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Abstract

Treatment of carbido cluster Ru6(m6-C)(CO)17 with 3 equiv. of Me3NO, followed by addition of high-valent acetylide complex
(C5Me5)W(O)2(CCPh), affords a novel heterometallic cluster complex with formula (C5Me5)W(O)2(CCPh)Ru6(m6-C)(CO)14 (1).
The (C5Me5)W(O)2(CCPh) fragment in this molecule, which serves as a six-electron-donor ligand, uses one of the W–O multiple
bonds and the acetylide C–C triple bond to fill three adjacent coordination sites on the Ru3 metal triangle of central Ru6(m6-C)
framework. Thermolysis of 1 in toluene leads to the formation of a toluene substituted complex (C5Me5)W(O)2(CCPh)Ru6(m6-
C)(CO)11(C7H8) (2) which exhibits the same metal core arrangement as its precursor 1. In addition, the X-ray structural analysis
reveals the evidence for extensive hydrogen bonding between the terminal oxo ligand and the methanol solvate present in the unit
cell. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Not only low-valent carbonyl complexes but also
high-valent oxide species are important reagents in
various catalytic or stoichiometric chemical processes,
although they are usually considered to be at opposite
extremes of the spectrum of transition-metal
organometallic compounds [1]. In view of their distinc-
tive properties we were attracted to examine the metal
cluster compounds containing both the low-oxidation-
state metal carbonyl fragment and the high-oxidation-
state metal oxide fragment. Although the number of
these cluster complexes is rather limited, some studies
on the carbonyl clusters with metal atom bearing bridg-

ing oxo ligand have been documented [2]. The simplest
and most well-known examples involves [Os(CO)3(m3-
O)]4 [3], Os6(CO)17(m3-O) [4], [Fe3Mn(CO)12(m4-
O)][PPN] and [Fe2Ru3(CO)14(m4-O)][PPN]2 [5], in which
the oxo ligand is bound to the metal atoms in a manner
not different from other main group elements like
carbide or nitride ligands. In addition, Shapley and
coworkers have reported on the synthesis of het-
erometallic oxo complex with formula CpW(m-
O)Os3(m3-CCH2Tol)(CO)9 [6], produced by the direct
C–O bond cleavage of an acyl functional group, while
Stone and coworkers [7] and Chi and coworkers [8]
have obtained independently the respective tungsten–
rhenium mixed-metal oxo complexes through direct air
oxidation. Examination of the chemistry in these het-
erometallic oxo complexes reveals that the oxo ligand is
able to promote the addition reaction by alternating its
bonding between the terminal and the edge-bridging
modes [6,9].
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In this study, we wish to report the synthesis of a
cluster compound (C5Me5)W(O)2(CCPh)Ru6(m6-
C)(CO)14 (1), directly from a mononuclear tungsten
dioxo complex (C5Me5)W(O)2(CCPh) and a ruthenium
carbido cluster complex Ru6(m6-C)(CO)17. As complex 2
inherits the (C5Me5)W(O)2 fragment; therefore, its
bonding and reactivity pattern observed would also
highlight the corresponding structural as well as chemi-
cal properties of oxo ligand on the high oxidation-state
tungsten atom.

2. Experimental section

2.1. General information and materials

Infrared spectra were recorded on a Perkin-Elmer
2000 FT-IR spectrometer. 1H- and 13C-NMR spectra
were recorded on either a Bruker AM-400 or a Varian
Unity-400 instrument. 1H- and 13C-NMR chemical
shifts are quoted with respect to internal standard
tetramethylsilane. Mass spectra were obtained on a
JEOL-HX110 instrument operating in fast atom bom-
bardment (FAB) mode. The acetylide complex
(C5Me5)W(O)2(CCPh) and carbido complex Ru6(m6-
C)(CO)17 were prepared according to literature proce-
dures [10]. All reactions were performed under a
nitrogen atmosphere using dried and deoxygenated sol-
vents. The reactions were monitored by analytical thin-
layer chromatography (5735 Kieselgel 60 F254, E.
Merck) and the products were separated on preparative
thin-layer chromatographic plates (Kieselgel 60 F254, E.
Merck). Elemental analyses were carried out at the
Regional Instrumentation Center at National Cheng
Kung University, Tainan, Taiwan.

