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Gold(I) compounds have several potential roles in biologically related chemistry. The relatively low tox-
icity of gold and its lability allows human consumption of drugs formed with this element. Trinuclear
and tetranuclear clusters look particularly interesting because of the strong basicity of the gold(I) cen-
ters in these molecules. Future studies are expected to lead to interesting new bio-related observations.
The ability of gold(I) compounds to interact with themselves aurophilically and with other heavy element
ions has produced spectroscopic properties which are sensitive to volatile organic compounds (VOCs) and
old(I)
hiolates
midinates
lides
arbeniates
yrazolates
uminescence

other molecular interactions. Thus bio-applicability for sensing toxic components appears reasonable.
© 2009 Elsevier B.V. All rights reserved.
ensors

. Introduction

Long ago, gold was found to be a metal that was valuable for

iological applications. The fact that pre-Roman Eutruscians formed
old bridges for teeth is an example [1]. However, the modern use of
old(I) compounds in medicine appears to have originated with the
acteriologist Robert Koch using K[Au(CN)2]. The excellent article in

∗ Corresponding author. Tel.: +1 979 845 0648; fax: +1 979 845 2373.
E-mail address: fackler@mail.chem.tamu.edu (J.P. Fackler Jr.).

010-8545/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2009.02.010
Gold, Progress in Chemistry, Biochemistry and Technology by C. Frank
Shaw updates biochemically related activity through 1999 [2]. A
recent review by Milacic et al. [3] covers some of the studies with
gold(I) and gold(III) complexes used in cancer treatment. Targeted
results are described by Rackham et al. [4] on breast cancer cells
using a gold(I) phosphine complex.
Although several plausible explanations have been suggested for
the biological activity of gold(I) compounds in treatment of various
diseases, there is little definitive understanding of the specific role
of gold(I) compounds important to the control of the diseases. The
gold(I) triethylphosphine acetylated thiosugar “Auranofin” appears

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:fackler@mail.chem.tamu.edu
dx.doi.org/10.1016/j.ccr.2009.02.010
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Fig. 1. Chemical representations of some of the anti-rheumatoid

o be the last gold drug clinically approved for treatment of any
uman disease. It has been an excellent oral drug for some patients
aving rheumatoid arthritis.

Auranofin (or Ridaura) was approved by the FDA in 1976 as
n orally active drug for the treatment of rheumatoid arthritis
RA). Gold sodium thiomalate, Myochrysine, is typically used to
reat active RA in juvenile and adult patients, while Auranofin
Fig. 1) is targeted for adult patients who have not responded
ell to one or more courses of non-steroidal anti-inflammatory
rugs (NSAIDS) [5]. Gold drugs are prodrugs, i.e., they are con-
erted into other, as yet unknown, active forms in vivo during
hrysotherapy. Gold(I) complexes typically undergo rapid ligand
isplacement reactions and it is likely that in vivo, Au(I) coordinates
o cysteine sites in glutathione, proteins, and enzymes. Hemple and
o-workers [6] concluded that a significant percentage of Auranofin
s converted into the cationic digold complex [(Et3PAu)2(�-TATG)]+,
ATG = 2,3,4,6-tetra-acetyl-1-thio-d-glucopyranosato, in stomach
cid.

In spite of continued use, the avenue by which gold drugs modify
he inflammatory response is still unknown. Although the inorganic
hemistry of gold has been an active area for some time, there also
ppears to be some fairly large gaps in our understanding of basic
eaction mechanisms involving gold–sulfur compounds, especially
ith regard to redox transformations of gold(I) compounds.

The thioglucose of gold(I), “Solganol” appears to be the drug
f choice used by veterinarians [7] to treat the small animal skin
isease pamphigus which has some autoimmune characteristics
imilar to rheumatoid arthritis. This animal skin disease [7] sug-
ests that the toxicity of oxygen metabolites such as singlet oxygen,
uperoxide or peroxynitrite might be controlled by these gold
rugs. The known cellular toxicity of gold(I) compounds, however,
as limited use in the treatment of human disease. It has been stated
hat 25% of the arthritic persons for whom gold drugs have been
ried have developed a contact allergy to gold sodium thiomalate
se [5b]. Beyond the general belief based upon good experimental
ata that gold(I) is transported in the body by attachment to sulfur
esidues in proteins, little specific detail exists. Metabolic elimina-
ion of gold(I) as [Au(CN)2]− does occur from humans and there is
ome evidence of gold(III) formation in oxidative bursts [2].

