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Abstract

Treatment of AgNO3 with the Rh–Ru and Cu–Ru hetero bimetallic clusters, [PPN][RhRu5C(CO)14(cod)] and [PPh4]2[CuRu6C-
(CO)16Cl], afforded novel three-component complexes having one silver-, and two silver-bridges between respective cluster units,
[PPN]{Ag[RhRu5C(CO)14(cod)]2} and [PPh4]2{Ag2[CuRu6C(CO)16Cl]2}, respectively. Reaction of the ruthenium–copper cluster
[PPh4]2{Cu4[Ru6C(CO)16]2Cl2} (6) with Pd2(dba)3 Æ CHCl3 gave another three-component cluster [PPh4]2{Cu4Pd2[Ru6C(CO)16]2Cl2}
by incorporation of two palladium atoms. However, a similar reaction of 6 with Pt(dba)2 gave only a two-component cluster complex,
[PPh4]2{Pt2[Ru6C(CO)15]2}, while the reaction of silver analog [PPN]2{Ag4[Ru6C(CO)16]2Cl2} with Pd2(dba)3 Æ CHCl3 resulted in the for-
mation of known ruthenium–palladium cluster [PPN]2{Pd4[Ru6C(CO)16]2}. Treatment of 6 with [RhCl(CO)2]2 gave two two-component
clusters, [PPh4][RhRu5C(CO)16] and [PPh4]2{Cu7[Ru6C(CO)15]2Cl3}. All the new mixed-metal high nuclearity clusters have been charac-
terized by single crystal X-ray analyses.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

High-nuclearity mixed-metal cluster complexes have
attracted considerable interest because of their diverse
applications [1,2]. One example, which may be useful as
nano-materials and heterogeneous catalysts, is their appli-
cation as precursors for tiny metal alloy dispersions with
discrete metal atom composition. For this purpose,
mixed-metal clusters based on metal carbonyls and their
olefin-substituted derivatives are particularly useful, since
the transformation of such cluster molecules to metal alloy
particles is generally an easy process. To date, a large num-
ber of two-component mixed-metal carbonyl clusters have
been reported. One of the most straightforward routes to
them is the ionic coupling reaction, or redox condensation,
between a carbonyl cluster anion and a cationic metal spe-
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cies [1,3–28]. For example, we previously applied this type
of reaction to a combination of anionic ruthenium carbido
carbonyl clusters with a cationic palladium mononuclear
complex to give neutral high-nuclearity Pd–Ru mixed-
metal complexes, where eight Pd atoms segregated between
two five-nuclear Ru–cluster units [29].

If a two-component cluster prepared in this way still car-
ries negative charge and that charge is not too delocalized
over the whole cluster moiety, it should potentially has
chance to react further with a third cationic metal species
to give three-component mixed-metal clusters of higher
nuclearity. Since examples of three-component mixed-
metal clusters are quite limited [30–35], we decided to syn-
thesize such heterometallic carbonyl clusters mainly by
adopting the redox condensation reactions using a ruthe-
nium carbido carbonyl cluster as the initial anionic block.
In this report, successful preparation of high nuclearity
cluster complexes comprising of three different transition
metals (Ag, Rh, Ru), (Ag, Cu, Ru), and (Cu, Ru, Pd) is
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described. In addition, several new two-component mixed-
metal carbonyl clusters, which resulted from our effort of
preparing three-component systems, are also reported.

2. Results and discussions

2.1. Synthesis of {Ag[RhRu5C(CO)14(cod)]2}� cluster

complex

We previously found that a 1D polymer complex
[PPN][AgRu6C(CO)16]1 (PPN = N(PPh3)2

+) is formed
simply by mixing [PPN]2[Ru6C(CO)16] and AgNO3 in
equimolar amounts [36]. In order to synthesize Ag–Rh–
Ru thrimetallic cluster by applying such reactions, we
used the Rh–Ru bimetallic cluster [PPN][RhRu5C(CO)14-
(cod)] (1, cod = 1,5-cyclooctadiene) [37,38]. Complex 1

reacted smoothly with 0.5 equivalent AgNO3 in THF at
room temperature and the process was conveniently mon-
itored by sampling a small portion and measuring its IR
signals. After 12 h, the reaction mixture was worked up
on a column chromatography to give dark-red crystals
of the composition [PPN]{Ag[RhRu5C(CO)14(cod)]2} (2)
in 83% yield. The solid state structure of 2 has been deter-
Fig. 1. Crystal structure of the cluster anion of 2 (top). Th
mined by single-crystal X-ray diffraction as shown in
Fig. 1, which shows that the silver atom bridges two
mixed-metal cluster units in a manner similar to that
observed in the 1D polymer [PPN][AgRu6C(CO)16]1.
When one equivalent of AgNO3 was used, however, the
sandwich type cluster 2 was again obtained. There is a
crystallographic center of symmetry at the silver atom,
which has a distorted tetrahedral bonding, the dihedral
angle Ag–Ru(12)–Ru(13)/Ag–Ru(12)*–Ru(13)* being
47.5�. The Ag–Ru(12) and Ag–Ru(13) bond lengths are
2.9118(2) and 2.9293(4) Å, respectively (Table 1). The
Ru(12)–Ru(13) edge bridged by the silver atom is
3.09747(5) Å long, which is significantly longer than the
other Ru–Ru bonds (average 2.861 Å). A similar trend
is observed in the 1D polymer [PPN][AgRu6C(CO)16]1,
where the corresponding distance is 3.046(1) Å [36]. The
1H NMR spectrum of 2 shows three broad singlets for
the two cyclooctadiene ligands which are bonded solely
to each rhodium. The variable temperature 1H NMR
spectrum at �60 �C showed sharp but complex multiplets,
indicating that the cod ligand is fluxional at room temper-
ature, probably rotating in the same coordination site of
Rh.
e figure at the bottom omits CO ligands for simplicity.



