Moreover, gold(I) and gold(III)

complexes have been demonstrating promising anticancer,
antiviral and antiparasitic properties in many preclinical

studies [3–7]. However, while most of the current under-

standing of the biomedical properties of gold species was
established during the last century [8–10], gold prepara-

tions were already involved in the trades and in medicine

more than 4,000 years ago [11, 12]. Gold-based remedies
have been believed to be effective against a considerable

number of diseases since ancient times and were also
produced by many alchemists of medieval until modern

ages [13–19]. Alchemy declined with the development of

modern science, but many experimental and basic labora-
tory procedures are still recognizable today.

However, historical preparations are not widely accessible

today and the descriptions how to prepare those are related to
pharmaceutical and biomedical concepts of the respective

time. Accordingly, a reinvestigation of historical gold reme-

dies appears not to have been performed so far. With this in
mind, we report in this paper on historical aspects of medical

gold preparations between the sixteenth and twentieth century

and on selected biochemical key properties of a seventeenth
century gold-based medicine, which we have prepared

according to a historical procedure.

Electronic supplementary material The online version of this
article (doi:10.1007/s00775-014-1135-4) contains supplementary
material, which is available to authorized users.
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Au(I) anti-arthritis drugs
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Au(I)-protein adducts
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Thioredoxin Reductase (TrxR) structure
a seleno-enzyme



Thioredoxin pathways mediate 
the reduction of hydrogen peroxide
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Thioredoxin/Thioredoxin Reductase
(Trx/TrxR) system
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Au(I) complexes as TrxR inhibitors



The inside cover picture shows the X-ray structure of human thioredoxin reductase dimer (TrxR; PDB:
2J3N; ribbon representation), with the catalytic site residues Sec and Cys highlighted (cyan surface).
Enzyme activity assays and biochemical studies identified the Sec–Cys dyad as essential for TrxR inhibi-
tion by water-soluble AuI–phosphine complexes. For more details, see the Full Paper by M. Laguna, P. J.
Dyson, et al. on p. 96 ff.
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Au(I) N-heterocyclic carbenes (NHCs)

Glorius and coworkers, Nature, 2014, 510, 485-510. 
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Mechanisms of action of Au(I) NHCs



Heteronuclear Au+/Ru2+complexes

Maria Contel and co-workers, Chapter 6, RSC Book



Heteronuclear Au+/Ti4+complexes

Maria Contel and co-workers, Chapter 6, RSC Book

1993



Au(III) coordination complexes
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German Edition: DOI: 10.1002/ange.201607225Gold(III)
International Edition: DOI: 10.1002/anie.201607225

Cyclometalated Gold(III) Complexes: Synthesis,
Reactivity, and Physicochemical Properties
Roopender Kumar and Cristina Nevado*
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Cyclometalated Au(III) complexes
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Supramolecular metal-based complexes

J. Am. Chem. Soc., 2016, 138 (40), 13171–13174



Supramolecular metal-based systems

Theranostics, 2019, 9, 3150-3169.
Inorg.Chem., 2017, 56, 14715-14729.



Theranostics 2019, 9, 3150-3169.



Can we use metal (gold) compounds as 
therapeutic catalysts in cells?

qBio-orthogonal modifications of biomolecules
q Pro-drug activation



Sensors for Au(III) ions in biological 
environment
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q Au(III)-induced intramolecular oxa-cyclization from propargylamide to 
oxazolecarbaldehyde.

Yoon J and co-workers, Chem. Commun. 2009, 7218-7220.
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Sensors for Au(III)/Au(I) ions in biological 
environment

Song QH and co-workers, Chem. Commun. 2012, 48:744–746.

This journal is c The Royal Society of Chemistry 2012 Chem. Commun., 2012, 48, 744–746 745

which was confirmed as an intramolecular hydroamination
product by 1H NMR and mass spectral analyses.

The probe 1 in EtOH/0.01 M PBS buffer (1 : 1, v/v, pH 7.4)
(5 mM) exhibits almost no fluorescence due to the effective
photoinduced electron transfer (PET) quenching process.
Upon addition of 5.0 equiv. of Au3+ ions to the solution, the
fluorescence intensity increased rapidly and an approximately
116-fold fluorescence enhancement after 60 min was observed
(Fig. 1). This shows that the gold-ion-mediated intramolecular
hydroamination occurs. Similar fluorescence enhancements at
511 nm were observed in the presence of Au+ ions under the
same conditions (Fig. S1, ESIw), however, a longer time was
required to reach fluorescence intensity maximum relative to
Au3+. A pseudo-first-order rate constant of probe 1 (5 mM)
conversion to 2 in the aqueous solution was measured in the
presence of Au3+ (5 equiv.), and the observed rate constant
(kobs) is obtained to be 9.2 ! 10"4 s"1. The kobs value of Au+ is
6.0 ! 10"4 s"1, which is lower than that of Au3+ (Fig. S2,
ESIw), and this may be because of a stronger interaction
between highly charged Au3+ and the alkyne than that of
Au+, in a protic solvent.6c These rate constants are faster than
those for propargylamine-derived rhodamine (4.5 ! 10"4 s"1)6a

and apocoumarin (3.31! 10"5 s"1),7 and show that probe 1 can
respond rapidly to gold ions.

