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The reaction of [PPN]2[Ru5C(CO)14] 1 or [PPN]2[Ru6C(CO)16] 2 [PPN� = (PPh3)2N
�] with Pt() compounds of

general formula [PtX2Cl2] [X2 = (COD), (PPh3)2 and (PPh3)(CO)] (COD = 1,5-cyclooctadiene) have been investigated
and the products of simple or double addition, viz. [Ru5PtC(CO)14(COD)] 3, [Ru5PtC(CO)14(PPh3)2] 4,
[Ru5PtC(CO)15(PPh3)] 5, [Ru5Pt2C(CO)15(PPh3)2] 6, [Ru6PtC(CO)16(COD)] 7, [Ru6Pt2C(CO)15(COD)2] 8, obtained.
The molecular and crystal structures of 3–8 have been established by single crystal X-ray analysis. Compounds 3–7
all contain an intact Ru core with Pt fragment(s) capping triangular or square faces. The resulting mixed-metal core
is octahedral for the clusters Ru5Pt and face-capped octahedral for the clusters RunPtm (n = 5 or 6; m = 2 or 1). Only
compound 8 did not follow this pattern, with the Pt fragments bridging two Ru–Ru edges of the otherwise unaltered
Ru6C core.

Introduction
Mixed-metal clusters have been shown to be ideal precursors
for the preparation of supported bimetallic nanoparticles of
well-defined sizes and composition.1–3 Such nanoparticles have
been shown to be firmly anchored onto the siliceous support
and highly active for catalytic hydrogenations under solvent-
free and mild temperature conditions. Moreover, we have dem-
onstrated that their selectivity may be tuned by varying the
nature of the two metals in the cluster precursor.2 As a con-
sequence of these observations, we have directed our efforts
toward the synthesis of high nuclearity clusters in high yield.
Herein we report the synthesis and characterisation of a series
of Ru–Pt mixed-metal clusters with Ru : Pt ratios of 5 : 1, 5 : 2,
6 : 1 or 6 : 2. All were obtained following a common synthetic
strategy, starting from dianionic ruthenium clusters, in reac-
tions with di-chloro mononuclear complexes of Pt() in the
presence of silica. The silica acts as an effective chloride scav-
enger, to produce in situ dicationic platinum fragments which
appear to be stabilised by a direct interaction with the silica
surface. This approach has led to highly predictable products in
high yields.

Results and discussion
The salt [PPN]2[Ru5C(CO)14] 1 was reacted with one equivalent
of [Pt(COD)Cl2] in dichloromethane at room temperature in
the presence of silica. The expected compound [Ru5PtC(CO)14-
(COD)] 3 was the only product of the reaction, and could be
isolated in 84% yield as a red microcrystalline powder. In the
infrared spectrum peaks corresponding to terminal and bridg-
ing carbonyl ligands were observed. In its mass spectrum a
molecular peak was observed at m/z 1214, followed by peaks
corresponding to fragments generated by the loss of the COD
ligand. This, in turn, was followed by 14 peaks corresponding to
the sequential loss of CO ligands, leading to a peak at m/z 713
attributable to the bare Ru5PtC core. The 13C NMR spectrum in
CDCl3 displayed a peak at 87.37 ppm and at 29.71 ppm, corre-
sponding respectively to the olefinic carbons and to the satur-
ated methylene units of the cyclooctadiene ligand. The 1H
NMR spectrum in the same solvent displayed a singlet at
6.10 ppm, with satellites due to coupling with 195Pt, which may
be assigned to the four olefinic protons of the cyclooctadiene
ligand, and two multiplets at 2.53 and 2.37 ppm, each of them

assigned to four saturated protons of the cyclooctadiene ligand.
The presence of platinum satellites confirms that the COD
ligand remains coordinated to the platinum in solution. The
equivalence of the four unsaturated protons also indicates that
the coordination of the COD ligand is symmetrical. This clus-
ter 3 has been reported previously,4 but was obtained in 41%
yield only and was not fully characterised by single crystal
X-ray diffraction. The molecular structure shown in Fig. 1 (a),
in which the metal core adopts an octahedral geometry, was
suggested.4 Nevertheless, an alternative isomer, in which the
metal core adopts a monocapped square-based pyramidal
geometry, is also possible [Fig. 1 (b)]. Both closo-octahedron
and monocapped nido square-based pyramid are consistent
with the PSEPT rules for [Ru5PtC(CO)14(COD)] 3 (86 electron
count). Moreover, Ru5Pt clusters displaying both structures
have been reported in the literature.4–6 Spectroscopic examin-
ation is not expected to distinguish between these two possi-
bilities. Single crystals of 3 were obtained as thin plates by slow
diffusion of hexane or ethanol into a dichloromethane solution
of the compound, and an X-ray diffraction analysis under-
taken. The structure obtained is shown in Fig. 2 and selected
bond lengths and angles in Table 1.

The asymmetric unit of the structure contains two independ-
ent but structurally similar molecules. The Ru5PtC metal core
is octahedral, corresponding to the isomer shown in Fig. 1(a).
The Pt(COD) fragment spans the square face of the Ru5 pyra-
mid, inducing little change in its geometry. The Ru–Ru bonds
are slightly longer than those observed in [Ru5C(CO)15].

