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Heterometallic ketenyl complex Os3(CO)1o(u-H)[C(O)CH(W(CO)3Cp)] (la) possessing a
pendant CpW(CO); substituent was prepared by condensation of Os3(CO)1(NCMe); with the
metal-aldehyde complex CpW(CO)3CH,CHO. Pyrolysisof 1a in the solid state at 185 °C afforded
two heteropentametallic cluster compounds, CpaW20s3(CO)12(1-O) (us-CMe) (2) and CpWOs,-
(CO)12(u-0) (u3-CMe) (3), demonstrating a unique example of C-O bond scission of a ligated
ketene fragment and a cluster aggregation process. Complex 2 crystallizes in orthorhombic
space group Pnma with a = 18.913(4) A, b = 16.229(3) A, ¢ = 9.129(2) &, Z = 4, R = 0.054, and
R, = 0.055 for 2551 observed reflections. The W;,0s; cluster that contains 72 cluster valence
electrons has a distorted square-pyramidal array of metal atoms with one Os-H-Os hydride
ligand, one bridging oxo ligand associated with a W-W double bond, and an ethylidyne ligand
bridging a unique W;0Os triangle. Crystals of 3 are monoclinic of space group P2;/n with a =
15.941(2) &, b = 19.395(4) &, ¢ = 16.369(4) A, B8 = 94.72(2)°, Z = 8, R = 0.050, and R,, = 0.041
for 6568 observed reflections. This molecule possesses a WOs, trigonal-bipyramidal skeleton
with an oxo ligand bridging a W-0s edge and an ethylidyne ligand capping a WOs; face.
Isomerization of 3 occurred upon dissolution at room temperature to afford edge-bridging
tetrahedral cluster CpWOs4(CO)12(u3-0) (u3-CMe) (4), in which the oxo ligand formally migrated
from an edge-bridging to a face-bridging position. Pyrolysis of 4 in the solid state at 190 °C
regenerated 3 in high yield, suggesting the existence of a delicate equilibrium between these two
cluster complexes. Crystal data for 4: space group P2;/n, a = 9.492(3) A, b = 16.990(2) &, ¢
= 15.887(3) A, 8 = 98.79(2)°, Z = 4. The structure was solved by direct methods and refined

to R and R values of 0.039 and 0.032 for 4455 observed reflections with I > 24(I).

Solid-state pyrolysis is a process of fundamental sig-
nificance for the preparation of high nuclearity binary
carbonyl clusters.! Many polynuclear complexes of the
third-row elements have been prepared accordingly,
because these carbonyl clusters have amuch larger M—M
bond energy in relation to the M—CO bond energy; thus
they show a greater tendency to aggregate.?2 For clusters
containing a bound hydrocarbon fragment in addition to
CO ligands, building a new, condensed cluster framework
by this route may alsolead to simultaneous rearrangement
of hydrocarbyl ligands related to transformations on the
surface of a metal catalyst.3 With this idea in mind, we
designed the synthesis of a WOs; cluster with a pendant
ketenyl group (0=C==CH,) and investigated the chemical
transformation of this ketenyl functional group under the
conditions of solid-state thermolysis, anticipating finding
some novel reactivity patterns for this functional group,
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namely cleavage of the C—O bond. The ketenyl group
was selected for these experiments, not only because both
organic ketenes and organometallic ketenyl complexes
have been extensively investigated4 but also because ligated
ketenes serve as intermediates in the growth of hydro-
carbon chains during CO reduction reactions.® Thus the
properties of the ligated ketenyl group can be more
realistically compared with those of uncomplexed coun-
terparts and provide a critical assessment of cluster/surface
analogies.?

In this paper, we describe the preparation of a ketenyl
complex, Os3(CO)1o(u-H)[C(O)CHW(CO)3sCp] (1a), via
a rational reaction of the metal-aldehyde complex CpW-
(C0);CH;CHO with the triosmium cluster Os3(CO)qo-
(NCMe):. The unsaturated, square-pyramidal CpWOs,-
(CO)12(u-0){u3-CCH3) (2) and metastable trigonal-bi-
pyramidal CpyW0s3(CO)g(u-0)(uz-CCHa) (3) were sub-
sequently prepared by thermolysis of 1a in the solid state
and were characterized by spectroscopic and structural
methods. These clusters contain a pair of bridging oxo
and ethylidyne ligands; thus their formation provides an
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unambiguous example of the cleavage of the C-0O double
bond, despite the possibility that the ketenyl CO may
exchange with coordinated CO ligands of the cluster and
this C-O multiple bonding is considered fairly inert under
regular conditions. Furthermore, isomerization of meta-
stable 3 proceeded spontaneously in solution at room
temperature to afford CpWOs4(CO)12(u3-0) (us-CCHz) (4).
The latter reverted to 3 on thermolysis at a higher
temperature (190 °C) in nearly quantitative yield, pro-
viding a rare example of temperature-dependent, reversible
cluster core rearrangement. To our knowledge, this is the
first example of the generation of metastable cluster
complexes under thermal conditions. Related isomer-
ization, which involves photoinduced reorganization of the
metal-metal bond of the butterfly framework, has been
observed in the heterometallic cluster PtOs3(CO)19(dppm)-
[Si(OMe)s]l(u-H) by Adams and co-workers.”