2.2. Reaction of Ru6(m6-C)(CO)17 with
(C5Me5)W(O)2(CCPh)

An acetonitrile solution (20 ml) of freshly sublimed
Me3NO (34.2 mg, 0.447 mmol) was added dropwise
into a CH2Cl2 solution (30 ml) of Ru6(m6-C)(CO)17 (200
mg, 0.182 mmol) over a period of 30 min. Then the
solvent was removed under vacuum, the acetylide com-
plex (C5Me5)W(O)2(CCPh) (70 mg, 0.155 mmol) was
added and the mixture was taken up in 60 ml of
CH2Cl2. The solution was stirred at r.t. for 5 h during
which the color changed to dark-brown. The solvent
was removed and the residue was redissolved in mini-
mum amount of CH2Cl2 and separated by thin-layer
chromatography. Development with pure
dichloromethane produced a brown band, which was
extracted from silica gel to yield 135 mg of
(C5Me5)W(O)2(CCPh)Ru6(m6-C)(CO)14 (1, 0.092 mmol,
51%). Crystals suitable for X-ray diffraction studies
were obtained from a mixture of CH2Cl2 and methanol
at r.t.

Selected spectral data for 1: FAB MS (184W, 102Ru):
m/z 1467 (M+). IR (C6H12): n(CO), 2079 (m), 2045 (s),
2039 (s), 2027 (m), 2018 (m), 1996 (br, w) cm−1.
1H-NMR (300 MHz, CDCl3, 295 K): d 2.02 (s, 15H,
C5Me5), 7.46 (t, 1H, JHH=7.8 Hz), 7.58 (t, 2H, JHH=
7.8 Hz), 7.96 (d, 2H, JHH=7.8 Hz). 13C-NMR (75
MHz, CD2Cl2, 295 K): d 11.9 (C5Me5), 119.5 (C5Me5),
129.7 (m,o-C6H5), 130.2 (p-C6H5), 130.8 (o,m-C6H5),
147.5 (i-C6H5), 159.6 (CCPh), 201.6 (CCPh), 431.4
(m6-C). Anal. Calcd for C33H20O16WRu6: C, 27.10; H,
1.38. Found: C, 27.21; H, 1.42.

2.3. Treatment of 1 with CO

A toluene solution (30 ml) of 1 (22 mg, 0.015 mmol)
was heated at 110°C under CO atmosphere for 25 min,
during which the color changed from brown to light
brown. After the removal of solvent, the residue was
redissolved in CH2Cl2 and separated by thin-layer chro-
matography. Development with pure dichloromethane
produced two major bands, which were extracted from
silica gel to yield 14.1 mg of orange Ru6(m6-C)(CO)17

Table 1
X-ray structural data of complexes 1 and 2

Compound 1 2
C37H28O13Ru6W·CH3OHC33H20O16Ru6WFormula

Molecular weight 1502.921462.77
OrthorhombicCrystal system Orthorhombic
PbcaSpace group Pbca

Unit cell dimensions
a (Å) 16.883(2) 14.307(3)

20.340(2)17.856(3)b (Å)
29.058(3)c (Å) 26.478(2)

7982(2)Volume (Å3) 8456(2)
Z 8 8

2.434Dcalc (g cm−3) 2.361
5397F(000) 5605

2u (max) (°) 50.0 50.0
h k l ranges 0 16, 0 24, 0 340 20, 0 21, 0 31

Crystal size (mm) 0.13×0.20×0.400.30×0.40×0.50
76.4048.04m(Mo–Ka) cm−1

1.000, 0.9121.000, 0.644Transmission: max,
min.
No. of data in re- 43494830
finement, I]2s(I)
No. of atoms and 76, 506 91, 533
parameters
Weight modifier (g) 0.00010.00005

0.003Maximum D/s ratio 0.008
RF; Rw 0.030; 0.030 0.041; 0.034
GOF 1.46 1.20
D-map, max./min 0.75/−0.81 0.95/−1.23
(eÅ−3)

Features common to all determinations: Nonius CAD-4 diffractome-
ter, l(Mo–Ka)=0.7107 Å; minimize function: S(w �Fo−Fc�2), weight-
ing scheme: w−1=s2(Fo)+�g � Fo

2; GOF= [Sw �Fo−Fc�2/(No−Nv)]1/2

(No=number of observations; Nv=number of variables).
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Table 2
Selected bond distances (Å) and angles (°) of 1 (esd. in parentheses)

Metal–metal distances
2.8024(8) Ru(1)�Ru(2)W�Ru(1) 2.8191(9)

Ru(1)�Ru(5)2.846(1)Ru(1)�Ru(3) 2.907(1)
2.8837(9) Ru(2)�Ru(3) 2.7364(9)Ru(1)�Ru(6)

3.030(1)Ru(2)�Ru(6)Ru(2)�Ru(4) 2.875(1)
2.933(1)Ru(3)�Ru(5)Ru(3)�Ru(4) 2.924(1)
2.879(1)Ru(4)�Ru(6)Ru(4)�Ru(5) 2.893(1)

