Excited State Properties of Myochrysin and Auranofin
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Myochrysin (sodium aurothiomalate hydrate) and auranofin [2,3.4,6-tetra-O-acetyl-l-thio-ßD-glucopyranosato-S)(triethylphospine)gold(I)] are luminescent in the solid state and in ethanol
glasses at 77 K (myochrysin: Amax = 600 nm; auranofin: 618 nm). Aqueous myochrysin and
auranofin in acetonitrile undergo a photodecomposition. It is assumed that the luminecence
originates from a metal-centered ds excited state with partial ligand-to-metal charge transfer
(LMCT) character while the photodecomposition is induced by LMCT excitation.

1. Introduction
The light sensitivity of gold complexes has been
known since 1737 [1,2]. Despite such early obser
vations progress on this subject has been rather slow.
Recently, we started to study the photochemistry of
various Au(I) complexes, including [Au(N0 2 ]~ [3],
[AuX2r w ithX = C l,B r[4],[P P h3A uC o(C 0)4] [5],
and [(PPh^hAuSnCL] [6 ], in some detail. While
our information on the photochemistry of Au(I)
compounds is still rather limited, it is quite sur
prising that a large number of reports on the pho
tophysics of Au(I) complexes has appeared during
the last decade [7-12], Although the nature of the
luminescence is not yet completely understood, a
variety of different excited states such as metalcentered ds and dp [4, 7, 8a, c, 9a, c-f, 10] ligand-tometal charge transfer (LMCT) [9g, 11, 12], metalto-ligand charge transfer (MLCT) [8b], and intrali
gand (IL) [8f, g] excited states have been suggested
to be emissive.

glucopyranosato-S)(triethylphospine)gold(I)] [ 13]
are still unknown. The present study was carried out
in order to characterize the photochemical and pho
tophysical behavior of myochrysin and auranofin
(Scheme). Owing to the complicated composition
and structure of these drugs a complete characteriza
tion was not attempted, but our observation should
be an interesting contribution to the chemistry of
gold drugs in general, as well as to the photochem
istry and photophysics of Au(I) complexes in par
ticular. Although excited states of gold(I) drugs are
probably not involved in their therapeutic action, it
has been suggested that auranofin is medically ef
fective by quenching singlet oxygen [16]. A further
aspect of the present study concerns the growing sig
nificance of light-induced medical treatments such
as photodynamic therapy [17]. In this context the
knowledge of excited properties may become an
important detail in drug design and development.

Au(I) thiolate complexes which contain goldsulfur bonds are of special significance because
such compounds are important antiarthritic drugs
[13]. Moreover, these complexes exhibit also an
tiviral [14] and cytotoxic activity [15]. While the
emission behavior of some Au(I) thiolate complexes
have been studied quite recently [9g, 11 ], the excited
state properties of the actual antiarthritic drugs such
as myochrysin (sodium aurothiomalate hydrate)
and auranofin [2,3,4.6-tetra-O-acetyl-l-thio-ß-D-
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Fig. 2. Emission spectra of solid myochrysin at r.t. and 77
K; Aexc = 330 nm, intensity in arbitrary units.
2.3. Instrumentation

Fig. 1. Spectral changes during the photolysis of 1.34 x
10~4 M myochrysin in water at r.t. after 0 (a), 10, 30
and 60 sec (d) irradiation time with Ai,-r = 254 nm (1 kW
Xe/Hg); 1- cm cell.

2. Experimental
2. /. Materials
The compounds myochrysin and auranofin were com
mercially available (Aldrich/ICN) and used as received.
The solvents acetonitrile and ethanol were spectrograde.
The water used was triply distilled.
2.2. Photolyses
The light source was an Osram HBO 100 W/2 or
a Hanovia Xe/Hg 977 B-l (1 kW) lamp. Monochro
matic light was obtained by a Schoeffel GM 250/1 highintensity monochromator (band width 23 nm). The pho
tolyses were carried out with solutions in water, acetoni
trile or ethanol in 1 cm spectrophotometer cells at room
temperature. Solutions were air-saturated. Deaeration did
not affect the results. Progress of the photolyses was moni
tored by UV-visible spectrophotometry. The photoprod
ucts were identified partially by their absorption spectra.
For quantum yield determinations the complex concen
trations were such as to have essentially complete light
absorption. The total amount of photolysis was limited
to less than 5% to avoid light absorption by the photo
product. Absorbed light intensities were determined by a
Polytec pyroelectric radiometer (which was calibrated by
actinometry) equipped with a RkP-345 detector.

