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Treatment of a hexane solution of the complex [Ru6C(CO)17 ] and 1 equivalent of the organodiphosphine
ligands Ph2P(CH2 )nPPh2 (n = 1–3) produced the series of derivatives [Ru6C(CO)15{µ-Ph2P(CH2 )nPPh2 }] 1–3,
respectively, in ca. 74–94% yield. These clusters have been characterised by IR and NMR spectroscopy and
in the solid state by X-ray analyses. The three related compounds all adopt a similar octahedral metal core
geometry with the bidentate diphosphine ligand bridging one Ru]Ru edge of the metal polyhedron.
Reaction of [Ru6C(CO)17 ] with 1,4-bis(diphenylphosphine)butane, Ph2P(CH2 )4PPh2, yielded two products
which differ in the mode of bonding of the disphospine ligand, the major product [Ru6C(CO)16-
{Ph2P(CH2 )4PPh2-P}] 4a in ca. 74% yield and the minor product [Ru6C(CO)15{µ-Ph2P(CH2 )4PPh2}]
4b in ca. 10% yield.

The chemistry of binuclear metal complexes containing chelat-
ing diphosphine ligands is now well established.1–3 In recent
years bridging phosphine groups have been used in metal clus-
ter chemistry because of their ability to maintain the integrity
of the metal core intact during chemical reactions and to act as
templates for the synthesis of metal–metal bonds by bridge-
assisted reactions.4–6 From these studies it has been found that
in the solid state the diphosphine groups adopt a variety of
bonding modes on the cluster surface including monodentate,
chelating, edge-bridging and even an example of the ligand
spanning the base of a square pyramid.7–10

It has been well established that direct substitution of car-
bonyl ligands in [Ru6C(CO)17 ] by monodentate phosphines is
possible under mild conditions 11,12 but similar studies with
diphosphines are still relatively rare.11,13 This work reports the
results of the reactions of a series of disphosphines Ph2P(CH2 )n-
PPh2 [dppm (n = 1), dppe (n = 2), dppp (n = 3), dppb (n = 4)]
with the hexanuclear cluster [Ru6C(CO)17 ] which produce the
cluster series [Ru6C(CO)15{Ph2P(CH2 )nPPh2}] (n = 1 1, 2 2, 3 3
or 4 4). Full crystal structure analyses of 1,* 2 and 3 have been
made. These compounds enable a comparison of the structural
variations that arise from lengthening the organic backbone in
the diphosphine ligand. Reaction of [Ru6C(CO)17 ] with dppb
also gives the compounds [Ru6C(CO)16{Ph2P(CH2 )4PPh2 }] 4a
and [Ru6C(CO)15{Ph2P(CH2 )4PPh2 }] 4b for which NMR stud-
ies indicate that in the major product (4a) the diphosphine lig-
and adopts an unusual P-pendant bonding mode, whilst in the
minor product (4b) it adopts the more common P2P9-edge-
briding configuration.

Results and Discussion
Under reflux in a solution of hexane the hexaruthenium cluster
[Ru6C(CO)17 ] reacts immediately on mixing with the chelating
diphosphines Ph2P(CH2 )nPPh2 (n = 1–3) to give the black prod-
ucts 1–3 formulated on the basis of their IR, NMR and mass

* The crystal structure of compound 1 has previously been reported 13

but neither spectroscopic nor synthetic details were included. The
redetermination using the excellent crystals obtained in this work has
yielded better crystallographic parameters, which are employed in com-
parison with the remaining two members of the series and full synthetic
and spectroscopic details are given.

