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The use of dinuclear gold derivatives [Au2(µ-S-S)(PR3)2]
(S-S = benzenedithiolate, toluenedithiolate; PR3 = PPh3,
PPh2Me) as S-donor ligands, with rhodium and iridium com-
plexes [M(cod)2]BF4 (M = Rh, Ir; cod = cyclooctadiene) af-
fords new heteronuclear compounds containing the {Au2M}
core, with the general formulation [Au2M(µ-S-S)-

Introduction

Until recently, gold and its compounds were thought to
be catalytically inactive.[1] In recent years, however, gold
complexes have been used as homogeneous catalysts,
mainly in the addition of water and alcohols to alkynes,[2]

and in the use of luminescent compounds as photocata-
lysts.[3]

Heteropolynuclear complexes are particularly attractive
because of their interesting structural and reactive features
and their potential applications in catalysis.[4] In these com-
plexes, two or more different metal atoms or ions are pre-
sent in the same molecule and may cooperate in some reac-
tions that could not be handled by a single metal centre.
This leads to new types of reactions and affords new oppor-
tunities for catalytic processes.[5] Thus, heteropolynuclear
complexes containing gold and other metal centres more
commonly used in homogeneous catalysis, such as rhodium
and iridium, can enhance the catalytic properties of the
monometallic complexes.

Different approaches can be taken to the preparation of
heterometallic derivatives. The tendency of thiolate ligands
to act as bridges is a good starting point for the synthesis
of polynuclear compounds, and several dinuclear thiolate
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(cod)(PR3)2]BF4. One of these decomposes upon heating to
give [AuIr(µ-S2C6H4CH3)(cod)(PPh3)]. The crystal structure
of the former and [Au2Ir(µ-S2C6H4)(cod)(PPh3)2]BF4 have
been established by X-ray diffraction. The sulfur atoms from
the dithiolene ligands bridge two different metal centres.

complexes of rhodium and iridium are active in homogen-
eous catalytic hydrogenation reactions.[6] Some complexes
containing gold and rhodium or iridium with thiolate li-
gands acting as a bridge between the metal centres have
been reported, such as [Cp*M(µ-SR)2AuCl2]Cl (M 5 Rh,
Ir), but their crystal structures are at present unknown.[7]

In this paper we present the synthesis of heterometallic
complexes containing iridium or rhodium with dithiolene-
gold compounds as ligands. The new derivatives have the
general formula [Au2M(µ-S-S)(cod)(PR3)2]BF4 (M 5 Rh,
Ir; S-S 5 benzenedithiolate, toluenedithiolate; cod 5 cyclo-
octadiene; PR3 5 PPh3, PPh2Me) and [AuIr(µ-
S2C6H4CH3)(cod)(PPh3)]. The crystal structures of two
gold-iridium complexes have been determined by X-ray dif-
fraction and show short iridium2gold contacts ranging

Scheme 1. Synthesis of complexes 129
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from 2.8544(4) to 2.9120(8) Å. Their reactivity with H2 and
CO has been investigated.

Results and Discussion

Synthesis of Polynuclear Compounds [Au2M(µ-S-S)(cod)-
(PR3)2]BF4

The polynuclear compounds 128 were prepared by the
reaction of [Au2(µ-S-S)(PR3)2] (S-S 5 benzenedithiolate or
toluenedithiolate; PR3 5 PPh3, PPh2Me) with the corres-
ponding [M(cod)2]BF4 (M 5 Rh, Ir) derivative (Scheme 1).

The compounds [Au2(µ-S-S)(PR3)2] have a dithiolate li-
gand bridging the two gold centres in a µ2 fashion. The
crystal structures of several of these complexes, with differ-
ent dithiolenes and different phosphane ligands, have been
determined by X-ray diffraction.[8,9] In these structures, in
addition to the typical gold2gold interactions, there is also
one weak interaction between S and Au. This interaction
points to the possibility of further coordination to another
metal centre through the sulfur atoms. We therefore tested
the reactivity of these dinuclear gold compounds towards
the incorporation of another gold atom giving rise to
[Au3(µ-S-S)(PR3)3]ClO4.[8] This positive result and the re-
cent reports regarding the activity of gold complexes as
catalysts,[2] have encouraged us to synthesise complexes
with these digold ligands and rhodium or iridium frag-
ments. These two metals are well known in the homogen-
eous catalyst area, and, in particular, some dinuclear thiol-
ate complexes of these metals have been shown to be active
in catalytic hydrogenation reactions.[6]