2.851(1)Ru(5)�Ru(6)

Metal–carbide atom distances
1.997(7) Ru(2)�C(15)Ru(1)�C(15) 2.025(7)

2.057(7)Ru(4)�C(15)Ru(3)�C(15) 2.038(7)
2.062(7)Ru(6)�C(15)Ru(5)�C(15) 2.047(7)

Metal–acetylide ligand distances and angles
2.031(8) Ru(1)�C(16)W�C(16) 2.130(8)

Ru(2)�C(17)2.269(7)Ru(2)�C(16) 2.206(7)
2.073(7) C(16)�C(17) 1.38(1)Ru(3)�C(17)

ÚW�C(16)�C(17) 156.2(6) 126.4(7)ÚC(16)�C(17)�C(18)
Meta3–oxo ligand distances and angles

1.711(6)W�O(16)W�O(15) 1.810(6)
Ru(1)�O(15) 2.156(6)

107.2(3) ÚRu(1)�O(15)�W 89.5(2)ÚO(15)�W�O(16)

203.0 (3CO, br), 209.5 (3CO), 409.0 (m6-C). Anal. Calcd
for C37H28O13WRu6: C, 30.21; H, 1.92. Found: C,
30.24; H, 1.98.

2.5. X-ray crystallography

The X-ray diffraction measurements were carried out
on a Nonius CAD-4 diffractometer. Lattice parameters
were determined from 25 randomly selected high-angle
reflections. Three standard reflections were monitored
every 3600 s. For complex 1, no significant change in
intensities was observed over the course of data collec-
tion. On the other hand, the intensity of the standard
reflections of 2 reduced 12% during the data collection,
which is presumably caused by the slow decomposition
of crystal through loss of methanol solvate. The diffrac-
tion signals were then corrected for Lorentz, polariza-
tion and absorption effects (c scans). The structure was
determined by using the NRCC-SDP-VAX package.
The non-hydrogen atoms were allowed anisotropic tem-
perature factors, and the hydrogen atoms were placed
at the idealized positions with UH=UC+0.1. The crys-
tallographic refinement parameters of complexes 1 and
2 are given in Table 1, while their selected bond dis-
tances and angles and the atomic coordinates are pre-
sented in Tables 2–5, respectively. Other unessential
bond distances and angles, tables of anisotropic ther-
mal parameters and listings of the observed and calcu-

(0.013 mmol, 86%) and 6 mg of light yellow
(C5Me5)W(O)2(CCPh) (0.013 mmol, 90%).

2.4. Thermolysis of
(C5Me5)W(O)2(CCPh)Ru6(m6-C)(CO)14

A toluene solution (60 ml) of 1 (120 mg, 0.082 mmol)
was stirred at reflux for 8 h, during which time no
obvious change of color was observed. After the re-
moval of solvent in vacuo, the residue was taken up in
CH2Cl2 and separated by thin-layer chromatography
using pure dichloromethane as eluent, affording 58 mg
of (C5Me5)W(O)2(CCPh)Ru6(m6-C)(CO)11(C7H8) (2,
0.039 mmol, 48%). Single crystals of 2, which contain
one methanol solvent molecule, were obtained from a
mixture of CH2Cl2 and methanol at room temperature.

Selected spectral data for 2: FAB MS (184W, 102Ru):
m/z 1475 (M+). IR (C6H12): n(CO), 2046 (s), 2013 (vs),
2001 (s), 1978 (s), 1946 (m), 1863 (br, w), 1789 (br, w)
cm−1. 1H-NMR (400 MHz, CDCl3, 295 K): d 1.97 (s,
15H, C5Me5), 2.38 (s, 3H, Me), 5.39 (t, 1H, JHH=6.0
Hz), 5.60 (d, 1H, JHH=6.0 Hz), 5.62 (d, 1H, JHH=6.0
Hz), 5.69 (t, 1H, JHH=6.0 Hz), 5.73 (t, 1H, JHH=6.0
Hz), 7.38 (t, 1H, JHH=7.5 Hz), 7.50 (t, 2H, JHH=7.5
Hz), 7.96 (d, 2H, JHH=7.5 Hz). 13C NMR (75 MHz,
CD2Cl2, 295 K): d 11.2 (C5Me5), 22.2 (Me), 83.5
(MeC6H5), 84.7 (MeC6H5), 85.8 (MeC6H5), 88.7
(MeC6H5), 90.7 (MeC6H5), 103.4 (MeC6H5), 118.1
(C5Me5), 128.5 (m,o-C6H5), 129.0 (p-C6H5), 130.6 (o,m-
C6H5), 146.7 (i-C6H5), 156.4 (CCPh), 193.9 (1CO),
195.7 (2CO), 198.6 (1CO), 199.7 (2CO), 199.8 (CCPh),