Experimental Procedure

General Information and Materials. Infrared spectra were
recorded on a Perkin-Elmer 2000 FT-IR spectrometer. 'H and
13C NMR spectra were recorded on Bruker AM-400 and Varian
Gemini-300 instruments; chemical shifts are quoted with respect
tointernal standard tetramethylsilane (\H and 1*C NMR). Mass
spectra were obtained on a JEOL-HX110 instrument operating
in the fast atom bombardment (FAB) mode. All reactions were
performed under a nitrogen atmosphere using deoxygenated
solvents dried with an appropriate reagent. The progress of
reactions was monitored by analytical thin-layer chromatography
(5735 Kieselgel 60 Fy54, Merck), and the products were separated
on commercially available preparative thin-layer chromato-
graphic plates (Kieselgel 60 Fgsy, Merck). These aldehyde
complexes CpW(CO)3CH;CHO were prepared from reactions of
the CpW(CO);~ anion and freshly distilled chloroacetaldehyde
at0°C. Elemental analyses were performed at the NSC Regional
Instrumentation Center at National Cheng Kung University,
Tainan, Taiwan.

Reaction of Os3(CO);o(NCMe), with CpW(CO);CH,CHO.
A toluene solution (35 mL) of Os3(C0O)1o(NCMe); (180 mg, 0.193
mmol) and CpW(CO)sCH,CHO (110 mg, 0.293 mmol) was heated
atreflux under nitrogen for 30 min, during which time the solution
turned from light yellow to orange. After evaporation of the
solvent in vacuo, the residue was separated by thin-layer
chromatography (TLC) (silica gel, dichloromethane:hexane =
1:2), giving 64 mg of yellow Os3(CO)1o(u-H) [C(O)CHy(W(CO)s-
Cp)] (1a,0.052 mmol, 27%). A selectively 13CO enriched sample
of 1a, Os3(C*0)o(u-H)[C(O)CHy(W(C*0);Cp)], was prepared
from 50% enriched Os3(C*0);0(NCMe);and CpW(CO);CH;CHO
under similar conditions.

Spectral data for 1la: MS (FAB, 1920s, 18W) m/z 1232 (M*);
IR (CgHy2) #»(CO) 2106 (w), 2066 (vs), 2054 (s), 2030 (m, sh), 2022
(8), 2008 (m), 1999 (vw), 1991 (vw), 1977 (w), 1948 (m), 1937 (s,
br) cm-1;TH NMR (CDCl;, 294 K) 6 5.43 (s, 5H), 3.02 (d, 1H, Ju
= 6.0 Hz), 2.75 (d, 1H, Jy_u = 6.0 Hz), -14.07 (s, 1H); 13C NMR
(CDCl3, 294 K) (CO) 6 270.7 (CH,CO), 226.0 (Jw_c = 125 Hz),
218.3 (Jw-c = 152 Hz), 217.3 (Jw_c = 156 Hz), 184.5,182.2,178.4,
176.3, 176.1, 176.0, 175.9, 175.0, 174.9, 174.6; 13C NMR (CDCl;,
294 K) 6 91.8 (CsHs, 5C), 17.3 (CHgy, Jw_c = 31 Hz). Anal. Calcd
for CooH3014083Wy: C, 19.58; H, 0.66. Found: C, 19.40; H, 0.63.

