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Abstract 

 

The disulfide ligand, (SC6H4CO2H-4)2, acts as a simple but versatile linker for a range of 

group 8 transition metals through reaction of the oxygen donors. This leads to a range of 

homobimetallic ruthenium and osmium alkenyl compounds 

[{M(CH=CHR)(CO)(PPh3)2(O2CC6H4S-4)}2] (M = Ru, Os; R = C6H4Me-4). Additional 

metal-based functionality can be added through the use of precursors incorporating rhenium 

bipyridine units (R = bpyReCl(CO)3). The more robust disphosphine ligands in 

[{Ru(dppm)2(O2CC6H4S-4)}2]
2+

 (dppm = diphenylphosphinomethane) allow reduction of the 

disulfide bond with sodium borohydride to yield the thiol complex, [Ru(O2CC6H4SH-

4)(dppm)2]
+
. This complex reacts with [AuCl(PPh3)] to afford the bimetallic compound, 

[Ru(dppm)2(O2CC6H4S-4)Au(PPh3)]
+
. However, an improved route to the same and related 

heterobimetallic compounds is provided by the reaction of cis-[RuCl2(dppm)2] with 

[Au(SC6H4CO2H-4)(L)] (L = PPh3, PCy3, PMe3, IDip) in the presence of base and NH4PF6 

(IDip = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene). The heterotrimetallic compound 

[Au(SC6H4CO2Ru(dppm)2)2]
+
 is accessible through the reaction of homoleptic gold(I) 

dithiolate [Au(SC6H4CO2H-4)2]PPN (PPN = bis(triphenylphosphine)iminium) with cis-

[RuCl2(dppm)2]. Without departing from the same methodology, greater complexity can be 

incorporated into the system to provide the penta- and heptametallic assembles  

[(dppf){AuSC6H4CO2Ru(dppm)2}2]
2+

 and [(dppf){AuSC6H4CO2Os(CH=CH-

bpyReCl(CO)3)(CO)(PPh3)2}2]. The same stepwise approach provides the dinuclear, 

organometallic complexes, [(L)Au(SC6H4CO2-4)M(CH=CHC6H4Me-4)(CO)(PPh3)2] (M = 

Ru, Os; L = PPh3, IDip). Complexes containing three metals from different groups 

[(L)Au(SC6H4CO2-4)M{CH=CH-bpyReCl(CO)3}(CO)(PPh3)2] (M = Ru, Os) can also be 

prepared with one ruthenium example (L = PPh3) being structurally characterised. In order to 

illustrate the versatility of this approach, the synthesis and characterization (IR, NMR 

spectroscopies, TEM, EDS and TGA) of the functionalized gold and palladium nanoparticles 

Au@[SC6H4CO2Ru(dppm)2]
+
 and Pd@[SC6H4CO2Ru(dppm)2]

+
 is reported. 

 



Introduction 

 

 The incorporation of multiple metal centers within the same assembly, whether 

molecular or nanoscale in nature, opens up new possibilities in a variety of applications. The 

potential for multisite interactions, cooperative effects and higher localized density of metal 

sites has been exploited in sensing,
1
 imaging,

2
 and catalysis.

3
 In the latter field, additional 

motivation has come from the presence of bimetallic systems in nature.
4
 The linking of 

organometallic compounds with (often highly conjugated) organic linkers, such as acetylides, 

has also led to the exploration of novel spectroscopic and photophysical properties.
5
 

 While the preparation of multimetallic compounds and materials consisting of the same 

metal has been exploited extensively in areas such as metal-organic frameworks (MOFs)
6a-c

 and 

coordination polymers,
6d,e

 access to heteromultimetallic systems has always proved more 

challenging due to the need for strategies suited to linking different metals together in a 

consistent and controllable manner. While protection/deprotection approaches offer a solution 

to this problem, an alternative, more synthetically straightforward option is to tailor 

bifunctional linkers to the metals involved (Chart 1). This approach has been used by us
7
 and 

others
8
 to access molecular assemblies consisting of between two and six metals, encompassing 

compounds in which up to six different metals are combined.
8c

 

 

 

 

Chart 1. Simple bifunctional ligands used in the construction of multimetallic assemblies. 

 

 In our earlier studies,
9
 sulfur ligands have dominated due to their utility in both 

molecular and nanoparticle systems. These approaches have been based principally on the 

versatile dithiocarbamate ligand class, which can be introduced at a late stage in the assembly 

of the systems in order to avoid undesired reactivity with the molecular metal unit 

(‘backbiting’). Due to this potential problem, the use of thiols as a donor component of 

bifunctional linkers is usually avoided in systems containing ‘soft’ metal centers. However, in 

this contribution, the reactivity of 4-mercaptobenzoic acid is explored, both in thiolate and 



disulfide form. The differing reactivity of sulfur and oxygen donors and the lower reactivity 

of the disulfide linkage allow the preparation of heteromultimetallic compounds based on Re, 

Ru, Os and Au as well as the surface functionalization of gold and palladium nanoparticles. 

 In order to illustrate the potential for wide-ranging application of this approach, a 

series of different metal units were employed. These included representatives of common 

geometries and a range of metals from groups 7, 8 and 11 from all three periods of the d-

block. In addition, the metal units chosen also possess properties, which are widely employed 

in many applications, such as reliable redox behaviour [(Fe(II/III), Ru(II/III)], photophysical 

attributes (Re(I)-diimine moieties) or a common motif used in gold-based drugs (e.g., 

auranofin). 

 

 

Results and Discussion 

 

Synthesis of multimetallic complexes 

 

 Reaction of 4-mercaptobenzoic acid with iodine provided the disulfide (SC6H4CO2H-

4)2 (1) as a colorless solid in almost quantitative yield. The absence of the thiol resonance 

observed in the 
1
H NMR spectrum of the precursor and a slight shift in the chemical shift 

values of the aryl resonances (7.52 and 7.81 ppm, JHH = 8.0 Hz) indicated the success of the 

reaction. Remaining spectroscopic and analytical data agreed with those reported for this 

compound previously.
10

 Treatment of two equivalents of the versatile precursor, cis-

[RuCl2(dppm)2], with 1 in the presence of sodium methoxide and NH4PF6 resulted in 

formation of a pale yellow solid in 86% yield (Scheme 1). Two new pseudotriplet resonances 

in the 
31

P{
1
H} NMR spectrum at −12.0 and 8.9 ppm (JPP = 39.0 Hz) indicated the formation 

of a new compound. 
1
H NMR analysis revealed features attributed to the dppm ligands, such 

as multiplets due to the PCH2P protons at 3.95 and 4.63 ppm, while the resonances for the 

C6H4 protons were obscured by the remaining aromatic features of the spectrum. In the 

13
C{

1
H} NMR spectrum, a triplet at 43.6 (JPC = 11.5 Hz) ppm was assigned to the bridgehead 

carbon nuclei of the dppm ligands, while a singlet at 181.7 ppm was attributed to the CO2 

unit. The formulation of [{Ru(dppm)2(O2CC6H4S-4)}2](PF6)2 (2) was further supported by a 

molecular ion at m/z 2044 in the mass spectrum (FAB, positive mode) and good agreement 

between calculated and experimentally determined values for elemental composition.  

 



 

Scheme 1. Synthesis of bi- and trimetallic complexes. All charged complexes are hexafluorophosphate salts. 

 

 In order to add a second metal unit to 2, scission of the disulfide bond was necessary. 

However, this had to be performed under conditions which were tolerated by the Ru(dppm)2 

moieties. After attempting this transformation unsuccessfully with tri(n-butyl)phosphine, it 

was found that sodium borohydride was able to achieve the transformation to the 

corresponding thiol, [Ru(O2CC6H4SH-4)(dppm)2]PF6 (3). However, the NMR data were 

found to be only slightly shifted from those for the precursor (2) and the presence of the thiol 

proton was initially difficult to identify. Mass spectrometry data (ES, positive mode) 

supported the formation of the desired product with a molecular ion at m/z 1024. The Signer 

osmometry method was also employed, which estimates molecular mass based on vapor 

pressure values compared to a known standard (Supporting Information).
11

 Data obtained by 

this method were also found to support the monometallic formulation. Further proof was 

provided through reactivity studies with gold(I) phosphine complexes. While reaction of 

compound 2 with [AuCl(PPh3)] in the presence (or absence) of base failed to yield a reaction, 

treatment of 3 with the same gold(I) reagent in the presence of base led to formation of the 

complex [(dppm)2Ru(O2CC6H4S-4)Au(PPh3)]PF6 (4). A new resonance at 38.5 ppm in the 

31
P{

1
H} NMR spectrum indicated the presence of the new triphenylphosphine ligand in the 

product, as did the presence of additional resonances in the 
13

C{
1
H} NMR spectrum for the 

AuPPh3 unit. The mass spectrum (ES, positive mode) showed a molecular ion at m/z 1481. In 

order to further confirm the identity of the product, the known compound, [Au(SC6H4CO2H-



4)(PPh3)],
12a

 was treated with cis-[RuCl2(dppm)2], NaOMe and NH4PF6 to provide an 

alternative and higher yield route to 4 (Scheme 1). 

 This result, and also the chemospecific nature of the reaction, led to investigation of 

the reaction of other related gold(I) precursors with cis-[RuCl2(dppm)2]. The new thiolate 

compound, [Au(SC6H4CO2H-4)(PCy3)] (5), was prepared from [AuCl(PCy3)] and 

HSC6H4CO2H-4 in the presence of base. This was then used to prepare 

[(dppm)2Ru(O2CC6H4S-4)Au(PCy3)]PF6 (6) in the same way employed for 4. The presence 

of three resonances in the 
31

P{
1
H} NMR spectrum at −12.1 (dppm), 8.9 (dppm) and 57.6 

(PCy3) ppm confirmed the presence of the ruthenium and gold phosphine units at either end 

of the mercaptobenzoate linker. An abundant molecular ion in the mass spectrum (ES, 

positive mode) at m/z 1500 confirmed this formulation. Using the same method, 

[(dppm)2Ru(O2CC6H4S-4)Au(PMe3)]PF6 (7) was also synthesized from [AuCl(PMe3)] 

(Scheme 1). 

In order to extend the use of gold fragments beyond [AuPR3]
+
 units, the new complex 

[Au(SC6H4CO2H-4)(IDip)] (8) was prepared from the NHC precursor, [AuCl(IDip)] (IDip = 

1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene). Compound 8 was treated with base and 

cis-[RuCl2(dppm)2] to provide [(dppm)2Ru(O2CC6H4S-4)Au(IDip)]PF6 (9) in 62% yield 

(Scheme 1). The integration between the resonances for the methylene protons of the dppm 

ligands (3.89 and 4.63 ppm) and the methyl substituents on the NHC ligand (four doublets 

between 1.25 and 1.44 ppm) provided evidence for the formulation, as well as mass 

spectrometry and analytical data. Similar reactions were attempted with the complexes 

[Au(SC6H4CO2H-4)(CNR)] (R = 
t
Bu, 

i
Pr),

12b
 however, the isocyanide ligand proved less 

robust than the NHC analogues and was partially lost, leading to a mixture of intractable 

products. 

The homoleptic gold(I) dithiolate species, [Au(SC6H4CO2H-4)2]PPN (PPN = 

bis(triphenylphosphine)iminium),
12a

 was treated with cis-[RuCl2(dppm)2] and base (Scheme 

2) to afford the trimetallic compound [Au{SC6H4CO2Ru(dppm)2}2]PF6 (10). Analysis by 
31

P 

and 
1
H NMR spectroscopy revealed chemical shifts displaying little difference to those of the 

resonances in compound 2. Bearing in mind the possible effect the P(III) and P(V) oxidation 

states could exert on the relaxation times of the relevant phosphorus nuclei, integration of the 

31
P{

1
H} NMR spectrum suggested a dppm:PF6


 ratio of 8:1, indicating a single counteranion 

for the complex. Mass spectrometry data for the precursor, [Au(SC6H4CO2H-4)2]PPN 

revealed a molecular ion, however, in the spectrum of 10, only an abundant fragmentation for 



loss of gold was observed. The overall formulation was confirmed by good agreement of 

elemental analysis with calculated values. 