spectral data (Table 1). For 1 the expected triplet for the PCH2P
group is observed in the room-temperature solution 1H NMR
spectrum and the 31P-{1H} NMR spectrum at 294 K shows a
sharp singlet indicating that the two phosphorus atoms of the
dppm ligand are equivalent. On cooling to 190 K two signals
are observed for two inequivalent phosphorus atoms (Table 1).
The 1H NMR spectrum for the analogous dppe cluster 2 shows
an AA9BB9 multiplet centred at δ 2.45 for the methylene groups,
which have become more complex due to non-first-order coup-
ling from the phosphorus atoms. The 31P-{1H} NMR spectrum
shows a single broad peak for the two phosphorus atoms of the
dppe ligand in the temperature range 188–293 K (Table 1). The
1H NMR spectrum of the dppp cluster [Ru6C(CO)15{µ-
Ph2P(CH2 )3PPh2 }] 3 shows a doublet of triplets at δ 2.70 for
the two outer methylene protons and a doublet of triplets of
triplets at δ 1.71 for the protons of the central methylene group
and no second-order coupling from the phosphorus atom is
observed (Table 1). The 31P-{1H} NMR spectrum shows a
broad singlet for the two equivalent phosphorus atoms of the
dppp ligand at 293 K, and on cooling to 192 K two signals in an
AB pattern are observed. At room temperature each of the
three compounds exhibits one broad resonance in the 13C NMR
spectrum for the carbonyl ligands centred at δ 202.34 for 1,
202.93 for 2 and 203.42 for 3. These high-frequency (low-field)
signals are commonly observed with phosphine substitution.14

The reaction of the parent complex [Ru6C(CO)17 ] with 1,4-
bis(diphenylphosphino)butane (dppb) results in the formation
of two products, which have been formulated on the basis of
IR, NMR and mass spectra as [Ru6C(CO)16{Ph2P(CH2 )4PPh2-
P}] 4a and [Ru6C(CO)15{µ-Ph2P(CH2 )4PPh2 }] 4b (Table 1). The
1H NMR spectrum of 4a was found to contain several broad
multiplets which could not be easily resolved. The 31P-{1H}
NMR spectrum revealed two doublets with one of these reson-
ances comparable to that of the free diphosphine at δ 2157.22
(relative to trimethyl phosphite) with the other resonance
showing a shift to high field at δ 2104.01. The phosphorus–
phosphorus coupling, 3J(PP), of 35.9 Hz observed in this spec-
trum is typical of a monoco-ordinated diphosphine group.7

This pendant mode of diphosphine ligands has previously been
observed in the pentanuclear cluster [Os5C(CO)15(dppe-P)].7

The minor product 4b was the only member of the series under
investigation that was found to be air sensitive in solution. On
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Table 1 Spectroscopic data for compounds 1–4b

NMR b

Mass spectrum c

Compound νmax(CO) a/cm21 1H 13C 31P-{1H} m/z

1 2071s, 2034s, 2019vs,
1979m (sh), 1956w (sh),
1831w (br)

7.3 (m, Ph), 4.99 [t, J(HP)
12.1, PCH2P]

202.34 (s, br, 15CO at
293 K)

2121.04 (s, br at 293 K),
2120.76 [2 d, J(PP) 34
at 190 K], 2115.25
[2 d, J(PP) 34 at 190 K]

1430

2 2072s, 2035s, 2020vs,
1980m (sh), 1955w (sh),
1826w (br)

7.4 (m Ph), 2.45 [m,
P(CH2 )2P]

202.93 (s, br, 15CO
at 293 K)

2101.37 (s, br at 293
and 180 K)

1444

3 2071s, 2032s, 2020vs,
2001m (sh), 1990m (sh),
1960w (sh), 1831w (br)

7.4 (m Ph), 2.70 [dt,
J(HP) 6.6, 10.2 PCH2-
CH2CH2P], 1.71 [dtt,
J(HP) 12.2, 25.3, 30.1 
PCH2CH2CH2P]

203.42 (s, br, 15CO
at 293 K)

291.96 (s, br at 293 K),
290.53 [2 d, J(PP) 43.2
at 192 K], 286.80
[2 d, J(PP) 43.2 at 192 K] 

1458

4a 2084m, 2056s, 2045s (sh),
2031vs, 1983w, 1832vw (br)

7.43 (m Ph), 2.62 [m,
br, PCH2(CH2 )2-
CH2P], 1.44 [m, br,
PCH2CH2CH2CH2P]

2104.01 [d, 3J(PP) 35.9
at 293 K], 2157.22
[d, 3J(PP) 35.9 
at 293 K]

1500

4b 2070m, 2031s, 2020vs,
2001m (sh), 1976w,
1948w (sh), 1826vw (br)