The fluorescence response of probe 1 in the aqueous
solution toward various amounts of Au3+ was examined.
The fluorescence intensity was measured after 30 min for each
addition of Au3+. As shown in Fig. 2, the fluorescence
intensity at 511 nm increases rapidly with the concentration
of Au3+, and reaches the saturation of intensity at about
4 equiv. Au3+. It is a linear relationship between the fluorescent
intensity and the concentration of Au3+ in the range from
0.1 mM to 0.6 mM (Fig. S3, ESIw). Based on those data, the
detection limit of probe 1 was estimated to be 320 nM (63 ppb)
on the basis of the signal-to-noise ratio of 3. This shows that
probe 1 has a high sensitivity for detecting gold ions.
Next, Ag+, Hg2+, Zn2+, Ni2+, Cd2+, Cr3+, Fe3+, Cu2+,

Co2+, Ca2+, Mg2+ and Pd2+ ions were used to measure the
selectivity of probe 1 toward gold ions in EtOH/0.01 M PBS
buffer (1 : 1, v/v, pH 7.4) and fluorescence spectra were
recorded after 60 min upon the addition of 5 equiv. of those
metal ions. As shown in Fig. 3a, those ions display almost no
fluorescence except Pd2+. Hence, probe 1 displays excellent
selectivity toward gold ions.
The interference experiments were also carried out for the

selectivity of probe 1 toward Au3+ ions in the presence of those
metal ions. The fluorescence was turned on again when the
Au3+ ions were added to the solutions of probe 1 and those
metal ions, which indicated that those ions have little effect on
the fluorescent probe 1 except Hg2+ and Pd2+ (Fig. 3b). Both
Hg2+ and Pd2+ can activate alkynes especially terminal
alkynes,1d,e,10 so we had hoped to avoid their interference by
designing the probe molecule 1 as a non-terminal alkyne.
However, it is surprising that probe 1 is still interfered by
the two ions. The detail mechanism remains to be investigated.
Fluorescence microscopic imaging for the Au3+ mediated

probe 1 in HeLa cells was performed. HeLa cells were seeded
in a 24-well size plastic-bottom dish at a density of 5! 104 cells
per well in a culture medium overnight. The cells were treated
with 10 mM of probe 1 for 1 h and washed 3 times with PBS
buffer solution. Then cells were incubated with 20 mM AuCl3
for 1 h and the cell cultures were washed with PBS to remove
the residue Au3+ ions. The images of the cells were obtained
by a confocal laser scanning microscope, shown in Fig. 4.
The cells exposed to both 1 and Au3+ display a green
emission, while those treated only with 1 are dark.

Scheme 2 Synthetic route to probe 1. Reagents and conditions:

(a) Pd(PPh3)2Cl2, CuI, Et3N, propargyl alcohol, 40 1C; (b) NaH,

MeI, THF; (c) (i) n-BuLi, THF, "78 1C; (ii) B(OCH3)3, "78 1C;
(d) Pd(PPh3)4, K2CO3, 4-bromo-3-nitrobenzaldehyde, toluene, 80 1C;
(e) (i) cat. TFA, DDQ, CH2Cl2; (ii) Et3N, BF3#Et2O, toluene, r.t.;

(f) SnCl2, conc. HCl (aq), THF/EtOH = 1 : 1.

Fig. 1 Time-dependent fluorescence spectral changes of probe 1

(5 mM) with addition of 5.0 equiv. of Au3+ in EtOH/0.01 M PBS

buffer (1 : 1, v/v, pH 7.4), excitation at 480 nm. Inset: time dependent

fluorescence intensity changes (at 511 nm) of probe 1 with Au3+.