Using the known compound, [dppf(AuSC6H4CO2H-4)2] (dppf = 1,1’-

diphenylphosphinoferrocene),
12a

 a heteropentametallic FeRu2Au2 compound, 

[(dppf){AuSC6H4CO2Ru(dppm)2}2](PF6)2 (11), was prepared in 61% yield (Scheme 2). The 

presence of the cyclopentadienyl rings was indicated by the observation of resonances at 4.24 

and 4.63 ppm in the 
1
H NMR spectrum alongside typical features for the PCH2P and aromatic 

protons. Support for the overall composition was provided by MALDI mass spectrometry 

(m/z 3031 for [M + K]
+
) and good agreement of elemental analysis with calculated values.  

 

 

Scheme 2. Synthesis of a penta- and heptametallic complexes; R = bpyReCl(CO)3, L = PPh3, BTD = 2,1,3-

benzothiadiazole, PPN = bis(triphenylphosphino)iminium. All metal cations are hexafluorophosphate salts.  

 

 The Ru(dppm)2 unit is ideal for use in applications where a robust terminus with 

characteristic spectroscopic features (
1
H, 

31
P{

1
H} NMR) is required. However, the potential 

for subsequent functionalization is mainly limited to exchange of the counteranion. A more 

versatile synthetic starting point is provided by group 8 vinyl complexes,
13

 such as 



[M(CR=CHR’)Cl(CO)(BTD)(PPh3)2] (M = Ru,
14

 Os;
15

 BTD = 2,1,3-benzothiadiazole). 

These complexes are readily accessible from the hydride precursors, 

[MHCl(CO)(BTD)(PPh3)2], by alkyne hydrometalation. This allows further functionality 

(including metal centers) to be introduced through the choice of alkyne substituent. This has 

been exploited to prepare bimetallic systems
16

 and to incorporate fluorophores for use in 

carbon monoxide sensing.
17

 In addition, the resultant vinyl complexes, 

[M(CR=CHR’)Cl(CO)(BTD)(PPh3)2], possess labile ligands (BTD, chloride, phosphine) 

enabling the reactivity at the metal center to be exploited, which has been the focus of our 

earlier studies.
18

 This potential has been harnessed by us
7a,9c,18h

 and others
19

 to bridge such 

metal centers. It was thus decided to extend the investigation of multimetallic compound 

generation in this work through both the vinyl ligand and the substitution of labile ligands. 

 Addition of carboxylic acids to ruthenium vinyl complexes can lead to cleavage of the 

organic ligand to yield the corresponding alkene.
7b

 However, this can be avoided if 

deprotonation is achieved prior to addition of the vinyl complex. Treatment of 

[Ru(CH=CHC6H4Me-4)Cl(CO)(BTD)(PPh3)2] with disulfide 1 in the presence of base led to 

the formation of a new compound which gave rise to a singlet in the 
31

P{
1
H} NMR spectrum 

at 37.7 ppm, indicating a mutually trans arrangement of phosphines and the highly 

symmetrical nature of the complex. The coordination of the oxygen donors in preference to 

the sulfur unit was provided by a shift in frequency for the C=O absorption from 1676 cm
-1

 in 

1 to 1575 cm
-1

 in the product. Evidence for retention of the tolylvinyl ligand was provided by 

resonances in the 
1
H NMR spectrum for the  and  protons at 7.82 and 5.85 ppm, showing a 

mutual coupling of 15.5 Hz. In comparison to the complexes bearing the dppm ligand, the 

aromatic region was sufficiently simplified to identify the protons of the SC6H4 unit as an 

AA’BB’ system at 7.05 and 7.10 ppm (JHH = 8.6 Hz). Characteristic resonances were 

observed for the carbonyl ligand at 202.4 (t, JPC = 11.3 Hz) ppm and the CO2 unit at 176.4 

ppm in the 
13

C{
1
H} NMR spectrum. On the basis of these data and those from mass 

spectrometry and elemental analysis measurements, the complex was formulated as the 

bimetallic complex, [{Ru(CH=CHC6H4Me-4)(CO)(PPh3)2(O2CC6H4S-4)}2] (12). The 

osmium analogue, [{Os(CH=CHC6H4Me-4)(CO)(PPh3)2(O2CC6H4S-4)}2] (13), was prepared 

in a similar fashion (Scheme 3) and displayed very similar spectroscopic data to 12 apart 

from an upfield shifted resonance in the 
31

P{
1
H} NMR spectrum at 18.5 ppm and a lower 

frequency CO absorption at 1906 cm
-1

. The potential for introducing further metal fragments 

through the vinyl ligand was illustrated by the use of [ReCl(CO)3(bpyC≡CH)], which has 



previously been used by Lang and co-workers to form acetylide complexes of various 

metals.
8a-i

 It appeared that its potential in hydroosmiation reactions has been overlooked until 

the preparation of [{Os{CH=CH-bpyReCl(CO)3}(CO)(BTD)(PPh3)2] through insertion of 

this alkyne into the Os-H bond of [OsHCl(CO)(BTD)(PPh3)2].
7a

 Treatment of two 

equivalents of this ReOs bimetallic product with 1 in the presence of base yielded 

[{Os{CH=CH-bpyReCl(CO)3}(CO)(PPh3)2(O2CC6H4S-4)}2] (14). The presence of the 

rhenium unit was indicated by resonances at 9.36 (H) and 5.72 (H) ppm in the 
1
H NMR 

spectrum for the new vinyl ligand showing mutual coupling of 16.2 Hz. The additional 

activity in the solid state infrared spectrum between 1882 and 2015 cm
-1

 was attributed to the 

carbonyl ligands attached to the rhenium center. The tetrametallic nature of the compound 

(Scheme 3) was further supported by mass spectrometry and analytical data. Spurred on by 

this result, the strategy employed to prepare 11 was revisited using [{Os{CH=CH-

bpyReCl(CO)3}(CO)(BTD)(PPh3)2] and [dppf(AuSC6H4CO2-4)2] in the presence of base 

(Scheme 2). The complex formed, [(dppf){AuSC6H4CO2Os(CH=CH-

bpyReCl(CO)3)(CO)(PPh3)2}2] (15), possesses seven metals (Re2FeOs2Au2) and was initially 

characterized based on the highly diagnostic 
1
H NMR spectrum. Each structural unit 

provided characteristic resonances, including the dppf (4.30, 4.64 ppm), SC6H4 (6.89 and 

7.25 ppm), bpy (e.g., 7.75 and 7.92 ppm) and vinyl (5.63 and 9.38 ppm) moieties. Further 

support for the structure came from the other analytical and spectroscopic techniques 

employed. 

 



 

Scheme 3. Synthesis of bi- and trimetallic vinyl complexes; BTD = 2,1,3-benzothiadiazole. 

 

 The complex [Au(SC6H4CO2-4)(PPh3)]
12a

 was used to prepare the heterobimetallic 

complex, [(Ph3P)Au(SC6H4CO2-4)Ru(CH=CHC6H4Me-4)(CO)(PPh3)2] (16), bearing the 

tolylvinyl ligand. The NHC compound [Au(SC6H4CO2-4)(IDip)] (8) was employed to 

prepare the NHC analogue [(IDip)Au(SC6H4CO2-4)Ru(CH=CHC6H4Me-4)(CO)(PPh3)2] 

(17), in which organometallic ligands are present at either end of the carboxylate-thiolate 

linker. Using the 5-coordinate enynyl compound, [Ru(C(C≡CPh)=CHPh)Cl(CO)(PPh3)2], an 

example bearing a disubstituted alkenyl ligand, [(Ph3P)Au(SC6H4CO2-

4)Ru(C(C≡CPh)=CHPh)(CO)(PPh3)2] (18), was prepared. 

The osmium analogues, [(Ph3P)Au(SC6H4CO2-4)Os(CH=CHC6H4Me-4)(CO)(PPh3)2] 

(19) and [(IDip)Au(SC6H4CO2-4)Os(CH=CHC6H4Me-4)(CO)(PPh3)2] (20), were also 

prepared in a similar manner to yield two examples of OsAu heterobimetallic complexes. 

These syntheses paved the way for the preparation of two heterotrimetallic complexes with 

metals drawn from groups 7, 8 and 11 of the periodic table. Treatment of [Au(SC6H4CO2-

4)(L)] (L = PPh3, IDip) with [{M{CH=CH-bpyReCl(CO)3}(CO)(BTD)(PPh3)2] (M = Ru, Os) 

and NaOMe led to formation of [(L)Au(SC6H4CO2-4)M{CH=CH-

bpyReCl(CO)3}(CO)(PPh3)2] (M = Ru, L = PPh3 21; M = Os, L = IDip 22). While a number 

of features in complex 22 were obscured by features due to the PPh3 ligands, resonances for 

both metal units were observed in the 
1
H NMR spectrum. These included resonances for the 



H (9.43 ppm) and H (5.64 ppm) protons of the vinyl ligand and the methyl groups of the 

IDip ligands at 1.30, 1.35 (both doublets) and 2.66 (septet) ppm. As before, the overall 

composition was supported by elemental analysis data and the presence of a molecular ion at 

m/z 1967 in the mass spectrum (ES, positive mode). To the best of our knowledge, 22 

represents the first example of a molecular trimetallic assembly incorporating Re, Os and Au. 

 Numerous attempts were made using many different techniques (vapor diffusion, 

layering, slow evaporation etc.) and solvent combinations to obtain crystals of the key 

complexes reported here. Ultimately, single crystals suitable for structural determination 

were grown through slow diffusion of ethanol into a dichloromethane solution of complex 21 

(Figure 1). 

 

 

 

Figure 1. The molecular structure of 21. Selected bond lengths (Å) and angles (°); Au1–S10 2.303(2), Au1–P11 

2.255(2), Re1–N32 2.176(5), Re1–N43 2.162(5), Ru1–O1 2.191(4), Ru1–O3 2.233(4), Ru1–C30 2.010(5), 

Ru1–P44 2.381(2), Ru1–P63 2.376(2), S10–Au1–P11 176.39(6), N32–Re1–N43 74.5(2), O1–Ru1–O3 59.2(2), 

P44–Ru1–P63 176.31(6), Ru1–C30–C31 136.0(5). 

 

The structure of the ReRuAu trimetallic complex [(Ph3P)Au(SC6H4CO2-

4)Ru{CH=CHbpyReCl(CO)3}(CO)(PPh3)2] (21) can be discussed in relation to previously 

reported structural data for the individual metal units. The bond data for the common 

distorted octahedral motif, [ReCl(CO)3(bpy)], are unremarkable and are similar to those for 

the precursor [ReCl(CO)3(bpyC≡CH)].
8a

 There is also some disorder involving the sites for 

the mutually-trans chloride and carbonyl ligands, which prevent further discussion. While the 

Au-S distances in 21 are very similar to those found in the structure of [Au(SC6H4CO2H-



4)(PPh3)],
12a

 the Au-P distance in the monometallic compound is a little longer [2.276(1) Å] 

compared to the value of 2.255(2) Å found for 21. However, the deviation from linearity of 

the P-Au-S linkage in 21 [176.39(6)°] is much less than that found in the literature structure, 

of 168.95(4)°. This is likely to be due to the presence of short aurophilic contacts [Au…Au: 

3.0756(2) Å] in the structure of [Au(SC6H4CO2H-4)(PPh3)], which, along with probable 

packing effects, lead to distortion of this angle. No such interactions between gold(I) centres 

is observed in the structure of 21. The ruthenium centre shows a distorted octahedtral 

geometry with cis-interlogand angles in the range 59.2(2) - 107.8(2)° with the smaller of 

these values correspondoing to the bite angle of the carboxylate chelate. This is close to the 

value for the same feature in the enynyl carboxylate complex 

[Ru(C(C≡CPh)=CHPh)(O2CC5H4N)(CO)(PPh3)2].
7d

 In common with this compound, the 

structure of 21 displays differing ruthenium-oxygen bond lengths, with the Ru(1)-O(3) bond 

trans to the vinyl ligand being longer [2.233(4) Å] than the Ru(1)-O(1) bond distance 

[2.191(4) Å] trans to the carbonyl, indicating the superior trans influence of the former 

ligand over the latter. Overall, the structure of 21 does not appear to be overly congested from 

a steric viewpoint, though it is worth noting that both the C6H4SAuPPh3 unit and the 

(bpy)ReCl(CO)3 vinyl substituent are twisted with respect to the plane containing the 

carboxylate, vinyl and carbonyl ligands, the dihedral angles across the C2–C4 and C31–C34 

bonds being 19.7(4) and 29.2(7)° respectively. 