While our interest in gold chemistry began in the early 1970s
ith some gold(III) organometallic complexes, it was soon apparent

o us that very little was known then regarding the basic chemistry
f this element. We were surprised to learn how stable trimethyl-
old(III) ylides are since they can remain open to air after formation.
he structurally related [Au(CH3)4]+ cation inflames in air. The sta-
le dimethylgold(III) dithiolates were first studied in the 1930s.
he structural features of these compounds, planar four coordina-
ion, are consistent with the 5d8 electron configuration also found
ith platinum(II) species. Currently there is a renewal of interest

n gold(III) complexes because of electronic and structural relation-
hips to the well known cis-Platin, cis-(NH3)PtCl2, cancer drug.

Our studies have focused largely on the basic chemistry of
old(I). Along with the pioneering work of Schmidbaur and his

tudents, our laboratory developed considerably the chemistry
f gold(I), gold(II) and some gold(III) ylide organometallics [8,9].
old(I) complexes tend to be linearly two coordinate species,
lthough examples of planar three coordination and tetrahedral
our coordination of gold(I) are well known. Gold(I) complexes gen-
itis gold drugs. (a) Solganol, (b) Auranofin, and (c) Myochrysine.

erally are easily oxidized to gold(III) but in the presence of weak
gold(I)· · ·gold(I) interactions, oxidative addition of oxidants such
as the halogens can produce metal–metal bonded gold(II) species
wherein the gold(II) has a planar four coordinate arrangement. This
type of oxidative addition also has been observed with platinum(II)
as a neighboring metal atom. In the course of our work, we have
examined many gold(I) complexes with Au–C, Au–N, Au–S and Au–P
bonding. A major review of the amidinate chemistry of dinuclear
and tetranuclear gold(I) chemistry has been published recently [10].

The gold(I) chemistry using pyrazolate nitrogen ligands led to
the use of other nitrogen ligands to form dinuclear, cyclic trinuclear
complexes, CTCs, and tetranuclear amidinate gold(I) complexes
[10] with properties significantly different from the organometal-
lic and sulfur coordinated species [11]. The electronic properties
of these gold(I) complexes have been studied in detail and it is
recognized that � accepting ligands can strongly influence the
properties associated with the metal ion [12]. Although nitrogen
ligands are very important biochemically, only in recent years has
the nature of gold(I) bonding to nitrogen ligands been studied. The
�-basicity associated with gold(I) centers in trinuclear species with
nitrogen–gold(I) and carbon–gold coordination has led to the obser-
vation of Lewis and �-acid/�-base interactions of these trinuclear
complexes with organic � acids and cations [12a].

With the anion [Au(C6F5)2]−, and related species, porous solids
have formed into which small molecules may enter which change
the optical properties of the gold complexes. Their potential use as
biosensors for hazardous organic and/or metabolites is a result.

2. Dinuclear gold(I) compounds

Schmidbaur’s synthesis of dinuclear gold(I) ylide complexes
{Au2[(CH2)2PR2]2}, R = aliphatic or aromatic groups, and their oxi-
dation to stable metal–metal bonded gold(II) species opened up
new thinking in gold chemistry. Our studies showed that the dis-
tance between the metal atoms in these complexes drops from
about 3.0 Å in the dinuclear gold(I) complexes to as short as 2.5 Å
when oxidative addition occurs. The gold(I) species contain linear
C–Au–C bonds, as in [Au(CN)2]− while the metal–metal bonded din-
uclear Au(II) species have a planar, four coordinate geometry with
a Au(II) atom in one of the four bonding positions. A major review
of this work can be found in Comprehensive Organometallic Chem-
istry [8]. Efforts to isolate and characterize a one-electron oxidation
intermediate have not succeeded and the electrochemical oxidation
in solution is not reversible. The electrochemical oxidation of dinu-
clear gold(I) complexes [12b] generally varies considerably with the
type of ligands coordinated to the gold(I) with the carbon bonded
ylides showing the lowest potential to oxidation compared with
neutral dinuclear complexes involving N, S, and P (Fig. 2).