Table 1
Selected bond lengths (Å) and angles (�) for [PPN]{Ag[RhRu5C(CO)14-
(cod)]2} (2)

Bond lengths (Å)

Ag–Ru(12) 2.9118(2) Ag–Ru(13) 2.9293(4)
Rh–Ru(12) 2.9218(2) Ru(11)–Ru(12) 2.9191(5)
Rh–Ru(13) 3.0387(4) Ru(11)–Ru(13) 2.8776(3)
Rh–Ru(14) 2.9556(5) Ru(11)–Ru(14) 2.8265(6)
Rh–Ru(15) 2.9392(4) Ru(11)–Ru(15) 2.8494(4)
Ru(12)–Ru(13) 3.0747(5) Ru(13)–Ru(14) 2.8698(4)
Ru(12)–Ru(15) 2.8459(4) Ru(14)–Ru(15) 2.8418(5)

Bond angles (�)

Ru(12)–Ag–Ru(13) 63.985(9) Ru(12)–Ag–Ru(12)* 154.50(2)
Ru(12)–Ag–Ru(13)* 121.971(10) Ru(13)–Ag–Ru(13)* 156.24(2)
Ag–Ru(12)–Ru(11) 96.27(1) Ag–Ru(13)–Ru(11) 96.79(2)
Ag–Ru(12)–Ru(13) 58.284(8) Ag–Ru(13)–Ru(12) 57.73(1)
Ag–Ru(12)–Rh 99.71(1) Ag–Ru(13)–Rh 96.68(2)

Fig. 2. Structure of the cluster anion of 4 in the crystal.

Table 2
Selected bond lengths (Å) and angles (�) for [PPh4]2[CuRu6C(CO)16Cl] (4)

Bond lengths (Å)

Cu–Ru(11) 2.7053(11) Cu–Ru(14) 2.7082(10)
Cu–Ru(15) 2.6434(12) Cu–Cl 2.166(2)
Ru(11)–Ru(12) 2.8454(9) Ru(12)–Ru(16) 2.9660(9)
Ru(11)–Ru(13) 2.9563(8) Ru(13)–Ru(14) 2.8472(8)
Ru(11)–Ru(14) 2.9014(7) Ru(13)–Ru(16) 2.9312(9)
Ru(11)–Ru(15) 2.9876(8) Ru(14)–Ru(15) 2.9654(8)
Ru(12)–Ru(13) 2.8276(10) Ru(14)–Ru(16) 2.9245(8)
Ru(12)–Ru(15) 2.9985(8) Ru(15)–Ru(16) 2.7955(9)

Bond angles (�)

Ru(11)–Cu–Ru(14) 64.82(2) Ru(11)–Cu–Cl 129.45(7)
Ru(11)–Cu–Ru(15) 67.90(2) Ru(14)–Cu–Cl 152.92(7)
Ru(14)–Cu–Ru(15) 67.29(2) Ru(15)–Cu–Cl 136.72(7)
Cu–Ru(11)–Ru(14) 57.64(2) Cu–Ru(14)–Ru(11) 57.54(2)
Cu–Ru(11)–Ru(15) 55.06(2) Cu–Ru(14)–Ru(15) 55.32(2)
Ru(14)–Ru(11)–

Ru(15)
60.45(2) Ru(11)–Ru(14)–

Ru(15)
61.22(2)

Cu–Ru(15)–Ru(11) 57.01(2) Cu–Ru(15)–Ru(14) 57.40(2)
Ru(11)–Ru(15)–

Ru(14)
58.34(2)
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Interestingly a similar reaction of the rhodium–ruthe-
nium carbonyl cluster that does not have cyclooctadiene
ligand, [PPN][RhRu5C(CO)16] (3), with 0.5 AgNO3 did
not afford the corresponding silver bridged complex, but
starting material 3 was recovered quantitatively. The
m(CO) in 3 appeared at 2021 cm�1, which is 28 cm�1 higher
than that in 1 indicating that replacement of the cyclic
diene unit with two CO ligands leads to decrease of elec-
tronic charge of the RhRu5 cluster core. Presumably, the
silver cation distinguishes this difference and thus showed
no affinity towards complex 3.