[M(cod)2]1 (M 5 Rh, Ir) derivatives are used as starting
materials, with the expectation that our gold-containing
compounds could substitute one of the cyclooctadiene li-
gands, giving the corresponding heteronuclear products.
The reactions were carried out in dichloromethane. Un-
known yellow solids precipitated in this solvent and were
filtered off. Little information about the yellow solids has
at present been obtained, due to their insolubility in all the
common solvents. Their elemental analyses indicate a low
percentage of carbon, which would correspond to polynu-
clear species with high metallic content. From the re-
maining dichloromethane solutions, the new products 128
were obtained, together with [Au(PR3)2]BF4, after addition
of diethyl ether. Different solvents were tried to separate the
complexes 128 from the bis(phosphane)gold(I) salts, with
the best results being obtained by recrystallization from
CHCl3/diethyl ether. The final yields were quite poor

Table 1. 31P{1  NM in CDCl (δ in ppm)

S-S PR3 [Au2(µ-S-S)(PR3)2][8] [Au2Rh(µ-S-S) (cod)(PR3)2]BF4 [Au2Ir(µ-S-S) (cod)(PR3)2]BF4

S2C6H4 PPh3 35.9 36.9 (1) 35.2 (5)
S2C6H4 PPh2Me 20.3 21.3 (2) 19.5 (6)
S2C6H3Me PPh3 36.0 37.1 (3) 35.3 (7)
S2C6H3Me PPh2Me 20.3 21.4 (4) 19.5 (8)
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(around 20%) due to the similar solubility of both com-
pounds.

The IR spectra show an absorption corresponding to tet-
rahedral BF4

2. From the two active vibration modes only
the asymmetric tension vibration (νa) at ø1050 cm21 can be
assigned. The asymmetric deformation vibration (­a) at ø
530 cm21 is coincident with the phosphane vibration zone
and it cannot be differentiated.

The 31P{1H} NMR spectra show a singlet due to the phos-
phanes for all the compounds (Table 1). In the new com-
plexes 128, after the metal coordination, the sulfur atoms
become asymmetric centres. Therefore, the Au2PR3 group
can adopt an anti or a syn configuration. In both cases, only
one singlet should appear in the 31P NMR spectrum. NMR
experiments at low temperature (193 K) still show the pres-
ence of only one singlet. This indicates that either there is
only one diastereoisomer in solution or there is a very rapid
interchange between the anti and the syn configuration. The
singlets corresponding to the Rh complexes 124 appear at
lower fields than those in the gold starting materials, whilst
the singlets of the Ir complexes 528 are displaced to higher
field, although in both cases the magnitude is about ∆δ 5 1.
It is worth noting that complexes with toluendithiolate (2, 4,
6 and 8) do not show the predicted two resonances for the
phosphorous due to the asymmetric nature of the ligand:
only one singlet is present in their spectra, even at low tem-
perature, as in the gold starting materials [Au2(µ-
S2C6H3CH3)(PR3)2].[8] A fast interchange of AuPPh3 frag-
ments should be present in solution.

Crystal Structure of [Au2Ir(S2C6H4)(cod)(PPh3)2]BF4 (5)

The molecular structure of the complex [Au2Ir(S2C6H4)-
(cod)(PPh3)2]BF4 (5) has been established by X-ray diffrac-
tion and the cation is shown in Figure 1. General informa-
tion is given in Table 2 and selected bond lengths and angles
in Table 3. The cation of 5 consists of a benzenedithiolate
ligand bridging two AuPPh3

1 and one Ir(cod)1 fragments,
in a similar arrangement to [Au3(S2C6H3CH3)(PPh3)3]-
ClO4.[8] The dithiolene and cod ligands are chelated to the
iridium centre. The average Ir2S distance is 2.32 Å and the
average Ir2C distance 2.15 Å. These bond lengths are sim-
ilar to the ones found in the IrI dimers [Ir(µ-SR)(cod)]2.[10]

The iridium2gold distances are Ir2Au(1) 5 2.9208(9)
and Ir2Au(2) 5 2.9120(8) Å. These distances are longer
than the corresponding single Ir2Au bond, which are in
the range 2.5922.81 Å[11] and are similar to the reported
metal2metal interactions in other iridium-gold com-
plexes.[12] There is probably a considerable similarity be-
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Figure 1. Molecular structure of 5 showing the cation; thermal ellipsoids are drawn at the 50% probability level and H atoms have been
omitted for clarity