Dinuclear phosphine, sulfur and nitrogen ligand complexes of
gold(I) were an outgrowth of the ylide work with very interest-
ing differences in the results. Unlike the dinuclear ylide complexes
which readily undergo oxidative addition to form metal–metal
bonded gold(II) species, the phosphine bridged species for no stable

metal–metal bonded products. With sulfur ligand complexes such
as the dithiocarbamates, dithiophosphinates, dithiophosphates and
dithiolates, oxidative addition can be observed but not universally.
It occurs readily with the anionic dinuclear 1,1-dithiolates but not
at all with the neutral dinuclear gold(I) xanthates. While halo-



H.E. Abdou et al. / Coordination Chemistr

F
v
1

g
a
p
c
d

b
I
a
s
a
t
o
o
d
l
t
c
w
a
t
g
i
b
c
l
a
t

3

o
t
d
n
t
p
d
i
i
m

ig. 2. Oxidation potentials reported of neutral dinuclear gold(I) complexes with
arious ligand [Au(LXL)]2 coordination vs. Ag/AgCl with 0.1 M [Bu4N]PF6 in CH2Cl2,
2b].

en oxidative addition forms a metal–metal bonded gold(II) trans
ddition product with the dinuclear diethyldithiocarbamate, the
roduct is unstable in solution. Mixed ligand ylide, thiophosphinate
omplexes show reversible oxidative addition of halogens with the
inuclear gold(II) product releasing the halogen upon heating [13].

Dinuclear amidinate nitrogen based ligand complexes also can
e formed which undergo oxidative addition like the ylides [10].

n the dinuclear ylide system, the HOMO has been shown to be
metal–metal sigma anti-bonding orbital with the LUMO being

igma bonding [9]. With guanidinate like nitrogen based ligands,
dinuclear gold(I) complex has not been isolated although a

etranuclear gold(I) complex has been formed. A dinuclear gold(II)
xidative addition product forms readily in the presence of halide
r halogenated solvents from gold(I) starting materials. With these
elocalized nitrogen amidinate and guanidinate ligands, DFT calcu-

ations [14] suggest interactions between the filled d–� orbitals on
he metal and the ligand � orbitals are important. Unlike the dinu-
lear ylide complexes, the HOMO is d–�/ligand p–� anti-bonding
ith the HOMO-1 being gold–gold sigma anti-bonding. Oxidative

ddition involves this metal–ligand � anti-bonding orbital although
he two-electron oxidative addition product contains a sigma
old(II)–gold(II) bond. A metal–ligand �-anti-bonding interaction
s also like to be important in the chemistry of the carbeniates,
enzylimidazolates and pyrazolates. The excited states of emissive
omplexes show considerable ligand involvement. With the sulfur
igand complexes, filled metal d–�, ligand � orbital interactions
lso may be dictating the chemical differences observed although
o date this has not been clearly defined experimentally.

. Cyclic trinuclear gold(I) compounds

Intermolecular interactions involving aromatic rings and cations
r anions are key processes in both chemical and biological recogni-
ion [15]. Understanding these interactions is essential for rational
rug design and lead optimization in medicinal chemistry. Various
on-covalent interactions involving aromatic rings, such as elec-
rostatic cation/aromatic ring, and other �-acid/�-base bonds are

ivotal to protein–ligand recognition and concomitantly to drug
esign [16]. However, if the drug molecule contains metal ions in

ts framework, Lewis acid–base interactions occupy a special role
n the overall description of the forces occurring in the action of the

etal based drugs. Several examples of organometallic compounds

Fig. 3. Schematic representation
y Reviews 253 (2009) 1661–1669 1663

employed in medicine as drugs or diagnostic media are known [17].
The presence of one or more metal atoms may play different roles:
they can act as Lewis-acidic binding sites, sensing units, carry pos-
itive charge and increase the strength of electrostatic interactions
by restricting the conformations available or structuring the core
onto which binding groups are assembled [18].

The chemistry of gold(I) cyclic trinuclear gold(I) complexes, CTCs
(Fig. 3) includes supramolecular derivatives where electrostatic
interactions play a cooperative role. They do this by recognition of
Lewis acid metal ions, acidic organometallic complexes and small
organic �-acid molecules. CTCs are a class of gold(I) compounds
wherein three linearly coordinated gold(I) ions are bridged by three
exo-bidentate ligands, forming nine-membered cycles. The ligand
can be a N,N or C,N donor molecules. CTCs are generally air and
light exposure stable and soluble in organic solvents depending on
the nature of the bridging ligand. The CTCs are white solids which,
when exposed to UV light, often exhibit emissive properties, com-
monly as a result of aurophilic gold–gold interactions. These latter
are non-covalent attractive interactions occurring between gold(I)
centers caused by correlation and relativistic effects; they are often
responsible of emissive, structural, and biological features of the
CTC compounds.