Table 3
Selected bond distances (Å) and angles (deg) of 2 (esd. in parentheses)

Metal–metal distances
2.869(1)Ru(1)�Ru(2)W�Ru(5) 2.831(1)

Ru(1)�Ru(5) 2.891(1)Ru(1)�Ru(4) 2.866(1)
Ru(2)�Ru(3) 2.729(1)Ru(1)�Ru(6) 2.928(1)

3.002(1) Ru(2)�Ru(6)Ru(2)�Ru(5) 2.930(1)
2.779(1)3.006(1)Ru(3)�Ru(4) Ru(3)�Ru(5)

2.899(1) Ru(4)�Ru(5) 2.854(1)Ru(3)�Ru(6)
Ru(4)�Ru(6) 2.815(1)

Metal–carbide atom distances
Ru(2)�C(12) 2.02(1)Ru(1)�C(12) 1.94(1)

2.07(1) Ru(4)�C(12)Ru(3)�C(12) 2.08(1)
2.09(1)Ru(6)�C(12)Ru(5)�C(12) 2.03(1)

Metal–acetylide ligand distances and angles
2.03(1) Ru(3)�C(13) 2.23(1)W�C(13)

Ru(2)�C(14)2.20(1) 2.05(1)Ru(5)�C(13)
C(13)�C(14) 1.38(2)Ru(3)�C(14) 2.23(1)

128(1)ÚC(13)�C(14)�C(15)ÚW�C(13)�C(14) 148.3(8)

Metal–oxo ligand distances and angles
1.802(7) W�O(13) 1.719(7)W�O(12)

2.92(1)O(13)–O(14)Ru(5)�O(12) 2.170(7)
106.9(3) ÚRu(5)�O(12)�WÚO(12)�W�O(13) 90.5(3)

Metal–toluene ligand distances
Ru(1)�C(22) 2.23(1)Ru(1)�C(21) 2.23(1)
Ru(1)�C(24) 2.23(1)Ru(1)�C(23) 2.21(1)

2.25(1) Ru(1)�C(26)Ru(1)�C(25) 2.26(1)
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Table 4
Atomic coordinates and isotropic displacement coefficients for com-
plex 1; e.s.ds. refer to the last digit printed

z Beqx y

0.027363(13) 2.807(15)W 0.629866(23) 0.182854(21)
0.15579(4) 0.121755(25)Ru1 0.56046(4) 2.10(3)

0.156556(25)0.25108(4) 1.97(3)0.68188(4)Ru2
2.09(3)0.17032(3)Ru3 0.52798(4) 0.29460(4)

0.24430(4) 0.25756(3)Ru4 0.61983(4) 2.34(3)
0.22172(3)0.15378(4) 2.27(3)0.48933(4)Ru5
0.20824(3) 2.29(3)Ru6 0.64804(4) 0.10310(4)

3.4(4)0.1045(3)0.1432(5)0.4545(5)C1
0.2170(5) 0.1295(3)C2 0.7796(5) 3.3(4)
0.3366(5) 0.1775(3)C3 0.7382(5) 3.1(4)

3.0(4)0.1415(3)0.3300(5)0.4308(5)C4
0.5416(5) 0.3833(5) 0.2059(3) 3.0(4)C5

0.3228(5) 0.2795(3)C6 0.6861(5) 3.4(4)
0.3125(3)0.2657(5) 3.7(5)0.5529(5)C7

0.1657(5) 0.2876(4)C8 0.6842(5) 4.2(5)
0.2308(4) 3.7(5)C9 0.4079(5) 0.2276(5)

0.1173(5) 0.2874(3)C10 0.4906(5) 3.5(4)
0.0748(5) 3.4(4)0.2022(3)0.4202(5)C11
0.0210(5) 0.2530(3)C12 0.6348(5) 3.3(4)
0.0769(5) 0.1958(3)C13 0.7542(5) 3.3(4)

0.1523(4)0.0392(5) 3.7(5)0.6019(6)C14
0.1890(3) 1.7(3)C15 0.5879(4) 0.1994(4)

2.1(3)0.0857(3)0.2532(4)0.6062(4)C16
0.3211(4) 0.1105(3)C17 0.6021(4) 2.1(3)
0.3947(4) 0.0898(3)C18 0.6247(5) 2.6(4)

0.0688(4)0.4061(5) 3.6(4)0.7002(5)C19
4.6(5)0.0480(4)C20 0.7218(6) 0.4733(6)