7.4 (m Ph), 2.6 [m,
PCH2(CH2 )2CH2P], 1.62
[m, PCH2CH2CH2CH2P]

284.83 (s, at 293 K),
283.77 [2 d, J(PP) 49.1
at 187 K], 279.20 [2 d,
J(PP) 49.1 at 187 K]

1472

a Measured in CH2Cl2. 
b Chemical shifts (δ) in ppm and coupling constants in Hz; measured in CD2Cl2. 

c Using 102Ru.

standing in CH2Cl2 for longer than 48 h decomposition
occurred to yield at least nine other unidentified products;
consequently manipulations were carried out under an argon
atmosphere. The 1H NMR spectrum of 4b shows multiplets at
δ 2.60 and 1.62 (Table 1). The 31P-{1H} NMR spectrum shows a
single peak for the two equivalent phosphorus atoms of the
dppb ligand at 293 K which resolves into two signals for in-
equivalent P atoms on cooling to 187 K. There is no evidence
for any isomers of the diphosphine-bridged compounds 1–3 or
4a which is in contrast to the results obtained for Os3-, Os5- and
Ru5-based systems where incorporation of diphosphine ligands
leads to isomers which differ in the mode of bonding of the
phosphine.7–9,15,16

The structures of the hexanuclear clusters [Ru6C(CO)15{µ-
Ph2P(CH2 )nPPh2 }] (n = 1 1, 2 2 or 3 3) have been determined by
single-crystal X-ray diffraction studies and are displayed in
Figs. 1–3 respectively; selected bond distances and angles are in
Table 2. The structures are represented in a comparable manner
to emphasise the similarity between them. Thus the correspond-
ing Ru]P/P]Ru dihedral values in all the clusters show positive
values, increasing from 13.5 in 1 to 24.3 in 2 and to 51.86 8 in

Fig. 1 Molecular structure of the hexanuclear cluster [Ru6C(CO)15-
(µ-Ph2PCH2PPh2 )] 1 showing the crystallographic numbering scheme.
The carbon atom of each carbonyl group has the same numbering as
that of the oxygen atom

Fig. 2 Molecular structure of the hexanuclear cluster [Ru6C(CO)15-
{µ-Ph2P(CH2 )2PPh2 }] 2. Details as in Fig. 1

Fig. 3 Molecular structure of the hexanuclear cluster [Ru6C(CO)15-
{µ-Ph2P(CH2 )3PPh2}] 3. Details as in Fig. 1

http://dx.doi.org/10.1039/a606040d


J. Chem. Soc., Dalton Trans., 1997, Pages 669–673 671

Table 2 Selected comparative bond distances (Å) and angles (8) for [Ru6C(CO)15{µ-Ph2P(CH2 )nPPh2 }] (n = 1 1, 2 2, 3 3)

1 2 3 1 2 3

Ru(1)]Ru(2)
Ru(1)]Ru(3)
Ru(1)]Ru(4)
Ru(1)]Ru(5)
Ru(2)]Ru(3)
Ru(2)]Ru(4)
Ru(2)]Ru(6)
Ru(3)]Ru(5)
Ru(3)]Ru(6)
Ru(4)]Ru(5)
Ru(4)]Ru(6)
Ru(5)]Ru(6)
Ru(1)]C
Ru(2)]C
Ru(3)]C
Ru(4)]C
Ru(5)]C
Ru(6)]C
Ru(1)]P(1)
Ru(2)]P(2)
Ru(1)]C(11)
Ru(1)]C(12)
Ru(2)]C(21)
Ru(2)]C(22)

2.989(1)
2.902(1)
2.977(1)
2.878(1)
2.904(1)
2.941(1)
2.871(1)
2.906(1)
2.942(1)
2.862(1)
2.844(1)
2.901(1)
2.049(11)
2.029(11)
2.041(11)
2.077(11)
2.068(11)
2.087(11)
2.347(3)
2.333(3)
1.878(16)
1.895(15)
1.862(14)
1.896(12)