From the point of view of gold–gold interactions producing
unusual emissive behavior the [�-C(OMe) = N(Me)Au]3, complex
is the most interesting CTC observed to date. It displays the phe-
nomenon Balch and co-workers described as “solvoluminescence”
when UV irradiated crystals, which have a columnar structural
assembly [19], give off a burst of visible light when a drop of sol-
vent interacts with them. The syntheses, reactivity and structural
properties of these neutral gold(I) complexes have been reviewed
[12a].

Depending upon the steric hindrance of the substituents on
the bridging ligands, the solid state crystal structures of CTCs
show dimeric or oligomeric arrangements, through intermolecular
aurophilic contacts.

The neutral C,N-CTCs (i.e. [�-(1-benzyl-2-yl-imidazolate)Au]3
and [�-C(OEt) = N(tolyl)Au]3) react with silver(I) or thallium cations
to give intensely colored yellow or green microcrystalline pow-
ders where the CTCs and the metal ions are in the 2:1 ratio.
The ions are bound exclusively to the gold by metallophilic
interactions. The CTC’s interact with each other by aurophilic
interactions in a ABA· · ·ABA fashion (Fig. 4) [20,21]. The supramolec-
ular stacks, i.e. {Ag[(Au(�-C,N-1-benzylimidazolate)]3)2}BF4 or
{Tl[(Au(�-C,N-1-benzylimidazolate)]3)2}PF6 possess a lumines-
cence thermochromism, observed as red shifts in the emission
maxima upon cooling the crystals from room temperature to 77 K.
Low energy phosphorescence generally is observed when extended
chain structures are present [22]. These cooperative metallophilic
interactions stabilize the structures conferring thermal stability in

the solid state and a reversible dissociation in solution as observed
in NMR studies [23]. Solubility of the complexes is connected to the
polarity of the solvent used and to the nature of the bridging ligand
of the CTC, with the carbeniate derivative generally more soluble
than the imidazolate homologue.

of some trinuclear CTCs.
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ig. 4. Side view of the cationic complex {Ag[(Au(�-C,N-1-
enzylimidazolate)]3)2}+. The anion is not shown.

The reaction between metal ion salts and the CTC’s is restricted
o those with C,N donor ligands. When the bridging ligand presents
N,N coordination to gold such as in [�-(3,5-(R)-pyrazolateAu]3,
= H, Me, Ph, adduct products with silver and thallium salts are not
btained and the starting materials were recovered from the reac-
ion mixture. Thus the electronic properties of the bridging ligands
lay an important role in the nucleophilicity of the CTCs. To date
nly Ag(I), Tl(I) and Cu(I) and Au(I) have been successfully interca-
ated into the C,N CTC’s although Li+, Na+, K+. Cs+, Cu2+, Hg2+, Hg2

2+,
g0, have been tested for such an interaction.

The reactivity described above may be explained by consid-
ring the pi–basicity of the gold metallacyclic rings [24]. Direct
vidence of the acid–base interactions in solution was observed by
9F,1H-HOESY and PGSE NMR measurements, revealing the persis-
ence of the [Au3Hg3Au3]n and [Au3Hg3] adducts [25]. The reaction
f C,N CTCs with electrophilic �-acid organic molecules such as
exafluorobenzene, C6F6, and 7,7,8,8-tetracyanoquinodimethane,
CNQ, produces stacked derivatives in the ratio 1:1 and 2:1 ratio,
espectively. No aurophilic Au· · ·Au bonds are observed in the hex-
fluorobenzene intercalate (Fig. 5). Thus intermolecular aurophilic
nteractions are not fundamental to the formation of extended
cid–base chains [26]. Moreover, when [�-C(OEt) = N(tolyl)Au]3 is
uspended in C6F6, the blue luminescence, associated with the
u· · ·Au bonded chain quenches as the aromatic hexafluoroben-
ene disrupts the chains. Electron acceptors and fluorine containing
ompounds play a role in many biological systems. The fluorine
tom is isosteric and isoelectronic with the hydroxyl group [27], and
ts presence can enhance the metabolic stability of drugs modifying
heir electronic and physical properties [28].