0.5312(5) 0.0470(4)C21 0.6683(7) 5.2(6)
0.0684(4)0.5216(5) 5.7(6)0.5943(7)C22

0.4549(5) 0.0888(4)C23 0.5737(5) 4.1(5)
−0.0584(3) 4.4(5)C24 0.6345(6) 0.2159(6)

0.2741(5) −0.0365(3)C25 0.5902(5) 3.7(4)
0.2412(5) 3.6(4)−0.0188(3)0.5178(5)C26
0.1650(5) −0.0307(3)C27 0.5181(6) 4.3(5)
0.1486(5) −0.0539(3)C28 0.5915(6) 4.4(5)

−0.0830(4)0.2263(8) 7.1(7)0.7139(7)C29
−0.0391(4) 5.7(6)C30 0.6079(7) 0.3560(6)

5.6(6)0.0045(4)0.2838(6)0.4493(6)C31
0.1101(7) −0.0232(4)C32 0.4543(8) 7.6(7)
0.0737(7) −0.0748(5)C33 0.6172(10) 9.4(10)

5.7(4)0.0945(3)0.1406(4)0.3885(4)O1
0.1992(4) 0.1146(3)O2 0.8403(4) 5.1(4)
0.3910(4) 0.1865(3)O3 0.7722(4) 5.2(4)

0.1233(3)0.3529(4) 6.2(4)0.3747(4)O4
0.4394(4) 0.2263(3)O5 0.5499(4) 5.4(4)

0.2957(3) 5.4(4)O6 0.7232(4) 0.3702(4)
0.2810(5) 0.3456(3)O7 0.5131(4) 6.9(4)
0.1417(4) 6.3(4)0.3184(3)0.7229(5)O8

0.2435(3) 6.7(4)O9 0.3557(4) 0.2625(4)
0.328382(3) 5.0(4)O10 0.4931(4) 0.0953(4)

0.0279(4) 0.1895(3)O11 0.3786(4) 5.7(4)
−0.0272(4) 0.2800(3) 5.8(4)0.6276(4)O12

0.0593(4) 0.1900(3)O13 0.8180(4) 5.5(4)
5.7(4)0.1356(3)−0.0182(3)0.5912(5)O14

0.0952(3) 0.056082(2)O15 0.6003(4) 4.0(3)
0.1824(4) 0.023612(3)O16 0.7310(4) 4.6(3)

Table 5
Atomic coordinates and isotropic displacement coefficients for com-
plex 2; e.s.ds. refer to the last digit printed

y z Beqx

0.0317321(7)0.2196732(3)0.42711(3) 2.0631(9)W
0.15646(4) 2.31(4)Ru1 0.45022(6) 0.43021(4)
0.16294(3) 2.01(4)Ru2 0.54346(6) 0.30567(4)

0.23986(4) 0.15663(3)Ru3 0.37770(6) 2.05(4)
0.36718(5) 2.37(4)0.15634(4)0.27102(6)Ru4

0.08768(3) 1.98(4)Ru5 0.40487(6) 0.33256(4)
0.33766(5) 0.22869(3)Ru6 0.39496(7) 2.49(4)

0.0837(4)0.3742(5) 2.8(5)0.2701(8)C1
0.1462(4) 3.1(6)C2 0.6618(8) 0.3393(6)

2.7(6)0.2179(4)0.2722(5)0.5919(7)C3
0.1966(6) 0.1307(4)C4 0.2705(9) 3.9(7)
0.1751(6) 0.2035(4)C5 0.3836(9) 3.6(6)

3.3(6)0.1543(4)0.3183(6)0.1559(8)C6
0.1552(4) 3.5(6)C7 0.2095(8) 0.4496(6)

0.3790(6) 0.2315(4)C8 0.2681(8) 2.7(6)
0.0498(4)0.3972(5) 3.1(6)0.4598(9)C9

0.3877(6) 0.2741(4)C10 0.4542(9) 3.7(6)
0.2755(4) 3.8(7)C11 0.3690(9) 0.2766(6)

0.3389(5) 0.1573(4)C12 0.4109(7) 2.1(5)
0.2371(5) 1.7(5)0.0966(4)0.4741(7)C13

0.1346(4) 2.1(5)C14 0.5225(7) 0.2147(5)
0.1407(4) 2.6(5)C15 0.5685(8) 0.1500(5)

0.0925(6) 0.1257(4)C16 0.5231(8) 3.1(6)
0.0329(5) 0.1276(5) 4.2(7)0.5705(10)C17
0.0296(6) 0.1424(5)C18 0.6617(9) 4.6(7)