Fig. 2 Fluorescence changes of probe 1 (5 mM) with various amounts

of Au3+ (0, 0.2, 0.4, 0.6, 0.8, 1, 1.4, 1.8, 2.6, 3.4, 4, 5, 6, 7 equiv.) in

EtOH/0.01 M PBS buffer (1 : 1, v/v, pH 7.4), recorded after 30 min,

excitation at 480 nm. Inset: fluorescence intensity changes (at 511 nm)

of probe 1 with various amounts of Au3+.
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In summary, we have designed a novel fluorescent probe for
gold ions based on the gold-ion-mediated intramolecular
hydroamination, which converts the electron donor, the aniline

moiety, to phenanthridine, resulting in a loss of the electron-
donating ability, thus blocking the intramolecular PET
process to emit a strong green fluorescence. This is the first
time a fluorescent probe for gold ions has been constructed in
this way. It provides a new idea for designing fluorescent
probes for gold ions. The fluorescent probe with a Bodipy
chromophore possesses a short response time and a low
detection limit.
This work was supported by the National Natural Science

Foundation of China (Grant No. 30870581, 20972149).
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Antonino, Á. Cantin and A. Corma, J. Org. Chem., 2010, 75, 7769;
(g) R. Kinjo, B. Donnadieu and G. Bertrand, Angew. Chem., Int.
Ed., 2011, 50, 5560.

10 Two examples: (a) H. Yamanoto, I. Sasaki, H. Imagawa and
M. Nishizawa, Org. Lett., 2007, 9, 1399; (b) E. M. Beccalli,
E. Borsini, G. Broggini, G. Palmisano and S. Sottocornola,
J. Org. Chem., 2008, 73, 4746.

Fig. 3 (a) Fluorescence spectra of probe 1 (5 mM) with Au3+/Au+

ions and other metal ions (5 equiv.) including Ag+, Hg2+, Zn2+,

Ni2+, Cd2+, Cr3+, Fe3+, Cu2+, Co2+, Ca2+, Mg2+ and Pd2+ in

EtOH/0.01 M PBS buffer (1 : 1, v/v, pH 7.4). (b) Relative fluorescence

responses at 511 nm of 1 in the presence of Au3+ (5 equiv.) and various

metal species (5 equiv.), where F0 is the intensity in the absence of Au3+.

Fig. 4 Bright-field and fluorescence images of HeLa cells: (a) fluores-

cence image of HeLa cells treated with 1; (b) fluorescence image of

HeLa cells treated with 1 and Au3+; (c) brightfield image of HeLa cells

treated with 1 and Au3+; (d) merged image of (b) and (c).
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Sensors for Au(III) ions in biological environment
C-C cross coupling

OEt2N O

Ph

HAuCl4
OEt2N O

Ph

Kim H and coworkers, Org Lett 2010, 12:932–934.

fluorescent

HaCaT cells

incubation with Au(III) ions (10 
μM) and 10 min with substrate 
(50 μM) in PBS buffer

1 compared to gold(I) in a protic solvent as similarly
observed in the gold ion-enzyme interaction.11 The fluo-
rescence turn-on of 1 was apparently observed to the naked
eye for the gold(III) ion under a UV lamp (λex 365 nm),
whereas the fluorescence for other metal ions was not clearly
observed (Figure S8, Supporting Information).

A sensitivity curve of 1 toward gold(III) ions was obtained
by measuring the emission spectra of 1 (10 µM in EtOH,
λem 488 nm) according to the varying concentrations of gold
ions. The fluorescence intensity of 1 was almost fully
expressed even in the presence of 0.1 equiv of Au(III) ions.
It increases linearly over the concentration ranges from 20
to 100 ppb of gold(III) ions, with a limit of detection (LOD)
of 64 ppb of the Au(III) ion (Figure S9, Supporting
Information12 Gold(III) ions are reported as toxic as over
90% of K562 human cells are dead at a concentration of 40
ppm.4c Therefore, probe 1 is sensitive enough to distinguish
the toxic levels of gold.

Fluorescence microscopic imaging for the Au(III) ion-
mediated hydroarylation of 1 was successful using the HaCaT
cells in a PBS buffer (Figure 4). Cells exposed to 10 µM of
the Au(III) ion and stained with 1 (50 µM) were clearly

observed as fluorescent in the cytoplasm when viewed
through a confocal microscope, whereas those treated with
the Au(III) ions or 1 only were not fluorescent.

From the chromatographic and spectroscopic evidence
(TLC, NMR,and fluorescence data), we propose a plausible
mechanism for the gold-catalyzed hydroarylation (Figure 5).
Latent fluorophore 1 is activated by a reactive and alkyno-
philic Au(III) ion, followed by the intramolecular electro-
philic aromatic substitution with a Michael acceptor, and will
complete the hydroarylation reaction to afford a fluorescent
probe 2 , where the gold(III) ion is regenerated.

In conclusion, we have rationally designed a highly selective
and sensitive fluorescent probe for the gold(III) ion using a latent
fluorophore, which is operating in protic solvents and shows a
fluorescence turn-on property through a selective gold(III)-
mediated hydroarylation reaction. The application of the latent
fluorophore to an effective catalyst screening is the subject of
ongoing research.
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(10) Most of the gold(I) ions are used by the in situ activation of
Ph3PAuCl with AgSbF6.