By reacting the nucleophilic trinuclear Au(I) ring complex
�-C(OEt) = N(tolyl)Au]3, with the organic Lewis acid octafluoron-
phthalene, C10F8 a supramolecular structure consisting of stacks
n which the [�-C(OEt) = N(tolyl)Au]3 �-base molecules alternate

ith the octafluoronaphthalene �-acid molecules was obtained.
he stacking completely quenches the blue photoluminescence of
�-C(OEt) = N(tolyl)Au]3, and leads to the appearance of a bright
ellow emission band from the C10F8, at room temperature, shifted
bit by the interaction with the gold complex [12]. Other electron
cceptors also produce �-acid/�-base stacking [29].

Along with the experimental studies, theoretical calculations
n the electronic density distribution on the metallacycles CTCs
ave been obtained. DFT calculations on [�-C,N-(1-benzyl-2-yl-

midazolate)Au]3 and [�-C(OEt) = N(tolyl)Au]3 show a negative
lectrostatic potential at the center of the CTC rings (Fig. 6), leading

o the �-base character [24]. Omary et al. [30] also report the calcu-
ated molecular electrostatic potentials (MEPs) for some N,N CTCs
amely {3,5-(R)2Pz]M}3 (pz = pyrazolate) (Fig. 7). The results sug-
est that N,N CTCs complexes with R = H or Me are bases with the
elative basicity order Ag � Cu < Au. However fluorination (R = CF3)
Fig. 5. Crystal structure of the stacking of [�-C(OEt) = N(tolyl)Au]3 and C6F6.

of the pyrazolates makes even the Au trimeric acidic, showing that
the ligand can countermand the metal-based acidity/basicity in
these CTCs. This theoretical result has been confirmed by the inter-
calation of toluene in a 1:2 stacks with {3,5-(CF3)2Pz]Au}3.

The MEP calculations [30] clearly indicate that the �-acidity/�-
basicity results are ligand mediated (Fig. 8). Upon comparing
CTCs with organic analogues, it is calculated that the former
have a much wider �-acidity and �-basicity range than the
organics at typical bonding distances. By comparing CTCs with
different bridging ligands a scale of �-basicity was obtained: [M(�-
Im)]3 > [M(�-py)]3 > [M(�-Cb)]3 [M(�-Pz)]3 > [M(�-Tz)]3 where
Im = imidazolate, py = pyridinate, Cb = carbeniate, Pz = pyrazolate,
Tz = triazolate. These theoretical results provide a reasonable expla-
nation for the lack of reactivity of N,N CTCs with regard to the
electrophiles (�-acids and Lewis acid metal ions) discussed above.
The acid–base chemistry of the gold(I) CTCs promises to be a
very interesting field of gold CTCs chemistry. The parallel exper-
imental and theoretical studies have allowed rationalization of
their behavior with the potential for designing new CTCs useful
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ig. 6. DFT-derived molecular electrostatic potentials (MEP) mapped onto the elec-
ron density surfaces of [�-C,N-(1-benzyl-2-yl-imidazolate)Au]3 compared to those
f the electrophilic [�-C,C-(tetrafluorophenylene)Hg]3.

or host–guest chemistry. These special properties such as lumi-
escence and acid–base recognition are likely to produce fruitful
pplications in medicinal chemistry and biological sensing.

. Gold(I) sulfur chemistry

.1. Structure and bonding aspects of gold(I) sulfur chemistry

Sulfur containing ligands bond readily to gold(I) through for-
ation of Au–S sigma bonds. The Au–S distances are around

.3 Å. This subject has been reviewed [1]. The two coordinate

old(I) centers have a linear or near linear LAuS arrangement,
here L = phosphines, thiolates, halides, etc. Bonding of AuCl to

he symmetrical trithiapentalene (Fig. 9), causes the formation of
zwitterion in which the solid state structural dimensions suggest

ormation of a cationic charge on the pentalene and negative charge

Fig. 7. DFT-derived molecular electrostatic potentials (MEP) mapped onto
Fig. 8. MEP surfaces showing the relative �-basicity of some CTCs as a function of the
metal (Cu(I), Ag(I) and Au(I) and different ligands as (a) carbeniate and (b) triazolate.
Basicity increases in the direction blue → green → yellow → orange → red.

at the S–Au–Cl center [31]. Furthermore, this study demonstrated
the lability of Cl–Au–S bonding and the rapid migration of the Au
across the molecule in solution. Proton NMR results estimated that
the activation energy for Au–S exchange in this system is of the
order of 7–8 kcal/mol.