3.029(1)
3.138(1)
2.864(1)
2.868(1)
2.861(1)
2.956(1)
2.877(1)
2.826(1)
2.877(1)
2.979(1)
2.815(1)
2.919(1)
2.039(7)
2.023(7)
2.042(7)
2.085(7)
2.081(7)
2.122(7)
2.338(2)
2.347(2)
1.863(11)
1.870(10)
1.883(9)
1.868(9)

2.998(3)
3.020(3)
2.909(4)
2.942(3)
2.965(3)
2.947(3)
2.893(3)
2.830(3)
2.838(3)
2.907(4)
2.877(4)
2.869(4)
2.07(3)
2.01(3)
2.04(3)
2.07(3)
2.13(3)
2.07(3)
2.384(8)
2.346(7)
1.86(3)
1.85(3)
1.81(4)
1.90(3)

Ru(3)]C(31)
Ru(3)]C(32)
Ru(3)]C(33)
Ru(4)]C(41)
Ru(4)]C(42)
Ru(5)]C(51)
Ru(5)]C(52)
Ru(5)]C(53)
Ru(6)]C(61)
Ru(6)]C(62)
Ru(6)]C(63)
Ru(4)]C(46)
Ru(6)]C(46)
Ru(3)]C(36)
Ru(6)]C(36)
Ru(3)]C(35)
Ru(5)]C(35)
Ru(4)]C(45)
Ru(5)]C(45)
P(1)]C(1)
P(2)]C(1)
P(2)]C(2)
P(2)]C(3)

1.895(13)
1.876(14)
1.929(14)
1.899(14)
1.878(13)
1.929(14)
1.906(14)
1.899(13)
1.873(16)
1.875(14)
—
2.065(13)
2.077(12)
—
—
—
—
—
—
1.838(11)
1.830(11)
—
—

1.876(9)
1.894(9)
—
1.882(10)
1.884(9)
1.886(11)
1.922(11)
1.879(11)
1.890(10)
1.903(10)
—
2.001(8)
2.193(8)
1.994(9)
2.284(9)
—
—
—
—
1.830(8)
—
1.837(8)
—

1.86(3)
1.86(3)
—
1.90(5)
1.82(4)
1.75(4)
1.82(3)
—
1.91(3)
1.79(4)
1.83(4)
—
—
—
—
1.97(3)
2.04(3)
2.03(7)
2.63(6)
1.818(23)
—
—
1.838(25)

Ru(3)]Ru(1)]Ru(2)
Ru(4)]Ru(1)]Ru(2)
Ru(4)]Ru(1)]Ru(3)
Ru(5)]Ru(1)]Ru(2)
Ru(5)]Ru(1)]Ru(3)
Ru(5)]Ru(1)]Ru(4)
Ru(3)]Ru(2)]Ru(1)
Ru(4)]Ru(2)]Ru(1)
Ru(4)]Ru(2)]Ru(3)
Ru(6)]Ru(2)]Ru(1)
Ru(6)]Ru(2)]Ru(3)
Ru(6)]Ru(2)]Ru(4)
Ru(2)]Ru(3)]Ru(1)
Ru(5)]Ru(3)]Ru(1)
Ru(5)]Ru(3)]Ru(2)
Ru(6)]Ru(3)]Ru(1)
Ru(6)]Ru(3)]Ru(2)
Ru(6)]Ru(3)]Ru(5)
Ru(2)]Ru(4)]Ru(1)
Ru(5)]Ru(4)]Ru(1)
Ru(5)]Ru(4)]Ru(2)
Ru(6)]Ru(4)]Ru(1)
Ru(6)]Ru(4)]Ru(2)
Ru(6)]Ru(4)]Ru(5)
Ru(3)]Ru(5)]Ru(1)
Ru(4)]Ru(5)]Ru(1)
Ru(4)]Ru(5)]Ru(3)
Ru(6)]Ru(5)]Ru(1)

59.0(1)
59.1(1)
88.8(1)
88.5(1)
60.4(1)
58.5(1)
59.0(1)
60.3(1)
89.5(1)
89.7(1)
61.3(1)
58.6(1)
62.0(1)
59.4(1)
89.7(1)
90.0(1)
58.8(1)
59.5(1)
60.7(1)
59.0(1)
89.8(1)
90.5(1)
59.5(1)
61.1(1)
60.2(1)
62.5(1)
91.0(1)
91.4(1)