 

 

Synthesis of functionalized nanoparticles 

 

 Disulfides often require some persuasion (heat, extended reaction times) to react with 

low valent transition metals in molecular systems.
20

 However, they are known to react readily 

with gold surfaces, whether two-dimensional SAMs
21

 or gold nanoparticles,
22

 driven by the 

formation of the favorable Au-S interaction. Throughout the reactions with metals described 

above, the disulfide linkage remained intact apart from when specifically targeted with a 

strong reducing agent. This protection represents a significant advantage in the design of 

nanoparticles functionalized with metal units, as the presence of a free thiol for attachment to 

the gold surface poses the risk of reacting instead with the metal center.
23

 Strategies to 

overcome this include the initial attachment of the bifuntional tether to the metal nanoparticle 

through the thiol moiety followed by addition of molecular metal units to the terminal 



donor.
24

 However, the relatively low reactivity of the disulfide moiety allows the construction 

of the metal unit before the RS-SR bond is activated by the presence of the gold surface. 

 With this in mind, compound 2 was used to add ruthenium units to the surface of gold 

nanoparticles using two common methods. Reduction of HAuCl4 with sodium borohydride 

using the conditions popularized by Brust and Schiffrin
25

 followed by addition of a methanol 

solution of 2 (Scheme 4) led to black nanoparticles, Au
2.9

@[SC6H4CO2Ru(dppm)2]PF6 

(NP1), of average diameter 2.9 nm ( 0.2 nm), as determined by Transmission Electron 

Microscopy (TEM, see Supporting Information) (Figure 2a). The complete removal of 

unattached surface units was ensured through washing with dichloromethane and water. 

Infrared spectroscopy revealed the presence of the carboxylate unit (C-O at 1575 cm
-1

) as 

well as typical absorptions for the dppm units and a PF absorption (817 cm
-1

) indicating the 

continued presence of hexafluorophosphate counteranions. The material also proved 

sufficiently soluble in deuterated dimethylsulfoxide to record the 
1
H NMR spectrum, which 

showed resonances for the PCH2P protons at substantially shifted values of 4.44 and 5.76 

ppm (compared to 3.88 and 5.05 ppm for 2 in dmso-d6). As in the molecular complexes, the 

C6H4 resonances were obscured by the features associated with the phenyl groups of the 

dppm ligands between 6.89 and 7.74 ppm. The 
31

P{
1
H} NMR spectrum showed resonances 

at −18.6 and 3.2 ppm (JPP = 35.7 Hz), which differ from the chemical shift values recorded 

for the precursor 2 (−12.7 and 9.3 ppm, JPP = 39.1 Hz in dmso-d6). This suggests a 

substantially different local environment for the ruthenium units when attached to the 

surface. The presence of gold and ruthenium was confirmed by Energy Dispersive X-ray 

Spectroscopy (EDS) measurements (Supporting Information), which also indicated the 

presence of sulfur, phosphorus, oxygen and fluorine (though this technique is less reliable for 

lighter elements). Thermogravimetric analysis (TGA) of a sample of NP1 revealed the loss of 

42.5% of the mass on gradual heating to 800 °C (Supporting Information). This can be 

assumed to be due to loss of the lighter elements and allows an approximate estimation of the 

number of surface units to be made. This loss of mass suggests a ratio of approximately 8.4:1 

between the gold and [SC6H4CO2Ru(dppm)2]PF6 surface units. Inductively-Coupled Plasma 

Atomic Emission Spectroscopy (ICP-AES) was also investigated to probe the number of 

surface units but complete dissolution of the samples in the recommended concentration of 

aqua regia proved difficult and so led to unreliable results. It has been noted that effective 

measurement of ruthenium by this method requires high temperature fusion with NaOH-

NaNO3 mixtures.
26

 



 

 

 

Scheme 4. Synthesis of functionalized gold and palladium nanoparticles bearing ruthenium surface units. All 

metal cations have hexafluorophosphate counteranions. 

 

The citrate route, devised originally by Turkevich,
27

 was also used to access black 

nanoparticles of larger average size. The resultant nanoparticles were found to possess a 

diameter of 11.9 nm ( 0.9 nm), as shown in TEM images (Figure 2b and 2c). As with NP1, 

EDS data indicated the presence of gold and ruthenium. Again, 
31

P{
1
H} and 

1
H NMR 

spectroscopic data were recorded and were found to be consistent with the formulation 

Au
11.9

@[SC6H4CO2Ru(dppm)2]PF6 (NP2). The chemical shift values observed in the NMR 

spectra were very similar to those recorded for NP1, indicating a similarly dramatic change in 

environment compared to the molecular precursor 2. The stapling effect in gold 

nanoparticles, whereby a gold atom is lifted from the surface and pinned between two thiolate 

units, is well established and has been observed crystallographically
28

 and modelled 

computationally.
29

 Potentially this is a route to loss of surface units through elimination of a 

gold(I) dithiolate unit, Au(SR)2

. In order to establish whether this was the case with these 

materials, the dichloromethane washings were analyzed but were found to contain only traces 

of unreacted [{Ru(dppm)2(O2CC6H4S-4)}2](PF6)2 (2). The corresponding dithiolate 

[Au{SC6H4CO2Ru(dppm)2}2]PF6 (10) was not found to be present. Compound 10 contains 

only one hexafluorophosphate anion, whereas 2 posseses two of these counteranions, 

allowing them to be differentiated from the dppm : PF6

 ratio provided by integration of their 

31
P{

1
H} NMR resonances. TGA data revealed a metallic residue of 57.5% of the original 



mass and so the remainder (42.5%) was ascribed to the mass of the surface units (excluding 

ruthenium). This equates to a stoichiometry of approximately 

Au6.8(SC6H4CO2Ru(dppm)2)PF6. 

 

 

Figure 2. TEM images of a) NP1, b) NP2, c) NP2 detail and d) NP4. 

 

 Ligand-stabilized gold nanoparticles can also be obtained through the reduction of 

well-defined gold(I) precursors containing phosphine,
30

 amine,
31

 alkyl,
32

 carboxylate
33

 and 

carbene
34

 ligands. Given their ready thermal reduction in the gilding process of ceramics,
35

 it 

is not surprising that gold(I) thiolate precursors (often polymeric or cyclic species) have also 

been employed in the direct preparation of thiolate-capped gold nanoparticles.
36a-c

 This 

approach has been further developed using e-beam lithography/thermolysis protocols.
36d,e

 

Thermolysis of monometallic gold(I) dithiolate complexes has been used to generate gold 

nanoparticles stabilized by alkyl groups,
37

 while molecular methylgold(I) precursors have 

been employed in the presence of thiol surfactants to prepare thiolate-protected gold 

nanoparticles by a thermal route (140 °C).
32

 We have recently reported
29e

 that the 

metallacylic digold complexes [Au2(S2CNR2)2] (NR2 = N(CH2CH=CH2)2, NC4H6) undergo 

reduction to form gold nanoparticles with diameters 4.0 or 4.8 nm ( 0.7 nm). The presence 

of intramolecular and intermolecular aurophilic interactions (probed by structural 

investigations)
38

 in these complexes offers a fascinating suggestion
31b

 as to the role these 

interactions (15-30 KJ mol
-1

 and so comparable in strength to hydrogen bonding) might play 

in facilitating the formation of nanoparticles from such complexes. Accordingly, it was 

decided to explore whether direct preparation of nanoparticles from 

[Au{SC6H4CO2Ru(dppm)2}2]PF6 (10) was possible either thermally or by using sodium 

borohydride as the reducing agent. However, these attempts failed to yield nanoparticles. 

This showed that 10 was sufficiently robust to withstand heating at reflux (in acetone, 1,2-

dichloroethane) or the addition of a large excess of reducing agent. In contrast, treating a 



solution of the monometallic precursor, PPN[Au(SC6H4CO2H-4)2] (PPN = 

bis(triphenylphosphine)iminium) in acetone with excess sodium borohydride results in the 

darkening of the solution and the formation of a black solid, formulated as Au@SC6H4CO2H-

4 (NP3). This surface unit was also used in the Au102(SC6H4CO2H-4)44 nanoparticles 

structurally determined by X-ray diffraction reported by Kornberg and co-workers.
28a

 

Analysis by TEM (Supporting Information) revealed the formation of nanoparticles with a 

relatively wide size distribution (4.1  0.7 nm), while the solid state infrared spectrum 

displays absorptions typical of 4-mercaptobenzoic acid (νC-O at 1587 cm
-1

). It was thought 

that the explanation for the difference in the propensity of PPN[Au(SC6H4CO2H-4)2] and 10 

to form nanoparticles could be related to the presence or absence of aurophilic interactions. 

Compound 10 bears two bulky Ru(dppm)2 units in reasonably close proximity to the gold(I) 

center, while the precursor has a much smaller steric profile and could indeed permit 

aurophilic interactions. The structure of this compound has not been reported but structural 

data for some related dithiolate compounds have been determined. From these reports, it 

appears that the nature of the countercation exerts considerable influence on whether short 

intramolecular gold-gold contacts are observed. The structure of {K3[Au(mba)2]}2 (H2mba = 

2-mercaptobenzoic acid)
39a

 displays a short separation between dimeric units (3.1555(7) Å) 

but no additional interactions between neighboring dimers, while the structures of 

[
n
Bu4N][Au(SC6H4-R)2] (R = ortho-Me, ortho-Cl, meta-Cl) show no aurophilic contacts, an 

observation which is attributed to the bulky nature of the countercation.
39b

 

 

 In order to broaden the study beyond attachment to gold surfaces, the generation and 

functionalization of palladium nanoparticles with 2 was investigated. The divalent palladium 

precursor [PdCl2(NCMe)2] was reduced by lithium triethylborohydride in the presence of the 

phase transfer agent, tetraoctylammonium bromide (TOAB)
40

 before addition of a solution of 

compound 2. After washing the resultant black nanoparticles to remove TOAB and unreacted 

2, the material Pd@[SC6H4CO2Ru(dppm)2]PF6 (NP4) was isolated. This proved insoluble in 

all common deuterated solvents, preventing NMR analysis, however, infrared spectroscopy 

revealed typical features for the surface units as observed for NP1 and NP2. TEM images 

showed typically small
24b

 nanoparticles of only 2.2 nm ( 0.2 nm) diameter (Figure 1d), 

while EDS analysis indicated the presence of palladium and ruthenium as well as the 

expected lighter elements. A metallic residue of 61.6% (palladium and ruthenium) was 

observed from TGA investigations with the remaining 38.4% of the mass attributed to the 



rest of the elements in the surface units. This suggested that the ratio of palladium to surface 

units is close to 15:1, indicating a sparsely covered nanoparticle surface. 

 

 

Conclusions 

 

In the systems described here, the significantly lower reactivity of the disulfide 

linkage (compared to that of the carboxylate donors) prevents unwanted reaction of the sulfur 

moiety until intended. This allows chelation by the oxygen donors to dominate initial 

coordination of the transition metals employed, while allowing subsequent activation of the 

disulfide through reduction or addition to a nanoparticle surface. This strategy is illustrated 

by the preparation of a series of heterobimetallic Ru-Au complexes. An alternative route to 

the same compounds is provided by the reaction of 4-mercaptobenzoic acid with thiophilic 

gold(I) precursors followed by activation (addition of base) and coordination of the oxygen 

donors to ruthenium or osmium. This also allows the preparation of pentametallic complexes 

containing Fe, Ru and Au. Exploitation of the two centers of reactivity possessed by 

ruthenium and osmium vinyl complexes (i.e. the metal center and the vinyl substituent), 

allows heterotrimetallic ReOsAu, heterotetrametallic Re2Os2 and heteroheptametallic 

Re2FeOs2Au2 assemblies to be prepared in a controlled, stepwise manner. Furthermore, the 

same diruthenium disulfide complex (2) used as the starting point in the above studies, serves 

as an easily prepared and versatile precursor for the surface functionalization of gold and 

palladium nanoparticles. This versatility allows the same design approach to be applied to the 

assembly of both molecular and nanoscale multimetallic assemblies. 