(11) Lee, M.-T.; Ahmed, T.; Haddad, R.; Friedman, M. E J. Enzyme
Inhibition 1989, 3, 35.

(12) We obtained the LOD as the concentration of gold ions at F/F0 )
3, which is similar to the analytical definition of 1.

Figure 3 . (A) Fluorescence spectra of 1 (30 µM, λex 390 nm) in
EtOH upon addition of various metal ions (10 equiv of Au3+ and
Au+, whereas 100 equiv of other ions). (B) Relative fluorescence
responses at λem488 nm, where F0 is the intensity of 1 only.

Figure 4 . Fluorescence images of HaCaT cells (×600) after 30
min incubation with Au(III) ions (10 µM) and 10 min with 1 (50
µM) in PBS buffer: (A) fluorescence images (λex) 405 nm, λem )
505-530 nm); (B) bright field images; (C) their overlay images.

Figure 5 . Proposed gold-mediated hydroarylation of 1.
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In Vivo Gold Complex Catalysis
Au(III)-mediated ester amidation

Tanaka and co-workers, Angewandte Chemie Int Ed 2017, 56:3579–3584.
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Au(I)-mediated biorthogonal reactions in cells
C-C cross coupling
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Mascareñas and co-workers, Nature Commun 2018, 9:1–9

q Cells were incubated in DMEM with
the gold complex (50 μM in DMSO)
for 30 min, followed by two washings
with DMEM and treatment with
substrate (100 μM) for 6 h.

Au(I)-mediated hydroarylation



Some optimization….

gold-catalyzed hydroarylation reactions in organic solvents, but
not in aqueous media (Fig. 2a)22. The reaction was explored in
water, at 37 °C, using several Au(I) and Au(III) complexes
(Fig. 2b).
We observed conversions higher than 70% with some of these

gold complexes (see Supplementary Table 1), which confirm the
viability of achieving the gold-catalyzed process in water, in
absence of scavenging additives. The direct use of gold chloride
catalysts in aqueous solvents has few precedents, none of them
studying the activating role of water as a formal chloride
scavenger32–39. To shed some light on this water-promoted
activation process, we performed a series of NMR and ESI-MS
studies (detailed in the Supplementary Note 7) which confirmed
that water facilitates the ionization of the Au–Cl bond, and
thereby triggers the reactivity of the gold complexes. Likely, both,
the dielectric constant of water, and its ability to scavenge and
solvate the chloride anion, are responsible for the ionization
process.
Despite the success in hydroarylation of substrate 1, the

reaction provided mixtures of regioisomeric coumarins 2a and
2b, which somewhat complicates the analysis of the process45.
Therefore, we moved to the procoumarin substrate 3, in which
one of the reactive positions is blocked, and thus produces a
single regioisomer. Moreover, the reaction generates a highly
fluorescent coumarine product 4, with intense emission not only
in the blue, but also in the green region (see Supplementary
Figures 8-10).

The reactivity of this probe in different media was initially
studied with gold complex Au1 (10 mol%), which features a PTA
ligand (PTA= 1,3,5-triaza-7-phosphaadamantane)(Table 1).
When water was used as the sole solvent we could only isolate

the product with 12% of yield after 24 h at 37 °C (Table 1, entry
1). Given that this poor performance seemed to be associated to
the limited water solubility of the substrate, we studied the
process in the presence of different organic co-solvents. While we
observed no conversion in a 1:1 mixture of water:toluene (entry
2) or water:methanol (entry 3), we were glad to obtain good yields
of the product when the reactions were carried out in water:
tetrahydrofuran or water:acetonitrile mixtures (entries 4 and 5,
71% and 99% yield, respectively). Importantly, the use of just
acetonitrile led to almost complete recovery of the starting

material (entry 6), a result that is in agreement with the NMR
studies, and the requirement of water to generate an active
catalyst. As expected, the reactivity in acetonitrile could be
efficiently recovered by adding AgOTf (10 mol%) to the mixture
(entry 7). Finally, we found that with just 20% vol. of acetonitrile,
it was possible to obtain the product in 83% isolated yield after
only 3 h of reaction (Table 1, entries 9–10). Moreover, the
catalytic loading could be reduced to 5 mol% without affecting the
efficiency and yield of the process (entry 11), and even to 0.5 mol
%, albeit in this case the reaction required heating at 75 °C (entry
12). Interestingly, when the reaction was carried out in a 6M
solution of NaCl instead of water (using 20% of acetonitrile as co-
solvent), there was no conversion. This result is in consonance
with the requirement of dissociation of the chloride anion for
triggering the reactivity of the gold complex, and with the
existence of an equilibrium between gold(I)-aqua and gold(I)-
chloride species in water (Supplementary Note 7)46.