2.2. Synthesis of {Ag2[CuRu6C(CO)16Cl]2}2� cluster

complex

The hexanuclear ruthenium carbido anion
[PPh4]2[Ru6C(CO)16] was reacted with an equivalent
amount of CuCl in THF at room temperature for 12 h.
On evaporation of the solvent, dark red crystals were
obtained in excellent yield, the elemental analysis of which
was consistent to the composition [PPh4]2[CuRu6-
C(CO)16Cl] (4). Its IR spectra has the m(CO) band at
1993 cm�1. The shift to higher energy by 20 cm�1 as com-
pared to the parent carbonyl cluster indicates the strong
electron-withdrawing nature of the CuCl group. The struc-
ture of 4 has been confirmed by single-crystal X-ray analy-
sis as shown in Fig. 2. The Cu atom caps one of the trigonal
faces of the Ru6 core and therefore has three Cu–Ru bonds
raging from 2.6434(12) to 2.7082(10) Å (Table 2). Within
the Ru6 octahedron the three Ru–Ru edges that are capped
by the Cu atom are slightly longer (average 2.95 Å) than
the other nine edges (average 2.90 Å).

Treatment of 4 with one equivalent of AgNO3 in THF at
room temperature for 12 h gave dark red crystals of the
composition [PPh4]2{Ag2[CuRu6C(CO)16Cl]2} (5) in 72%
yield. The molecular structure of the anionic part of 5,
established by X-ray crystal analysis, is shown in Fig. 3
while the important bond lengths and angles are listed in
Table 3. Although the unit cell contained three indepen-
dent units, structural parameters for only one of them are
given since the differences between the three are very small.
The overall structure of the anion in 5 is similar but more
distorted compared to that of anion in [PPh4]2{Cu4[Ru6C-
(CO)16]2Cl2} (6), which was prepared by the reaction of
[PPh4]2[Ru6C(CO)16] with five equivalents of CuCl [6].
The anionic cluster molecule has a crystallographic center
of symmetry at the center of the Ag2Cu2 plane. The Ru6C-
CuCl unit in 5 retains its original metal core geometry of
the precursor dianion 4. The chloride-bridged Ag–Cu bond
distances are 0.31 Å longer than the Ag–Cu bonds, that
interact with the Ru cluster core. Ag2Cu2 framework is
therefore parallelogram, Cu–Ag–Cu* 110.63(4), Ag–Cu–
Ag* 69.38(3)� in contrast to almost square Cu4 plane in 6.
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2.3. Syntheses of {Cu4Pd2[Ru6C(CO)16]2Cl2}2�,

{Pt2[Ru6C(CO)16]2}2�, and {Cu7[Ru6C(CO)15]2Cl3}2�

complexes

The reaction of ruthenium–copper cluster 4 with one
equivalent [Pd(CH3CN)4]BF4 in THF at room temperature
for 12 h afforded dark-red crystals of [PPh4]2{Cu4P-
d2[Ru6C(CO)16]2Cl2} (7) as confirmed by X-ray structural
analysis (Fig. 4; Table 4). The yield, however, was very
low and the reproducibility of the reaction was poor. We
noticed that this three component Cu–Pd–Ru might be
produced by incorporation of two Pd(0) atoms into the
copper–ruthenium mixed-metal cluster 6. In accord with
this hypothesis, the reaction of 6 with an equimolar
amount of Pd2(dba)3 Æ CHCl3 and work up on a silica gel
column gave complex 7 in fairy good yield and with good
reproducibility. The crystal structure of the anionic cluster
7 has a crystallographic center of symmetry at the center of
the molecule (mid point between Pd–Pd*). The Ru12Cu4

skeleton retains its original geometry in 6 except that the
Cu(1)–Cu(2) and Cu(2)–Ru(14) bonds are broken while
Cu(2)–Ru(16) bond forms; the Cu(1)–Cu(2), Cu(2)–
Ru(14), and Cu(2)–Ru(16) distances are 4.311(2),
3.700(2), and 2.628(2) Å, respectively. The whole structure
may be viewed as the linear edge-condensation of four
octahedrons, two [Ru6C] and two [Ru2Pd2Cu2] skeletons,
if some long metal–metal distances are taken as edges.
Fig. 3. Crystal structure of the cluster anion of 5 (top). Th
Each palladium atom has one homometallic Pd–Pd* bond
and five heterometallic bonds, three to three copper atoms,
two to the broken Ru–Ru edges (nonbonded Pd–Cu(1)*

distance 3.180(1) Å). Cu(1) has one homometallic Cu(1)–
Cu(2)* bond and four heterometallic bonds, three to the
ruthenium atoms of the broken Ru(14)–Ru(15) edge and
one to apical ruthenium atom and one to Pd atom. On
the other hand, Cu(2) has one homometallic Cu(2)–
Cu(1)* bond and four heterometallic bonds, two to Pd
and Pd* atoms and two to Ru(15) and Ru(16) atoms.