 

 

Experimental Section 

 

 General Comments. Unless otherwise stated, all experiments were carried out in air 

and the complexes obtained appear stable towards the atmosphere, whether in solution or in 

the solid state. Reagents and solvents were used as received from commercial sources. 

Petroleum ether is the fraction boiling in the 40–60 °C range. The following complexes were 

prepared as described elsewhere: [AuCl(PR3)] (R = Me,
41

 Cy,
42

 Ph
43

), [dppf(AuCl)2],
44

 

[AuCl(IDip)],
45

 [Au(SC6H4CO2H-4)2]PPN,
12

 cis-[RuCl2(dppm)2],
46

 [M(CH=CHC6H4Me-

4)Cl(CO)(BTD)(PPh3)2] (M = Ru,
14,17b

 Os
15

), [Ru(C(C≡CPh)=CHPh)(CO)(PPh3)2]
47

 and 



[Os{CH=CH-bpyReCl(CO)3}Cl(CO)(BTD)(PPh3)2].
7a

 All glassware used for nanoparticle 

preparation was washed with aqua regia and rinsed thoroughly with ultrapure water before 

use. Electrospray (ES) and Fast Atom Bombardment (FAB) mass data were obtained using 

Micromass LCT Premier and Autospec Q instruments, respectively. Infrared data were 

obtained using a Perkin-Elmer Spectrum 100 FT-IR spectrometer and characteristic 

triphenylphosphine-associated infrared data are not reported. NMR spectroscopy was 

performed at 25 °C using Varian Mercury 300, Bruker AV400 and Bruker 500 Avance III 

HD spectrometers in CDCl3 unless stated otherwise. All coupling constants are in Hertz. 

Resonances in the 
31

P{
1
H} NMR spectrum due to the hexafluorophosphate counteranion 

were observed where the formulation indicates but are not included below. Elemental 

analysis data were obtained from London Metropolitan University. Solvates were confirmed 

by integration of the 
1
H NMR spectra. The procedures given provide materials of sufficient 

purity for synthetic and spectroscopic purposes. TEM images and EDS data were obtained at 

Imperial College using a JEOL 2010 high-resolution TEM (80-200 kV) equipped with an 

Oxford Instruments INCA EDS 80mm X-Max detector system. Thermogravimetric analysis 

was performed on a Mettler Toledo DSC 1LF/UMX Thermogravimetric Analyzer, using a 

platinum sample holder. ICP-AES analyses were performed using a Perkin-Elmer 2000 DV 

ICP-OE spectrometer. 

 

(SC6H4CO2H-4)2 (1) 

A solution of iodine (1M in MeOH) was added dropwise to a colorless solution of 4-

mercaptobenzoic acid (450 mg, 2.92 mmol) in MeOH (60 mL) until the mixture took on a 

persistent orange coloration. The cloudy mixture was stirred for a further 30 minutes and then 

filtered. The resulting white solid was washed several times with ethanol and dried under 

vacuum overnight. Yield: 400 mg (90%). IR (solid state): 2838, 2669, 2552, 1676 (νC-O), 

1591, 1423, 1323, 1292, 1181, 1116, 933, 850 cm
–1

; 
1
H NMR (dmso-d6):  7.52, 7.81 (d x 2, 

JHH = 8.0 Hz, 2 x 4 H; C6H4) ppm. The CO2H protons were not observed. These data agree 

well with literature values.
10

  

 

[{Ru(dppm)2(O2CC6H4S-4)}2](PF6)2 (2) 

A solution of cis-[RuCl2(dppm)2] (263 mg, 0.280 mmol) in dichloromethane (50 mL) was 

treated with a solution of 1 (43.0 mg, 0.140 mmol), sodium methoxide (30.0 mg, 0.555 

mmol), and ammonium hexafluorophosphate (91.0 mg, 0.558 mmol) in methanol (25 mL). 



The reaction mixture was stirred for 2 h at room temperature. All solvent was removed under 

vacuum and the crude product was dissolved in dichloromethane (10 mL) and filtered 

through Celite to remove NaCl, NaOMe, and excess ligand. Ethanol (20 mL) was added and 

the solvent volume was slowly reduced on a rotary evaporator until the precipitation of the 

yellow solid was complete. This was filtered, washed with petroleum ether (10 mL), and 

dried under vacuum. Yield: 281 mg (86%). IR (solid state): 3058, 1590 (νC-O), 1484, 1426, 

1189, 1097, 834 (νPF) cm
–1

; 
1
H NMR (dichloromethane–d2):  3.95, 4.63 (m x 2, 2 x 4H; 

PCH2P), 6.18 (m, 8H; C6H5), 6.92 − 7.76 (m, 72H + 8H; C6H5 + C6H4) ppm; 
31

P{
1
H} NMR 

(dmso–d6):  −12.0, 8.9 (pseudotriplet x 2, JPP = 39.0 Hz; dppm) ppm; 
1
H NMR (dmso–d6):  

3.88, 5.05 (m x 2, 2 x 4H; PCH2P), 6.14 (m, 8H; C6H5), 6.86 − 7.77 (m, 72H + 8H; C6H5 + 

C6H4) ppm; 
13

C{
1
H} NMR (CD2Cl2, 500 MHz):  = 181.7 (s, CO2), 141.9 (s, CS), 134.9 (s, 

CCO2), 133.8, 132.4, 132.1 (m x 3, C6H5), 131.7 (s, o/m-C6H4), 131.3 (m, C6H5), 131.1, 

130.8 (s x 2, C6H5), 130.4 (s, o/m-C6H4), 129.6, 129.4, 129.3, 128.8 (m x 4, C6H5), 126.4, 

126.2 (s x 2, C6H5), 43.6 (t, JPC = 11.5 Hz, PCH2P) ppm. 
31

P{
1
H} NMR (dmso–d6):  −12.7, 

9.3 (pseudotriplet x 2, JPP = 39.1 Hz; dppm) ppm; MS (FAB +ve) m/z (%) 2044 (5) [M]
+
; 

Anal. Calcd (%) for C114H96F12O4P10Ru2S2 (Mw = 2333.97): C 58.7, H 4.2 %. Found: C 58.6, 

H 4.2 %. 

 

[Ru(dppm)2(O2CC6H4SH-4)]PF6 (3) 

Solid sodium borohydride (8.0 mg, 0.21 mmol) was added at 0 °C to a solution of 2 (115 mg, 

0.049 mmol) in dichloromethane (15 mL). After stirring for 4 h, the solution was adjusted to 

pH 4 through addition of 4M HCl solution. The organic layer was then washed with water 

(20 mL), brine (20 mL) and dried over Na2SO4. All solvent was removed under vacuum and 

the resulting yellow powder was washed with diethyl ether (10 mL). This was dried under 

vacuum. Yield: 73 mg (64%). IR (solid state): 3056, 1595 (νC-O), 1484, 1428, 1095, 1000, 

830 (νPF) cm
-1

. 
1
H NMR:  4.06, 4.72 (m x 2, 2 x 2H; PCH2P), 6.10 – 6.18 (m, 4H; C6H5), 

6.99 − 7.77 (m, 36H + 4H; C6H5 + C6H4) ppm; 
31

P{
1
H} NMR:  −11.9, 8.8 (pseudotriplet x 

2, JPP = 39.0 Hz; dppm) ppm; MS (ES +ve) m/z (%) 1024 (50) [M + H]
+
; Anal. Calcd (%) for 

C57H49F6O2P5RuS·4CH2Cl2 (Mw = 1507.72, Mw = 1167.99 in absence of solvation): C 48.6, 

H 3.8 %. Found: C 48.5, H 4.0 %. 

 

 

 



[(dppm)2Ru(O2CC6H4S-4)Au(PPh3)]PF6 (4) 

A solution of [Au(SC6H4CO2H-4)(PPh3)] (19 mg, 0.031 mmol), sodium methoxide (2.7 mg, 

0.050 mmol) and ammonium hexafluorophosphate (5.0 mg, 0.031 mmol) in dichloromethane 

(5 mL) and methanol (2 mL) was added dropwise to a stirred solution of cis–[RuCl2(dppm)2] 

(28 mg, 0.030 mmol) in dichloromethane (10 mL). After stirring for 4 h, all solvent was 

removed under vacuum. The residue was dissolved in dichloromethane (10 mL) and filtered 

through celite to remove inorganic salts. The solvent was removed and the resulting yellow 

powder was washed with diethyl ether (10 mL). This was dried under vacuum. Yield: 38 mg 

(75%). IR (solid state): 3055, 1587 (νC-O), 1481, 1435, 1419, 1175, 1098, 833 (νPF), 730, 690 

cm
–1

. 
1
H NMR (dichloromethane–d2):  3.90, 4.62 (m x 2, 2 x 2H; PCH2P), 6.15 – 6.20 (m, 

4H; C6H5), 6.99 – 7.80 (m, 51H + 4H; C6H5 + C6H4) ppm. 
13

C{
1
H} NMR (CD2Cl2, 500 

MHz):  = 183.4 (s, CO2), 151.3 (s, CS), 134.5 (d, JPC = 11.0 Hz, o/m-AuPC6H5), 133.9 (m, 

RuPC6H5), 133.7 (s, CCO2), 132.4 (m, RuPC6H5), 132.3 (s, RuPC6H5), 132.1 (s, o/m-C6H4), 

131.6 (s, p-AuPC6H5), 131.3, 130.9 (m x 2, RuPC6H5), 130.7 (s, RuPC6H5), 130.4 (s, o/m-

C6H4), 129.7 (m, o/m-AuPC6H5 + ipso-AuPC6H5), 129.6, 129.4, 128.9, 128.7 (m x 4, 

RuPC6H5), 128.2 (s, RuPC6H5), 43.6 (t, JPC = 13.0 Hz, PCH2P) ppm. 
31

P{
1
H} NMR 

(dichloromethane–d2):  −12.1, 8.9 (pseudotriplet x 2, JPP = 39.0 Hz; dppm), 38.5 (s; PPh3) 

ppm. MS (ES +ve) m/z (%) 1481 (60) [M]
+
; Anal. Calcd (%) for C75H63AuF6O2P6RuS (Mw = 

1626.24): C 55.4, H 3.9 %. Found: C 55.5, H 3.7 %.  

 

[Au(SC6H4CO2H-4)(PCy3)] (5) 

A solution of 4–mercaptobenzoic acid (15 mg, 0.097 mmol) and sodium methoxide (6.0 mg, 

0.11 mmol) in methanol (5 mL) was added dropwise to a stirred solution of [AuCl(PCy3)] (50 

mg, 0.098 mmol) in dichloromethane (10 mL). After stirring for 2 h, all solvent was removed 

under vacuum. The residue was dissolved in dichloromethane (10 mL) and filtered through 

celite to remove NaCl. Pentane (25 mL) was then added resulting in the precipitation of a 

colorless solid. This was filtered and dried under vacuum. Yield: 36 mg (58%). IR (solid 

state): 2920, 2852, 1446, 1348, 1293, 1265, 1174, 1113, 1004, 888, 850, 739 cm
-1

.
 1

H NMR 

(acetone–d6):  1.30 – 2.84 (m, 33H; PCy3), 7.56, 7.70 (d x 2, JHH = 8.6 Hz, 4H; C6H4). 

31
P{

1
H} NMR (acetone–d6):  58.3 (s; PCy3) ppm. MS (ES +ve) m/z (%) 981 (60) [2M – 

PCy3]
+
; Anal. Calcd (%) Calculated for Calculated for C25H38AuO2PS·CH2Cl2 (Mw = 715.51, 

Mw = 630.57 in absence of solvation): C 43.6, H 5.6 %. Found: C 43.1, H 5.6 %. 