Performance of other complexes. Once we found out the opti-
mal conditions for the hydroarylation reaction of 3 with Au1, we
tested other gold complexes (Fig. 2b). The water-soluble gold
chloride complexes Au2–Au5 behaved as well as Au1, promoting
the formation of the product in excellent yields after 24 h at 37 °C.
The gold(III) salts NaAuCl4 (Au7) and HAuCl4 (Au8) presented
a lower efficiency (70% and 65% yield, respectively). When the
reaction was carried out using [AuCl(PPh3)] (Au6), we observed
no conversion, most probably because of the low aqueous solu-
bility of the complex which hinders its water promoted activation
(see the Supplementary Figure 20).

Cellular viability. Critical to the final goal of translating metal-
catalyzed reactions to cellular habitats is the control of the toxi-
city. This is particularly relevant when dealing with gold com-
plexes, since it has been shown that some of them can be quite
cytotoxic47, 48. Therefore, we studied the viability of living human
cervical cancer cells (HeLa cells) in presence of several con-
centrations of the different gold complexes using standard cyto-
toxicity tests (MTT and propidium iodide assays, see Fig. 3a and
Supplementary Figure 21). Both the substrate 3 as well as the
reaction product 4 present very low toxicity (around 5% of dead
cells after 7 h at 75 µM). Gratifyingly, complex Au1 showed the
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Fig. 2 Intramolecular gold-catalyzed hydroarylation of precursor 1. a Schematic representation of the carbocyclization reaction. b Structure of the gold
complexes Au1–Au6, and gold salts Au7–Au8 used in this study
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gold-catalyzed hydroarylation reactions in organic solvents, but
not in aqueous media (Fig. 2a)22. The reaction was explored in
water, at 37 °C, using several Au(I) and Au(III) complexes
(Fig. 2b).

We observed conversions higher than 70% with some of these
gold complexes (see Supplementary Table 1), which confirm the
viability of achieving the gold-catalyzed process in water, in
absence of scavenging additives. The direct use of gold chloride
catalysts in aqueous solvents has few precedents, none of them
studying the activating role of water as a formal chloride
scavenger32–39. To shed some light on this water-promoted
activation process, we performed a series of NMR and ESI-MS
studies (detailed in the Supplementary Note 7) which confirmed
that water facilitates the ionization of the Au–Cl bond, and
thereby triggers the reactivity of the gold complexes. Likely, both,
the dielectric constant of water, and its ability to scavenge and
solvate the chloride anion, are responsible for the ionization
process.

Despite the success in hydroarylation of substrate 1, the
reaction provided mixtures of regioisomeric coumarins 2a and
2b, which somewhat complicates the analysis of the process45.
Therefore, we moved to the procoumarin substrate 3, in which
one of the reactive positions is blocked, and thus produces a
single regioisomer. Moreover, the reaction generates a highly
fluorescent coumarine product 4, with intense emission not only
in the blue, but also in the green region (see Supplementary
Figures 8-10).

The reactivity of this probe in different media was initially
studied with gold complex Au1 (10 mol%), which features a PTA
ligand (PTA= 1,3,5-triaza-7-phosphaadamantane)(Table 1).
When water was used as the sole solvent we could only isolate

the product with 12% of yield after 24 h at 37 °C (Table 1, entry
1). Given that this poor performance seemed to be associated to
the limited water solubility of the substrate, we studied the
process in the presence of different organic co-solvents. While we
observed no conversion in a 1:1 mixture of water:toluene (entry
2) or water:methanol (entry 3), we were glad to obtain good yields
of the product when the reactions were carried out in water:
tetrahydrofuran or water:acetonitrile mixtures (entries 4 and 5,
71% and 99% yield, respectively). Importantly, the use of just
acetonitrile led to almost complete recovery of the starting

material (entry 6), a result that is in agreement with the NMR
studies, and the requirement of water to generate an active
catalyst. As expected, the reactivity in acetonitrile could be
efficiently recovered by adding AgOTf (10 mol%) to the mixture
(entry 7). Finally, we found that with just 20% vol. of acetonitrile,
it was possible to obtain the product in 83% isolated yield after
only 3 h of reaction (Table 1, entries 9–10). Moreover, the
catalytic loading could be reduced to 5 mol% without affecting the
efficiency and yield of the process (entry 11), and even to 0.5 mol
%, albeit in this case the reaction required heating at 75 °C (entry
12). Interestingly, when the reaction was carried out in a 6M
solution of NaCl instead of water (using 20% of acetonitrile as co-
solvent), there was no conversion. This result is in consonance
with the requirement of dissociation of the chloride anion for
triggering the reactivity of the gold complex, and with the
existence of an equilibrium between gold(I)-aqua and gold(I)-
chloride species in water (Supplementary Note 7)46.