4.5(7)0.1566(5)0.0859(7)0.7055(8)C19
0.1457(6) 0.1569(5)C20 0.6597(8) 3.4(6)
0.5027(6) 0.2035(4)C21 0.5170(10) 4.4(7)

0.1696(5)0.4852(5) 3.6(6)0.5824(9)C22
0.4939(5) 0.1232(5)C23 3.8(6)0.5559(9)
0.5197(6) 0.1126(5)C24 0.4664(10) 4.3(7)

0.1473(5)0.5357(6) 4.6(8)0.4064(9)C25
0.5268(6) 0.1938(5)C26 0.4292(10) 4.1(7)

0.2310(6) 7.2(10)C27 0.36571(2) 0.5472(7)
0.1940(6) −0.0417(4)C28 0.4721(8) 2.9(6)
0.1520(5) 2.4(5)−0.0133(4)0.5269(8)C29
0.1914(5) 0.0113(4)C30 0.5898(7) 2.2(5)
0.2570(5) −0.0035(4)C31 0.5783(7) 2.6(5)

−0.0369(4)0.2588(6) 3.2(6)0.5083(8)C32
−0.0760(5) 5.2(8)C33 0.4004(9) 0.1727(7)

4.3(7)−0.0099(5)0.0792(6)0.5186(10)C34
0.1708(7) 0.0427(4)C35 0.6665(8) 4.2(7)
0.3136(7) 0.0101(5)C36 0.6407(9) 4.6(7)

5.0(8)−0.0647(5)0.3170(6)0.4726(10)C37
0.3883(4) 0.0554(3)O1 0.2182(6) 4.5(5)
0.3608(5) 0.1349(3)O2 0.7312(6) 5.7(5)

0.2497(3)0.2481(4) 5.2(5)0.6225(7)O3
0.1702(5) 0.1158(4)O4 0.2083(6) 5.9(6)

0.2292(3) 6.1(6)O5 0.3905(8) 0.1322(4)
0.2909(5) 0.1521(3)O6 0.0862(6) 5.5(5)
0.4992(4) 6.1(6)0.1547(4)0.1719(6)O7

0.2562(3) 4.3(5)O8 0.2142(6) 0.4015(4)
0.0241(3) 5.1(5)O9 0.4899(7) 0.4344(4)

0.4170(5) 0.3025(3)O10 0.4886(7) 6.0(5)
0.2392(5) 0.3040(3) 6.7(6)0.3523(8)O11
0.2896(4) 0.0246(3)O12 0.3513(5) 2.9(4)

3.0(4)0.0396(3)0.1523(3)0.3564(5)O13
0.4572(5) −0.0422(4)O14 0.7242(9) 8.9(8)
0.4800(7) 0.0036(6)C38 0.73201(1) 6.4(10)
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Fig. 1. Molecular structure and atomic labelling scheme of the
complex (C5Me5)W(O)2(CCPh)Ru6(m6-C)(CO)14 (1) with thermal el-
lipsoids shown at the 30% probability level.

depicted in Fig. 1. The six ruthenium–metal atoms
form an octahedral arrangement which encapsulated
the carbido carbon atom C(15). The Ru(1)–C(15) dis-
tance (1.997(7) Å) is slightly shorter then the other five
Ru–C(15) distances (2.025(7)–2.062(7) Å) due to the
presence of a weak s-donor ligand, O(15) atom, at the
trans disposition. The W–Ru(1) distance (2.8024(8) Å)
is comparable to that observed in several W–Ru mixed
metal clusters, suggesting the formation of direct
metal–metal bond [12]. The Ru–Ru distances fall in
the range 2.7364(9)–3.030(1) Å and the average Ru–
Ru distance is 2.881 Å. These bond distances are
compatible with the Ru–Ru distances observed in the
electron precise, 86 cluster valence electrons, Ru6 car-
bido cluster complexes (Scheme 1) [13].

In addition, all of the carbonyl ligands except CO(8)
and CO(14) are terminal. These two symmetrical bridg-
ing CO ligands span the adjacent Ru(4)–Ru(6) and
Ru(1)–Ru(6) bonds, respectively, and are joined at the
Ru(6) atom trans to each other. The
(C5Me5)W(O)2(CCPh) fragment is found to reside on
the Ru(1)–Ru(2)–Ru(3) metal triangle with the W
atom and one of its oxo ligand, O(15) atom, linked to
the Ru(1) atom. The acetylide C(16)–C(17) unit retains
its W–C s-bonding interaction, and is also coordinated
to the Ru(2) atom via a p-interaction and to both
Ru(1) and Ru(3) atoms via s-bonding. As the result,
the bonding pattern and mode of coordination for the
(C5Me5)W(O)2(CCPh) fragment on the Ru3 metal trian-
gle resemble those observed for the mixed-metal cluster
complex (C5Me5)W(O)2(CCPh)Ru5(m4-PPh)(CO)12 (3)
reported in our previous study [14]. Furthermore, the
(C5Me5)W(O)2(CCPh) unit, which is best considered as

Scheme 1.

lated structural factors are available from the author
(Y.C.).