 



[(dppm)2Ru(O2CC6H4S-4)Au(PCy3)]PF6 (6) 

Using the same procedure employed in the preparation of 4, with [Au(SC6H4CO2H-4)(PCy3)] 

(22 mg, 0.035 mmol), sodium methoxide (2.0 mg, 0.037 mmol), ammonium 

hexafluorophosphate (5.5 mg, 0.034 mmol) and cis-[RuCl2(dppm)2] (32 mg, 0.034 mmol) 

provided a yellow solid. Yield: 29 mg (52 %). IR (solid state): 3057, 2925, 2852, 1706, 1586 

(νC-O), 1482, 1418, 1261, 1094, 834 (νPF), 729, 691 cm
-1

. 
1
H NMR (CD2Cl2):  1.30 – 2.16 

(m, 33H; PCy3), 3.90, 4.63 (m x 2, 2 x 2H; PCH2P), 6.18 (m, 4H; C6H5), 6.96 – 7.99 (m, 36H 

+ 4H; C6H5 + C6H4) ppm.
 31

P{
1
H} NMR (dichloromethane–d2):  −12.1, 8.9 (pseudotriplet x 

2, JPP = 39.0 Hz; dppm), 57.6 (s; PPh3) ppm. MS (ES +ve) m/z (%) 1500 (100) [M]
+
; Anal. 

Calcd (%) for C75H81AuF6O2P6RuS (Mw = 1644.38): C 54.8, H 5.0 %. Found C 54.4, H 5.2 

%. 

 

[(dppm)2Ru(O2CC6H4S-4)Au(PMe3)]PF6 (7) 

Employing the same procedure used to prepare 4, reaction between [Au(SC6H4CO2H-

4)(PMe3)] (21 mg, 0.049 mmol), sodium methoxide (3.0 mg, 0.056 mmol), ammonium 

hexafluorophosphate (8.0 mg, 0.049 mmol) and cis–[RuCl2(dppm)2] (46 mg, 0.049 mmol) 

provided a yellow solid. Yield: 44 mg (62%). IR (solid state): 3056, 1916, 1586 (νC-O), 1481, 

1482, 1419, 1262, 1174, 1094, 960, 832 (νPF), 729, 690 cm
-1

.
 1

H NMR (acetone–d6):  1.75 

(d, JHP = 11.0 Hz, 9H; PMe3), 4.12, 5.02 (m x 2, 2 x 2H; PCH2P), 6.34 (m, 4H; C6H5), 7.04 – 

8.00 (m, 36H + 4H; C6H5 + C6H4) ppm. 
31

P{
1
H} NMR (acetone–d6):  −12.8, 8.9 

(pseudotriplet x 2, JPP = 39 Hz; dppm), 0.6 (s; PMe3) ppm. MS (ES +ve) m/z (%) 1295 (100) 

[M]
+
; Anal. Calcd (%) for C60H57AuF6O2P6RuS (Mw = 1440.03): C 50.0, H 4.0 %. Found: C 

49.9, H 4.1 %.  

 

[Au(SC6H4CO2H-4)(IDip)] (8) 

Using the same procedure as employed for 5, reaction of 4–mercaptobenzoic acid (12 mg, 

0.078 mmol), sodium methoxide (4.5 mg, 0.083 mmol) and [AuCl(IDip)] (50 mg, 0.081 

mmol) provided a colorless solid. Yield: 50 mg (84%). IR (solid state): 2961, 1671, 1581 (νC-

O), 1415, 1281, 1171, 1084, 936, 801, 755 cm
–1

. 
1
H NMR (acetone–d6):  1.28 (d, JHH = 6.9 

Hz, 12H; CH3), 1.37 (d, JHH = 6.9 Hz, 12H; CH3), 2.74 (sep, JHH = 6.9 Hz, 4H; CHMe2), 

6.84, 7.42 (d x 2, JHH = 8.2 Hz, 4H; C6H4), 7.48 (d, JHH = 7.8 Hz, 4H; m–C6H3), 7.64 (t, JHH = 

7.8 Hz, 2H; p–C6H3), 7.87 (s, 2H; NCH) ppm. MS (ES +ve) m/z (%): 739 (10) [M]
+
. Anal. 



Calcd (%) for C34H41AuN2O2S (Mw = 738.73): C 55.3, H 5.6, N 3.8 %. Found: C 55.2, H 5.7, 

N 3.9 %. 

 

[(dppm)2Ru(O2CC6H4S-4)Au(IDip)]PF6 (9) 

Using the same procedure as employed for 4, reaction of 8 (18 mg, 0.024 mmol), sodium 

methoxide (1.4 mg, 0.026 mmol), ammonium hexafluorophosphate (4.1 mg, 0.025 mmol) 

and cis–[RuCl2(dppm)2] (24 mg, 0.026 mmol) provided a yellow solid. Yield: 28 mg (62%). 

IR (solid state): 2960, 1585 (νC-O), 1471, 1416, 1174, 1093, 837 (νPF), 734, 692 cm
-1

. 
1
H 

NMR (dichloromethane–d2):  1.25, 1.33, 1.39, 1.44 (d x 4, JHH = 6.9 Hz, 4 x 6H; Me), 2.77 

(sep, JHH = 6.9 Hz, 4H; CHMe2), 3.89, 4.63 (m x 2, 2 x 2 H; PCH2P), 6.34 (m, 4H; C6H5), 

6.83 (d, JHH = 8.1 Hz, 2H; C6H4), 7.06 – 7.55 (m, 28H + 2H + 4H; C6H5 + C6H4 + m-C6H3), 

7.64 (t, JHH = 7.8 Hz, 2H; p-C6H3), 7.83 (m, 4H; C6H5), 7.91 (s, 2H; NCH), 8.01 (m, 4H; 

C6H5) ppm. 
31

P{
1
H} NMR (acetone–d6):  −12.9, 9.0 (pseudotriplet x 2, JPP = 39.0 Hz; 

dppm) ppm. MS (ES +ve) m/z (%) 1607 (100) [M]
+
; Anal. Calcd (%) for 

C84H84AuF6N2O2P5RuS (Mw = 1752.54): C 57.6, H 4.8, N 1.6 %. Found: C 57.4, H 4.8, N 1.6 

%. 

 

[Au{SC6H4CO2Ru(dppm)2}2]PF6 (10) 

A solution of cis–[RuCl2(dppm)2] (55 mg, 0.059 mmol) in dichloromethane (10 mL) was 

added to [N(PPh3)2][Au(SC6H2CO2H)2] (30 mg, 0.029 mmol), ammonium 

hexafluorophosphate (19 mg, 0.12 mmol) and sodium methoxide (6.0 mg, 0.111 mmol) in 

mixture of methanol (5 mL) and dichloromethane (2 mL). The reaction mixture was stirred 

for 2 h at room temperature. All solvent was removed under vacuum and the crude product 

was dissolved in dichloromethane (10 mL) and filtered through Celite to remove NaCl, 

NaOMe, and excess ligand. Ethanol (20 mL) was added and the solvent volume was slowly 

reduced on a rotary evaporator until the precipitation of the yellow product was complete. 

This was filtered, washed with cold ethanol (5 mL) petroleum ether (10 mL), and dried under 

vacuum. Yield: 49 mg (71%). IR (solid state): 1590 (νC-O), 1484, 1426, 1312, 1261, 1177, 

1094, 1027, 1014, 1000, 834 (νPF) cm
–1

; 
1
H NMR (DMSO–d6):  3.88 (m, 2 x 2H; PCH2P), 

5.01 (m, 2 x 2H; PCH2P), 6.12 (m, 8H; C6H5), 6.86 − 7.75 (m, 72H + 8H; C6H5 + C6H4) ppm. 

31
P{

1
H} NMR (DMSO–d6):  −7.94 (pseudotriplet, JPP = 39.0 Hz; dppm), 14.02 

(pseudotriplet, JPP = 39.0 Hz; dppm) ppm; MS (ES +ve) m/z (%) 2044 (100) [M – Au]
+
; 



Anal. Calcd (%) for C114H96AuF6O4P9Ru2S2 (Mw = 2385.97): C 57.4, H 4.1 %. Found: C 

57.2, H 4.0 %. 

 

[(dppf){AuSC6H4CO2Ru(dppm)2}2](PF6)2 (11) 

A solution of [dppf(AuSC6H4CO2H-4)2] (12 mg, 0.010 mmol), sodium methoxide (1.0 mg, 

0.019 mmol) and ammonium hexafluorophosphate (4.9 mg, 0.030 mmol) in dichloromethane 

(5 mL) and methanol (2 mL) was added dropwise to a stirred solution of cis–[RuCl2(dppm)2] 

(18.8 mg, 0.020 mmol) in dichloromethane (10 mL). After stirring for 4 h, all solvent was 

removed under vacuum. The residue was filtered and washed with water (10 mL) and 

pentane (5 mL) providing a pale yellow powder. This was dried under vacuum. Yield: 20 mg 

(61%). IR (solid state): 1587 (νC-O), 1483, 1435, 1173, 1099, 1027, 835 (νPF), 731, 692 cm
–1

. 

1
H NMR (acetone–d6):  3.98 (m, 4 H; PCH2P), 4.24, 4.63 (s x 2, 2 x 4H; C5H4), 4.95 (m, 4 

H; PCH2P), 6.21 (m, 4 H; C6H5), 6.49, 6.63 (m x 2, 2 x 2H; C6H4), 6.81 – 7.80 (m, 76 H + 8 

H; C6H5 + C6H4) ppm; 
31

P{
1
H} NMR:  −13.7, 7.5 (pseudotriplet x 2, JPP = 39.0 Hz; dppm), 

27.7 (s; dppf) ppm. MS (MALDI) m/z (%) 3031 (12) [M + K]
+
. Anal. Calcd (%) for 

C148H124Au2F12FeO4P12Ru2S2 (Mw = 3282.24): C 54.2, H 3.8 %. Found: C 54.4, H 3.9 %. 

 

[{Ru(CH=CHC6H4Me-4)(CO)(PPh3)2(O2CC6H4S-4)}2] (12) 

Using the same procedure used to prepare 2, reaction between compound 1 (6.4 mg, 0.021 

mmol), sodium methoxide (2.3 mg, 0.043 mmol) and [Ru(CH=CHC6H4Me–

4)Cl(CO)(BTD)(PPh3)2] (40 mg, 0.042 mmol) provided an orange solid. Yield: 24 mg (62%). 

IR (solid state): 1917 (νCO), 1575 (νC-O), 1507, 1481, 1418, 1185, 1094, 862, 742, 691 cm
–1

. 

1
H NMR (CD2Cl2):  2.22 (s, 6H; CH3), 5.85 (d, JHH = 15.5 Hz, 2H; Hβ), 6.38, 6.82 (d x 2, 

JHH = 7.8 Hz, 2 x 4H; C6H4Me), 7.05, 7.10 (d x 2, JHH = 8.6 Hz, 2 x 4H; C6H4S), 7.28 – 7.51 

(m, 60H; C6H5), 7.82 (dt, JHH = 15.5 Hz, JHP unresolved, 2H; Hα) ppm. 
13

C{
1
H} NMR 

(CD2Cl2, 400 MHz): δ 202.4 (t, JPC =  11.3 Hz, CO), 176.4 (s, CO2), 152.5 (s, CS), 139.2 

(t(br), JPC unresolved, Cα), 138.1 (s, C
1/4

-C6H4), 134.3 (t
v
, JPC = 5.5 Hz; o/m-C6H5), 133.4 

(t(br), JPC unresolved, Cβ), 132.9, 132.0, 131.9 (s x 3, C
1/4

-C6H4), 131.3 (t
v
, JPC = 21.3 Hz; 

ipso-C6H5), 129.8 (s, p-C6H5), 128.5, 128.2 (s x 2, o/m-C6H4), 127.9 (t
v
, JPC = 3.9 Hz, o/m-

C6H5), 125.3, 124.5 (s x 2, o/m-C6H4), 20.6 (s, CH3) ppm. 
31

P{
1
H} NMR (CD2Cl2):  37.7 (s; 

PPh3) ppm. MS (ES +ve) m/z (%) 1885 (2) [M
 
+ K]

+
, 1175 (14) [M – vinyl – CO – 2PPh3]

+
. 

Anal. Calcd (%) for C106H86O6P4Ru2S2 (Mw = 1845.98): C 69.0, H 4.7 %. Found: C 68.8, H 

4.8 %. 