Table 2. Details of data collection and structure refinement for the complexes 5 and 9

5 9

Chemical formula C50H46Au2BF4IrP2S2 C33H33AuIrPS2

M 1443.87 913.85
Crystal system Triclinic Monoclinic
Space group P1̄ P21/c
a [Å] 11.0590(10) 10.8676(2)
b [Å] 14.528(2) 18.7639(6)
c [Å] 15.634(2) 14.7198(4)
α [°] 93.78(2) 90
β [°] 102.210(10) 102.9159(18)
γ [°] 106.550(10) 90
V [Å3] 2331.9(5) 2925.70(13)
Z 2 4
Dc (Mg m23) 2.056 2.075
F(000) 1366 1736
Crystal size 0.20 3 0.16 3 0.14 0.25 3 0.18 3 0.1
T [K] 293(2) 293(2)
µ (Mo-Kα) [mm21] 9.101 9.772
θ range [°] 1.86 to 24.94 3.03 to 25.02
Reflections collected 10011 18537
Independent reflections 4526 [R(int) 5 0.069] 5826 [R(int) 5 0.0516]
Data/restraints/parameters 10011/6/559 5826/0/345
Quality of fit 0.999 1.161
R1[a] 0.0344 0.0385
wR2[b] 0.1010 0.0839
Residual ρ/eÅ23 1.290, 21.460 1.445, 22.011

[a] R1 (F)5 ||Fo| 2 |Fc||/|Fo|. 2 [b] wR2 (F2) 5 [{w(Fo
22Fc

2)2}/{w(Fo
2)2}]0·5.

tween the Au2Ir interaction in 5 and the numerous ex-
amples of short Au2Au contacts shown in AuI com-
plexes,[13] or in the case of [Au3(S2C6H3CH3)(PPh3)3]ClO4
[8] [2.9624(12) and 3.1966(14) Å]. The two AuPPh3 units are
in an up/down configuration either side of the Ir(S-S)(cod)
square planar fragment. Therefore, taking into account
these two gold2iridium interactions, the coordination
around the iridium can be regarded as a heavily distorted
octahedron.

Despite the presence of gold2iridium interactions, the
gold atoms are almost linearly coordinated considering the
P2Au2S arrangement, the most frequent type of config-
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uration for gold(I) complexes, with angles
P(1)2Au(1)2S(1) 5 176.07(13)° and P(2)2Au(2)2S(2) 5
161.33(12)°. These gold centres lie out of the plane formed
by P2S2Ir by 0.079 Å for Au(1) and 0.042 Å for Au(2).
The gold2sulfur bond lengths are Au(1)2S(1) 5 2.372(3)
and Au(2)2S(2) 5 2.392(3) Å, and are a little longer than
in the previously reported complex [Au3(S2C6H3CH3)-
(PPh3)3]ClO4

[8] [2.315(5) and 2.332(4) Å for the external
gold atoms]. The gold2phosphorus distances are
Au(1)2P(1) 5 2.257(3) and Au(2)2P(2) 5 2.248(3), and
are similar to the values found in other Ir2Au phosphane
complexes (2.19922.292 Å).[14]
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Table 3. Bond lengths [Å] and angles [°] for 5

Au(1)2P(1) 2.257(3)
Au(1)2S(1) 2.372(3)
Au(1)2Ir(1) 2.9208(9)
Au(2)2P(2) 2.248(3)
Au(2)2S(2) 2.392(3)
Au(2)2Ir(1) 2.9120(8)
Ir(1)2C(2) 2.109(14)
Ir(1)2C(6) 2.144(14)
Ir(1)2C(5) 2.158(12)
Ir(1)2C(1) 2.201(14)
Ir(1)2S(2) 2.317(3)
Ir(1)2S(1) 2.318(4)