When cluster 6 in THF was reacted with zero-valent
platinum species Pt(dba)2 at room temperature for 12 h,
subsequent chromatography on a silica gel column of the
reaction mixture gave dark red crystals which were not
the expected analog of 7, but found to be a platinum–
ruthenium hetero bimetallic cluster of the formula
[PPh4]2{Pt2[Ru6C(CO)15]2} (8) obtained in 30% yield. The
structure of anion {Pt2[Ru6C(CO)15]2}2�, as determined
by single-crystal X-ray analysis (Fig. 5; Table 5), is similar
to that of mixed-metal palladium–ruthenium cluster
[PPN]2{Pd2[Ru6C(CO)15]2} prepared from [Ru6C(CO)16]2�

and [Pd(CH3CN)4]2+ in the air [29]. There is a crystallo-
graphic center of symmetry at the center of the anion in
8 (mid point between Pt–Pt*). The two Pt atoms bridge
two Ru6 moieties by capping the trigonal faces. Each Pt
atom has, therefore, six Pt–Ru bonds ranging from
2.7118(7) to 2.7726(6) Å. As in the case of the Pd analogue,
e figure at the bottom omits CO ligands for simplicity.



Table 3
Selected bond lengths (Å) and angles (�) for [PPh4]2{Ag2[CuRu6C-
(CO)16]2Cl2} (5)

Bond lengths (Å)

Ag–Cu 2.700(2) Ag–Cu* 3.013(1)
Ag–Ru(14) 2.769(1) Ag–Ru(15) 2.832(1)
Ag–Ru(16) 3.580(1) Ag–Cl* 2.419(3)
Cu–Ru(11) 2.788(1) Cu–Ru(14) 2.708(1)
Cu–Ru(15) 2.718(2) Cu–Cl 2.220(3)
Ru(11)–Ru(12) 2.856(1) Ru(11)–Ru(13) 2.898(1)
Ru(11)–Ru(14) 2.913(1) Ru(11)–Ru(15) 2.976(1)
Ru(12)–Ru(13) 2.842(1) Ru(12)–Ru(15) 2.876(1)
Ru(12)–Ru(16) 2.918(1) Ru(13)–Ru(14) 2.789(1)
Ru(13)–Ru(16) 2.973(1) Ru(14)–Ru(15) 3.157(1)
Ru(14)–Ru(16) 2.944(1) Ru(15)–Ru(16) 2.816(1)

Bond angles (�)

Cu–Ag–Cu* 110.63(4) Ag–Cu–Ag* 69.38(3)
Ru(11)–Cu–Cl 125.49(10)

Ru(14)–Ag–Cl* 137.14(7) Ru(14)–Cu–Cl 143.13(9)
Ru(15)–Ag–Cl* 136.45(8) Ru(15)–Cu–Cl 145.37(9)
Cu–Ag–Cl* 157.29(8) Ag–Cu–Cl 121.80(9)

Table 4
Selected bond lengths (Å) and angles (�) for [PPh4]2{Cu4Pd2[Ru6C-
(CO)16]2Cl2} (7)

Bond lengths (Å)

Pd–Pd* 2.633(2)
Pd–Ru(14) 2.740(2) Pd–Ru(15)* 2.766(2)
Pd–Cu(1) 2.677(2) Pd–Cu(2) 2.784(2)
Pd–Cu(1)* 3.180(2) Pd–Cu(2)* 2.968(2)
Cu(1)–Cu(2) 4.311(2) Cu(1)–Cu(2)* 2.885(2)
Cu(1)–Ru(11) 2.813(2) Cu(2)–Ru(16) 2.628(2)
Cu(1)–Ru(14) 2.757(2) Cu(2)–Ru(14) 3.700(2)
Cu(1)–Ru(15) 2.671(2) Cu(2)–Ru(15) 2.681(2)
Cu(1)–Cl 2.228(3) Cu(2)–Cl* 2.234(5)
Ru(14)–Ru(15) 3.165(2)

Bond angles (�)

Ru(14)–Pd–Ru(15)* 165.09(6) Pd*–Pd–Ru(14) 116.90(5)
Pd*–Pd–Cu(1) 73.58(5) Pd*–Pd–Cu(2) 66.38(4)
Pd*–Pd–Cu(2)* 59.26(4) Cu(1)–Pd–Cu(2) 104.24(6)
Cu(1)–Pd–Ru(14) 61.16(4) Cu(1)–Pd–Ru(15)* 116.89(4)
Cu(2)–Pd–Ru(14) 84.08(5) Cu(2)–Pd–Ru(15)* 110.21(6)
Cu(2)*–Pd–Ru(14) 119.87(6) Cu(2)*–Pd–Ru(15)* 55.63(4)
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the atoms Ru(14) and Ru(15) (and Ru(14)* and Ru(15)*)
are interacting with the two bridging Pt metal atoms and
thus no longer bonded to each other, the Ru–Ru distance
being 3.2785(7) Å.
Fig. 4. Crystal structure of the cluster anion of 7 (top). Th
A silver analog of Cu–Ru heterometallic cluster 6,
[PPN]2{Ag4[Ru6C(CO)16]2Cl2} (6 0) [6] reacted smoothly
with two equivalents Pd2(dba)3 Æ CHCl3 in THF at room
temperature for 12 h. The product was not an expected
e figure at the bottom omits CO ligands for simplicity.