55.3(1)
60.1(1)
86.4(1)
88.0(1)
55.9(1)
62.6(1)
64.3(1)
57.2(1)
90.0(1)
89.2(1)
60.2(1)
57.7(1)
60.4(1)
57.2(1)
92.2(1)
87.1(1)
60.2(1)
61.6(1)
62.7(1)
58.7(1)
87.3(1)
93.8(1)
59.7(1)
60.4(1)
66.9(1)
58.6(1)
90.2(1)
91.6(1)

59.0(1)
59.8(1)
87.4(1)
88.3(1)
56.7(1)
59.6(1)
60.9(1)
58.6(1)
87.8(1)
89.1(1)
58.0(1)
59.0(1)
60.1(1)
60.3(1)
91.1(1)
89.7(1)
59.7(1)
60.8(1)
61.6(1)
60.8(1)
90.0(1)
91.2(1)
59.5(1)
59.5(1)
63.1(1)
59.6(1)
91.2(1)
90.7(1)

Ru(6)]Ru(5)]Ru(3)
Ru(6)]Ru(5)]Ru(4)
Ru(3)]Ru(6)]Ru(2)
Ru(4)]Ru(6)]Ru(2)
Ru(4)]Ru(6)]Ru(3)
Ru(5)]Ru(6)]Ru(2)
Ru(5)]Ru(6)]Ru(3)
Ru(5)]Ru(6)]Ru(4)
Ru(2)]C]Ru(1)
Ru(3)]C]Ru(1)
Ru(3)]C]Ru(2)
Ru(4)]C]Ru(1)
Ru(4)]C]Ru(2)
Ru(4)]C]Ru(3)
Ru(5)]C]Ru(1)
Ru(5)]C]Ru(2)
Ru(5)]C]Ru(3)
Ru(5)]C]Ru(4)
Ru(6)]C]Ru(1)
Ru(6)]C]Ru(2)
Ru(6)]C]Ru(3)
Ru(6)]C]Ru(4)
Ru(6)]C]Ru(5)
C(1)]P(1)]Ru(1)
C(1)]P(2)]Ru(2)
C(2)]P(2)]Ru(2)
C(3)]P(2)]Ru(2)

60.9(1)
59.1(1)
59.9(1)
61.9(1)
90.7(1)
90.4(1)
59.6(1)
59.8(1)
94.3(5)
90.4(4)
91.0(4)
92.4(4)
91.5(4)

176.1(6)
88.7(4)

176.9(6)
90.0(4)
87.3(4)

176.9(6)
88.5(4)
90.9(4)
86.2(4)
88.6(4)

111.5(4)
114.4(4)
—
—

60.1(1)
57.0(1)
59.6(1)
62.6(1)
92.6(1)
90.0(1)
58.4(1)
62.6(1)
96.4(3)

100.5(3)
89.5(3)
88.0(3)
92.0(3)

171.2(4)
88.2(3)

174.4(4)
86.5(3)
91.3(3)

171.0(4)
87.9(3)
87.4(3)
84.0(3)
88.0(3)

114.6(3)
—
118.8(3)
—

59.7(1)
59.7(1)
62.3(1)
61.4(1)
91.6(1)
91.8(1)
59.5(1)
60.8(1)
95(1)
95(1)
94(1)
89(1)
92(1)

172(1)
89(1)

176(1)
86(1)
88(1)

175(1)
90(1)
87(1)
88(1)
86(1)

119.9(8)
—
—
115.0(8)

3. The three clusters differ mainly in the nature of the bidentate
ligand. The fundamental carbido-octahedral core of the parent
compound [Ru6C(CO)17]

17 is retained in all cases and the
diphosphine ligand replaces two of the terminal carbonyl
groups, spanning the Ru(1)]Ru(2) bond. Subtle variations in
the degree of carbonyl bridging are evident between the three
structures; 1 has one bridging carbonyl [Ru(4)]C(46) 2.065(13),
Ru(6)]C(46) 2.077(12) Å], while 2 has one symmetrically bridg-
ing and one slightly asymmetric carbonyl ligand [Ru(4)]C(46)
2.001(8), Ru(6)]C(46) 2.193(8) Å] and 3 has one bridging and
one semibridging carbonyl [Ru(3)]C(35) 1.97(3), Ru(5)]C(35)
2.04(3) and Ru(4)]C(45) 2.03(7), Ru(5)]C(45) 2.63(6) Å].