3. Results

The carbido hexaruthenium cluster Ru6(m6-C)(CO)17

was first treated with 2.5 equiv. of the oxidative decar-
bonylation reagent Me3NO in acetonitrile solution. Af-
ter the removal of acetonitrile solvent and dissolution
of the residue in CH2Cl2, the addition of acetylide
complex (C5Me5)W(O)2(CCPh) produced a brown com-
plex with an empirical formula (C5Me5)W(O)2-
(CCPh)Ru6(m6-C)(CO)14 (1). This cluster complex was
purified by routine TLC separation, and its characteri-
zation was fully established by spectroscopic methods
including single crystal X-ray diffraction study: FAB
mass spectroscopy showed a molecular ion at m/z 1467,
which was assigned to a 1:1 combination of the
acetylide fragment (C5Me5)W(O)2(CCPh) and the
Ru6(m6-C)(CO)17 unit, with elimination of three CO
ligands. In addition, the 1H-NMR spectrum exhibited
the signal due to the C5Me5 signal at d 2.02 and three
multiplets at d 746, 7.58 and 7.96 due to the phenyl
substituent. The 13C-NMR spectral data are likewise
consistent with this formulation, showing a carbide
resonance signal at d 431.4, two acetylide signals at d

201.6 and 159.6 due to the Ca and Cb atoms in the
m4-h2-mode [11], and the corresponding signals derived
from the phenyl group and the C5Me5 ligand.

A single-crystal X-ray diffraction study has revealed
the molecular structure of 1, and an ORTEP diagram is
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a six-electron-donor ligand altogether, occupied three
adjacent coordination sites which are perpendicular to
the Ru(1)–Ru(2)–Ru(3) metal triangle. Thus, the coor-
dination environment for the (C5Me5)W(O)2(CCPh)
unit matches that found in the closely related hex-
aruthenium arene complex Ru6(m6-C)(CO)11(C6H6)2 (4)
[15], or even the phosphine substituted C60 complex
Ru6(m6-C)(CO)12(dppm)(C60) (5) [16]. In these cluster
complexes, both the m3-h2:h2:h2-arene or the C60 frag-
ment, which also serves as the six-electron-donor ligand
as a whole, use three conjugated C–C double bonds of
the hexagonal ring occupying the identical sites on the
Ru6(m6-C) octahedral skeleton.

Several studies of 1 were carried out in attempt to
expand our understanding of its chemical properties.
Treatment of 1 with CO afforded the carbido cluster
Ru6(m6-C)(CO)17 and the free acetylide complex
(C5Me5)W(O)2(CCPh) in high yield, suggesting that the
acetylide fragment can be reversibly replaced by CO
molecules at elevated temperature. Interestingly, when a
toluene solution of 1 was heated at 110°C for 8 h under
nitrogen we obtained a new cluster complex
(C5Me5)W(O)2(CCPh)Ru6(m6-C)(CO)11(C7H8) (2) in
48% yield. The 1H-NMR spectrum of 2 exhibited a
methyl signal at d 2.38 and a complex set of aromatic
resonances due to the ligated toluene in the region d

5.39–5.73, in addition to the signals expected for the
(C5Me5)W(O)2(CCPh) fragment. Hence, we speculate
that this molecule is produced by incorporation of
toluene solvent molecule following elimination of CO
ligands. The single-crystal diffraction study was carried
out to confirm our postulation and to determine the
exact location of the toluene on the hexaruthenium
metal framework.

As depicted in Fig. 2, the key structural features of
the ligated (C5Me5)W(O)2(CCPh) moiety and the
Ru6(m6-C) octahedral core of 1 were preserved in com-
plex 2. In addition, one of the ruthenium atoms, Ru(1),
is bonded to the C6 ring of the expected toluene frag-
ment, which serves as a six-electron-donor to replace
the three terminal CO ligands on Ru(5) atom observed
in complex 1. Opposite to this toluene ligand is the
Ru(1)–C(12) vector (1.94(1) Å), which is substantially
shorter than the rest of the Ru–C(carbide) distances

Fig. 2. Molecular structure and atomic labelling scheme of the
complex (C5Me5)W(O)2(CCPh)Ru6(m6-C)(CO)11(C7H8) ·MeOH (2)
with thermal ellipsoids shown at the 30% probability level.
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(2.02(1)–2.09(1) Å). Such variation of ruthenium–car-
bide bond distances suggests that the toluene-to-ruthe-
nium metal bonding is probably the weakest donor
interaction with respect to the other ligands on the
Ru6(m6-C) skeleton.