7 The
values of the Ru(apical)–Ru(basal) bonds range from 2.822(3)
to 2.916(3) Å, compared with 2.83(2) Å (mean) in [Ru5C-

Fig. 1 Possible isomers for [Ru5PtC(CO)14(COD)] 3. � = Ru.
Carbonyls are omitted for clarity.
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Table 1 Selected bond lengths (Å) and angles (�) for [Ru5PtC(CO)14(COD)] 3

 Molecule 1 Molecule 2  Molecule 1 Molecule 2

Ru(1)–Pt(1) 3.072(2) 3.074(2) Pt(1)–C(0) 2.04(2) 2.06(2)
Ru(2)–Pt(1) 2.844(2) 2.858(2) Ru(1)–Ru(2) 2.937(4) 2.939(4)
Ru(4)–Pt(1) 2.853(2) 2.862(2) Ru(1)–Ru(4) 2.944(4) 2.967(4)
Ru(5)–Pt(1) 2.962(2) 2.964(2) Ru(2)–Ru(5) 2.856(4) 2.843(4)
Pt(1)–C(15) 2.22(3) 2.24(3) Ru(4)–Ru(5) 2.868(4) 2.857(4)
Pt(1)–C(16) 2.30(2) 2.28(3) Ru(1)–Ru(3) 2.832(3) 2.822(3)
Pt(1)–C(19) 2.21(3) 2.28(3) Ru(2)–Ru(3) 2.894(3) 2.905(3)
Pt(1)–C(20) 2.25(3) 2.21(3) Ru(3)–Ru(4) 2.916(3) 2.895(3)
C(15)–C(16) 1.39(3) 1.45(4) Ru(3)–Ru(5) 2.826(3) 2.835(3)
C(19)–C(20) 1.34(4) 1.40(4) C–O (mean) 1.169(7) 1.181(12)
Ru(3)–C(0) 2.06(2) 2.05(2)    
      
Ru(1)–Pt(1)–Ru(2) 59.38(7) 59.27(7) Ru(4)–Pt(1)–Ru(5) 59.06(8) 58.69(7)
Ru(2)–Pt(1)–Ru(5) 58.89(7) 58.42(7) Ru(1)–Pt(1)–Ru(4) 59.45(7) 59.86(7)

(CO)15]. It would appear that the coordination of the platinum
moiety to the basal ruthenium atoms results in an increase of
the Ru(basal)–Ru(basal) bond lengths: these range from
2.843(4) to 2.967(4) Å, compared with 2.86(2) Å (mean) in
[Ru5C(CO)15]. The Ru–Pt bonds, varying from 2.844(2) Å to
3.074(2) Å, are within the usual range.4–6 They are similar to
those (≈2.91 Å) observed in the closely related compound
[Ru5PtC(CO)16],

4 and span the upper range of Ru–Pt bond
distances listed for compounds characterised by X-ray crys-
tallography. The coordination mode of the cyclooctadiene
ligand to the platinum atom remains unchanged, with the C–C
bonds involved in the coordination preserving some double
bond character. The carbonyl ligands are bent away from the
capped side of the molecule, presumably in order to minimise
steric repulsion with the unsaturated ring. The Ru(apical)–
C(interstitial) bond distance is equivalent [2.06(2) Å in mole-
cule 1; 2.05(2) Å in molecule 2] to that found in [Ru5C(CO)15]
[2.101(18) Å in molecule 1], but the average Ru(apical)–C(0)–
Ru(basal) angle is slightly wider. Upon addition of the plat-
inum fragment to the ruthenium cluster, the carbon atom
moved towards the plane formed by the four basal ruthenium
atoms, to sit nearly perfectly in the middle of the Ru5Pt octa-
hedron. Two carbonyl ligands bridge Ru–Ru edges [Ru(2)–
Ru(5) and Ru(4)–Ru(5) respectively], unlike [Ru5C(CO)15]

Fig. 2 Molecular structure of [Ru5PtC(CO)14(COD)] 3, showing the
atom labelling scheme.

where they are all terminal. The Ru–Ru bonds supporting these
bridges are consequently shorter than the two other Ru(basal)–
Ru(basal) bonds. It is noteworthy that whereas in the past it has
been argued that carbonyl bridges are more highly favoured in
anionic species as a means of dissipating electron density away
from the metal ion, in this work we have observed the opposite
effect in the two species 1 and 3. However, it is relevant that the
ligand envelopes in these two species are not the same.

The related reaction of [PPN]2[Ru5C(CO)14] 1 with [Pt(P-
Ph3)2Cl2] in dichloromethane at room temperature afforded
the bimetallic cluster [Ru5PtC(CO)14(PPh3)2] 4 in 50% yield.
The reaction was also performed in the presence of silica,
as described above, to release in situ the positively charged
[Pt(PPh3)2]

2� fragment. The IR spectrum of 4 displayed peaks
attributable to both terminal and bridging carbonyl ligands. Its
EI mass spectrum contained the highest mass peak at m/z 1526
corresponding to [M � Ph]�, followed by peaks attributable to
the loss of the phosphine groups and 13 carbonyl ligands. The
1H NMR spectrum, recorded in CD2Cl2, showed only a multi-
plet at 7.6–7.4 ppm corresponding to the aromatic protons of
the PPh3 groups. The 13C NMR spectrum in CD2Cl2 displayed a
broad peak at 201.0 ppm due to the CO ligands and a multiplet
at 134.2–128.5 ppm corresponding to the C atoms of the phenyl
groups. The presence of two phosphine ligands was confirmed
by 31P NMR spectroscopy. Thus, the 31P NMR spectrum con-
sisted of a resonance at 29.9 ppm with a 195P–31P coupling of
6280 Hz, assigned to a phosphine ligand bonded directly to a Pt
atom. A singlet at 41.8 ppm was also observed and assigned to a
phosphine group attached to one of the Ru atoms. Two very
weak signals were also displayed at 40.3 ppm and 27.5 ppm (JPtP

6319 Hz) suggesting the presence of another isomer of similar
structure. The structural arrangement of the main isomer was
confirmed by X-ray structure determination. Suitable crystals
were grown overnight from a diethyl ether solution, and the
crystal structure of 4 determined by X-ray crystallography. The
molecular structure of [Ru5PtC(CO)14(PPh3)2] 4 is shown in
Fig. 3 and selected bond parameters are listed in Table 2. As
with 3 the Ru5CPt core is octahedral and as predicted (see
above) one phosphine ligand is bound to the platinum atom and
the other to an adjacent ruthenium atom. The Pt(1)–Ru(4)
bond is bridged by a carbonyl ligand and is significantly shorter
than the other Pt–Ru bonds. All the other CO ligands are
terminal and bound to the Ru atoms. The Ru–Ru bonds and
Ru–Pt bonds are within the usual range and similar to those
reported previously for other hexanuclear Ru–Pt mixed-metal
clusters.4,5,8 The interstitial carbon atom is positioned in the
centre of the Ru5Pt octahedron, which is rather typical for this
class of compounds. The total electron count for 4 is 86 elec-
trons, which is in line with that predicted for a closo octahedral
geometry.