Chemical lability and relatively strong affinity for sulfur have led
to the formation of a large number of different structures with thi-
ols, thiolates and sulfides. The phosphine coordinated gold(I) unit
[LAu]+, often has been used to coordinate to various of these sul-
fur containing species, presumably mimicking possible attachment
of the [Et3PAu]+ moiety in Auranofin. These studies have shown
that one can expect terminal, bridging, and partial interaction with

both sulfur and other gold(I) centers [32]. A particularly interesting
example was found in the product of [Cp2Fe]PF6 oxidation of the
bis(diphenylphosphine)methane complex, dppm coordinated to p-
thiocresolate, dppm(Au-p-tc)2. This product, a nine gold(I) atom
visibly luminescent cluster [Au9(�-dppm)4(�-p-tc)6](PF6)3, con-

the electron density surfaces of selected {[3,5-(R)2Pz]M}3 models.
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ig. 9. The rearrangement of AuX bonded to trithiapentalene occurs on a NMR time
cale.

ains a range of Au· · ·Au interactions with bridging Au–SR–Au bonds
33]. The basic Au, P, and S geometry is seen in Fig. 10 with nearest
eighbor Au· · ·Au distances ranging from 2.99 to 3.96 Å.

Gold(I) sulfur complexes show a remarkable affinity for oligomer
ormation with aurophilic Au· · ·Au interactions. The [AuS2CMe]4
tructure is an early example of a near square of Au(I) atoms sep-
rated to a distance of only 3.0 Å by the bridging thiolate ligands,
ach Au(I) atom being coordinated linearly by two sulfur atoms
34]. This structural motif is very common also in gold(I) amidinate
hemistry with linear N–Au–N coordination [10] (Fig. 11).

.2. Redox studies of gold(I) thiolate drugs and related compounds

The reduction of Auranofin at a dropping mercury elec-
rode shows that Auranofin undergoes a diffusion controlled and
eversible reduction process at −0.5 V vs. SCE at pH greater than 9.5
35]. Bulk electrolysis at −0.8 V yields an n value of 1, indicative of
n Au1/0 redox couple. Electrochemical studies of a variety of Au(I)

omplexes with phosphine and/or sulfur ligands show that metal,
hosphine or sulfur ligands can be redox sites [12b]. For compounds
hat model Auranofin, i.e. Au(I) phosphine thiolates experimental
tudies in nonaqueous solvents demonstrate that sulfur is initially
xidized leading to gold sulfur clusters (vide infra) [36].

ig. 11. Dicationic structure of [(Me3P)2Au2(TATG)]2
2+ with hydrogen atoms and NO3

− a
n the gold square and (b) a ball-and-stick representation shown as a side view.
Fig. 10. The cationic cluster [Au9(�-dppm)4(�-p-tc)6]3+.

Gold(I) phosphine thiolate complexes each undergo a broad irre-
versible oxidation at about +0.6 to +1.1 V and a second, sharper,
irreversible oxidation at more positive potentials, +1.2 to +1.6 V
(vs. SCE) [36]. The cyclic complexes with the aliphatic thio-
lates are in general easier to oxidize. Auranofin (Et3P)Au(TATG)
(TATG = 2,3,4,6-tetra-acetyl-1-thio-d-glucopyranosato), is found to
be more difficult to oxidize. The irreversible nature and the number
of electrons involved in the oxidation of Auranofin are consistent
with oxidation of Au(I) to Au(III), followed by a rapid chemical step.
The electrochemical results are consistent with the observations
made by Shaw et al. during the chemical oxidation of Auranofin
and Myochrysine with hypochlorite [37].

4.3. Mechanism of oxidation
Electrochemical and chemical oxidation studies of the
trimethylphosphine derivative of Auranofin demonstrate that
oxidation of phosphine Au(I) thiolate complexes is largely sulfur
based rather than oxidation of the gold(I) metal ion. This is con-
sistent with electronic structure studies in which the HOMO was

nions omitted for clarity. (a) Thermal ellipsoid representation (50%) looking down
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Fig. 12. Structure of [AuTl(C6Cl5)2]n .
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molecules, such as tetrahydrofuran, tetrahydrothiophene, acety-
ig. 13. Color changes, under UV-light, of [AuTl(C6Cl5)2]n after exposure to vapors
f VOCs.