Performance of other complexes. Once we found out the opti-
mal conditions for the hydroarylation reaction of 3 with Au1, we
tested other gold complexes (Fig. 2b). The water-soluble gold
chloride complexes Au2–Au5 behaved as well as Au1, promoting
the formation of the product in excellent yields after 24 h at 37 °C.
The gold(III) salts NaAuCl4 (Au7) and HAuCl4 (Au8) presented
a lower efficiency (70% and 65% yield, respectively). When the
reaction was carried out using [AuCl(PPh3)] (Au6), we observed
no conversion, most probably because of the low aqueous solu-
bility of the complex which hinders its water promoted activation
(see the Supplementary Figure 20).

Cellular viability. Critical to the final goal of translating metal-
catalyzed reactions to cellular habitats is the control of the toxi-
city. This is particularly relevant when dealing with gold com-
plexes, since it has been shown that some of them can be quite
cytotoxic47, 48. Therefore, we studied the viability of living human
cervical cancer cells (HeLa cells) in presence of several con-
centrations of the different gold complexes using standard cyto-
toxicity tests (MTT and propidium iodide assays, see Fig. 3a and
Supplementary Figure 21). Both the substrate 3 as well as the
reaction product 4 present very low toxicity (around 5% of dead
cells after 7 h at 75 µM). Gratifyingly, complex Au1 showed the
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Fig. 2 Intramolecular gold-catalyzed hydroarylation of precursor 1. a Schematic representation of the carbocyclization reaction. b Structure of the gold
complexes Au1–Au6, and gold salts Au7–Au8 used in this study
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Concurrent Au(I) and Ru(II) catalysis in cells

Nature has evolved a very complex cellular metabolism in
which a myriad of enzymes works concurrently to cata-
lyze multiple chemical reactions. Albeit yet no more than

a dream, scientists might one day be able to build biocompatible,
customized metabolic networks based on artificial catalysts and/
or enzymes. Progress towards this goal requires the development
of effective catalysts capable of achieving programmed and
bioorthogonal transformations in the crowded environment of
living cells.

In recent years, there has been an increasing number of reports
on the application of transition metal-catalyzed reactions in
biological settings and, in some cases, even in intracellular
environments1–6. It is pertinent to note that while the term cat-
alysis is commonly used, intracellular turnover has not been really
investigated. Up to now, these reactions have been essentially
restricted to the use of copper, palladium, and ruthenium com-
plexes7–16, while other important transition metals in organo-
metallic catalysis, such as gold17–19, have not been yet explored.
Nevertheless, isolated reports on the detection of toxic Au(III)
salts in biological media, which rely on gold-promoted transfor-
mations, suggest the viability of using gold catalysis in bio-
relevant aqueous settings20–25. Tanaka et al. have very recently
reported the use of a glycoalbumin-gold(III) complex for a pro-
pargyl ester amidation in mice;26 curiously, control experiments
in biological media and/or cultured cells were not described. A
depropargylation reaction promoted by heterogeneous gold
nanoparticles in living settings has been recently described27.

The power of gold catalysis in synthetic chemistry stems, in
great part, from the ability of gold cationic complexes to activate
π-bonds in a chemoselective manner28–30, and the possibility of
tuning their reactivity by changing the electronic and steric
characteristics of the ligands31. Furthermore, the processes pro-
moted by gold complexes, especially by gold(I) species, tend to be
tolerant to air and moisture. In many cases the reactions can be
carried out using gold(I) chlorides, but they require the addition
of chloride scavengers such as silver(I) salts to replace chloride by
a more labile ligand. Curiously, some isolated reports on gold-
promoted transformations in water, developed in the context of
green chemistry, suggest that in this solvent such scavengers

might not be strictly needed32–39. This is particularly relevant
when one envisions to translate the power of gold catalysis to
biologically relevant aqueous environments, and eventually, to
native cellular settings.
On these grounds, we reasoned that appropriately designed

gold(I) chloride complexes with the structure [AuCl(L)] (L=
ligand) might offer exceptional opportunities to design cell-
compatible, bioorthogonal catalysts. The presence of the ligand
might provide for the modulation of the reactivity, solubility, cell
uptake and toxicity of the complex, and even allow for their
conjugation to designed partners. On the other hand, the chloride
ion ensures stability and an easy access to a variety of complexes
(Fig. 1a), while eventually providing for a direct activation of the
catalysts under aqueous conditions.
Herein we demonstrate that discrete gold(I) chloride com-

plexes featuring designed water compatible ligands are highly
efficient catalysts for achieving mild intramolecular alkyne
hydroarylation in aqueous media (Fig. 1a). The reaction is highly
bioorthogonal, and can be carried out in biological media, and
even in intracellular environments, without raising significant
toxicities. Importantly, we demonstrate the viability of conduct-
ing simultaneous gold and ruthenium-mediated reactions within
living cells and without cross-reactivity. Albeit yet very simple,
the system represents the first non-natural, mutually orthogonal,
metal-promoted transformations capable of operating in the liv-
ing environment of a mammalian cell (Fig. 1b).