P(1)2Au(1)2S(1) 176.07(13)
P(1)2Au(1)2Ir(1) 129.21(10)
S(1)2Au(1)2Ir(1) 50.65(9)
P(2)2Au(2)2S(2) 161.33(12)
P(2)2Au(2)2Ir(1) 147.83(10)
S(2)2Au(2)2Ir(1) 50.66(8)
C(2)2Ir(1)2S(2) 93.6(4)
C(6)2Ir(1)2S(2) 155.4(4)
C(5)2Ir(1)2S(2) 165.9(4)
C(1)2Ir(1)2S(2) 94.7(4)
C(2)2Ir(1)2S(1) 157.0(4)
C(6)2Ir(1)2S(1) 91.2(4)
S(2)2Ir(1)2S(1) 87.89(12)
C(5)2Ir(1)2Au(2) 140.7(3)
S(2)2Ir(1)2Au(2) 52.96(8)
S(1)2Ir(1)2Au(2) 92.49(8)
S(2)2Ir(1)2Au(1) 88.05(8)
S(1)2Ir(1)2Au(1) 52.32(8)
Au(2)2Ir(1)2Au(1) 130.47(3)
C(11)2S(1)2Ir(1) 106.0(5)
C(11)2S(1)2Au(1) 97.1(4)
Ir(1)2S(1)2Au(1) 77.02(11)
C(12)2S(2)2Ir(1) 105.3(5)
C(12)2S(2)2Au(2) 94.4(4)
Ir(1)2S(2)2Au(2) 76.38(10)

The coordination plane for the Ir centre forms a dihedral
angle of 176° with the dithiolene plane. The Au2PPh3

groups are in an anti configuration, giving an R-configura-
tion for both sulfur atoms.

Reactivity and Catalytic studies

We have studied the reactivity of the complexes [Au2M(µ-
S2C6H4)(cod)(PPh3)2]BF4 (M 5 Rh 1, Ir 5). Dichlorome-
thane solutions of both products were treated with H2 and
CO at room temperature and pressure. While we did not
observe any reaction with H2, both compounds react with
CO. The dichloromethane solutions change from yellow to
green and two new absorptions are observed in the IR spec-
tra at 1993 and 2019 cm21, corresponding to terminal νCO

vibrations due to the coordination of two CO molecules to
the metal centres, replacing the cod ligand.[15] Evaporation
of the solvent gives green solids that do not contain absorp-
tions in the CO region, showing that the proposed dicar-
bonyl complex is not stable under these conditions.

Studies testing the catalytic activity of these complexes
in the hydroformylation and hydrogenation of styrene were
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performed. The hydroformylation test was performed at
353 K and PCO/H2

(1:1) 5 5 atm., in dichloroethane, using
complex 1 as the catalyst precursor. The catalytic test for
the hydrogenation was performed at 298 K and PCO/H2

5 5
atm., in dichloromethane. The catalyst precursor for the hy-
drogenation run was complex 5. Both reactions were fol-
lowed by gas chromatography, but neither hydroformylation
nor hydrogenation were observed. The final reaction mix-
tures were green solutions with black solids in suspension.
The black solids may correspond to the formation of re-
duced metals due to the presence of hydrogen pressure and/
or higher temperatures.

Preparation and Crystal Structure of [AuIr(µ-
S2C6H3CH3)(cod)(PPh3)]

Since complex 1 decomposed in the hydroformylation
and hydrogenation reactions, we studied the behaviour of
complexes 128 at the temperature of refluxing acetone in
order to test their thermal stability. All the complexes give
insoluble black solids and [Au(PR3)2]BF4, as confirmed by
31P NMR spectroscopy. Only in the case of [Au2Ir(µ-
S2C6H3CH3)(cod)(PPh3)2]BF4 (7) was one diethyl ether sol-
uble complex isolated in quite good yield and characterized
as [AuIr(µ-S2C6H3CH3)(cod)(PPh3)] (9). It shows a similar
31P NMR spectrum to that of 7 with only one signal at δ 5
35.1, although with toluenedithiolate several isomers
should be present. The 1H NMR spectrum shows different
resonances for the cod protons, pointing to the presence of
a nonsymmetrical coordination for the diolefinic ligand. In
addition, the integration of the phenyl protons suggests that
only one AuPPh3 group is present for each cod ligand. The
elemental analysis and the IR spectrum, with the lack of
absorptions corresponding to a BF4 anion, confirm the pro-
posed stoichiometry for 9.

