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The reaction of the triosmium cluster anion, [Os3(m-H)(CO)11]-

[PPN] (PPN = [N(PPh3)2]
+), with [AgPF6] in the presence of

[Ir(PPh3)2(CO)Cl] in THF at room temperature affords two

new high-nuclearity osmium–silver clusters, [Os13Ag9(CO)48]-

[PPN] (1) and [Os9Ag9(m3-O)2(CO)30][PPN] (2), and an iridium

complex, [Ir(PPh3)2(CO)Cl(O2)] (3).

The chemistry of high-nuclearity metal clusters, in particular

heterometallic clusters, has been of increasing interest, as they serve

as good catalysts for many economically important industrial

reactions, such as the hydrogenation, hydroformylation and

carbonylation of olefins.1 Attention has turned to this class of

compounds recently because they serve as good precursors in the

synthesis of mixed-metal nanostructures.2

To our knowledge, only a very limited number of osmium–silver

clusters have been prepared3,4 due to the high oxidizing power of

silver salts, which may induce the oxidation of osmium clusters to

osmium metal oxides. Lewis4 reports the reaction of

[Os3(m-H)(CO)11][PPN] with [AgPF6] in refluxing THF, which

yielded an osmium–silver cluster, [{Os3(m-H)(CO)10}2Ag][PPN].

In general, silver and its mixed-metal clusters are known to form

open-structure metal cores. Only a very few examples have

demonstrated a closely packed metal structure, with the central

silver metal atoms usually stabilized by closely packed carbonyl

ligated transition metal layers.5 Silver salts react to form large

reactive cationic clusters in the presence of reducing agents that

serve as the intermediates in the formation of high-nuclearity

mixed-metal clusters.6 On the other hand, Vaska’s complex,

[Ir(PPh3)2(CO)Cl], has been studied for decades and is well-known

for its highly reversible oxygenation behaviour.7 However, it has

not been fully studied as a reducing agent. Herein, we report the

synthesis and structural characterization of two high-nuclearity

osmium–silver clusters using Vaska’s complex as the reducing

agent and for its unique irreversible oxygenation.

[AgPF6] (35 mg, 0.1384 mmol) was allowed to stir with Vaska’s

complex, [Ir(PPh3)2(CO)Cl] (30 mg, 0.0384 mmol), in THF (10 mL)

at room temperature until white precipitate was observed. Then,

the filtrate was transferred to another flask that contained

[Os3(m-H)(CO)11][PPN] (200 mg, 0.1358 mmol) via cannula. The

mixture was allowed to stir for another 15 min and was then

separated by TLC to yield [Os13Ag9(CO)48][PPN] (1) (86 mg,

50%), [Os9Ag9(m3-O)2(CO)30][PPN] (2) (18.9 mg, 10%) and

[Ir(PPh3)2(CO)Cl(O2)] (3) (12.5 mg, 40%). The reaction scheme is

shown in Scheme 1.

Red block crystals of 1 that were suitable for single-crystal

X-ray analysis were obtained from the saturated solution of

dichloromethane–diethyl ether–methanol at 220 uC after a week.

It was crystallized in its [PPN]+ salt with one dichloromethane

molecule and two water molecules as the solvents of crystallization

inside the crystal lattice.

Fig. 1 shows the molecular structure of [Os13Ag9(CO)48]
2 (1).{§

The metal framework consists of three ‘‘Ag3’’ units that are

arranged in a slightly distorted ‘‘ABA’’ arrangement with a

maximum deviation of 8.965u from the average Ag3 plane. No

direct bonding is observed between Ag(2) and Ag(3)

[Ag(2)…Ag(3), 3.600(3) Å] or between Ag(8) and Ag(9)

[Ag(8)…Ag(9), 3.595(2) Å]. Four triosmium units are bound at

the four sides of the silver core, whereas the middle trisilver unit

Ag(4)–Ag(5)–Ag(6) is edge-bridged by another osmium atom

(Os(7)) that is lying on the same plane. A similar asymmetric metal

core has been observed in another high-nuclearity osmium–

rhodium cluster, [Os12Rh9(CO)44(m-Cl)].8 The average Os–Ag

bond length observed is 2.904 Å, which falls into the typical range

of Os–Ag bonds (2.85 to 2.95 Å) that have been reported in

previous studies.4 The mean Ag–Ag bond length observed is

2.856 Å, with two exceptionally longer bonds in Ag(2)–Ag(4) and

Ag(5)–Ag(8), of 3.187(3) and 3.149(3) Å, respectively. The average

Ag–Ag bond is shorter than that of 2.89 Å in bulk silver metal,9

and Dahl suggests that this type of stabilisation in the silver core

could be a consequence of the cumulative effects of many weak

delocalised Ag–Ag interactions. A similar interaction was also

observed in [Ag16Ni24(CO)40],
42 which has a ccp Ag16 kernel.5

The 1H NMR spectroscopy confirms that there are no

associated hydride species, as there is no signal detected

between 240 and 0 ppm. Such species are common in high-

nuclearity clusters. The metal core of 1 with a length of about 1 nm

shows the highest nuclearity of Os–Ag clusters that has ever been

reported.