Finally, it is of interest to note that the terminal oxo
ligand on the tungsten atom is now bonded to the
oxygen atom of the methanol solvate within the asym-
metric unit (O(13) · · ·O(14)=2.92(1) Å), suggesting the
presence of extensive hydrogen bonding. However, the
O· · · O bond distance is slightly longer than those
observed in the tungsten trioxo complex
[PPN][(C5Me5)W(O)3] · 2H2O(O· · ·OH2=2.77–2.83 Å)
[17], which is consistent with the fact that complex 2 is
a neutral cluster molecule. Therefore, the negative
charge density on the terminal oxo ligand will be much
lower, and the oxo ligand should be bound less strongly
to the hydrogen atom of methanol molecule, and pos-
sessing a correspondingly longer O· · ·O distance.

4. Discussion

A summary of the results of this study are shown in
the Scheme 1. The reaction of Ru6(m6-C)(CO)17 with
(C5Me5)W(O)2(CCPh) gave the formation of cluster
complex 1, which contains a high oxidation state
(C5Me5)W(O)2(CCPh) fragment coordinated to a Ru3

metal triangle of the Ru6(m6-C) framework. According
to its crystal structure, complex 1 is formally produced
by the elimination of three CO ligands from Ru6(m6-
C)(CO)17, and the attachment of one W�O fragment
and the acetylide unit to the Ru6(m6-C) frame. The
vacant coordination sites generated by the addition of
Me3NO to Ru6(m6-C)(CO)17 are not necessarily the
same as those occupied by the (C5Me5)W(O)2(CCPh)
fragment, because CO migration may occur sponta-
neously and the final structure is determined by the
reaction thermodynamics.

On the other hand, extended heating of 1 in toluene
led to the formation of the toluene substituted cluster
complex 2. In this molecule, the (C5Me5)W(O)2(CCPh)
and the toluene molecules are linked to the Ru6(m6-C)
framework according to their geometric constraint, e.g.
face-capping mode for (C5Me5)W(O)2(CCPh) and ter-
minal h6-bonding mode for toluene, respectively. It is
interesting to point out that only one toluene substi-
tuted complex was observed for this reaction, although
there is no evidence to suggest that the steric or elec-
tronic effects of the (C5Me5)W(O)2(CCPh) fragment
will induce such kind of selectivity for toluene coordi-
nation on the remote Ru3 triangular face. We believe
that the toluene selects the only ruthenium atom that
possesses three terminal CO ligands, and neglects the
other ruthenium atoms. Thus, it is the arrangement of
CO ligands on the Ru6(m6-C) framework that caused

such unique selectivity for toluene coordination. In
addition, the high oxidation-state (C5Me5)W(O)2 vertex
stayed intact during the conversion from 1 to 2. It
appears to us that the strong W–O multiple bond
prohibits the dissociation of oxo ligand and holds up
the (C5Me5)W(O)2 fragment as an undivided entity
throughout the reaction. This is in contrast to the
behavior for cluster complexes which contain low va-
lent (C5Me5)W(CO)n vertex, n=1, 2 or 3, where se-
quential CO dissociation and formation of additional
tungsten–metal or tungsten–substrate interactions were
typically observed under similar conditions [18].

Finally, the coordination of both acetylide fragment
and ligated toluene to ruthenium metal skeleton can be
reversed easily. Thus, treatment of 1 with CO in reflux-
ing toluene solution afforded Ru6(m6-C)(CO)17 and
(C5Me5)W(O)2(CCPh), while the reaction of 2 with CO
gave a mixture of hexaruthenium complexes Ru6(m6-
C)(CO)17 and Ru6(m6-C)(CO)14(C7H8), and the starting
acetylide complex (C5Me5)W(O)2(CCPh). This result
indicates that the thermodynamic stability for the
bonding of the (C5Me5)W(O)2(CCPh) and toluene on
Ru6(m6-C) framework is relatively weak. Therefore, in
the presence of CO at 110°C, complete replacement by
multiple Ru–CO interactions were more favorable. We
believe that this reactivity pattern accurately models the
bonding situation between a low oxidation-state metal
aggregate chemisorbed at the surface of transition
metal oxides.
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