Figure 2. Molecular structure of 9; thermal ellipsoids are drawn at
the 50% probability level and H atoms have been omitted for clarity
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The dinuclear structure of 9 was confirmed by X-ray ana-

lysis (Figure 2). General information is given in Table 2 and
selected bond lengths and angles in Table 4. The molecule
can be described as a toluenedithiolate ligand bridging one
AuPPh3

1 and one Ir(cod)1 fragment, in a similar arrange-
ment to that present in [Au2Ir(S2C6H4)(cod)(PPh3)2]BF4

(5). In fact, the structure of 9 is very similar to 5 with the
addition of a methyl group, the lack of the BF4 anion and
the presence of only one AuPPh3 fragment. Complex 9 re-
tains the planarity of the Ir(S-S)(cod) fragment and the
pseudo linearity of SAu(PPh3) skeleton. The Ir2S, Au2S,
Ir2C and Au2P distances are nearly identical in 5 and 9.
Only the Ir(1)2S(1) distance with the nonbridging sulfur is
slightly shorter than either the Ir(1)2S(2) in complex 9 or

Table 4. Bond lengths [Å] and angles [°] for 9

2.2496(19)Au(1)2P(1)
Au(1)2S(2) 2.3829(18)
Au(1)2Ir(1) 2.8544(4)
Ir(1)2C(11) 2.133(8)
Ir(1)2C(15) 2.151(7)
Ir(1)2C(8) 2.151(7)
Ir(1)2C(12) 2.205(8)
Ir(1)2S(1) 2.2819(19)
Ir(1)2S(2) 2.3168(18)

P(1)2Au(1)2S(2) 171.82(7)
P(1)2Au(1)2Ir(1) 136.23(5)
S(2)2Au(1)2Ir(1) 51.56(4)
C(11)2Ir(1)2C(15) 98.0(3)
C(11)2Ir(1)2C(8) 81.0(3)
C(15)2Ir(1)2C(8) 39.1(3)
C(11)2Ir(1)2C(12) 38.6(3)
C(15)2Ir(1)2C(12) 80.7(3)
C(8)2Ir(1)2C(12) 88.8(3)
C(11)2Ir(1)2S(1) 147.7(2)
C(15)2Ir(1)2S(1) 95.2(2)
C(8)2Ir(1)2S(1) 91.1(2)
C(12)2Ir(1)2S(1) 173.5(2)
C(11)2Ir(1)2S(2) 94.3(2)
C(15)2Ir(1)2S(2) 151.2(2)
C(8)2Ir(1)2S(2) 169.7(2)
C(12)2Ir(1)2S(2) 93.2(2)
S(1)2Ir(1)2S(2) 88.05(7)
C(11)2Ir(1)2Au(1) 115.4(2)
C(15)2Ir(1)2Au(1) 97.6(2)
C(8)2Ir(1)2Au(1) 136.6(2)
C(12)2Ir(1)2Au(1) 83.9(2)
S(1)2Ir(1)2Au(1) 91.75(5)
S(2)2Ir(1)2Au(1) 53.66(5)
C(28)2P(1)2Au(1) 110.5(2)
C(16)2P(1)2Au(1) 112.5(2)
C(22)2P(1)2Au(1) 113.5(2)
C(7)2S(2)2Ir(1) 105.3(2)
C(7)2S(2)2Au(1) 96.5(2)
Ir(1)2S(2)2Au(1) 74.78(5)
C(1)2S(1)2Ir(1) 105.7(3)
C(15)2C(8)2Ir(1) 70.4(4)
C(9)2C(8)2Ir(1) 113.4(6)
C(12)2C(11)2Ir(1) 73.4(5)
C(10)2C(11)2Ir(1) 110.3(6)
C(8)2C(15)2Ir(1) 70.5(4)
C(14)2C(15)2Ir(1) 109.4(5)
C(11)2C(12)2Ir(1) 68.0(4)
C(13)2C(12)2Ir(1) 112.3(5)
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any of the Ir2S distances in complex 5. In addition only
one iridium2gold distance in 9 [2.8544(4) Å] is shorter than
the two Ir2Au contacts in 5, showing that the interaction
between the two metals is now stronger than in the trinu-
clear complex, although this value it is not short enough to
be considered a real metal2metal bond.[11,12]

In summary, we have prepared new polynuclear com-
plexes with Au2Rh, Au2Ir, and AuIr cores using dithiolate
ligands to bridge the metal centres. The crystal structures
of [Au2Ir(µ-S2C6H4)(cod)(PPh3)2]BF4 (5) and [AuIr(µ-
S2C6H3CH3)(cod)(PPh3)] (9) show that there are
gold2iridium interactions ranging from 2.9208(9) in the
former to 2.8544(4) Å in the latter. The new complexes are
not active precursors for either the hydroformylation or hy-
drogenation of styrene. This inactivity may be due to the
instability of the complexes either at high PCO/H2

or at
high temperature.