The Ru]Ru bond distances for all three cluster products are
similar, and typical of those reported for related carbido-
ruthenium clusters.18 The longest Ru]Ru bond in the diphos-
phine cluster 1 is that bridged by the dppm ligand [Ru(1)]Ru(2)
2.989(1) Å], whereas in both the longer-chain analogues 2 and 3
the longest Ru]Ru bond is adjacent to the metal bond bridged
by the diphosphine ligand [Ru(1)]Ru(3) 3.138(1) 2 and

Ru(1)]Ru(3) 3.020(3) Å 3]. This unusual pattern is not readily
explained but must be related to the change in the length of the
organic backbone linking the two phosphorus atoms in the
respective diphosphine ligands. The shortest Ru]Ru bond in all
three structures is a µ-carbonyl-bridged bond [Ru(4)]Ru(6)
2.844(1) 1 Ru(4)]Ru(6) 2.815(1) 2, Ru(3)]Ru(5) 2.830(3) 3],
whereas in the parent cluster [Ru6C(CO)17]

13 the µ-CO-bridged
bond is in the middle of the Ru]Ru range.17 The metal–carbide
distances for all three compounds are equal, within experi-
mental error, and within the range observed for related struc-
tures.18 It was anticipated that with the increase in the length of
the methylene backbone in the diphosphine ligand in clusters 1–
3 a greater degree of freedom would be available for the ligand
to adopt a sterically favourable edge-bridging configuration on
the metal surface. However, X-ray data show the opposite
trend. Within experimental error, the mean Ru]P distances in
all three clusters of the series are similar [2.340(3) 1, 2.343(2) 2
and 2.365(8) Å 3]. However, evidence of strain within the
Ru]P]C ring system, arising from increasing the chain length in
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Table 3 Crystallographic data and structure parameters for [Ru6C(CO)15{µ-Ph2P(CH2 )nPPh2 }] (n = 1 1, 2 2 and 3 3)*

1 2 3

Molecular formula
M
Crystal dimensions/mm
Crystal system
Space group
a/Å
b/Å
c/Å
β/8
U/Å3

Dc/g cm23

F(000)
µ(Mo-Kα)/mm21

C40H22O15P2Ru6

1423.16
0.26 × 0.24 × 0.13
Monoclinic
C2/c
14.122(3)
18.147(3)
35.687(5)
100.99(2)
8977.85
2.106
5456
1.94

C41H24O15P2Ru6

1437.19
0.29 × 0.22 × 0.26
Monoclinic
I2/c
21.780(3)
19.450(3)
21.881(3)
93.26(2)
9254.25
2.063
5520
1.88

C42H26O15P2Ru6

1451.22
0.22 × 0.20 × 0.15
Orthorhombic
Pbca
24.769(3)
18.054(3)
21.114(3)

9441.75
2.042
5584
1.85

Number of reflections collected
Number of independent reflections merged
Number of reflections used for refinement [I > 3σ(I)]
Step width/8
Number of refined parameters
Converged residual R
R9 [ = Σ( | Fo | 2 |Fc | )w¹̄

²/Σ |Fo |w¹̄
²]

ρmax, ρmin/e Å23

4492
4071
3918
0.70
399
0.0397
0.0410
0.30, 20.48

5344
5006
5001
0.80
403
0.0373
0.0378
0.60, 20.57

3823
2369
2346
0.70
265
0.0638
0.0622
0.70, 20.46

* Details in common: cell determined from 25 reflections in the range 2θ 15–258; Z = 8; 298 K; 2θ scan range 3.0–50.08; scan mode ω–2θ;
<5% variation in intensity.