Absorption spectra were recorded on a Hewlett
Packard 8452A diode array spectrometer or an Uvikon
860 double-beam spectrophotometer. Emission and exci
tation spectra were obtained on a Hitachi 850 spectrofluorimeter equipped with a Hamamatsu 928 photomultiplier
for measurements up to 920 nm. The luminescence spec
tra were corrected for monochromator and photomulti
plier efficiency variations.

3. Results
Myochrysin is soluble in water, slightly soluble in
ethanol, but almost insoluble in many other organic
solvents. The electronic spectrum of myochrysin
was reported previously [18]. In a dilute aqueous
solution myochrysin shows absorptions (Fig. 1) at
Amax = 195 (e = 13 000 1 m ol- 1 cm -1 ), 234 (sh, 6
000), 268 (sh, 2 000) and 336 nm (170). Solid my
ochrysin shows an intense emission (Fig. 2) at r.t.
(Amax = 642 nm) as well as at 77 K (Amax = 600 nm).
Aqueous solutions of myochrysin are not emissive
while water/ethanol (1:10) glasses (77 K) show a
strong luminescence at Amax = 665 nm. The exci
tation spectra agree rather well with the absorption
spectrum.
Aqueous myochrysin is light sensitive. The pho
tolysis is accompanied by spectral changes (Fig. 1)
which are independent of the exciting wavelength
and the oxygen content of the solution. The irradi
ation leads to the formation of a colloid which in
creases the apparent optical density over the entire
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Fig. 3. Spectral changes during the photolysis of 7.04 x
1 0 ^ M auranofin in acetonitrile at r.t. after 0 (a), 30, 60
and 120 sec (d) irradiation time with Ajrr = 254 nm; 1-cm
cell.

long-wavelength region. This opacity is caused by
the colloidal particles which scatter the incident
light.
Upon formation of the colloid the solution turns
yellow and finally brown. Colloidal gold is not
formed as indicated by the absence of the typical
plasmon absorptions which give rise to red or blue
colorations of the solution [3, 5, 6]. According to
preliminary tests the colloid formed during the pho
tolysis of myochrysin consists of insoluble AU2S.
It can be salted out upon addition of NaC104. The
dark brown precipitate was isolated by filtration and
heated under argon, whereupon it decomposed to
metallic gold and sulfur which sublimed off.
Auranofin is insoluble in water but soluble in a
variety of organic solvents. The electronic spectrum
of auranofin in acetonitrile (Fig. 3) shows absorp
tions at Amax = 196 (5 = 21 400), 210 (sh, 11 500),
224 (6 140), 244 (5 020) and 276 nm (600). Aura
nofin emits strongly (Fig. 4) but only at low temper
atures (77 K) in the solid state (Amax = 594 nm) as
well as in ethanol glasses (Amax = 618 nm). The ex
citation spectrum matches the absorption spectrum.
Solutions of auranofin are light sensitive in the pres
ence or absence of oxygen and irrespective of the
exciting wavelength. The irradiation of acetonitrile
solutions is accompanied by spectral changes (Fig.
3) which include isosbestic points at A = 208, 239
and 250 nm. In distinction to myochrysin the pho
tolysis of auranofin does not lead to the formation
of a colloid.

500

600

700

Fig. 4. Emission spectra of auranofin at 77 K: (a) as solid,
(b) in ethanol ; Aexc = 310 nm. intensity in arbitrary units.