The synthesis of the similar compound [Ru5PtC(CO)14-
(PMe2Ph)2] has been recently reported.8 Based on the 31P NMR
spectrum it was believed to exist in solution as a mixture of
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three isomers. Even though the isomer with one phosphine
ligand on a Ru atom and one on a Pt atom, which we observe
in the case of 4, is the major isomer in solution, [Ru5PtC-
(CO)14(PMe2Ph)2] crystallises in the form of the isomer that has
equivalent phosphine ligands on two opposite basal ruthenium
atoms. The 31P NMR spectrum of 4 shows the presence of two
isomers in solution at room temperature. When a VT 31P NMR
experiment was carried out, the relative intensities of the two
resonances of the major isomer changed. As the temperature
was raised up to 90 �C, the resonance attributable to the phos-
phine ligand located on the Ru atom increased in intensity with
respect to the resonance corresponding to the phosphine ligand
bound to the Pt atom. It may suggest that with an increase of
temperature compound 4 also exists in a form of a third isomer
which has two equivalent phosphine atoms bound to two
opposite basal Ru atoms. Further increase of temperature up to
100 �C resulted in the partial decomposition of compound 4.

A similar reaction of [PPN]2[Ru5C(CO)14] 1 with an excess of
[Pt(CO)(PPh3)Cl2] at room temperature in dichloromethane in
the presence of silica was performed. Apart from the expected
product [Ru5PtC(CO)15(PPh3)] 5 obtained in 11% yield, the
compound [Ru5Pt2C(CO)15(PPh3)2] 6 was also produced in 16%
yield. In the IR spectrum, 5 displayed peaks attributable to both
terminal and bridging carbonyl groups. The ESI mass spectrum
showed a high intensity peak at m/z 1426 attributable to
[Ru5PtC(CO)15(PPh3)] � MeO� and was followed by a weaker
peak at m/z 1367 corresponding to the loss of MeCO2

�. The
spectrum was obtained using a recently developed technique 9,10

Fig. 3 Molecular structure of [Ru5PtC(CO)14(PPh3)2] 4, showing the
atom labelling scheme.

Table 2 Selected bond lengths (Å) and angles (�) for [Ru5PtC-
(CO)14(PPh3)2] 4

Ru(2)–Pt(1) 3.0092(6) Ru(3)–Ru(4) 3.0403(8)
Ru(3)–Pt(1) 2.9599(6) Ru(4)–Ru(5) 2.9349(9)
Ru(4)–Pt(1) 2.7715(7) Pt(1)–C(100) 2.062(2)
Ru(5)–Pt(1) 2.9932(6) Ru(5)–C(100) 2.103(2)
Ru(1)–Ru(2) 2.9256(9) Pt(1)–P(1) 2.269(2)
Ru(1)–Ru(3) 2.9053(8) Ru(3)–P(2) 2.377(2)
Ru(1)–Ru(4) 2.8974(9) Pt(1)–C(11) 2.068(8)
Ru(1)–Ru(5) 2.8247(9) Ru(4)–C(11) 2.071(8)
Ru(2)–Ru(3) 2.8620(7) C–O (av.) 1.148(4)
Ru(2)–Ru(5) 2.8342(9)   
    
Pt(1)–C(100)–Ru(4) 84.94(8) Ru(1)–C(100)–Ru(5) 85.90(7)
Ru(3)–C(100)–Ru(4) 96.05(8) Ru(2)–C(100)–Ru(5) 85.69(7)

based on the formation of a [M � MeO]� adduct as a result of
the treatment of a neutral cluster with NaOMe. The adduct
may be easily detected by electrospray ionisation techniques run
in the negative mode. The 1H NMR spectrum in CD2Cl2

showed only a multiplet at 7.5–7.4 ppm attributable to 15H of
the PPh3 group and the 31P NMR spectrum showed a singlet at
30.07 ppm with a 195Pt–31P coupling of 6409 Hz, consistent with
the view that the phosphine ligand is bound to the Pt atom in
solution. Crystals suitable for X-ray structure determination
were obtained by slow evaporation of a diethyl ether solution.
The molecular structure of 5 is shown in Fig. 4 and selected
bond lengths and angles are listed in Table 3. Similar to the
compounds described above, 5 contains the central Ru5CPt
octahedron. The phosphine ligand is bound to the platinum
atom as indicated by NMR spectroscopy. The Ru–Pt distances
lie within the range of 2.9004(7)–3.0817(7) Å and are similar to
those reported for [Ru5PtC(CO)16] [2.777(1)–3.046(1) Å] 4 and
[Ru5PtC(CO)15(PMe2Ph)] [2.773(4)–3.058(4) Å].8 The Ru–Ru
distances range between 2.8146(10)–2.9486(10) Å and are simi-
lar to those found in other Ru–Pt mixed-metal clusters.4–6,8 The
previously reported compound [Ru5PtC(CO)15(PMe2Ph)] was
found to exist as a mixture of two isomers in solution at room
temperature.8 However, this is not the case for 5. The total elec-
tron count of 86 electrons is in line with that predicted for a
closo octahedral geometry.

The second product isolated from the reaction of 1 with
[Pt(CO)(PPh3)Cl2] was identified as [Ru5Pt2C(CO)15(PPh3)2] 6.
Again, the IR spectrum displayed peaks corresponding to both

Fig. 4 Molecular structure of [Ru5PtC(CO)15(PPh3)] 5, showing the
atom labelling scheme.