Experimental Section

General: IR spectra were recorded on a Perkin2Elmer 883 spectro-
photometer, over the range 40002200 cm21, as Nujol mulls be-
tween polyethylene sheets. 1H and 31P NMR spectra were recorded
on a Varian GEMINI 300 in CDCl3 solution; chemical shifts are
quoted relative to SiMe4 (1H) or H3PO4 (external 31P). The C,H,N
and S analyses were performed with a Perkin2Elmer 2400 mic-
roanalyser. Mass spectra were recorded on a VG Autospec, by li-
quid secondary ion mass spectrometry (LSIMS 1) using nitro-
benzyl alcohol as matrix and a caesium gun. Gas chromatography
was performed on a Hewlett2Packard 5840A chromatograph with
a flame ionisation detector using an Ultra-2 (5% diphenylsilicone/
95% dimethylsilicone) capillary column (25 m 3 0.2 mm Ø).

Materials: The starting materials [Au2(µ-S2C6H4)(PPh3)2],[8]

[Au2(µ-S2C6H4)(PPh2Me)2],[8] [Au2(µ-S2C6H3Me)(PPh3)2],[8]

[Au2(µ-S2C6H3Me)(PPh2Me)2],[8] [Rh(cod)2]BF4
[16] and [Ir-

(cod)2]BF4
[16] were prepared as previously described. All other re-

agents were commercially available, and all the reactions were car-
ried out under an argon atmosphere. All the synthesised complexes
were isolated as air-stable solids.

Preparation of Complexes 128: To a solution of [Au2(µ-S-S)(PR3)2]
[S-S 5 S2C6H4, PR3 5 PPh3 (0.106 g, 0.1 mmol), PPh2Me (0.093 g,
0.1 mmol); S-S 5 S2C6H3Me, PR3 5 PPh3 (0.107 g, 0.1 mmol),
PPh2Me (0.095 g, 0.1 mmol)] in CH2Cl2 was added [M(cod)2]BF4

[M 5 Rh (0.041 g, 0.1 mmol), Ir (0.050 g, 0.1 mmol)]. After stirring
for 1 h a yellow solid was filtered off. The solutions were concen-
trated in vacuum; addition of cold diethyl ether, resulted in the
precipitation of yellow solids, which were filtered off, washed with
cold diethyl ether and vacuum dried. These solids contained com-
plexes 128 with [Au(PR3)2]BF4. Recrystallization from chloroform/
diethyl ether afforded the new compounds as yellow solids. Only
the initial batch of crystals were collected as later fractions were
found to be contaminated with bis(phosphane)gold(I) tetrafluoro-
borate.
1: Yield: 28 mg (20%). 2 C50H46Au2BF4P2RhS2: calcd. C 44.3, H
3.4, S 4.7; found C 44.7, H 3.4, S 4.4. 2 1H NMR: δ 5 1.8 (m, 4
H, -CH2-endo, cod), 1.9 (m, 4 H, -CH2-exo, cod), 4.7 (m, 4 H, -CH5

CH-, cod), 7.227.7 (m, 30 H, Ph 1 2 H, C6H4), 7.9 (m, 2 H, C6H4).
2 IR (Nujol mull): νBF 5 1056 cm21. 2 MS: m/z (%) 5 1269 (10)
[M 2 BF4]1.
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2: Yield: 34 mg (27%). 2 C40H42Au2BF4P2RhS2: calcd. C 39.0, H
3.4, S 5.2; found C 39.3, H 3.7, S 4.9. 2 1H NMR: δ 5 1.9 (m, 8
H, -CH2-, cod), 2.2 (d, 2JP-H 5 11.5 Hz, 6 H, PPh2Me), 4.7 (m, 4
H, -CH5CH-, cod), 7.327.8 (m, 20 H, Ph 1 2 H, C6H4), 7.9 (m,
2 H, C6H4). 2 IR (Nujol mull): νBF 5 1057 cm21. 2 MS: m/z
(%) 5 1145 (5) [M 2 BF4]1.
3: Yield: 35 mg (25%). 2 C51H48Au2BF4P2RhS2: calcd. C 44.7, H
3.5, S 4.7; found C 44.3, H 3.6, S 4.2. 2 1H NMR: δ 5 1.8 (m, 4
H, -CH2-endo, cod), 1.9 (m, 4 H, -CH2-exo, cod), 2.4 (s, 3 H,
C6H3Me), 4.7 (m, 4 H, -CH5CH-, cod), 7.1 (dd, 1 H, C6H3Me),
7.327.7 (m, 30 H, Ph), 7.7 (m, 1 H, C6H3Me), 7.8 (d, 3JH-H 5