Solid-State Pyrolysis of 1a. Complex la (133 mg, 0.108
mmol) was placed in a 5-mm NMR tube under Nj, and the tube
was inserted into a preheated oil bath at 190 °C for 10 min.
Under these conditions, complex 1a melted and turned black.
Theresidue was extracted with dichloromethane and the insoluble
material removed by filtration. The filtrate was then concen-
trated and separated by TLC (silica gel, dichloromethane:hexane

(7) Adams, R. D.; Cortopassi, J. E.; Aust, J.; Myrick, M. J. Am. Chem.
Soc. 1993, 115, 8877.
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= 1:2), giving 17 mg of orange red CpWO0s4(CO)2(u-0) (u3-CCHs)
(3,0.012 mmol, 11%) and 15 mg of dark brown Cp,W;0s3(CO)e-
(u-0)(u3-CCHjy) (2,0.011 mmol, 10%). Crystals of 2 suitable for
X-ray diffraction study were obtained from a layered solution of
dichloromethane-methanol at room temperature, whereas com-
plex 3 was recrystallized from a mixture of dichloromethane—
hexane.

Spectral data for 2: MS (FAB, 1920s, 1¢W) m/z 1370 (M*); IR
(CsH12) »(CO) 2064 (s), 2032 (vs), 2015 (vs), 2002 (vw), 1989 (m),
1974 (m), 1963 (w), 1960 (m) cm-1; 'H NMR (CDCl, 294 K) §6.15
(s, 10H), 3.72 (s, 3H), -19.40 (s, 1H); 1¥C NMR (THF-ds, 294 K)
(CO) 8 200.6 (2C, br), 186.6 (2C), 183.3 (2C, br), 182.6, 180.0 (2C,
br); 13C NMR (THF-ds, 294 K) é 275.4 (CCH3, Jw_c = 104 Hz),
1034 (C5H5, 50), 53.6 (CH:;) Anal. Caled for Cz1H14010083W21
C, 18.40; H, 1.03. Found: C, 17.37; H, 0.97.

Spectral data for 3: MS (FAB, 1°20s, 1#W) m/z 1396 (M*); IR
(CgH12) #(CO) 2094 (w), 2062 (vs), 2037 (m), 2031 (s), 2008 (w),
1996 (vw), 1990 (vw), 1977 (w), 1960 (vw), 1953 (vw) em™!; 1H
NMR (CD,Cl,, 294 K) & 5.78 (s, 5H), 3.95 (s, 3H); 3C NMR
(CDClg, 294 K) (CO) 6 183.3 (3C), 182.0 (br), 180.8 (3C, br), 179.4
(br), 176.8 (br), 173.1, 172.8, 169.6; 13C NMR (CDCls, 294 K) &
222.2 (CCHjy), 100.8 (Cp), 45.2 (CH3). Anal. Caled for
C]_QH3013084W11 C, 16.33; H, 0.58. Found: C, 16.48; H, 0.60.

Pyrolysis of 1a in the Presence of CpW(CO);H. In a 50-
mL pear-shaped reaction flask, complex 1a (85 mg, 0.069 mmol)
and CpW(CO);H (42 mg, 0.126 mmol) were first dissolved in 10
mL of dichloromethane to provide a light yellow, homogeneous
solution. Then thesolvent was removed under vacuum to provide
a thin coating on the wall of the reaction flask and allowed to
continuously evacuate for another 15 min to ensure complete
removal of solvent. Subsequently, the flask was filled with N,
gas and immersed into a preheated oil bath at 190 °C for 10 min.
The residue was extracted with dichloromethane and the mixture
was separated by TLC (silicagel, dichloromethane:hexane = 1:2),
giving 23 mg of dark brown 2 (0.017 mmol, 25%) in addition to
3 in a trace amount (3 mg, 0.0021 mmol, 3%).

Isomerization of 3. A toluene solution (25 mL) of 3 (20 mg,
0.014 mmol) was stirred at room temperature for 5 days. Then
the solvent was evaporated and the residue was separated by
TLC (dichloromethane:hexane = 1:2), giving 2.4 mg of 3 (0.0017
mmol, 12%) and 16 mg of 4 (0.011 mmol, 80%).

Spectral data for 4: MS (FAB, 1920s, 134W) m/z 1396 (M*); IR
(CgH12) »(CO) 2088 (w), 2059 (vs), 2036 (vs), 2019 (m), 1995 (w),
1988 (w), 1974 (vw), 1961 (vw), 1942 (vw), 1908 (vw) cm-1; 'H
NMR (CD,Cl;, 294 K) 4 6.02 (s, 5H), 3.79 (s, 3H); 13C NMR
(CDCl3, 294 K) (CO) 6 194.4, 184.8 (br), 184.2, 182.4, 179.3 (sh),
177.3 (3C), 175.7 (br), 175.1 (sh), 168.4 (br), 168.0 (sh); 13C NMR
(CDCls, 294 K) 6 220.2 (CCH3), 98.6 (Cp), 44.8 (CHj). Anal.
Caled for C;yHg04308,W;: C, 16.33; H, 0.58. Found: C, 16.43;
H, 0.59.