Results
Gold-promoted carbocyclizations in aqueous media. Dis-
covering metal-promoted reactions taking place in complex
aqueous environments requires an easy way of monitoring the
transformation. In this context, the use of probes that increase
their fluorescence upon undergoing the reaction is especially
convenient. While several probes which undergo fluorescence-
inducing heterocyclizations in presence of AuCl3 have been
described40–43, we preferred to focus on more challenging car-
bocyclizations owing to the added synthetic significance of
making carbon–carbon bonds44. Thus, at the outset, we chose the
diethylamine precursor 1, which has been previously used for
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UV, and fluorescence analysis of the compounds in this article, see Supplementary
Figures.

Synthesis of compound (3). Phenyl propiolic acid (5.495 mmol, 0.803 g, 1.3 eq.)
and CH2Cl2 (6.4 mL) were successively added to a heat gun dried round bottom
flask equipped with a stir bar under nitrogen. The mixture was stirred at 0 °C in an
ice/brine bath for 1 min. Then, neat DIC (N,N-dicyclohexylcarbodiimide, 6.341
mmol, 0.993 mL, 1.5 eq.) was added via syringe and the mixture was stirred for 1
min until a white precipitate was formed. A solution of 8-hydroxyjulolidine (4.227
mmol, 0.80 g, 1.0 eq.) in CH2Cl2 (10.0 mL) was added via syringe followed by
DMAP (4-(dimethylamino)pyridine, 1.057 mmol, 0.129 mg, 0.25 eq.) in CH2Cl2
(1.0 mL). The mixture was stirred at 0 °C until complete consumption of the
phenol was observed by TLC. Then the reaction mixture was filtered through

Kieselguhr and concentrated in vacuum. The residue was purified by silica flash
column chromatography using hexane/EtOAc (8:2) as eluent to yield the product 3
as a yellow/orange solid (2.830 mmol, 0.890 g, 67% yield).

Representative procedure for the catalytic reaction in water. Substrate 3
(0.050 mmol, 15.90 mg) was added to a Schlenk tube containing a stir bar followed
by the addition of [AuCl(PTA)] (Au1, 0.005 mmol, 1.90 mg, 10.0 mol%). MeCN
(200 µL) was added and the reaction mixture was stirred at 300 rpm until a
homogenous solution was formed (10 s). H2O (800 µL) was added (final volume
1.0 mL, [Substrate]= 50.0 mM), the Themowatch-controlled heating block was
fixed at 37 °C and the reaction was stirred for 3 h. After this time, the reaction
mixture was extracted with CH2Cl2 (3 × 10.0 mL) and the combined organic
fractions were dried, concentrated over silica and purified by silica flash column
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GOLD COMPOUNDS
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qNew Therapeutic (anticancer) agents

qChemical probes to study protein functions in
biological systems

q Selective bio-orthogonal modification of proteins

GOLD-BASED COMPOUNDS 
AS SELECTIVE PROTEIN BINDERS



ZINC FINGER PROTEINS

q Zinc finger structures are as diverse as their functions

q 14 classes of ZFs are differentiated by ligand set (number of Cys
and His residues), spacing (number and type of amino acids
between each Cys and His)

q Functional ZFs recognize specific DNA, RNA, or protein targets
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Abbehausen C., Metallomics 2019, 11, 15-28.



Fundamental cellular processes

Development

Differentiation

Tumor suppression



Zinc finger proteins

Zinc finger 
motif

Representative proteins Biological Functions

Cys2His2 Transcription factors 
(e.g.TFIIIA, Sp1, NGFI-A)

WT1

Gene regulation

Tumor suppressor protein
Cys4 Hormone receptors 

(e.g. ER, GR, TR, RAR, VDR) 

XPA, Fpg

Receptor proteins, 
gene regulation 

DNA repair
Cys3His Retroviral nucleocapsid proteins

(e.g. NCp7)
PARP-1

RNA packaging

DNA repair, apoptosis
RING 
finger

BRCA-1,
Mdm2

DNA repair
Ubiquitin protein ligase, 
p53 regulation



The “Guardian Angel” of DNA: PARP-1

q Playing an important role in DNA repair

q Involved in cisplatin resistance mechanisms

q PARP-1 inhibitors have been considered in
combinatorial therapies with anticancer drugs

Zn2+

q Two N-terminal zinc finger domains of the
type Cys2HisCys

q Au(III) compounds with N-donor ligands are potent PARP-1
inhibitors (IC50 nM level)

q Au(I) compounds are active but less effective than Au(III)

J.Med.Chem. 2011, 54, 2196-2206.