Table 3 Selected bond lengths (Å) and angles (�) for [Ru5PtC-
(CO)15(PPh3)] 5

Ru(1)–Pt(1) 2.9004(7) Pt(1)–C(100) 2.05(1)
Ru(2)–Pt(1) 2.9737(7) Ru(5)–C(100) 2.08(1)
Ru(3)–Pt(1) 2.7945(8) Pt(1)–C(9) 2.043(8)
Ru(4)–Pt(1) 3.0817(7) Ru(3)–C(9) 2.042(8)
Pt(1)–P(1) 2.272(2) C–O (av.) 1.15(1)
    
Pt(1)–C(100)–Ru(5) 175.1(5) Ru(1)–C(100)–Ru(3) 176.7(6)
Ru(2)–C(100)–Ru(4) 171.0(6)   
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terminal and bridging carbonyl ligands. The 1H NMR spec-
trum in CD2Cl2 showed a multiplet at 7.56–7.37 ppm which
corresponds to the protons of the phenyl groups. The 31P NMR
spectrum displayed two resonances at 77.57 ppm and 31.16
ppm with 195Pt–31P couplings of 6235 Hz and 6391 Hz, respect-
ively, suggesting that both phosphine ligands are bound to the
platinum atoms. The absence of 2JPtP coupling suggests that the
second Pt atom is capping one of the Ru3 faces. The peak at
31.16 ppm corresponds to a phosphine ligand bound to the
platinum in the axial position of the Ru5CPt octahedron. The
peak at 77.57 ppm is attributed to a phosphine ligand bound to
the platinum which is capping one of the faces of the Ru5PtC
octahedron. This structural arrangement was proven by X-ray
structure determination. The molecular structure of 6 is shown
in Fig. 5 and selected bond parameters are listed in Table 4. A
Ru5Pt octahedron is capped by a second Pt atom at one of its
Ru3-faces. A similar arrangement was found in [Ru5Pt2C(CO)13-
(COD)2].

4 The Ru–Ru distances are within the expected range
of 2.795(2)–3.0030(14) Å and are similar to those reported
previously. Though the Ru–Pt distances are also similar in these
two compounds, in the case of 6 the distances from Ru to Pt in
a capping mode span a somewhat wider range of 2.7695(11)–
3.1278(13) Å compared with 2.951(1)–2.829(1) Å found in
[Ru5Pt2C(CO)13(COD)2].

4 The total electron count for 6 is 98
electrons which is in line with that predicted for a monocapped
octahedral geometry.

In a similar experiment, [PPN]2[Ru6C(CO)16] 2 was reacted
with [Pt(COD)Cl2] at room temperature in the presence of

Fig. 5 Molecular structure of [Ru5Pt2C(CO)15(PPh3)2] 6, showing the
atom labelling scheme.

Table 4 Selected bond lengths (Å) and angles (�) for [Ru5Pt2C-
(CO)15(PPh3)2] 6

Ru(2)–Pt(1) 2.9371(12) Ru(1)–Pt(2) 2.7604(11)
Ru(3)–Pt(1) 2.9506(12) Ru(2)–Pt(2) 2.8640(12)
Ru(4)–Pt(1) 2.7695(11) Ru(3)–Pt(2) 2.8083(12)
Ru(5)–Pt(1) 3.1278(13) Pt(1)–P(1) 2.266(3)
C–O (av.) 1.15 Pt(2)–P(2) 2.260(4)
    
Pt(1)–C(0)–Ru(1) 174.0(7) Ru(1)–Pt(2)–Ru(2) 64.51(3)
Ru(2)–C(0)–Ru(4) 173.7(7) Ru(2)–Pt(2)–Ru(3) 62.08(4)
Ru(3)–C(0)–Ru(5) 172.5(7) Ru(3)–Pt(2)–Ru(1) 62.24(3)

silica. Two compounds were isolated by column chrom-
atography: [Ru6PtC(CO)16(COD)] 7 in 70% yield and [Ru6-
Pt2C(CO)15(COD)2] 8 in less than 1% yield. Again the main
product is the expected species, arising from the addition of a
“Pt(COD)” fragment to the starting Ru6 cluster. The syntheses
of two analogous compounds [RunPtC(CO)m(COD)] (n = 5, m =
14 and n = 6, m = 16) in high yield following similar preparation
routes, starting from [RunC(CO)m]2� and [Pt(COD)Cl2], demon-
strates the effectiveness of the use of a chloride scavenger to
produce fragments with controlled reactivity.

The infrared spectrum of [Ru6PtC(CO)16(COD)] 7 in CH2Cl2

displays CO stretching bands attributable to both terminal and
bridging carbonyls. When analysed by mass spectrometry, the
only peaks observed are those corresponding to the formula-
tion [Ru6C(CO)17]: degradation of [Ru6PtC(CO)16(COD)] 7 to
some [Ru6C(CO)17] must occur in the spectrometer. The 13C
NMR spectrum displays peaks at 97.50 ppm assigned to
unsaturated CH of the COD ligand, and at 29.71 ppm assigned
to CH2, along with a singlet at 200.94 ppm, assigned to the
carbonyl ligands. Only one signal is observed due to rapid
exchange processes between all the carbonyls, averaging their
chemical environments. The 1H NMR spectrum contains two
multiplets at 2.60 and 2.18 ppm assigned to eight saturated
protons and a singlet at 5.73 ppm with platinum satellites
assigned to the four unsaturated protons of the COD ligand.
This indicates that the integrity of the Pt(COD) fragment is
kept in solution. The molecular structure of 7 was determined
by X-ray diffraction analysis and is presented in Fig. 6. Selected
bond lengths and angles are presented in Table 5.