Fig. 5. Crystal structure of the cluster anion of 8 (top). The figure at the bottom omits CO ligands for simplicity.

Table 5
Selected bond lengths (Å) and angles (�) for [PPh4]2{Pt2[Ru6C(CO)15]2} (8)

Bond lengths (Å)

Pt–Ru(11) 2.7534(5) Pt*–Ru(14) 2.7694(6)
Pt–Ru(14) 2.7118(7) Pt*–Ru(15) 2.7356(4)
Pt–Ru(15) 2.7255(5) Pt*–Ru(16) 2.7726(6)
Ru(14)–Ru(15)* 2.8721(7)
Ru(11)–Ru(12) 2.9198(7) Ru(11)–Ru(13) 3.0439(9)
Ru(11)–Ru(14) 2.9274(5) Ru(11)–Ru(15) 2.9523(8)
Ru(12)–Ru(13) 2.8094(5) Ru(12)–Ru(15) 2.8572(7)
Ru(12)–Ru(16) 2.9368(5) Ru(13)–Ru(14) 2.8378(7)
Ru(13)–Ru(16) 2.8389(8) Ru(14)–Ru(15) 3.2785(7)
Ru(14)–Ru(16) 2.9158(7) Ru(15)–Ru(16) 2.9591(9)

Bond angles (�)

Ru(11)–Pt–Ru(16)* 162.77(2)
Ru(14)–Pt–Ru(15) 74.17(2) Ru(14)–Pt–Ru(15)* 63.64(2)
Ru(15)–Pt–Ru(14)* 63.02(2) Ru(14)*–Pt–Ru(15)* 73.11(2)
Pt–Ru(14)–Pt* 74.21(2) Pt–Ru(15)–Pt* 74.53(2)
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Ag analog of 7, but turned out to be a palladium–ruthe-
nium bimetallic cluster of the formula [PPN]2{Pd4-
[Ru6C(CO)16]2} (9) isolated in 71% yield. The same com-
plex was previously obtained from the reaction of
[Ru6C(CO)16]2� and [Pd(CH3CN)4]2+ in 34% yield [29]. It
is noteworthy that Pd(0) and Pt(0) species are partly oxi-
dized during the formation of 8 and 9, while such a redox
process dose not take place in the reaction of Pd(0) with 6

to give 7.
Treatment of 6 with an equimolar amount of

[RhCl(CO)2]2 in THF at room temperature for 12 h gave
two complexes after silica gel chromatography: the known
cluster [PPh4][RhRu5C(CO)16] [38] (36%) and a new dark-
red crystalline complex, [PPh4]2{Cu7[Ru6C(CO)15]2Cl3}
(10) (24% yield based on the starting cluster complex).
The structure of 10, determined by single-crystal X-ray dif-
fraction analysis, is shown in Fig. 6 and important bond
lengths and angles are given in Table 6. The central Cu7

core forms two fused square pyramids. A similar Cu7 core,
which is flanked on each side by tetrahedral Ru4 has been
found in {Cu7[Ru4H(CO)12]2Cl3}2� [5]. The cluster anion
has two pseudo-mirror planes, one of which passes Cu(2),
Cu(5), Ru(13), and Ru(23) and the other through Cu(1),
Cu(2), Cu(3), and Cu(7). Three chloro ligands bridge three
pairs of the Cu atoms in the core. The remaining Cu atom,
Cu(7), has eight bonds, six to the other Cu atom and two to
Ru(15) and Ru(25). The three chloro-bridged edges are sig-
nificantly longer (average 2.94 Å) than the other 10 edges
(average 2.57 Å).



Fig. 6. Crystal structure of the cluster anion of 10 (top). The figure at the bottom omits CO ligands for simplicity.
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3. Summary

High nuclearity cluster complexes comprising of three
different transition metals (Ag, Rh, Ru), (Ag, Cu, Ru),
and (Cu, Ru, Pd) were synthesized by the ionic coupling
reaction of two-component clusters with third metals. In
addition, two new two-component mixed-metal carbonyl
clusters (Pt, Ru), (Cu, Ru) were prepared.