7.7 Hz, 1 H, C6H3Me). 2 IR (Nujol mull): νBF 5 1057 cm21. 2

MS: m/z (%) 5 1283 (29) [M 2 BF4]1.
4: Yield: 33 mg (26%). 2C41H44Au2BF4P2RhS2: calcd. C 39.5, H
3.5, S 5.1; found C 39.6, H 3.8, S 5.0. 2 1H NMR: δ 5 1.9 (m, 8
H, -CH2-, cod), 2.1 (d, 2JP-H 5 11.8 Hz, 6 H, PPh2Me), 2.4 (s, 3
H, C6H3Me), 4.7 (m, 4 H, -CH5CH-, cod), 7.1 (dd, 1 H, C6H3Me),
7.327.7 (m, 20 H, Ph), 7.7 (m, 1 H, C6H3Me), 7.8 (m, 1 H,
C6H3Me). 2 IR (Nujol mull): νBF 5 1060 cm21. 2 MS: m/z (%) 5

1159 (18) [M 2 BF4]1.
5: Yield: 32 mg (22%). 2 C50H46Au2BF4IrP2S2: calcd. C 41.5, H
3.2, S 4.4; found C 41.0, H 3.2, S 4.3. 2 1H NMR: δ 5 1.6 (m, 4
H, -CH2-endo, cod), 1.8 (m, 4 H, -CH2-exo, cod), 4.4 (m, 4 H, -CH5

CH-, cod), 7.127.7 (m, 30 H, Ph 1 2 H, C6H4), 8.1 (m, 2 H, C6H4).
2 IR (Nujol mull): νBF 5 1055 cm21. 2 MS: m/z (%) 5 1359 (12)
[M 2 BF4]1

6: Yield: 40 mg (30%). 2 C40H4Au2BF4Ir2P2S2: calcd. C 36.3, H
3.2, S 4.8; found C 36.8, H 3.5, S 4.9. 2 1H NMR: δ 5 1.8 (m, 4
H, -CH2-endo, cod), 1.9 (m, 4 H, -CH2-exo, cod), 2.1 (m, 6 H,
PPh2Me), 4.4 (m, 4 H, -CH5CH-, cod), 7.827.2 (m, 20 H, Ph, 2
H, C6H4), 8.1 (m, 2 H, C6H4). 2 IR (Nujol mull): νBF 5 1060
cm21. 2 MS: m/z (%) 5 1235 (4) [M 2 BF4]1.
7: Yield: 34 mg (23%). 2 C51H48Au2BF4IrP2S2: calcd. C 41.9, H
3.3, S 4.4; found C 41.7, H 3.5, S 4.2. 2 1H NMR: δ 5 1.6 (m, 4
H, -CH2-endo, cod), 1.8 (m, 4 H, -CH2-exo, cod), 2.5 (s, 3 H,
C6H3Me), 4.4 (m, 4 H, -CH5CH-, cod), 7.1 (dd, 1 H, C6H3Me),
7.727.2 (m, 30 H, Ph), 7.7 (d, 4JH-H 5 1.2 Hz, 1 H, C6H3Me), 7.9
(d, 3JH-H 5 7.7 Hz, 1 H, C6H3Me). 2 IR (Nujol mull): νBF 5 1056
cm21. 2 MS: m/z (%) 5 1373(21) [M 2 BF4]1.
8: Yield: 27 mg (20%). C41H44Au2IrBF4P2S2: calcd. C 36.8, H 3.3,
S 4.8; found C 36.9, H 3.7, S 4.5. 2 1H NMR: δ 5 1.7 (m, 4 H, -
CH2-endo, cod), 1.9 (m, 4 H, -CH2-exo, cod), 2.1 (d, 2JP-H 5 10.2 Hz,
6 H, PPh2Me), 2.5 (s, 3 H, C6H3Me), 4.4 (m, 4 H, -CH5CH-, cod),
7.1 (dd, 1 H, C6H3Me), 7.727.3 (m, 20 H, Ph), 7.8 (d, 4JH-H 5