4. Discussion
Gold(I) forms a variety of linear complexes in
cluding compounds with thiolate (R S ~ ) ligands 119,
20], Auranofin contains an additional phosphine as
ligand and has the composition R’^P-Au-SR with
R = ethyl and R = 2,3,4,6-tetra-O-acetyl-l-ß-Dglucopyranosyl. Another group of gold(I) thiolates
including myochrysin is described by the general
formula [AuSR]n. These complexes are oligomers
and contain linear RS-Au-SR units with thiolates as
bridging ligands. While complexes of the type R'3PAu-SR are soluble in organic solvents, the poly
meric [AuSR]n compounds are generally insoluble
with the exception of myochrysin which is soluble
in water. In this case R carries two ionic carboxylate functions -COO~ Na+. The structural features
of the oligomeric myochrysin were characterized
by several spectroscopic methods [21].
In the solid compounds the excited state prop
erties of myochrysin and auranofin may be modi
fied by gold-gold interaction between adjacent com 
plexes [7, 8a-d, h, 9a, e-g, 10]. However, the similar
ity of the emission spectra of both complexes in the
solid state and in glasses suggest that this influence
is not very large and should not affect the following
conclusions.
Myochrysin and auranofin undergo photoreac
tions in solution at room temperature and are
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Fig. 5. Potential energy diagram for the ground and
lowest-energy excited states of myochrysin and auranofin.

luminescent in the solid state and in glasses at
low temperatures. Both deactivations are apparently
competing processes which originate from two dif
ferent excited states (Fig. 5). It is assumed that the
emissive state is of mixed ds/LMCT character while
the photoreactive state is of the LMCT type. The
following considerations support this assumption.
While only metal-centered ds transitions (and dp
at much higher energies) can occur in the d 1() ion
Au+, additional LMCT transitions appear in simple
halide complexes [22, 23J. When the ligand is less
reducing (e.g. in AuCl2~) LMCT transitions oc
cur at high energies and do not interfere with ds
transitions at much lower energies (Amax = 246 nm
for A uC L - ). With more reducing ligands LMCT
transitions appear at lower energy and can thus
mix with metal-centered ds (or dp) transitions of
the same symmetry. The metal-centered transitions
are then shifted to lower energies and contain a
LMCT contribution. This mixing of metal-centered
and LMCT transitions is now recognized as a rather
general phenomenon and seems to be particularly
important for complexes of d l() [24, 25 ] and s2 [26]
compounds. Thiolates are rather reducing and have
an optical electronegativity of about 2.8 [27]. The
longest-wavelength bands of myochrysin at Amax
= 336 nm and of auranofin at Amax = 276 nm ap
pear above 250 nm. Accordingly, they are assigned
to mixed ds/LMCT transitions while the shorterwavelength absorptions should belong to LMCT
(and other, e.g. dp) transitions.
The emission of myochrysin and auranofin is as
sumed to originate also from the lowest ds/LMCT

excited states. Various other d l() complexes [24, 25]
including Au+ [4. 7, 9f] were suggested to emit
from excited states of ds parentage, too. On the
contrary, the reactivity of ds excited states is re
stricted to photooxidations which require the pres
ence of electron acceptors such as CH2C12 or 0 2
[4]. On the other side, rather pure LMCT states are
generally not luminescent but photoreactive [28]
although a few exceptions such as U 0 22+ [29] and
Ru(CN)ö4~ [30] are known. Accordingly, it is sug
gested that the photoreactions of myochrysin and
auranofin are induced by LMCT excitation in anal
ogy to [Au(N^)2]~ [3], [(P P l^ A u S n C l^ ] [5], and
[(PPh3)AuCo(CO)4] [6],
The relationship between the emissive ds/LMCT
state and the photoreactive LMCT state is described
in Fig. 5. While at low temperatures the ds/LMCT
state undergoes an emission in solution, at r.t. the
emissive state is thermally deactivated to the reac
tive LMCT state. The room temperature lumines
cence of solid myochrysin seems to be inconsistent
with this explanation. However, owing to the rigid
ity in the solid state the potential curves may be quite
different from those in solution. Solid myochrysin
is also not light sensitive.
Finally, the photoreactions of myochrysin and
auranofin require some further comments. In anal
ogy to other Au(I) complexes it could be expected
that LMCT excitation of myochrysin and auranofin
leads to the formation of metallic gold, which is
usually formed as a colloid and can be easily iden
tified by its characteristic plasmon absorption in the
visible spectral region [3, 5, 6]. The photolysis of
myochrysin and auranofin does not yield elemen
tal gold. The photoreaction apparently takes a more
complicated course resulting in a ligand fragmen
tation as indicated by the formation of Au2S dur
ing the photolysis of myochrysin. However, prod
uct formation may take place in secondary pro
cesses which reflect the high affinity of gold for
sulfur. LMCT-induced ligand fragmentations are
also known for other metal compounds, in particular
Co(III) complexes [28, 31].
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