The observation of this type of cluster with a bare metal core

that is surrounded by triosmium carbonyl units is rather rare

because triosmium clusters usually react with mononuclear

complexes in a ‘‘3 + 1’’ manner. The structure of 1 suggests that

a cationic ‘‘Ag9’’ intermediate may be formed prior to its reaction

with the triosmium anion to form a large cluster, and the

triosmium carbonyl units can therefore stabilize the Ag9

intermediate. This is a reasonable suggestion, as we have also

isolated another osmium–silver mixed-metal cluster, 2, with a

similar Ag9 skeleton.
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Suitable brown block crystals of [PPN]+ salt of 2 were obtained

from the saturated solution of its [PPN]+ salt in dichloromethane–

methanol at 220 uC after 10 days. Fig. 2 shows the molecular

structure of the metal core of complex 2. The metal core consists of

five layers of the M3 unit (M = Os or Ag) that are arranged in

‘‘ABABA’’ fashion with a three-fold axis. The middle trisilver unit,

Ag(4), Ag(5), Ag(6), was edge-bridged by three osmium atoms,

Os(4), Os(5), Os(6), on the same plane. The unique geometry of 2

is that the metal atoms adopt a closed-packing structure, which is

rarely observed in mixed-metal clusters.10 The mean Os–Ag bond

observed is 2.857 Å, which suggests a stronger Os–Ag interaction

over 1 and a more favourable and stable geometry of the highly

symmetrical triangular column in 2. However, the mean Ag–Ag

bond length observed is 2.959 Å, which is significantly longer than

that of 1. The two triosmium units at the two ends are capped by

an oxygen atom that becomes the centre of the three-fold axis. This

type of face-capping oxo ligand is rarely observed in mixed-metal

systems. The average Os–O bond length observed is 2.049 Å,

which is similar to the Os–O bond lengths with m3-O coordination

mode that have been reported (2.02–2.20 Å).11 The two oxo

ligands, O(31) and O(32), have out-of-plane distances of 1.220 Å

and 1.217 Å, respectively.

Air- and photo-stable crystals of 3 were obtained from its

saturated solution in dichloromethane–methanol. Fig. 3 shows the

molecular structure of 3, which adopts a trigonal bipyramidal

geometry, with the two triphenylphosphine ligands trans to each

other. Disorder is observed for the carbonyl ligand and the

chloride atom. Their occupancy were refined and then fixed for

subsequent refinements of the structure. It is highly reminiscent of

the structure that was reported by Vaska,7 except for the dioxygen

molecule. In the reported structure, the dioxygen molecule was

added reversibly to the iridium centre, and the adduct is highly

Scheme 1 Reaction pathway (only metal cores are shown for 1 and 2 for clarity).

Fig. 1 ORTEP diagram (50% probability thermal ellipsoids) of

[Os13Ag9(CO)48]
2 of 1 with the atom numbering scheme omitting the

labels on the carbonyl ligands for clarity.

Fig. 2 ORTEP diagram (50% probability thermal ellipsoids) of

[Os9Ag9(m3-O)2(CO)30]
2 of 2 with the atom numbering scheme omitting

the labels on the carbonyl ligands for clarity.

Fig. 3 ORTEP diagram (50% probability thermal ellipsoids) of

[Ir(PPh3)2(CO)Cl(O2)] 3, showing the disorder carbonyl ligand and

chloride at their higher occupancy positions.
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photosensitive and will readily release oxygen even in the solid

state. The reported bond length is 1.30 Å, which suggests a typical

superoxide ion (O2
2) addition. For complex 3, however, the bond

length observed is 1.475(6) Å, which suggests a peroxide ion

(O2
22), and the addition is totally irreversible. The iodo analog of

3, [IrI(CO)(PPh3)2(O2)],
7 which also possesses an irreversible

oxygen addition, has been isolated with a bond length of 1.50 Å

for the bound O2.
7

However, reactions between Vaska’s complex and other silver

salts such as [AgBF4], [AgNO3] and [Ag2O] have ended up with

halide-replaced cationic iridium species,12 and no silver clusters or

mixed-metal clusters of osmium–silver can be isolated. Replacing

the reaction medium with chlorinated solvents such as CH2Cl2,

CHCl3 or methanol also leads to some triosmium clusters instead

of the formation of high-nuclearity osmium–silver mixed-metal

clusters. Although the mechanistic detail of these cluster buildup

reactions is usually difficult to delineate, a few key steps that are

involved can be put forward. It is likely that [AgPF6] oxidized

Vaska’s complex to give a IrII species in THF. The successive

hydrolysis of this IrII intermediate through the trace amount of

water that was present led to the iridium dioxygen species 3. A

schematic drawing of this suggested mechanism is shown in Fig. 4.

An increase in C–O stretching frequency in the IR spectrum was

observed when [AgPF6] was mixed with Vaska’s complex (from

1967 cm21 to 2052 cm21). In contrast, the halide abstraction

reaction with other silver salts (AgBF4, AgNO3) on Vaska’s

complex gave only a slight increase in the C–O stretching

frequencies (from 1967 cm21 to 1989 cm21). The role of Vaska’s

complex–H2O as a reducing agent is crucial for the formation of

the [Ag9]
n+ core. Replacing Vaska’s complex with its reversible

oxygen adduct, [Ir(PPh3)2(CO)Cl(O2)], or the irreversible iodo

oxygen adduct, [Ir(PPh3)2(CO)I(O2)], did not lead to any osmium–

silver mixed-metal clusters. The formation of 3 from hydrolysis is

evident in 18O-labelling studies. A 250 mL sample of 18O-enriched

water was introduced in a pre-dried THF solvent for the

preparation. Infrared spectroscopic study shows that 3 displayed

three absorption bands at 856, 833 and 808 cm21 that correspond

to the 16O–16O, 16O–18O and 18O–18O stretching vibrations,

respectively. The results are in good agreement with reports and

calculations13 in the literature and, therefore, confirm that the

oxygen atom in water was oxidized and bound to the iridium

centre to give complex 3.

We have successfully demonstrated the introduction of Vaska’s

complex as a reducing agent for silver salts to yield two new high-

nuclearity osmium–silver clusters and suggested the probable

mechanism that was involved in the reaction.
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