J. Med.Chem. 2011, 54, 2196-2206.
RSC Adv., 2016, 6, 79147-79152

What is the mechanism of inhibition?
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high-resolution FT-ICR MS
Au(III) complex vs ZF-PARP-1

“Gold-finger”

M

tetrahedral

M

square planar

J.Med.Chem. 2011, 54, 2196-2206.
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UV-vis, CD, HPLC, ESI-MS and XAS 
Au(III) complex vs Cys4

Inorg.Chem., 2015, 54, 4104–4113.
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Collaboration with Prof. JM Latour - CNRS



Chem.Commun. 2015, 51, 1612-1615.

in silico: QM/MM
Au(III) vs Au(I)
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Can we target a specific zinc finger?



Inhibition mechanism of urease by Au(III) 
compounds with N-donor ligands

Au
Cl Cl

N

N

N

PF6

ACS Med. Chem. Lett. 2019, 10, 564-570.

q The binding of the Au ions to these residues blocks the movement of a flap,
located at the edge of the active site channel and essential for enzyme
catalysis, completely obliterating the catalytic activity of urease.



Can we achieve selectivity with Au(III) cyclometallated complexes?
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N
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Cl Cl
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Chem.Commun., 2018, 54, 611-614.

LC-MS approach
1 Au(III) compound 
against a mixture of 
Cys2His2 and PARP-1 

zinc fingers Gold Finger



m/z
490 500 510 520 530 540 550 560 570 580 590

%

0

100 555.2665

529.8058

503.9332
501.3600

552.2576

584.7598

557.7990

587.7606

Evidences of Cysteine Arylation

[Apo-ZF+AuC^N+C^N]6+

[Apo-ZF+2C^N]6+

[Apo-ZF+3C^N]6+

555.2656555.1016

554.9297
555.4375

555.6016

555.7656

%

0

100

m/z555 556

555.2665
555.0917

554.9272

555.4310

555.5956

555.7602

%

0

100

[C151H216N41O41S2]6+

Ex
pe
rim

en
ta
l

Si
m
ul
at
io
n

q Opportunities for bio-orthogonal Cys modification 
via Au-mediated C-S cross coupling

N
H

H
N

O

SH

N
H

HN

O

S
R

NAuIII

R

N
AuIII

X X

PBS (pH 7.4) r.t. N
H

H
N

O

S

R

N

REDUCTIVE 
ELIMINATION

R = CO, NH, CH2

AuI/0



Metal-mediated Cysteine Arylation

What about gold?
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Spokoyny et al, 
J. Am. Chem. Soc., 2018, 140, 7065.

Wong et al,
Chem. Commun., 2014, 50, 11899.

• Wider pH range
• Faster kinetic
• Complementary chemoselectivity
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Sophie 
Thomas

Chemistry Eur. J., 2019, 25, 7628-7634.

LC-HR-ESI-MS
Au(III) complex vs ZF-Cys2His2
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q Complex 3 mediates Cys arylation after 10 min incubation.
q 1 and 2 requires longer time to undergo Cys arylation (24 h).
q Complex 4 does not induce Cys arylation (forms only ZF-Au-C^N adducts).

Riccardo
Bonsignore



N

E

Au
Cl S

NH3

O-O

+

S-

NH3

O-O

N

E

Au
Cl S

NH3

O-O

S

H3N

O
O-

S

NH3O

O Au
Cl

S NH3

O-O

E

N

S

NH3
+O

O
Au

Cl
S NH3

OO

E
N

S

E

N

S

NH3O

O Au
Cl

H3N
O

O

+

R
I

P

E = CH2 (1), NH (2), CO (3)

-

[TS1]

[TS2]

-

-

-

Mechanistic hypothesis

q The 1st cysteinate adduct forms with S in trans position to N (and thus, cis to the
aryl group) is more favored thermodynamically.

q Following the apical approach of the 2nd cysteinate, the N atom decoordinates
and the C^N chelate to opens.

Chemistry Eur. J., 2019, 25, 7628-7634.



Collaboration with Prof. G. Barone – Univ. Palermo

DFT & QM/MM

q The first reaction step is exergonic for 1-3.
q The subsequent reductive elimination is favored thermodynamically and is the

rate-determining step.
q The difference results from the stability of the bis-cysteinate intermediate I as

compared to the starting complex R.
q The activation barrier for the C‒S coupling (E2‡) increases in the order CO (3) <

CH2 (1) < NH (2). Chemistry Eur. J., 2019, 25, 7628-7634.



Structure-activity 
relationships
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