The molecular structure consists of an intact Ru6C(CO)16

unit, with one triangular face of the Ru6 octahedron capped by
the Pt(COD) fragment. All bond distances and bond angles
of the Ru6 octahedron remain almost unchanged. Thus, the
Ru–Ru bonds range between 2.7776(14) and 2.9790(14) Å,
which is very similar to the values 2.827(5)–3.034(5) Å found in
[Ru6C(CO)17]

11 and the Ru–Ru bonds spanned by the platinum
atom are not particularly changed with respect to the unsubsti-
tuted cluster. The Ru–Pt bond distances, varying from
2.6097(12) Å to 2.9283(12) Å, are within the normal range.
Values ranging from 2.627(1) to 2.857(1) Å are found where the
Pt(COD) fragment caps a Ru3 triangular face in [Ru5Pt2-
C(CO)13(COD)2].

4 The conformation of the cyclooctadiene
ligand is very similar to what was observed in [Ru5PtC(CO)14-
(COD)] 3. The C–C bonds coordinated to the platinum are only
slightly longer than a typical C��C double bond [1.378(17) Å
and 1.382(15) Å]. Fifteen carbonyl ligands are terminally
bound, and one is bridging a Ru–Ru bond, which is con-
sequently the shortest [Ru(2)–Ru(3) = 2.7776(14) Å]. The

Fig. 6 Molecular structure of [Ru6PtC(CO)16(COD)] 7, showing the
atom labelling scheme.
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monocapped octahedral geometry of the cluster core is in line
with its 98 electron count.

The compound [Ru6Pt2C(CO)15(COD)2] 8 was also obtained
as a by-product but in very low yield. Its infrared spectrum
displays CO stretching bands attributable to terminal and
bridging carbonyl ligands. Small crystals of 8 were obtained
from a dichloromethane solution layered with hexane, and the
molecular structure was determined by single crystal X-ray
diffraction. The asymmetric unit of the crystal structure con-
tains two independent but structurally similar molecules. The
molecular structure obtained is shown in Fig. 7 and selected
bond lengths and angles in Table 6.

Essentially, it consists of an octahedron of six ruthenium
atoms, linked to two Pt(COD) units. The analogous cluster
[Os6Pt2(CO)17(COD)2] has been reported to display an octa-
hedron of osmium atoms with two opposite faces Pt-capped.12

Surprisingly, the Pt(COD) moieties in 8 do not cap Ru3 tri-
angular faces but bridge Ru–Ru edges. Moreover, the second
Pt(COD) fragment is not on the opposite side of the octa-
hedron. Rather, it is bridging a Ru–Ru bond that belongs to the
same Ru3 triangle as the edge bridged by the first platinum.
Disorder associated with the Ru6 octahedron did not allow a
precise location of the carbonyl ligands. However, the geometry
of the Ru6 carbide octahedron remained mostly unchanged,
with Ru–Ru, Ru–C and C–O bond lengths in the expected
range. The Ru–Ru bonds bridged by the platinum atoms are
considerably longer than the other Ru–Ru bond distances:
3.120(5) Å for Ru(2)–Ru(1) and 3.020(4) Å for Ru(2)–Ru(3)
in molecule 1; 3.114(5) Å for Ru(2)–Ru(1) and 3.039(5) Å

Fig. 7 Molecular structure of [Ru6Pt2C(CO)15(COD)2] 8, showing the
atom labelling scheme.

Table 5 Selected bond lengths (Å) and angles (�) for [Ru6PtC-
(CO)16(COD)] 7

Ru(1)–Pt(1) 2.7866(11) Ru(1)–Ru(6) 2.8388(16)
Ru(4)–Pt(1) 2.9283(12) Ru(2)–Ru(6) 2.9714(14)
Ru(6)–Pt(1) 2.6097(12) Ru(3)–Ru(6) 2.9485(14)
Pt(1)–C(18) 2.264(10) Ru(4)–Ru(6) 2.8597(14)
Pt(1)–C(19) 2.237(10) Ru(1)–Ru(2) 2.9700(14)
Pt(1)–C(22) 2.188(10) Ru(2)–Ru(3) 2.7776(14)
Pt(1)–C(23) 2.177(10) Ru(3)–Ru(4) 2.9790(14)
Ru(1)–Ru(5) 2.8530(14) Ru(4)–Ru(1) 2.9454(14)
Ru(2)–Ru(5) 2.9232(15) C(18)–C(19) 1.378(17)
Ru(3)–Ru(5) 2.9631(16) C(22)–C(23) 1.382(15)
Ru(4)–Ru(5) 2.8479(13) C–O (mean) 1.142(4)
    
Ru(1)–Pt(1)–Ru(4) 61.99(3) Ru(4)–Pt(1)–Ru(6) 61.86(3)
Ru(1)–Pt(1)–Ru(6) 63.38(4)   

for Ru(2)–Ru(3) in molecule 2. The Ru–Pt bonds are within
the normal range, varying from 2.751(4) Å to 2.996(4) Å, to
be compared with 2.844(2)–3.074(2) Å observed in the case
of [Ru5PtC(CO)14(COD)] 3, and 2.6097(12)–2.9283(12) Å in
[Ru6PtC(CO)16(COD)] 7. They are slightly longer than the
commonest Ru–Pt bond length reported in the literature. The
two cyclooctadiene ligands are coordinated to the platinum
atoms in a similar fashion to that observed in the mono-
adducts, with little change from the geometry of the starting
[Pt(COD)Cl2]. The COD ligand bound to Pt(1) is slightly
asymmetrically coordinated, i.e. the Pt–C(olefinic) bond
lengths vary from 2.07(4) to 2.52(4) Å in molecule 1. Each
ruthenium atom bears two terminal carbonyl ligands, and three
Ru–Ru bonds are spanned by bridging CO’s, inducing a short-
ening in their distances [Ru(5)–Ru(4): 2.766(5) Å, Ru(5)–Ru(1):
2.831(5) Å and Ru(6)–Ru(2): 2.792(5) Å in molecule 1]. The 110
electron count for [Ru6Pt2C(CO)15(COD)2] 8 is consistent with a
central octahedral core. Using the condensed polyhedra
approach, the structure obtained corresponds to an electron
count of 114. This is in line with previous reports on platinum-
containing clusters that do not obey the normal electron count-
ing rules and appear to be electron deficient.13 It is of interest to
note that the explanation for this deficiency has often been
linked to the ability of platinum to be a 16 electron metal centre.
For clusters 3–7, the platinum component has been assigned an
18 electron count, the normal electron counting rules were
always obeyed, and the platinum fragments were capping faces.
However, in the case of 8, the Pt moieties are bridging edges,
which might be related to a (more) planar coordination geom-
etry associated with a 16 electron count. We wish to point out
nevertheless that attributing a precise electron count to each
individual metal atom in cluster compounds is not really
appropriate.