 

[{Os(CH=CHC6H4Me-4)(CO)(PPh3)2(O2CC6H4S-4)}2] (13) 

Using the same procedure employed to prepare 2, reaction between compound 1 (5.8 mg, 

0.019 mmol), sodium methoxide (2.0 mg, 0.037 mmol) and [Os(CH=CHC6H4Me–

4)Cl(CO)(BTD)(PPh3)2] (40 mg, 0.039 mmol) provided a yellow solid. Yield: 26 mg (66%). 

IR (solid state): 1906 (νCO), 1592 (νC-O), 1507, 1482, 1433, 1186, 1095, 868, 742, 691 cm
–1

. 

1
H NMR (acetone–d6):  2.21 (s, 6H; CH3), 5.78 (d, JHH = 16.0 Hz, 2H; Hβ), 6.37, 6.75 (d x 

2, JHH = 7.8 Hz, 2 x 4H; C6H4Me), 7.08, 7.20 (d x 2, JHH = 8.6 Hz, 2 x 4H; C6H4S), 7.32 – 

7.48 (m, 60H; C6H5), 8.21 (dt, JHH = 16.0, JHP = 2.1 Hz, 2H; Hα) ppm. 
31

P{
1
H} NMR 

(acetone–d6):  18.5 (s; PPh3) ppm. MS (ES +ve) m/z (%) 2025 (46) [M]
+
; Anal. Calcd (%) 

for C106H86O6Os2P4S2 (Mw = 2024.30): C 62.9, H 4.3 %. Found: C 62.8, H 4.2 %. 

 

[{Os{CH=CH-bpyReCl(CO)3}(CO)(PPh3)2(O2CC6H4S-4)}2] (14) 

Using the same procedure used to prepare 2, reaction between compound 1 (5.5 mg, 0.018 

mmol), sodium methoxide (2.0 mg, 0.037 mmol) and [Os{CH=CH–

bpyReCl(CO)3}Cl(CO)(BTD)(PPh3)2] (50 mg, 0.036 mmol) provided an orange solid. Yield: 

44 mg (89%). Recrystallization from a dichloromethane solution of 13 layered with diethyl 

ether produced microcrystals, which were used for elemental analysis. IR (solid state): 2015 

(νCO), 1882 (νCO), 1586 (νC-O), 1433, 1352, 1184, 1094, 745, 692 cm
–1

. 
1
H NMR (acetone–

d6):  5.72 (d, JHH = 16.2 Hz, 2H; Hβ), 7.14, 7.22 (d x 2, JHH = 8.4 Hz, 2 x 4H; C6H4S), 7.30 

– 7.46 (m, 60H + 2H; C6H5 + bpy), 7.65 (t, JHH = 6.4 Hz, 2H; bpy), 8.00 (s, 2H; bpy), 8.14 (d, 

JHH = 8.3 Hz, 2H; bpy), 8.22 (t, JHH = 7.6 Hz, 2H; bpy), 8.41 (d, JHH = 7.6 Hz, 2H; bpy), 9.01 

(d, JHH = 4.7 Hz, 2H; bpy), 9.36 (dt, JHH = 16.2 Hz, JHP unresolved, 2H; Hα) ppm. 
31

P{
1
H} 

NMR (acetone–d6):  19.4 (s; PPh3) ppm. MS (MALDI) m/z (%) 1867 (40) [M – 3PPh3 – 

4CO]
+
; Anal. Calcd (%) for C118H86Cl2N4O12Os2P4Re2S2·5CH2Cl2 (Mw = 3188.43, Mw = 

2763.77 in absence of solvation): C 46.3, H 3.0, N 1.8 %. Found: C 46.5, H 2.9, N 2.2 %. 

 

[(dppf){AuSC6H4CO2Os(CH=CH-bpyReCl(CO)3)(CO)(PPh3)2}2] (15) 

Using the same procedure employed to prepare 11, with [dppf(AuSC6H4CO2H)2] (23 mg, 

0.018 mmol), sodium methoxide (2.0 mg, 0.037 mmol) and [Os{CH=CH–

bypReCl(CO)3}Cl(CO)(BTD)(PPh3)2] (50 mg, 0.036 mmol) provided an orange solid. Yield: 

47 mg (70%). IR (solid state): 2016 (νCO), 1886 (νCO), 1586 (νC-O), 1534, 1469, 1420, 1355, 

1168, 1095, 869, 744, 692 cm
–1

.
 1

H NMR (CD2Cl2):  4.30, 4.64 (s(br) x 2, 2 x 4H; C5H4), 



5.63 (d, JHH = 15.8 Hz, 2H; Hβ), 6.89 (d x 2, JHH = 8.4 Hz, 4H; C6H4), 6.96 (dd, JHH = 8.6, 

1.9 Hz, 2H; bpy), 7.25 (d x 2, JHH = 8.4 Hz, 4H; C6H4), 7.30 – 7.62 (m, 80H + 4H; C6H5 + 

bpy), 7.75 (d, JHH = 8.6 Hz, 2H; bpy), 7.92 (s, 2H; bpy), 8.01 (m, 4H; bpy), 8.95 (d, JHH = 

5.5 Hz, 2H; bpy), 9.38 (dt, JHH = 15.8 Hz, JHP = 1.8 Hz, 2H; Hα) ppm. 
31

P{
1
H} NMR 

(CD2Cl2):  19.0 (s; PPh3), 32.5 (s(br); dppf) ppm. MS (MALDI) m/z (%) 3537 (100) [M – Cl 

– 5CO]
+
; Anal. Calcd (%) for C152H114Au2Cl2FeN4O12Os2P6Re2S2 (Mw = 3712.08): C 49.2, H 

3.1, N 1.5 %. Found: C 49.2, H 3.2, N 1.6 %. 

 

[(Ph3P)Au(SC6H4CO2-4)Ru(CH=CHC6H4Me-4)(CO)(PPh3)2] (16) 

Using the same procedure as employed for the preparation of 4, with 

[Au(SC6H4CO2H)(PPh3)] (15 mg, 0.025 mmol), sodium methoxide (1.4 mg, 0.026 mmol) 

and [Ru(CH=CHC6H4Me–4)Cl(CO)(BTD)(PPh3)2] (23 mg, 0.025 mmol) provided a light 

yellow solid. Yield: 22 mg (64%). IR (solid state): 1908 (νCO), 1586 (νC-O), 1481, 1425, 1175, 

1095, 863, 742, 692 cm
–1

.
 1

H NMR (CD2Cl2):  2.23 (s, 3H; CH3), 5.83 (d, JHH = 15.4, 1H; 

Hβ), 6.39, 6.83 (d x 2, JHH = 8.0 Hz, 4H; C6H4Me), 6.85, 7.20 (d x 2, JHH = 8.3 Hz, 4H; 

SC6H4), 7.32 – 7.40, 7.46 – 7.63 (m x 2, 45H; C6H5), 7.85 (dt, JHH = 15.4, JHP = 2.6 Hz, 1H; 

Hα) ppm. 
13

C{
1
H} NMR (CD2Cl2, 500 MHz): δ 207.1 (t, JPC = 15.3 Hz, CO), 178.2 (s, CO2), 

153.5 (t, JPC = 11.7 Hz, Cα), 147.6 (s, CS), 138.6 (s, C
1/4

-C6H4), 134.7 (t
v
, JPC = 5.8 Hz, o/m-

RuPC6H5), 134.5 (d, JPC = 13.7 Hz, o/m-AuPC6H5), 133.8 (t(br), JPC unresolved, Cβ), 133.3 

(s, C
1/4

-C6H4), 132.2 (s, p-AuPC6H5), 131.9 (t
v
, JPC = 21.4 Hz, ipso-RuPC6H5), 130.7 (s, o/m-

C6H4), 130.5 (s, C
1/4

-C6H4), 130.1 (s, p-RuPC6H5), 129.7 (d, JPC = 11.2 Hz, o/m-AuPC6H5), 

129.3 (d, JPC = 25.3 Hz, ipso-AuPC6H5), 128.6 (s, o/m-C6H4), 128.3 (t
v
, JPC = 5.6 Hz, o/m-

RuPC6H5), 127.9, 124.5 (s x 2, o/m-C6H4), 20.9 (s,CH3) ppm. 
31

P{
1
H} NMR (CD2Cl2):  37.5 

(s; RuPPh3), 38.7 (s; AuPPh3). MS (ES +ve) m/z (%) 1405 (5) [M + Na]
+
; Anal. Calcd (%) 

for C71H58AuO3P3RuS (Mw = 1382.24): C 61.7, H 4.2%. Found: C 61.7, H 4.1 %. 

 

[(IDip)Au(SC6H4CO2-4)Ru(CH=CHC6H4Me-4)(CO)(PPh3)2] (17) 

Employing the same procedure as used for the synthesis of 4, with [Au(SC6H4CO2H)(IDip)] 

(15 mg, 0.020 mmol), sodium methoxide (1.1 mg, 0.020 mmol) and [Ru(CH=CHC6H4Me–

4)Cl(CO)(BTD)(PPh3)2] (20 mg, 0.020 mmol) provided a yellow solid. Yield: 21 mg (70%). 

IR (solid state): 2960, 1923 (νCO), 1723, 1587 (νC-O), 1480, 1417, 1260, 1172, 1093, 801, 746, 

691 cm
-1

. 
1
H NMR (CD2Cl2):  1.28, 1.34 (d x 2, JHH = 6.9 Hz, 2 x 12H; IDip-CH3), 2.23 (s, 

3H; tolyl-CH3), 2.65 (sep, JHH = 6.9 Hz, 4H; CHMe2), 5.82 (d, JHH = 15.3 Hz, 1H; Hβ), 6.41 



(d, JHH = 8.0 Hz, 2H; C6H4), 6.43 (d, JHH = 8.3 Hz, 2H; C6H4), 6.58 (d, JHH = 8.3 Hz, 2H; 

C6H4), 6.84 (d, JHH = 8.0 Hz, 2H; C6H4), 7.29 (s, 2H; NCH), 7.33 – 7.41, 7.48 – 7.52 (m x 2, 

30H + 4H; C6H5 + m-C6H3), 7.60 (t, JHH = 7.8 Hz, 2H; p-C6H3), 7.88 (dt, JHH = 15.3, JHP = 2.7 

Hz, 1H; Hα) ppm. 
31

P{
1
H} NMR (CD2Cl2):  37.4 (s; PPh3). MS (ES +ve) m/z (%) 1554 (1) 

[M + 2Na]
+
, 1269 (50) [M – PPh3 + Na]

+
. Anal. Calcd (%) for C80H79AuN2O3P2RuS (Mw = 

1508.54): C 63.7, H 5.3, N 1.9 %. Found: C 63.5, H 5.2, N 2.1 %. 

 

[(Ph3P)Au(SC6H4CO2-4)Ru(C(C≡CPh)=CHPh)(CO)(PPh3)2] (18) 

Employing the same procedure as used for the synthesis of 4, with [Au(SC6H4CO2H)(PPh3)] 

(35 mg, 0.057 mmol), sodium methoxide (3.1 mg, 0.057 mmol) and 

[Ru(C(C≡CPh)=CHPh)(CO)(PPh3)2] (50 mg, 0.057 mmol) provided a yellow solid. Yield: 57 

mg (68%). IR (solid state): 2163 (νC≡C), 1919 (νCO), 1588 (νC-O), 1481, 1433, 1419, 1173, 

1094, 864, 742, 690 cm
–1

.
 1

H NMR (CD2Cl2):  6.08 (s(br), 1H; CHPh), 6.86 (d, JHH = 8.1 

Hz, 2H; C6H4Me), 7.00, 7.10, 7.17 – 7.72 (m x 3, 42H; C6H4Me + CC6H5 + PC6H5) ppm. 