ssigned as primarily sulfur in character [38,39]. Upon oxidation,
n electron is removed from the largely sulfur ligand based HOMO
f the mononuclear gold(I) complexes. This loss of an electron from
he complex leads to cleavage of the Au–S bond and formation
f LAu(I)+ and a thiyl radical. The thiyl radical rapidly dimerizes
o form disulfide. The coordinately unsaturated LAu+ reacts with
nother molecule of starting material to form a digold cationic
omplex which then dimerizes via Au· · ·Au bonding to form the

bserved tetranuclear gold(I) cluster (Fig. 11). The net result is
one-electron oxidation per two molecules of gold complex.

hus only one-half equivalent of oxidant is required per mole of
ononuclear gold complex to complete the oxidation. Support of

Fig. 14. Color changes, under UV-light, of [AuTl(
y Reviews 253 (2009) 1661–1669 1667

this mechanism is provided by the independent syntheses of the
various clusters via reaction of LAuCl with a silver salt (e.g. AgNO3)
followed by addition of LAuSR.

5. Photochemical small molecule detection using gold

The reliable monitoring of volatile organic compounds (VOCs)
has become more important in environmental and public safety
control due to the potential health hazards that exposure to these
substances possess. Apart from the interest in improving the
screening of carcinogenic agents, an increasing effort is also being
made in the search of efficient detectors of small biomolecules that
may be present in biological fluids. In fact, the development of
stable and reversible chemical sensors based on vapochromism or
vapoluminescence, the dramatic color or luminescence change of
a material upon exposure to vapors of VOCs, has become the sub-
ject of intensive study in the last few years. Complexes containing a
variety of metal centers, such as Re/Co [40], Ru [41–48], Sn [49], Pt
[50–52], Pt/M (M = Pd, Pt) [53–57] or Cu [58,59] have been reported.

Apart from the gold materials commented upon above, some
vapochromic gold/thallium polymeric compounds have been syn-
thesized making use of an acid–base synthetic strategy. Obviously,
the toxicity of thallium makes these compounds less useful for
medical or biological use, but such Au/Tl systems may have poten-
tial for screening carcinogenic agents in the air and in detecting
excreted biomolecules, especially ketones. Drug metabolites also
might be screened easily with these compounds. The simplest one
[AuTl(C6Cl5)2]n [60], was prepared by reaction of equimolecular
amounts of NBu4[Au(C6Cl5)2] and TlPF6 in THF. Its crystal struc-
ture consists of a perfectly linear chain running parallel to the
crystallographic z axis built via unsupported Au· · ·Tl interactions
of 3.0045(5) and 2.9726(5) Å (Fig. 12).

Although [AuTl(C6Cl5)2]n crystallizes as a free solvent complex
with almost “naked” thallium atoms, which only exhibit Au· · ·Tl and
Tl· · ·Cl interactions, the holes present in the net (as large as 10 Å)
allow certain small molecules to enter the network and replace
the weak Tl· · ·Cl contacts even in gas phase [61]. Consequently, it
behaves like a VOCs sensor. In fact, it reacts with vapors of donor
lacetone, 2-fluorpyridine, triethylamine, pyridine, acetonitrile or
acetone, producing marked changes in the color of the sample,
which are even greater under UV radiation (Fig. 13). This is a fully
reversible process thanks to the interaction of the molecules only

C6F5)2(en)] by exposure to acetone vapor.
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Fig. 15. Left: Color changes of {[AuAg(C6F5)2(Et2O)]2}n exposed

ith some of the thallium centers, which prevents the supramolec-
lar structure from collapsing and avoids the total rupture of the
ontacts between different chains, which would have lead to irre-
ersibility.

The related gold/thallium systems [AuTlR2(en)] (R = C6Cl5, C6F5)
an also be employed as a very sensitive detector of excreted
iomolecules, particularly ketones, since it reacts with acetone
r phenylmethylketone (even in gas phase) leading to the con-
ersion of ethylenediamine into imine or diimine with loss of
ater at room temperature in a few seconds [62]. This reac-

ion takes place with the striking change of color of the green
tarting complex, which turns orange (imine) or yellow (diimine)
Fig. 14). It is worth mentioning that the Au· · ·Tl contact is of
apital importance in this process, since the exposition of the
iamine to the same ketones in the absence of one of the metals
o not produce any change and the starting products are recovered
naltered.