the diphosphine ligand, in clusters 1–3 is detectable when the
Ru]P]C angles are compared. The mean Ru]P]C intercyclic
angle in the dppm cluster 1 is near tetrahedral [112.5(3) 8]
whereas in the dppe and dppp analogues this angle becomes
distorted to larger values [116.7(4) in 2 and 117.5(8) 8 in 3]. The
substitution pattern observed for this series of compounds
appears to be dependent on the length of the organic chain
linking the two phosphorus atoms in the diphosphine ligands
used. Although an edge-bridging bonding mode is adopted in
most of the clusters reported, the increase in chain length
appears to induce considerable conformational strain within
the ligand and would explain why the reaction with the dppb
ligand generates, as the major product, a compound in which
the diphosphine ligand adopts the more unusual pendant co-
ordination mode.

Experimental
All reactions were carried out under nitrogen using dry
degassed solvents. Infrared spectra were recorded on a
Perkin-Elmer 983 spectrophotometer, NMR (1H, 13C and 31P-
{1H}) spectra on Bruker WM 250 and WH 400 instruments
using CD2Cl2 and P(OMe)3 as internal references respectively
and electron-impact mass spectra on a NEI MS 12 spec-
trometer using tris(perfluoroheptyl)-s-triazine as calibrant.
Microanalyses were performed in the University Chemical
Laboratory, Cambridge. The diphosphines, dppm, dppe,
dppp and dppb, were obtained from Strem Chemicals and
the parent cluster [Ru6C(CO)17 ] was prepared by the literature
method.19

Preparations

[Ru6C(CO)15(ì-Ph2PCH2PPh2 )] 1. The complex [Ru6C-
(CO)17 ] (75 mg, 0.0686 mmol) was suspended in hexane (15
cm3 ) and dppm (28 mg, 0.0703 mmol) added to the refluxing
solution. The reaction mixture was monitored by IR spectro-
scopy; a change from red to pale orange occurred after 30 min
together with precipitation of the product [Ru6C(CO)15(µ-
Ph2PCH2PPh2 )] 1. The mixture was then filtered through a
sintered funnel and the red solid 1 washed with cold hexane
(3 × 10 cm3 portions). Black crystals were obtained by slow
diffusion of a layered CH2Cl2–hexane solution under N2 over
24 h (yield 92 mg, 94%) (Found: C, 33.85; H, 1.45; P, 4.4. Calc.
for C40H22O15P2Ru6: C, 33.6; H, 1.55; P, 4.35%).

[Ru6C(CO)15{ì-Ph2P(CH2 )2PPh2 }] 2. The complex [Ru6C-
(CO)17 ] (75 mg, 0.0686 mmol) was suspended in hexane (15
cm3 ) and dppe (28 mg, 0.0704 mmol) added to the refluxing
solution. The reaction mixture was monitored by IR spec-
troscopy; a change from red to pale orange occurred after 30
min together with precipitation of the product [Ru6C(CO)15{µ-
Ph2P(CH2 )2PPh2 }] 2. The reaction mixture was then filtered
through a sintered funnel and red solid 2 was washed with cold
hexane (3 × 10 cm3 portions). Black crystals were obtained by
slow diffusion of a layered CH2Cl2–hexane solution under N2

over 24 h (yield 88 mg, 90%) (Found: C, 34.5; H, 1.9; P, 4.35.
Calc. for C41H24O15P2Ru6: C, 34.2; H, 1.65; P, 4.3%).

[Ru6C(CO)15{ì-Ph2P(CH2 )3PPh2 }] 3. The complex [Ru6C-
(CO)17 ] (75 mg, 0.0686 mmol) was suspended in hexane (15
cm3 ) and dppp (28 mg, 0.0705 mmol) added to the refluxing
solution. The reaction mixture was monitored by IR spec-
troscopy; a change from red to pale orange occurred after 30
min together with precipitation of the product [Ru6C(CO)15{µ-
Ph2P(CH2 )3PPh2}] 3. The reaction mixture was then filtered
through a sintered funnel and red solid 3 was washed with cold
hexane (3 × 10 cm3 portions). Black crystals were obtained by
slow diffusion of a layered CH2Cl2–hexane solution under N2

over 24 h (yield 85 mg, 87%) (Found: C, 34.95; H, 1.85; P, 4.6.
Calc. for C42H26O15P2Ru6: C, 34.7; H, 1.8, P, 4.25%).