13
C{

1
H} NMR (CD2Cl2, 500 MHz): δ 207.4 (t, JPC = 15.0 Hz, CO), 178.0 (s, CO2), 147.6 (s, 

CS), 140.4 (t(br), JPC unresolved, Cα), 134.9 (t
v
, JPC = 5.9 Hz, o/m-RuPC6H5), 134.5 (d, JPC = 

13.6 Hz, o/m-AuPC6H5), 132.2 (s, p-AuPC6H5), 131.7 (s, o/m-C6H4), 131.2 (t
v
, JPC = 21.6 Hz, 

ipso-RuPC6H5), 130.6 (s, o/m-C6H4), 130.1 (s, p-RuPC6H5), 129.7 (d, JPC = 25.7 Hz, ipso-

AuPC6H5), 129.6 (d, JPC = 11.2 Hz, o/m-AuPC6H5), 128.9 (s, quaternary-C), 128.5 (s, 

CC6H5), 128.1 (t
v
, JPC = 5.0 Hz, o/m-RuPC6H5), 127.8, 127.4 (s x 2, CC6H5), 127.3 (s, 

quaternary-C), 126.6 (t(br), JPC unresolved, Cβ), 124.9 (s, CC6H5) ppm. 
31

P{
1
H} NMR 

(CD2Cl2):  37.5 (s; RuPPh3), 37.1 (s; AuPPh3). MS (ES +ve) m/z (%) 1469 (6) [M]
+
; Anal. 

Calcd (%) for C78H60AuO3P3RuS (Mw = 1468.33): C 63.8, H 4.1%. Found: C 63.7, H 4.0 %. 

 

[(Ph3P)Au(SC6H4CO2-4)Os(CH=CHC6H4Me-4)(CO)(PPh3)2] (19) 

Using the same procedure as employed to prepare 4, with [Au(SC6H4CO2H)(PPh3)] (15 mg, 

0.025 mmol), sodium methoxide (1.4 mg, 0.026 mmol) and [Os(CH=CHC6H4Me–

4)Cl(CO)(BTD)(PPh3)2] (25 mg, 0.024 mmol) provided a yellow solid. Yield: 27 mg (77%). 

IR (solid state): 1893 (νCO), 1586 (νC-O), 1480, 1430, 1176, 1096, 868, 742, 692 cm
-1

. 
1
H 

NMR (CD2Cl2):  2.22 (s, 3H; CH3), 5.69 (d, JHH = 15.9 Hz, 1H; Hβ), 6.38 (d, JHH = 8.0 Hz, 

2H; C6H4Me), 6.81 (d, JHH = 8.3 Hz, 2H; SC6H4), 6.82 (d, JHH = 8.0 Hz, 2H; C6H4Me), 7.22 

(d, JHH = 8.3 Hz, 2H; SC6H4), 7.33 – 7.63 (m, 45H; C6H5), 8.21 (dt, JHH = 15.9 Hz, JHH = 1.9 

Hz, 1H; Hα) ppm. 
31

P{
1
H} NMR (CD2Cl2):  18.3 (s; OsPPh3), 38.8 (s; AuPPh3). MS (ES 



+ve) m/z (%) 1471 (2) [M]
+
; Anal. Calcd (%) for C71H58AuO3OsP3S (Mw = 1471.40): C 58.0, 

H 4.0 %. Found: C 57.9, H 3.9 %. 

 

[(IDip)Au(SC6H4CO2-4)Os(CH=CHC6H4Me-4)(CO)(PPh3)2] (20) 

Employing the same procedure used to synthesize 4, with [Au(SC6H4CO2H)(IDip)] (15 mg, 

0.020 mmol), sodium methoxide (1.1 mg, 0.020 mmol) and [Os(CH=CHC6H4Me–

4)Cl(CO)(BTD)(PPh3)2] (21 mg, 0.020 mmol) provided a pale yellow solid. Yield: 17 mg 

(53%). IR (solid state): 2959, 1891 (νCO), 1587 (νC-O), 1479, 1419, 1174, 1095, 868, 803, 745, 

693 cm
-1

. 
1
H NMR (CD2Cl2):  1.28, 1.34 (d x 2, JHH = 6.8 Hz, 2 x 12H; IDip-CH3), 2.22 (s, 

3H; tolyl-CH3 ), 2.64 (sep, JHH = 6.9 Hz, 4H; CHMe2), 5.68 (d, JHH = 15.9 Hz, 1H; Hβ), 6.40 

(d, JHH = 7.8 Hz, 2H; C6H4Me), 6.45, 6.53 (d x 2, JHH = 8.3 Hz, 2 x 2H; SC6H4), 6.82 (d, JHH 

= 7.8 Hz, 2H; C6H4Me), 7.29 (s, 2H; NCH), 7.33 – 7.51 (m, 30H + 4H; C6H5 + m-C6H3), 7.60 

(t, JHH = 7.8 Hz, 2H; p-C6H3), 8.23 (dt, JHH = 15.9 Hz, JHP = 2.0 Hz, 1H; Hα) ppm. 
31

P{
1
H} 

NMR (CD2Cl2):  18.0 (s; PPh3) ppm. MS (ES +ve) m/z (%) 1599 (27) [M + H]
+
; Anal. 

Calcd (%) for C80H79AuN2O3OsP2S (Mw = 1597.71): C 60.1, H 5.0, N 1.8 %. Found: C 59.9, 

H 4.9, N 1.8 %. 

 

[(Ph3P)Au(SC6H4CO2-4)Ru{CH=CH-bpyReCl(CO)3}(CO)(PPh3)2] (21) 

Employing the same procedure used to synthesize 4, with [Au(SC6H4CO2H)(PPh3)] (23 mg, 

0.038 mmol), sodium methoxide (2.1 mg, 0.039 mmol) and [Ru{CH=CH-

bpyReCl(CO)3}Cl(CO)(BTD)(PPh3)2] (50 mg, 0.038 mmol) provided an orange solid. Yield: 

61 mg (92%). IR (solid state): 2016 (νCO), 1909 (νCO), 1885 (νCO), 1587 (νC-O), 1535, 1481, 

1434, 1419, 1176, 1095, 862, 744, 692 cm
-1

. 
1
H NMR (CD2Cl2):  5.78 (d, JHH = 15.6 Hz, 

1H; Hβ), 6.92 (d, JHH = 8.5 Hz, 2H; SC6H4), 6.98 (dd, JHH = 8.6, 2.0 Hz, 1H; bpy), 7.21 (d, 

JHH = 8.5 Hz, 2H; SC6H4), 7.36 – 7.61 (m, 45H; C6H5), 7.78 (d, JHH = 8.5 Hz, 2H; bpy), 7.92 

(s(br), 1H; bpy), 8.02 (m, 2H; bpy), 8.92 (dt, JHH = 15.6 Hz, JHH = 2.5 Hz, 1H; Hα), 8.97 (d, 

JHH = 5.4 Hz, 1H; bpy) ppm. 
31

P{
1
H} NMR (CD2Cl2):  37.9 (s; RuPPh3), 38.0 (s; AuPPh3). 

MS (ES +ve) m/z (%) 1753 (22) [M]
+
, 1793 (62) [M + K]

+
; Anal. Calcd (%) for 

C77H58AuClN2O6P3ReRuS (Mw = 1751.98): C 52.8, H 3.3, N 1.6 %. Found: C 52.6, H 3.4, N 

1.7 %. 

 

 

 



[(IDip)Au(SC6H4CO2-4)Os{CH=CH-bpyReCl(CO)3}(CO)(PPh3)2] (22) 

Using the same procedure employed for the preparation of 4, with [Au(SC6H4CO2H)(IDip)] 

(13 mg, 0.018 mmol), sodium methoxide (1.0 mg, 0.019 mmol) and [Os{CH=CH–

bpyReCl(CO)3}Cl(CO)(BTD)(PPh3)2] (24 mg, 0.017 mmol) provided an orange solid. Yield: 

23 mg (69%). IR: 2964, 2014 (νCO), 1882 (νCO), 1586 (νC-O), 1532, 1469, 1434, 1418, 1239, 

1168, 1094, 802, 744, 692 cm
-1

. 
1
H NMR (CD2Cl2):  1.30, 1.35 (d x 2, JHH = 6.8 Hz, 2 x 

12H; IDip-CH3), 2.66 (sep, JHH = 6.9 Hz, 4H; CHMe2), 5.64 (d, JHH = 15.7 Hz, 1H; Hβ), 

6.47, 6.59 (d x 2, JHH = 8.4 Hz, 2 x 2H; SC6H4), 6.98 (dd, JHH = 8.6, 1.8 Hz, 1H; bpy), 7.31 

(s, 2H; NCH), 7.27 – 7.50 (m, 30H + 4H + 1H; C6H5 + m-C6H3 + bpy), 7.64 (t, JHH = 8.6 Hz, 

2H; p-C6H3), 7.77 (d, JHH = 8.6 Hz, 1H; bpy), 7.95 (s, 1H; bpy), 8.02 (m, 2H; bpy), 8.96 (d, 

JHH = 5.6 Hz, 1H; bpy), 9.43 (dt, JHH = 15.7 Hz, JHP = 1.8 Hz, 1H; Hα) ppm. 
31

P{
1
H} NMR 

(CD2Cl2):  18.9 (s, PPh3) ppm. MS (ES +ve) m/z (%) 1967 (2) [M]
+
; Anal. Calcd (%) for 

C86H79AuClN4O6OsP2ReS.CH2Cl2 (Mw = 2052.37, Mw = 1967.44 in absence of solvation): C 

50.9, H 4.0, N 2.7. Found: C 50.6, H 3.8, N 2.8 %. 

 

Au
2.9

@[SC6H4CO2Ru(dppm)2]PF6 (NP1) 

A solution of tetracholoroauric acid trihydrate (50.0 mg, 0.127 mmol) in methanol (10 mL) 

was added to a solution of 2 (149 mg, 0.064 mmol) in methanol (5 mL). The mixture was 

stirred for 30 minutes at room temperature and then cooled to 4 °C. A fresh solution of 

sodium borohydride (40.4 mg, 1.063 mmol) in water (3 mL) was then added dropwise. The 

color of the solution changed from yellow to dark brown indicating the formation of 

nanoparticles. The mixture was stirred for a further 3 hours at 10 °C. The supernatant was 

removed by centrifugation and the brown solid was washed with water (3 x 10 mL) and 

dichloromethane (10 mL) to remove unattached surface units. The black nanoparticles (40 

mg) were dried under vacuum and stored under nitrogen. IR (solid state): 1575 (C=O), 1483, 

1435, 1096, 999, 817 (PF), 724, 685 cm
-1

; 
1
H NMR (dmso-d6, 500 MHz):  4.44, 5.76 (m x 

2, 2 x 2H; PCH2P), 6.59 (m, 4H; C6H5), 7.08, 7.24, 7.37, 7.53, 7.70, 7.93 (m x 6, 36 H + 4 H; 

C6H5 + C6H4) ppm; 
31

P{
1
H} NMR (dmso-d6, 500 MHz):  −18.6, −3.2 (pseudoquartet x 2, 

JPP = 35.7 Hz; dppm) ppm. TEM: Analysis of over 200 nanoparticles gave a size of 2.9  0.2 

nm. EDS: Confirmed the presence of gold and ruthenium and indicated presence of sulfur, 

phosphorus, oxygen and fluorine. TGA: 37.8% surface units, 62.2% gold and ruthenium 

(Au8.4(SC6H4CO2Ru(dppm)2)PF6). 

 



Au
11.9

@[SC6H4CO2Ru(dppm)2]PF6 (NP2) 

Tetrachloroauric acid trihydrate (20 mg, 0.051 mmol) was dissolved in ultrapure water (60 

mL). The solution was heated to reflux for 20 minutes. A pre-heated aqueous solution (4 mL) 

of trisodium citrate (52.7 mg, 0.204 mmol) was added. The heating source was quickly 

removed and the stirred solution was left to cool to room temperature. A mixture of methanol 

and acetonitrile solution (3 mL) of 2 (179 mg, 0.077 mmol) was added and the mixture 

stirred for 3 hours at room temperature after which it was stored at 4ºC overnight in order to 

allow the nanoparticles formed to settle. The supernatant was removed and the nanoparticles 

were washed with water (3 x 10 mL) and centrifuged. Methanol (3 x 10 mL) and 

dichloromethane (10 mL) washes were employed to remove unattached surface units. The 

resulting dark blue solid (112 mg) isolated was dried under vacuum and stored under 

nitrogen. IR (solid state): 1586 (C-O), 1485, 1436, 1098, 1000, 834 (PF), 735, 698 cm
-1

; 
1
H 

NMR (dmso-d6, 500 MHz):  4.43, 5.74 (m x 2, 2 x 2H; PCH2P), 6.61 (m, 4H; C6H5), 7.10, 

7.26, 7.38, 7.54, 7.72, 7.94 (m x 6, 36H + 4H; C6H5 + C6H4) ppm; 
31

P{
1
H} NMR (dmso-d6, 

500 MHz):  −18.6, −3.2 (pseudotriplet x 2, JPP = 35.6 Hz; dppm) ppm. TEM: Analysis of 

over 200 nanoparticles gave a size of 11.9  0.9 nm. EDS: Confirmed the presence of gold 

and ruthenium and indicated presence of sulfur, phosphorus, oxygen and fluorine. TGA: 

42.5% surface units, 57.5% gold and ruthenium (Au6.8(SC6H4CO2Ru(dppm)2)PF6).  