4. Experimental

All reactions were carried out in dry solvents under puri-
fied argon. Solvents were purified by standard methods and
freshly distilled from Na-benzophenone or CaH2 under
argon before use. The starting materials and complexes
[PPN]2[Ru5C(CO)14] [39], [PPh4]2[Ru6C(CO)16] [40],
[Rh(cod)(NH3)2]PF6 [41], Pd2(dba3) Æ CHCl3 [42], Pt(dba)2

[43], [RhCl(CO)2]2 [44], and [PPh4]2{Cu4[Ru6C(CO)16]2-
Cl2} [6] were obtained by published procedures. All other
reagents were commercially obtained. 1H NMR spectra
were measured on a JEOL EX-270 spectrometer and IR
spectra were recorded on a Perkin–Elmer FT-1650 spec-
trometer using a CaF2 liquid cell. All data collections for
X-ray analysis were made on a Rigaku RAXIS-RAPID
Imaging Plate diffractometer with graphite-monochromat-
ed Mo Ka (k = 0.71073 Å) radiation except for 7. Reflec-
tion data for 7 were collected on a CAD-4 diffractometer
using graphite-monochromated Mo Ka (k = 0.71073 Å)
and x–2h scan technique. Crystallographic data are given
in Tables 7 and 8. Structures were solved by direct meth-
ods, expanded using Fourier techniques, and refined by
full-matrix least-squares. All calculations were performed
using the teXsan crystallographic software package of
Molecular Structure Corporation (1992). All non-hydro-
gen atoms were refined with anisotoropic atomic displace-
ment parameters (anisotoropicaly) except for the acetone
unit contained in 10 as solvent of crystallization. All hydro-
gen atoms were placed in idealized positions, assigned iso-
toropic displacement parameters and allowed to ride on the
parent carbons.

4.1. Synthesis of [PPN]{Ag[RhRu5C(CO)14(cod)]2} (2)

A mixture of [PPN][RhRu5C(CO)14(cod)] (1) (82.7 mg,
0.050 mmol) and AgNO3 (4.2 mg, 0.025 mmol) in THF
(20 ml) was stirred at room temperature for 12 h. The sol-
vent was evaporated under reduced pressure and the resid-
ual dark-red solid was chromatographed on SiO2



Table 6
Selected bond lengths (Å) and angles (�) for [PPh4]2{Cu7[Ru6C-
(CO)15]2Cl3} (10)

Bond lengths (Å)

Cu(1)–Cu(2) 2.491(1) Cu(2)–Cu(3) 2.478(1)
Cu(1)–Cu(4) 2.880(1) Cu(2)–Cu(5) 3.047(1)
Cu(1)–Cu(7) 2.607(1) Cu(2)–Cu(7) 2.597(1)
Cu(1)–Ru(11) 2.739(1) Cu(2)–Ru(11) 2.797(1)
Cu(1)–Ru(15) 2.637(1) Cu(2)–Ru(14) 2.725(1)
Cu(1)–Cl(1) 2.222(2) Cu(2)–Ru(15) 2.719(1)
Cu(3)–Cu(6) 2.883(1) Cu(2)–Cl(2) 2.221(2)
Cu(3)–Cu(7) 2.663(1) Cu(4)–Cu(5) 2.483(1)
Cu(3)–Ru(14) 2.754(1) Cu(4)–Cu(7) 2.663(1)
Cu(3)–Ru(15) 2.628(1) Cu(4)–Ru(21) 2.738(1)
Cu(3)–Cl(3) 2.216(2) Cu(4)–Ru(25) 2.635(1)
Cu(5)–Cu(6) 2.492(1) Cu(4)–Cl(1) 2.213(2)
Cu(5)–Cu(7) 2.582(1) Cu(6)–Cu(7) 2.634(1)
Cu(5)–Ru(21) 2.716(1) Cu(6)–Ru(24) 2.724(1)
Cu(5)–Ru(24) 2.828(1) Cu(6)–Ru(25) 2.633(1)
Cu(5)–Ru(25) 2.720(1) Cu(6)–Cl(3) 2.218(2)
Cu(5)–Cl(2) 2.229(2)

Bond angles (�)

Cu(4)–Cu(1)–Ru(11) 149.16(3) Cu(1)–Cu(4)–Ru(21) 153.82(4)
Cu(2)–Cu(1)–Cu(4) 89.36(2) Cu(1)–Cu(4)–Cu(5) 94.19(3)
Cu(2)–Cu(1)–Cu(7) 61.19(3) Cu(5)–Cu(4)–Cu(7) 60.11(3)
Cu(4)–Cu(1)–Cu(7) 57.82(2) Cu(1)–Cu(4)–Cu(7) 55.94(2)
Cu(1)–Cu(2)–Cu(3) 113.89(3) Cu(4)–Cu(5)–Cu(6) 114.49(3)
Cu(1)–Cu(2)–Cu(7) 61.61(3) Cu(4)–Cu(5)–Cu(7) 63.41(3)
Cu(3)–Cu(2)–Cu(7) 63.23(3) Cu(6)–Cu(5)–Cu(7) 62.51(2)
Cu(6)–Cu(3)–Ru(14) 154.83(4) Cu(3)–Cu(6)–Ru(24) 149.76(4)
Cu(2)–Cu(3)–Cu(6) 95.11(3) Cu(3)–Cu(6)–Cu(5) 88.43(3)
Cu(2)–Cu(3)–Cu(7) 60.55(3) Cu(5)–Cu(6)–Cu(7) 60.42(2)
Cu(6)–Cu(3)–Cu(7) 56.54(2) Cu(3)–Cu(6)–Cu(7) 57.49(2)
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(deactivated with 10 wt% H2O). The dark-red solution
eluted with CH2Cl2 was collected and evaporated to dry-
ness to yield dark-red solid of 2 (59.5 mg, 0.021 mmol
82% yield). Analytically pure sample was obtained by
recrystallization from CH2Cl2–MeOH as dark-red plates.
IR m(CO) 2062 (m), 2054(m), 2022(vs), 1999(s) cm�1. Anal.
Calc. for C82H54AgNO28P2Rh2Ru10: C, 34.11; H, 1.88; N,
0.49. Found: C, 34.04; H, 1.86; N, 0.39%. 1H NMR
(270 MHz, CDCl3) r 4.76 (bs, 8H), 2.19 (bs, 8H), 1.79
(bs, 8H).