3.6 Hz, 1 H, C6H3Me), 7.9 (d, 3JH-H 5 10.8 Hz, 1 H, C6H3Me). 2

IR (Nujol mull): νBF 5 1059 cm21. 2 MS: m/z (%) 5 1249 (16)
[M 2 BF4]1.

[AuIr(µ-S2C6H3Me)(cod)(PPh3)2] (9): A solution of 7 (0.073 g,
0.05 mmol) in acetone (20 mL) was refluxed for 3 h. After removal
of the solvent to ca. 5 mL and addition of diethyl ether (20 mL) a
white solid was formed, which was characterized as
[Au(PPh3)2]BF4. Partial evaporation of the solution and addition
of hexane gave a yellow solid. Yield: 26 mg (57%). 2

C33H33AuIrPS2: calcd. C 43.4, H 3.6, S 7.0; found C 43.8, H 3.7,
S 6.6. 2 1H NMR: δ 5 1.6 (m, 4 H, -CH2-endo, cod), 1.8 (m, 4 H, -
CH2-exo, cod), 2.4 (s, 3 H, C6H3Me), 4.0 (m, 2 H, -CH5CH-, cod),
4.1 (m, 2 H, -CH5CH-, cod), 6.7 (d, 1 H, C6H3Me), 7.327.1 (m,
15 H, Ph), 7.4 (s, 1 H, C6H3Me), 7.5 (d, 3JH-H 5 9.0 Hz, 1 H,
C6H3Me) 2 31P{1H} NMR: δ 5 35.1 (s, PPh3). 2 MS: m/z (%) 5

913 (20) [M]1.

Crystallography: Single crystals were grown by diffusing hexane
into dichloromethane solutions of [Au2Ir(µ-S2C6H4)-
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(cod)(PPh3)2]BF4 (5) and [AuIr(µ-S2C6H3Me)(cod)(PPh3)] (9).
They were mounted at low temperature in inert oil. Crystal data
and data collection parameters are summarised in Table 4. Data
were collected on a Delft Instruments FAST TV area detector dif-
fractometer positioned at the window of a rotating-anode generator
with graphite monochromated Mo-Kα radiation (λ 5 0.71069 Å),
following procedures described elsewhere.[17]

Structure Solution and Refinement: The structures were solved using
SHELXS-86 and SHELXS-97,[18] and refined by full-matrix least-
squares on Fo

2, using the programs SHELXL-93 and SHELXL-
97.[19] In the case of 5 the data were corrected with the program
DIFABS,[20] and for 9 with the program SORTAV.[21] The non-hy-
drogen atoms were refined with anisotropic thermal parameters.
All hydrogen atoms were included in idealized positions.

Crystallographic data (excluding structure factors) for the struc-
ture(s) included in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
no. CCDC-157923 (5 and 9). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK [Fax: (internat.) 1 44-1223/336-033; Email:
deposit@ccdc.cam.ac.uk].

Hydrogenation Procedure: The reaction was carried out in a small
home-made autoclave. The styrene (0.92 cm3, 8 mmol) and catalyst
precursor 5 (57.8 mg, 0.04 mmol) were dissolved in dichlorome-
thane (6 cm3) and shaken under 5 atm. of H2 at 298 K for 24 h.
The conversion was measured by gas chromatography.

Hydroformylation Procedure: The catalyst precursor 1 (68.1 mg,
0.05 mmol) and styrene (1.15 cm3, 10 mmol) were dissolved in
7.5 cm3 of dichloromethane. This solution was transferred to the
evacuated autoclave, which was then pressurised with syn-gas to
about 80% of the reaction pressure (5 atm.). The preheated water
circuit was connected to the autoclave jacket, and when thermal
equilibrium was reached (5210 minutes) more gas mixture was in-
troduced until the required pressure was achieved. At the end of
the reaction the autoclave was cooled to room temperature and
depressurised. The sample was analysed by gas chromatography.

Acknowledgments
The Spanish authors thank the Dirección General de Enseñanza
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