 

Au@[SC6H4CO2H] (NP3) 

Heating PPN[Au(SC6H4CO2H-4)2] (PPN = bis(triphenylphosphine)iminium) (25 mg, 0.024 

mmol) in acetone (5 mL) with excess sodium borohydride (18 mg, 0.476 mmol) results in the 

darkening of the solution and the formation of a fine black solid, which were washed with 

water (3 x 10 mL) and Methanol (2 x 10 mL) and centrifuged. The resulting black solid (11 

mg) was dried under vacuum. IR (solid state): 1587 (C-O), 1482, 1436, 1096 cm
-1

; 
1
H NMR 

(dmso-d6):  7.45, 7.56 (m(br) x 2, 4H; C6H4) ppm; TEM: Analysis of over 100 nanoparticles 

gave a size of 4.1  0.7 nm. EDS: Confirmed the presence of gold and sulfur. 

 

Pd@[SC6H4CO2Ru(dppm)2]PF6 (NP4) 

[PdCl2(NCMe)2] (13 mg, 0.050 mmol) and tetraoctylammonium bromide (109 mg, 0.200 

mmol) were dissolved in dry tetrahydrofuran (10 mL) under an inert atmosphere. After 10 

minutes stirring, lithium triethylborohydride (1 M tetrahydrofuran solution, 0.15 mL, 3 eq.) 

was added with vigorous stirring. The solution faded from red to black indicating the 



formation of nanoparticles. After 30 minutes, a solution of 2 (117 mg, 0.050 mmol) in a 2:1 

mixture of dry tetrahydrofuran and dry acetonitrile was added (3 mL). The mixture was 

stirred overnight at room temperature. The mixture was then centrifuged and the supernatant 

removed. The remaining solid was washed with methanol (2 x 10 mL) and acetone (2 x 10 

mL). The resultant black solid (16.5 mg) was dried under vacuum and stored under nitrogen. 

It was found to be insoluble in all available deuterated solvents so no NMR data could be 

recorded. IR (solid state): 1585 (C-O), 1485, 1435, 1098, 828 (PF) cm
-1

. TEM: Analysis of 

over 200 nanoparticles gave a size of 2.2  0.2 nm. EDS: Confirmed the presence of 

palladium and ruthenium and indicated presence of sulfur, phosphorus, oxygen and fluorine. 

TGA: 38.4% surface units, 61.6% palladium and ruthenium 

(Pd15.1(SC6H4CO2Ru(dppm)2)PF6).  
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A versatile dicarboxylic linker based on a disulfide unit is used to prepare a series of 

heteromultimetallic complexes incorporating between 2-7 transition metal centres, including 

examples with three different metals within the same molecular assembly. The same sulfur-

oxygen linker provides a straightforward and versatile route to the immobilization of 

transition metal units on the surface of gold nanoparticles. 
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S.1 Selected NMR spectra 

 

Fig. S1-1. 
1
H NMR spectrum of [{Ru(dppm)2(O2CC6H4S-4)}2](PF6)2 (2) in CD2Cl2 (spinning 

sidebands visible). 

 

 

Fig. S1-2. 
13

C{
1
H} NMR spectrum of [{Ru(dppm)2(O2CC6H4S-4)}2](PF6)2 (2) in CD2Cl2. 



 

Fig. S1-3. 
1
H NMR spectrum of [(dppf){AuSC6H4CO2Os(CH=CH-

bpyReCl(CO)3)(CO)(PPh3)2}2] (15) in CD2Cl2 (spinning sidebands visible). 

 

Fig. S1-4. 
1
H NMR spectrum of [(Ph3P)Au(SC6H4CO2-4)Ru(CH=CHC6H4Me-

4)(CO)(PPh3)2] (16) in CD2Cl2 (spinning sidebands visible). 



 

Fig. S1-5. 
13

C{
1
H} NMR spectrum of [(Ph3P)Au(SC6H4CO2-4)Ru(CH=CHC6H4Me-

4)(CO)(PPh3)2] (16) in CD2Cl2. 

 

 

Fig. S1-6. 
1
H NMR spectrum of [(IDip)Au(SC6H4CO2-4)Os(CH=CHC6H4Me-

4)(CO)(PPh3)2] (20) in CD2Cl2 (spinning sidebands visible). 



S.2 TEM, EDS and TGA data for NP1-NP4 

 

General Comments. TEM images and EDS data were obtained at Imperial College using a 

JEOL 2010 high-resolution TEM (80-200 kV) equipped with an Oxford Instruments INCA 

EDS 80mm X-Max detector system. Thermogravimetric analysis was performed on a Mettler 

Toledo DSC 1LF/UMX Thermogravimetric Analyzer, using a platinum sample holder. The 

protocol used was to heat between 30-105 °C at 35 °C per minute then hold at 105 °C for 10 

minutes before continuing to heat between 105-800 °C at 10 °C per minute. ICP-AES 

analyses were performed using a Perkin-Elmer 2000 DV ICP-OE spectrometer. 

 

Analysis for Au
2.9

@[SC6H4CO2Ru(dppm)2]PF6 (NP1)
 

 

Transmission Electron Microscopy (TEM) 

Average diameter 2.9 nm 0.2 based on over 200 nanoparticles. 

 

   

Energy dispersive X-ray spectroscopy (EDS) 

 

Confirms presence of Au and Ru. Presence of P/S and O/F indicated but not unambiguous. 



Thermogravimetric analysis (TGA) 

TGA was used to estimate the proportion of the mass attributable to the surface units. A 

sample of mass 1.530 mg of NP1 was heated from 30 °C to 800 °C (total data points recorded 

in run: 4898). The reduction in mass was 37.8%, leaving gold and ruthenium metal (62.2%) 

as the only residue. 

 

 

 

Analysis of Au
11.9

@[SC6H4CO2Ru(dppm)2]PF6 (NP2)
 

 

Transmission Electron Microscopy (TEM) 

Average diameter 11.9 nm 0.9 based on over 200 nanoparticles. 
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Energy dispersive X-ray spectroscopy (EDS) 

 

Confirms presence of Au and Ru. Presence of P/S and O/F indicated but not unambiguous. 

 

 

Thermogravimetric analysis (TGA) 

TGA was used to estimate the proportion of the mass attributable to the surface units. A 

sample of mass 0.779 mg of NP2 was heated from 30 °C to 800 °C (total data points recorded 

in run: 4898). The reduction in mass was 42.5%, leaving gold and ruthenium metal (57.5%) 

as the only residue. 
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Analysis of Au@SC6H4CO2H (NP3)
 

 

Transmission Electron Microscopy (TEM) 

Average diameter 4.1 nm 0.7 based on over 100 nanoparticles. 

 

 

 

Energy dispersive X-ray spectroscopy (EDS) 

 

 



Analysis for Pd@[SC6H4CO2Ru(dppm)2]PF6 (NP4)
 

 

Transmission Electron Microcopy (TEM) 

Average diameter 2.2 nm  0.2 based on over 200 nanoparticles 

 

 

 

 

Energy dispersive X-ray spectroscopy (EDS) 

 

Confirms presence of Pd and Ru. Presence of P/S and O/F indicated but not unambiguous. 
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Thermogravimetric analysis (TGA) 

TGA was used to estimate the proportion of the mass attributable to the surface units. A 

sample of mass 1.514 mg of NP3 was heated from 30 °C to 800 °C (total points recorded in 

run: 4898). The reduction in mass was 38.4%, leaving palladium and ruthenium metal 

(61.6%) as the only residue. 
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S.3 The Signer apparatus for molecular weight determination
S1-3

 

 

The apparatus is shown below. Similar masses (10 mg) of the complex to be 

examined (‘unknown’) and a standard are weighed (to 4 decimal places) and dissolved, 

separately, in dichloromethane (~2-3 mL). These solutions are introduced to the separate 

bulbs of the apparatus and the taps closed. One valve is then attached to the Schlenk line and 

a very slight vacuum created. The apparatus is placed in a warm place and is left undisturbed 

while the vapour pressures equilibrate through the glass frit connecting the bulbs. To make 

the measurement, the apparatus is rotated so that the solvent fills the arms and the heights 

from the sealed end in both arms are determined. The heights of the solvent in the two arms 

will be proportional to the volume of solution. Readings are taken over a two day period until 

the measurements stabilise. 

 

 

Fig. S3-1. The Signer apparatus for molecular weight determination. 

 

Ferrocene (Mw = 186.03) is typically used as a standard, however, the standard should 

ideally have a similar molecular weight to the unknown being determined. For this reason, 

Vaska’s complex (Mw =780.25) was used for the determinations in this work. The stability of 

the standard in CD2Cl2 was confirmed by 
31

P NMR spectroscopy over a period of days. 

 

The molecular weight is then given by: 

 

Where: 

Mx and Ms are the molar masses of the unknown and of the standard. 

mx and ms are the masses of the unknown and of the standard used in the experiment. 

hx and hs are the heights of the unknown and standard solutions in the arms. 



S.4 Crystallography 

 

The X-ray crystal structure of 21 

Crystal data for 21: C77H58AuClN2O6P3ReRuS·3.5(CH2Cl2), M = 2049.15, triclinic, P-1 (no. 

2), a = 14.3062(4), b = 14.7789(5), c = 21.4417(6) Å, α = 70.190(3), β = 73.377(3), γ = 

75.105(3)°, V = 4021.9(2) Å
3
, Z = 2, Dc = 1.692 g cm

–3
, μ(Mo-Kα) = 3.910 mm

–1
, T = 173 K, 

orange blocks, Agilent Xcalibur 3E diffractometer; 15727 independent measured reflections 

(Rint = 0.0277), F
2
 refinement,

S4
 R1(obs) = 0.0434, wR2(all) = 0.1036, 11383 independent 

observed absorption-corrected reflections [|Fo| > 4σ(|Fo|), 2θmax = 57°], 853 parameters. 

CCDC 1496662. 

 

The mutually trans Cl1 chloride and C85/O85 carbonyl ligands bound to the rhenium 

center in the structure of 21 were found to be disordered, with a second orientation having the 

two ligands occupying exchanged positions. The geometries of the two orientations (of ca. 63 

and 37% occupancy) were optimized and the thermal parameters of adjacent atoms were 

restrained to be similar. Only the atoms of the major occupancy orientation were refined 

anisotropically (those of the minor occupancy orientation were refined isotropically). Both 

the C51- and C76-associated phenyl rings were found to be disordered. In each case, two 

orientations were identified, of ca. 79:21 and 60:40% occupancy respectively. Their 

geometries were idealized, the thermal parameters of adjacent atoms were restrained to be 

similar, and only the non-hydrogen atoms of the major occupancy orientations were refined 

anisotropically (those of the minor occupancy orientations were refined isotropically). 

The included solvent was found to be highly disordered and the best approach to handling 

this diffuse electron density was found to be the SQUEEZE routine of PLATON.
S5

 This 

suggested a total of 286 electrons per unit cell, equivalent to 143 electrons per asymmetric 

unit. Before the use of SQUEEZE the solvent most resembled dichloromethane (CH2Cl2, 42 

electrons), with 3.5 dichloromethane molecules corresponding to 147 electrons, so this was 

used as the solvent present. As a result, the atom list for the asymmetric unit is low by 

3.5(CH2Cl2) = C3.5H7Cl7 (and that for the unit cell is deficient by C7H14Cl14) compared to 

what is actually presumed to be present. 

 



 

 

Fig. S4-1. The crystal structure of 21 (50% probability ellipsoids). 
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