4.2. Synthesis of [PPh4]2[CuRu6C(CO)16Cl] (4)

A mixture of [PPh4]2[Ru6C(CO)16] (100 mg, 0.057 mmol)
and CuCl (5.7 mg, 0.057 mmol) in THF (20 ml) was stirred
at room temperature for 12 h. The initially red solution
became dark red in color. The reaction mixture was filtered
through Celite before drying under vacuum, the residual red
solid was crystallized from CH2Cl2–MeOH to give 4

(86.5 mg, 0.047 mmol, 82%). IR m(CO) 1993(s) cm�1. Anal.
Calc. for C65H40ClCuO16P2Ru6: C, 42.33; H, 2.19, N, 0.00.
Found: C, 42.10; H, 2.11, N, 0.00%.

4.3. Synthesis of [PPh4]2{Ag2[CuRu6C(CO)16]2Cl2} (5)

A mixture of [PPh4]2[CuRu6C(CO)16Cl] (4) (86.5 mg,
0.047 mmol) and AgNO3 (7.9 mg, 0.047 mmol) in THF
(20 ml) was stirred at room temperature for 12 h. The reac-
tion mixture was filtered through Celite before drying
under vacuum, the residual red solid was crystallized from
CH2Cl2/MeOH to give 5 (53.9 mg, 0.017 mmol, 72%).
Analytically pure sample was obtained by recrystallization
from CH2Cl2–MeOH as dark-red plates. IR m(CO)
2055(m), 2023(s) cm�1. Anal. Calc. for C82H40Ag2Cl2-

Cu2O32P2Ru12: C, 30.53; H, 1.25, N, 0.00. Found: C,
30.45; H, 1.20, N, 0.00%.

4.4. Synthesis of [PPh4]2{Cu4Pd2[Ru6C(CO)16]2Cl2} (7)

A mixture of [PPh4]2{Cu4[Ru6C(CO)16]2Cl2} (120 mg,
0.038 mmol) and Pd2(dba)3 Æ CHCl3 (38 mg, 0.038 mmol)
was stirred at room temperature for 12 h. The solvent
was evaporated under reduced pressure and the residual
dark-red solid was chromatographed on SiO2 (deactivated
with 10 wt% H2O). The dark-red solution eluted with
CH2Cl2/THF (9/1) was collected and evaporated to dry-
ness to yield dark-red solid of 7 (80.4 mg, 0.024 mmol,
62%). Analytically pure sample was obtained by
recrystallization from acetone–MeOH as dark-red plates.
IR m(CO) 2045 (m), 2021(s) cm�1. Anal. Calc. for
C82H40Cl2Cu4O32P2Pd2Ru12: C, 29.40; H, 1.20, N, 0.00.
Found: C, 29.18; H, 1.18, N, 0.00%.

4.5. Synthesis of [PPh4]2{Pt2[Ru6C(CO)15]2} (8)

A mixture of [PPh4]2{Cu4[Ru6C(CO)16]2Cl2} (50 mg,
0.016 mmol) and Pt(dba)2 (21 mg, 0.032 mmol) was stirred
at room temperature for 12 h. The solvent was evaporated
under reduced pressure and the residual dark-red solid was
chromatographed on SiO2 (deactivated with 10 wt% H2O).
The dark-red solution eluted with CH2Cl2/THF (9/1) was
collected and evaporated to dryness to yield dark-red solid
of 8 (15.0 mg, 0.005 mmol, 30%). Analytically pure sample
was obtained by recrystallization from acetone–MeOH as
dark-red plates. IR m(CO) 2021(s) cm�1. Anal. Calc. for
C80H40O30P2Pt2Ru12: C, 30.54; H, 1.28. Found: C, 30.47,
N, 0.00; H, 1.19, N, 0.00%.

4.6. Synthesis of [PPN]2{Pd4[Ru6C(CO)16]2} (9)

A mixture of [PPh4]2{Ag4[Ru6C(CO)16]2Cl2} (50 mg,
0.013 mmol) and Pd2(dba)3 Æ CHCl3 (26 mg, 0.026 mmol)
was stirred at room temperature for 12 h. The solvent
was evaporated under reduced pressure and the residual
dark-red solid was chromatographed on SiO2 (deactivated
with 10 wt% H2O). The dark-red solution eluted with
CH2Cl2 was collected and evaporated to dryness to yield
dark-red solid of 9 (33.6 mg, 0.009 mmol, 71%).