[Ru6C(CO)16{Ph2P(CH2 )4PPh2-P}] 4a and [Ru6C(CO)15{ì-
Ph2P(CH2 )4PPh2}] 4b. The complex [Ru6C(CO)17 ] (75 mg,
0.0686 mmol) was suspended in hexane (15 cm3 ) and dppb (29
mg, 0.0705 mmol) added to the refluxing solution. The reaction
mixture was monitored by IR spectroscopy and was complete
after 30 min with a change from red to pale orange and precipi-
tation of the product [Ru6C(CO)16{Ph2P(CH2 )4PPh2-P}] 4a.
The mixture was then reduced in volume on a rotary evaporator
and eluted with 30% dichloromethane–70% hexane to yield 4a
as the major product at Rf 0.4, followed by a brown band of
[Ru6C(CO)15{µ-PPh2(CH2 )4PPh2 }] 4b at Rf 0.55. Black crystals
of 4a were obtained by slow diffusion of a layered CH2Cl2–
hexane solution under N2 over 24 h, (yield 72 mg, 74%) (Found:
C, 35.45; H, 2.0; P, 4.35. Calc. for C44H28O16P2Ru6: C, 35.2;
H, 1.9; P, 4.25%). A black crystalline powder of 4b was
obtained by slow diffusion of a layered CH2Cl2–hexane solu-
tion under N2 over 72 h (Found: C, 35.4; H, 2.05; P, 4.4. Calc.
for C43H28O15P2Ru6: C, 35.25; H, 1.9; P, 4.2%).
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Crystallography

Suitable crystals of compounds 1–3 were grown from slow dif-
fusion of a layered CH2Cl2–hexane solution under nitrogen
over 24 h at room temperature. Those of 3 were relatively poor
in quality compared to those for 1 and 2. Several attempts to
recrystallise compound 3 to yield crystals of better quality
failed. Additionally, a low-temperature study for this com-
pound could not be carried out on the Philips PW 1100 dif-
fractometer. Details of crystal parameters, data-collection
parameters, and refinement data are summarised in Table 3.
The method of data collection and processing used has been
described previously.20 For all three clusters the positions of the
metal atoms were deduced from a Patterson synthesis and the
remaining non-hydrogen atoms were located from subsequent
Fourier-difference syntheses.21 Empirical absorption correc-
tions were applied to each data set after initial refinement of the
isotropic parameters of all the non-hydrogen atoms.22 During
the final cycles of refinement of structures 1 and 2 anisotropic
thermal parameters were assigned to the six metal, two phos-
phorus and carbido atoms together with the atoms of the car-
bonyl ligands. For structure 3, anisotropic thermal parameters
were assigned to only the six metal and two phosphorus atoms.
The six carbon atoms of each phenyl ring of the respective
bidentate phosphine groups in 1–3 were grouped as rigid hexa-
gons (d C]C 1.395 Å, C]C]C 120 8) with the phenyl H atoms
geometrically calculated to ride at the respective carbon atoms
(C]H 1.08 Å), with fixed thermal parameters of 0.08 Å2. The
hydrogen atoms of the methylene carbon atoms on the back-
bone of each diphosphine ligand were also geometrically calcu-
lated to ride at the respective carbon atoms at distances of 1.08
Å with fixed thermal parameters of 0.08 Å2.

Full-matrix refinement (on F ) of the atomic positional and
thermal parameters of all the non-hydrogen atoms in the struc-
tures 1–3 converged at final R and R9 values of 0.0397 and
0.0410 for 1, 0.0373 and 0.0378 for 2 and 0.0638 and 0.0622
for 3, respectively with weights of w = 1/σ2(Fo) assigned to
individual reflections.

Atomic coordinates, thermal parameters, and bond lengths
and angles have been deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC). See Instructions for Authors,
J. Chem. Soc., Dalton Trans., 1997, Issue 1. Any request to the
CCDC for this material should quote the full literature citation
and the reference number 186/354.
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