In an attempt to obtain 8 in higher yield, 2 was reacted with
two equivalents of [Pt(COD)Cl2] in the presence of silica. A
solution of 2 was added dropwise to a solution of [Pt(COD)Cl2]
in order to favour the addition of several “Pt(COD)” fragments
to the Ru6 cluster. Nevertheless, the one-to-one adduct [Ru6-
PtC(CO)16(COD)] 7 was still the main product of the reaction.
This suggests that 7 is a thermodynamic sink, driving the reac-
tion towards its formation under any experimental conditions.
The compound 7 was also reacted further with [Pt(COD)Cl2] in
dichloromethane in the presence of silica. No reaction was
observed to occur, even after heating under reflux for 24 hours.
This, on the other hand, suggests that the mechanism of forma-
tion of 8 does not involve stepwise addition of monometallic
platinum fragments to the ruthenium cluster, with [Ru6PtC-
(CO)16(COD)] 7 as an intermediate. Rather, it would seem to
involve either a concerted addition or formation of a Pt dimer
prior to addition to the Ru6 cluster. This latter possibility would
account for the low yield and the fact that the two Pt(COD)
fragments are bound to the same side of the molecule.

Experimental
All the reactions were carried out using standard Schlenk
techniques, under water- and oxygen-free nitrogen. All
solvents were dried and distilled immediately before use. Reac-
tants and chemicals were purchased from Aldrich Chemicals
and used without further purification. The silica used in reac-
tion media and for column chromatography was silica gel
60 (0.040–0.063 mm) purchased from Merck. The clusters
[Ru6C(CO)17]

14 and [Ru5C(CO)15]
7,15 were synthesised following

literature procedures.
All chromatographic separations were performed on the

open bench without any precaution to exclude air. Thin-layer
chromatography (TLC) was carried out using glass plates (20 ×
20 cm) coated with a layer of silica gel 60 F254, supplied by
Merck. Column chromatography was carried out using a 40 cm
long glass column with an internal diameter of 3 cm and 50 ml
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Table 6 Selected bond lengths (Å) and angles (�) for [Ru6Pt2C(CO)15(COD)2] 8

 Molecule 1 Molecule 2  Molecule 1 Molecule 2

Ru(1)–Pt(1) 2.814(4) 2.798(4) C(28)–C(29) 1.35(3) 1.35(2)
Ru(2)–Pt(1) 2.936(4) 2.975(4) Ru(2)–Ru(4) 2.952(5) 2.968(5)
Ru(2)–Pt(2) 2.769(4) 2.751(4) Ru(3)–Ru(4) 2.885(5) 2.930(5)
Ru(3)–Pt(2) 2.996(4) 2.990(4) Ru(5)–Ru(4) 2.766(5) 2.780(5)
Pt(1)–C(24) 2.26(4) 2.18(4) Ru(6)–Ru(4) 2.982(5) 2.984(5)
Pt(1)–C(25) 2.52(4) 2.23(4) Ru(2)–Ru(1) 3.120(5) 3.114(5)
Pt(1)–C(28) 2.09(4) 2.42(4) Ru(3)–Ru(1) 2.822(5) 2.825(5)
Pt(1)–C(29) 2.07(4) 2.31(4) Ru(5)–Ru(1) 2.831(5) 2.873(5)
Pt(2)–C(16) 2.34(4) 2.08(4) Ru(6)–Ru(1) 2.882(5) 2.878(5)
Pt(2)–C(17) 2.38(4) 2.15(4) Ru(2)–Ru(3) 3.020(4) 3.039(5)
Pt(2)–C(20) 2.22(4) 2.30(4) Ru(3)–Ru(5) 2.929(5) 2.953(5)
Pt(2)–C(21) 2.16(4) 2.16(4) Ru(5)–Ru(6) 2.935(5) 2.935(5)
C(16)–C(17) 1.35(3) 1.36(3) Ru(6)–Ru(2) 2.792(5) 2.761(5)
C(20)–C(21) 1.36(3) 1.35(3) C–O (mean) 1.17(2) 1.20(2)
C(24)–C(25) 1.34(3) 1.36(3)    
      
Ru(1)–Pt(1)–Ru(2) 65.70(10) 65.20(11) Ru(2)–Pt(2)–Ru(3) 63.03(10) 63.78(10)

reservoir, packed with silica gel 60 (0.040–0.063 mm), also
purchased from Merck. The eluents used for both column
and thin-layer chromatography were standard grade laboratory
solvents.

Infrared spectra were collected in dichloromethane solution
unless otherwise stated, using a NaCl liquid cell (0.5 mm path
length) supplied by Specac Ltd., on a Perkin-Elmer Paragon
1000 FT-IR spectrometer. The mass spectra were obtained on a
Kratos Concept spectrometer and on a Kratos MS890 spectro-
meter, using electron impact ionisation (EI) in positive mode or
on a Micromass Quattro-LC spectrometer using electrospray
ionisation technique (ESI) in negative mode. The 13C and 1H
NMR spectra were recorded on a Bruker AM-400 or DPX-400
instrument, while 31P NMR spectra were recorded on Bruker
AC-250 or DPX-400 instruments. The elemental analyses were
made by the microanalysis service of the department.