4.7. Synthesis of [PPh4]2{Cu7[Ru6C(CO)15]2Cl3} (10)

A mixture of [PPh4]2{Cu4[Ru6C(CO)16]2Cl2} (183 mg,
0.059) and [RhCl(CO)2]2 (23 mg, 0.059 mmol) was stirred
at room temperature for 12 h. The initially red solution



Table 7
Crystallographic data for complexes [PPN]{[AgRhRu5C(CO)14(cod)]2} (2), [PPh4]2[CuRu6C(CO)16Cl] (4), and [PPh4]2{Ag2[CuRu6C(CO)16]2Cl2} (5)

Compound 2 4 5

Formula C82H54AgNO28P2Rh2Ru10 C65H40ClCuO16P2Ru6 3(C82H40Ag2Cl2Cu2O32P2Ru12) Æ 2(CH2Cl2)
Formula weight 2887.65 1844.39 9846.33
Crystal system Monoclinic Monoclinic Triclinic
Space group C2/c P21/n P�1
a (Å) 30.404(9) 12.405(2) 19.7997(9)
b (Å) 19.227(6) 14.661(2) 20.7642(9)
c (Å) 18.987(4) 36.426(5) 18.6161(9)
a (�) 99.253(1)
b (�) 127.74(1) 94.940(7) 97.133(1)
c (�) 76.909(1)
V (Å3) 8778(4) 6600(2) 7326.9(6)
Z 4 4 1
Crystal size (mm) 0.28 · 0.15 · 0.07 0.31 · 0.24 · 0.11 0.35 · 0.22 · 0.10
T (K) 300 300 300
Dcalc (g cm�3) 2.185 1.85 2.23
l (cm�1) 23.63 18.05 28.11
Full-matrix least-square F2 F2 F2

Reflections collected 22338 35572 78076
Unique reflections 9938 15566 39328
Reflections observed [I > 2r(I)] 6312 7170 25700
R1 0.0368 0.0725 0.0469
wR2 0.1268 0.2380 0.0843

Table 8
Crystallographic data for complexes [PPh4]2{Cu4Pd2[Ru6C(CO)16]2Cl2} (7), [PPh4]2{Pt2[Ru6C(CO)15]2} (8) and [PPh4]2{Cu7[Ru6C(CO)15]2Cl3} (10)

Compound 7 8 10

Formula C82H40Cl2Cu4O32P2Pd2Ru12 C80H40O30P2Ru12Pt2 C80H40Cl3O30P2Ru12Cu7 Æ C3H6O
Formula weight 3349.89 3146.1 3365.23
Crystal system Triclinic Triclinic Triclinic
Space group P�1 P�1 P�1
a (Å) 14.180(3) 13.9357(13) 15.8575(16)
b (Å) 14.877(2) 14.4853(13) 22.8021(11)
c (Å) 13.001(2) 13.5649(13) 15.4194(11)
a (�) 113.970(11) 114.418(2) 98.293(1)
b (�) 107.243(14) 91.999(2) 116.2860(10)
c (�) 96.723(14) 63.146(2) 91.224(2)
V (Å3) 2303.0(7) 2185.2(4) 4923.7(7)
Z 1 1 2
Crystal size (mm) 0.25 · 0.20 · 0.09 0.29 · 0.24 · 0.13 0.30 · 0.19 · 0.08
Dcalc (g cm�3) 2.413 2.391 2.270
l (cm�1) 33.55 52.97 34.45
Full-matrix least-square F2 F2 F2

Reflections collected 10947 26833 58420
Unique reflections 10520 11535 26167
Reflections observed [I > 2r(I)] 5898 10155 18841
R1 0.0581 0.0372 0.0368
wR2 0.1732 0.0818 0.0723
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became dark red in color. The solvent was evaporated
under reduced pressure and the residual dark-red solid
was chromatographed on SiO2 (deactivated with 10 wt%
H2O). Two bands separated. The first red band which
eluted with hexane gave, after evaporation of the solvent
and recrystallization from CH2Cl2–hexane, red crystals of
[PPh][RhRu5C(CO)16] (59 mg, 0.042 mmol, 36%) [38].
The second band eluted with CH2Cl2/THF (9/1). Crystalli-
zation from acetone–MeOH gave black crystals of 10

(48 mg, 0.014 mmol, 24%). IR m(CO) 2056(m), 2026(s)
cm�1. Anal. Calc. for C80H40Cl3Cu7O30P2Ru12: C, 29.05;
H, 1.22, N, 0.00. Found: C, 29.32; H, 1.34. N, 0.00%.

5. Supplementary material

CCDC 635296, 635297, 635294, 635295, 635192 and
635298 contain the supplementary crystallographic data
for 2, 4, 5, 7, 8 and 10. These data can be obtained free
of charge via http://www.ccdc.cam.ac.uk/conts/retriev-
ing.html, or from the Cambridge Crystallographic Data

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
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