Finally, all the Au/Tl compounds are strongly luminescent under
V light in the solid state, but none of them exhibit luminescence in

olution. Consequently, the luminescence originates in the Au· · ·Tl
nteractions present in the polymetallic chains and is influenced
y the coordination environment of thallium. As confirmed by X-
ay diffraction studies carried out for many of these compounds,
nteractions are broken in solution.

While the toxicity of thallium makes thallium based mate-
ials less attractive for direct biological uses, combinations of
ther less toxic metals can be considered. One candidate is the
old/copper coordination polymer {Cu[Au(CN)2]2(DMSO)2}n [63],
n heterometallic system that displays two polymorphs, one
reen and one blue. While the former exhibits five-coordinate
u(II) centers and generates polymeric chains, the latter gen-
rates corrugated sheets with six-coordinate Cu(II) atoms. Both
olymorphs form 3D networks through aurophilic interactions of
.220(1) and 3.419(3) Å, respectively, and, despite their different
tructures, both of them display essentially an identical vapoc-
romic behavior. The DMSO molecules of the green and blue
olymorphs can be replaced easily by a variety of vapors of donor
olvents at room temperature, and both polymorphs convert to
he same {Cu[Au(CN)2]2(solvent)x}n complex (solvent = water, ace-
onitrile, dioxane, N,N-dimethylformamide, pyridine, ammonia).
he vapochromism can be readily observed both by percep-
ible color variations and by large IR changes in the �CN
egion. Each {Cu[Au(CN)2]2(solvent)x}n complex can be distin-

uished easily by its color, which changes from its initial green
r blue to colors that vary from yellow-greenish (with H2O)
o dark blue (with NH3). Importantly, this gas-phase solvent
xchange is completely reversible, thus permitting dynamic solvent
ensing.
lected organic vapors. Right: the same samples under UV-light.

A similar applicability can be found for the one-dimensional
gold/silver polymer {[AuAg(C6F5)2(Et2O)]2}n, obtained by reac-
tion of NBu4[Au(C6F5)2] and silver perchlorate in presence of
diethyl ether. Although complexes of the type [Au2Ag2(C6F5)4L2]n

(L = neutral ligand) have been known since the eighties [64,65],
their capability to act as detectors of vapors of VOCs has been stud-
ied much more recently, and the diethyl ether derivative has been
the subject of a Spanish patent as an “electronic nose” [66]. This
promising future as sensors of small organic molecules has to do
with the lability of some ligands, such as Et2O, in the coordination
sphere of silver.

Very recently the vapochromic behavior of
{[AuAg(C6F5)2(Et2O)]2}n has been reported [67]. It reacts with
VOCs both in solution and in solid/gas phase leading to the syn-
thesis of complexes with the stoichiometry {[AuAg(C6F5)2(L)]2}n

(L = Me2CO, THF, CH3CN), which maintain the polymeric nature of
the precursor. Thus exposure of solid {[AuAg(C6F5)2(Et2O)]2}n to
vapors of the VOCs at room temperature leads to a quick change
in the color of the samples which is perceptible to the human eye
(Fig. 15, left). The emission under UV light (Fig. 15, right) produces
even greater color changes, where the color is specific for each
molecule. This is an additional advantage for the applicability of
this material.

These four complexes are luminescent in solid state at room
temperature and at 77 K. A plausible origin of the emission spec-
tra in these complexes is that the excited states responsible for the
emissions are localized in the tetranuclear [Au2Ag2(C6F5)2L2] core,
with an energy which is influenced by the gold–gold or gold–silver
interactions and by molecular aggregation.

6. Summary

The studies described here demonstrate that gold(I) compounds
have several potential roles in biologically related chemistry. The
relatively low toxicity of gold and its lability allows human con-
sumption of drugs formed with this element, although allergenic
reactions have limited the use in treatment of rheumatoid arthri-
tis, it is a disease for which gold drugs have proved effective.
The cause of the allergenic reactions is not known. Treatment of
diseased animals with Solganol undoubtedly will continue until
new, less expensive drugs are obtained. The ability of gold(I) com-
pounds to interact with themselves aurophilically and with other

heavy element ions has produced spectroscopic properties which
are sensitive to VOCs and other molecular interactions. Thus bio-
applicability for sensing toxic components appears reasonable.
Trinuclear and tetranuclear clusters look particularly interesting
because of the strong basicity of the gold(I) centers in these
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