Crystallography

Single crystal X-ray diffraction analyses were performed by the
crystallography service of the department on one of three
instruments, equipped with devices for low-temperature data
collection: a Rigaku AFC-7R or RAXIS-11 four-circle dif-
fractometer with a rotating-anode Mo-Kα source, or a Nonius
Kappa CCD system with a sealed-tube Mo-Kα source. The
structures were solved by direct methods using the TEXSAN 16

or SHELXS-97 17 programs, and refined by full-matrix least-
squares on F 2 with SHELXL-93 18 or SHELXL-97 17 software
packages. All non-hydrogen atoms in compounds 4, 5 and 7,
apart from those for the solvent molecules and disordered
groups, were refined with anisotropic atomic displacement
parameters. In the case of 3, 6 and 8 only Ru, Pt and P atoms
were refined with anisotropic atomic displacement parameters.
All hydrogen atoms were placed in idealised positions, assigned
isotropic displacement parameters and allowed to ride on the
parent carbons. The crystal data for 3–8 is summarised in
Table 7.

CCDC reference numbers 168615–168620.
See http://www.rsc.org/suppdata/dt/b1/b105844b/ for crystal-

lographic data in CIF or other electronic format.

Syntheses

Preparation of [PPN]2[Ru5C(CO)14] 1. In a typical experi-
ment, 110 mg of [Ru5C(CO)15] (0.117 mmol) were suspended in
methanol (20 ml). Two pellets of KOH were added and the
mixture stirred at room temperature for half an hour. Bis-
(triphenylphosphine)iminium chloride (PPNCl) was added (135
mg, 0.235 mmol), provoking precipitation. The red micro-
crystalline solid was collected by filtration and washed three
times with hexane. Yield: 94%. νmax/cm�1 (CO) 2031w, 1974vs,

1962s(sh), 1915m, 1747w(br). This reaction could be scaled up
to 743 mg of starting material.

Preparation of [PPN]2[Ru6C(CO)16] 2. [Ru6C(CO)17] (100
mg, 0.0913 mmol) was suspended in methanol (20 ml). Two
pellets of KOH were added, and the mixture stirred at room
temperature for half an hour. PPNCl (100 mg, 0.174 mmol) was
added to the deep red solution, and a bright orange precipitate
was collected by filtration, washed with hexane, and dried in
vacuo. Yield: 94%. νmax/cm�1 (CO) 1976vs, 1917w, 1782w. The
reaction could be successfully scaled up to 1 g of starting
material, and the anion [Ru6C(CO)16]

2� could also be isolated as
its [Ph4As]�, [Et4N]� or [Ph4P]� salt.

Preparation of [Ru5PtC(CO)14(COD)] 3. [PPN]2[Ru5C(CO)14]
1 (500 mg, 0.2517 mmol) was dissolved in dichloromethane
(130 ml). One molar equivalent (94 mg) of [Pt(COD)Cl2] and 10
spatulas of silica were added, inducing an immediate darkening
of colour. After stirring at room temperature for 4 hours, the
mixture was filtered and evaporated on a rotary evaporator. The
crude product was then purified by thin-layer chromatography,
using hexane–dichloromethane (7 : 3, v/v) as eluent, leading to
isolation of one main red–orange microcrystalline compound:
[Ru5PtC(CO)14(COD)] 3. Yield: 256 mg (84%). The compound
was soluble in dichloromethane, acetone, THF and toluene,
and insoluble in hexane and water. Found: C, 22.82; H, 1.06%.
C23H12O14Pt1Ru5 requires C, 22.78; H, 1.00%. IR(CH2Cl2):
νmax/cm�1 (CO) 2077m, 2049s, 2033s, 2011s, 1989w(sh),
1965w(sh), 1818w. IR(Nujol mull): νmax/cm�1 (CO) 2069m,
2035s, 2011s, 1992s, 1950w(sh), 1824w. 1H NMR (CDCl3)
δ: 6.10 (s � d, 4H, 2JPtH 74.46 Hz), 2.53 (m, 4H, br), 2.37 (m,
4H, br). 13C NMR (CDCl3) δ: 87.37 (CH), 29.71 (CH2). EI-MS:
m/z: 1214 [calc. for Ru5C(CO)14Pt(COD): 1213, M�], with the
loss of the COD ligand, followed by loss of 14 CO ligands
observed. Crystals suitable for X-ray crystallographic analysis
were obtained overnight by slow diffusion of hexane or ethanol
into a dichloromethane solution of 3.

Preparation of [Ru5PtC(CO)14(PPh3)2] 4. To a solution of
[PPN]2[Ru5C(CO)14] 1 (100 mg, 0.05 mmol) in CH2Cl2 (20 ml)
one equivalent of [Pt(PPh3)2Cl2] (40 mg, 0.05 mmol) and two
spatulas of silica were added. The mixture was stirred for 4
hours at room temperature. Subsequently, the silica was filtered
off and the solvent evaporated to dryness in vacuo. The result-
ing product was dissolved in the minimum amount of CH2Cl2

and the mixture separated by TLC [dichloromethane–hexane
(2 : 3, v/v) as eluent]. The dark-red band was identified as 4.
Yield: 40 mg (0.025 mmol, 50%). Found: C, 38.12; H, 2.09; P,
3.67. C51H30O14P2PtRu5 requires C, 37.60; H, 1.86; P, 3.80%;
νmax/cm�1 (CO) 2069m, 2031s, 2022vs, 1994m(sh), 1975w,
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1945w and 1816m(br); 1H NMR (300 K, CD2Cl2) δ: 7.6–7.4 [m,
30H, P(C6H5)3]; 

31P NMR (300 K, CD2Cl2) δ(major isomer):
41.8 [s, P(C6H5)3], 29.9 [s, P(C6H5)3, 

1JPtP 6280 Hz]; δ(minor
isomer): 40.3 [d, P(C6H5)3], 27.5 [d, P(C6H5)3, 

1JPtP 6319 Hz];
13C NMR (300 K, CD2Cl2) δ: 201.0 (m, CO), 134.2–128.5 (m,
C6H5); EI-MS: m/z 1526 {calc. for Ru5PtC(CO)13(PPh3)(PPh2):
1526, [M � Ph]�}. Crystals suitable for X-ray determination
were grown by slow evaporation of a diethyl ether solution of 4.

Preparation of [Ru5PtC(CO)15(PPh3)] 5 and [Ru5Pt2C(CO)15-
(PPh3)2] 6. To a solution of [PPN]2[Ru5C(CO)14] 1 (100 mg,
0.05 mmol) in CH2Cl2 (20 ml) an excess of [Pt(CO)(PPh3)Cl2]
(61 mg, 0.11 mmol) and two spatulas of silica were added. The
mixture was stirred for 30 minutes at room temperature. In the
following step, the silica was filtered off and the solvent evapor-
ated to dryness in vacuo. The crude product was dissolved in a
minimum amount of CH2Cl2 and purified by TLC [dichloro-
methane–hexane (2 : 3, v/v) as eluent]. The top red band was
identified as 5 [Yield: 10 mg (0.007 mmol, 11%)], and the second
brown band was identified as 6 [Yield: 20 mg (0.011 mmol,
16%)].

Analysis for 5: Found: C, 29.16; H, 1.26; P, 2.08. C34H15-
O15PPtRu5 requires C, 29.28; H, 1.08; P, 2.22%; νmax/cm�1 (CO)
2086m, 2057s, 2037vs, 1994,m and 1833m(br); 1H NMR
(300 K, CD2Cl2) δ: 7.47–7.41 [m, 15H, P(C6H5)3]; 

31P NMR
(300 K, CD2Cl2) δ: 30.07 [s, P(C6H5)3, 

1JPtP 6409 Hz]; ESI-MS
m/z 1426 [M � MeO]�. Crystals suitable for X-ray deter-
mination were grown by slow evaporation of a diethyl ether
solution and by layering a CH2Cl2 solution with hexane.

Analysis for 6: Found: C, 33.16; H, 2.21; P, 3.15.
C52H30O15P2Pt2Ru5 requires C, 33.72; H, 1.63; P, 3.34%;
νmax/cm�1 (CO) 2071m, 2035s, 2016m, 1982m and 1824m(br);
1H NMR (300 K, CD2Cl2) δ: 7.56–7.37 [m, 30H, P(C6H5)3];
31P NMR (300 K, CD2Cl2) δ: 77.57 [s, P(C6H5)3, 

1JPtP 6235 Hz],
31.16 [t, P(C6H5)3, 

1JPtP 6391 Hz]. Crystals suitable for X-ray
determination were grown by slow evaporation of a toluene–
hexane solution.

Preparation of [Ru6PtC(CO)16(COD)] 7 and [Ru6Pt2C(CO)15-
(COD)2] 8. [PPN]2[Ru6C(CO)16] 2 (200 mg, 0.0933 mmol) was
dissolved in 45 ml dichloromethane. A slight excess (40 mg) of
[Pt(COD)Cl2] and two spatulas of silica were added, and the
mixture stirred for three days at room temperature. The silica
was removed by filtration and the filtrate evaporated to dryness.
The crude product was purified by column chromatography,
using hexane–dichloromethane (3 : 2, v/v) as eluent, which
led to the isolation of a main dark orange fraction, [Ru6-
PtC(CO)16(COD)] 7, in 70% yield (90 mg) and a minor
orange fraction, [Ru6Pt2C(CO)15(COD)2] 8, in very low yield
(0.6 mg, < 1%).

Analysis for 7: Found: C, 24.51; H, 1.76%. C25.50H13ClO16Pt1-
Ru6 requires C, 21.68; H, 0.92%; νmax/cm�1 (CO) 2077m, 2034s,
1999m, 1976w(sh), 1947w(sh), 1822w. 1H NMR (CDCl3) δ: 5.73
(s � d, 4H, 2JPtH = 65 Hz), 2.60 (m, 4H, br), 2.18 (m, 4H, br).
13C NMR (CDCl3) δ: 200.94 (C), 97.50 (CH), 29.71 (CH2). EI-
MS: m/z: 1094 [calc. for Ru6C(CO)17: 1095], with the loss of 17
CO ligands observed. Crystals suitable for X-ray diffraction
structure determination were grown by slow diffusion of either
hexane or ethanol into a solution of 7 in dichloromethane.

Analysis for 8: νmax/cm�1 (CO) 2057m, 2026m, 2011s,
1970w(br), 1857w(br), 1823w(br). Very small crystals were
obtained by slow diffusion of hexane into a dichloromethane
solution of 8.

The same reaction was carried out in a 1 : 2 ratio in
the following way: [Pt(COD)Cl2] (35 mg. 0.0932 mmol) was
dissolved in dichloromethane (15 ml). Two spatulas of silica
were added. A solution of [PPN]2[Ru6C(CO)16] 2 (100 mg,
0.0466 mmol) in 15 ml dichloromethane was added drop-
wise, and the mixture stirred at room temperature overnight.
Monitoring by IR spectroscopy showed that the expected
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[Ru6Pt2C(CO)15(COD)2] 8 was not obtained. Upon addition of
more [Pt(COD)Cl2] and heating under reflux for two days,
[Ru6PtC(CO)16(COD)] 7 was obtained as the main product.
νmax/cm�1 (CO) 2077m, 2034s, 1998m, 1976w(sh), 1947w(sh),
1820w.

Attempt to obtain [Ru6Pt2C(CO)15(COD)2] 8 from [Ru6PtC-
(CO)16(COD)] 7. [Ru6PtC(CO)16(COD)] 7 (57 mg, 0.0418
mmol) was dissolved in dichloromethane (20 ml). One molar
equivalent of [Pt(COD)Cl2] (16 mg) and two spatulas of silica
were added, and the solution stirred at room temperature for
two days, during which no changes in the infrared spectra could
be observed. The mixture was then heated under reflux for 24
hours, inducing no changes in the IR spectra either. The heating
was then discontinued.
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