Solid-State Pyrolysis of 4. Complex 4 (8 mg, 0.0057 mmol)
was placed in a 5-mm NMR tube and heated at 190 °C for 5 min.
Then the residue was dissolved in dichloromethane and separated
by TLC (silica gel, dichloromethane:hexane = 1:2) to produce 7.5
mg of orange red 3 (0.0054 mmol, 94%).

X-ray Crystallography. Diffraction measurements of com-
plexes 2-4 were carried out on a Nonius CAD-4 diffractometer.
All reflections were corrected for Lorentz, polarization, and
absorption effects. Data deduction and refinement were per-
formed using the NRCC-SDP-VAX packages.

Lattice parameters of 2 were determined from 25 randomly
selected high angle reflections with 26 angles in the range 18.00—
30.36°. Absorption corrections were made by the  scan method;
the minimum and maximum transmission factors were 0.21 and
1.00, respectively. The crystal decomposed gradually due to loss
of CHyCl; solvent molecule and the intensity of standard
reflections decayed 15% during data collection. Anisotropic
thermal parameters were introduced for all non-hydrogen atoms.
Full matrix least-squares refinement with 28 atoms and 188
parameters gave R = 0.054 and R, = 0.055, for 1877 reflections
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Table 1. Experimental Data for the X-ray Diffraction Studies of 2-4
compd 2 3 4
formula C22H15C12010053W2 C19H8013084W C19H3013054W
mol wt 1448.74 1388.95 1388.95
cryst syst orthorhombic monoclinic monoclinic
space group Pnma P2i/n P2 /n
a(A) 18.913(4) 15.941(2) 9.492(3)
b(A) 16.229(3) 19.395(4) 16.990(2)
¢ (A) 9.129(2) 16.369(4) 15.887(3)
B (deg) 94.72(2) 98.79(2)
V(A% 2802(1) 5044(2) 2532(1)
VA 4 8 4
D (g/cm3) 3.434 3.658 3.644
F(000) 2548 4832 2416
cryst size, mm 0.06 X 0.13 X 0.65 0.05 X 0.10 X 0.40 0.05 X 0.08 X 0.32
h,k,l ranges 0,22;0,19;0,10 -17,17;0, 20,0, 17 -11,11;0, 20,0, 18
trans factors: max, min 1.00, 0.21 1.00, 0.57 1.00, 0.36
std reflns decay 15% variation £3% variation <4%
p (mm-) 21.98 24.82 24.71
no. of unique data (26may (deg)) 2551 (50) 6569 (45) 4455 (50)
no. of params 188 348 335
max A/ ¢ ratio 0.041 0.010 0.035
R; Ry 0.054; 0.055 0.050; 0.041 0.039; 0.032
GOF 2.26 1.70 2.05
residual electron density, e/A3 3.43/-2.97 2.01/-2.78 2.36/-2.32

with I > 20(I). The residual electron density on the difference
Fourier map is around 3.43 e/AS3,

Lattice parameters of 3 were determined and refined by a
least-squares fit of 25 randomly selected high angle reflections
with 20 angles in the range 16.80~-22.88°. The space group P2;/n
was identified on the basis of systematic absences and confirmed
by solving the crystal structure. The minimum and maximum
transmission factors were 0.57 and 1.00, respectively. Anisotropic
thermal parameters were introduced for W and Os atoms.
Isotropic temperature factors were assigned to all other non-
hydrogen atoms. The hydrogen atoms were calculated atidealized
positions and were included in the structure factor calculation.
Refinement was by full matrix least squares with 90 atoms and
348 parameters, giving R = 0.050 and R, = 0.041 for 3404
reflections with I > 2¢(I). Weights based on counting statistics
were used.

Lattice parameters of 4 were determined from 25 randomly
selected high angle reflections with 26 angles in the range 18.50~
26.10°. The space group P2,/n was identified on the basis of
systematic absences. Absorption corrections were performed,
and the minimum and maximum transmission factors were 0.36
and 1.00, respectively. The structures were solved by direct
methods and refined by least-squares cycles, all non-hydrogen
atoms were refined with anisotropic thermal parameters. The
hydrogen atoms were calculated in idealized positions with a
fixed temperature coefficient and included in the structure factor
calculation. The combined data collection and refinement
parameters are given in Table 1. Atomic positional parameters
for 2-4 are presented in Tables 2-4, whereas selected bond angles
and lengths are given in Tables 5~7, respectively.

Results and Discussion

Tetranuclear ketenyl compounds Os3(CO)yo(u-H)-
[C(O)CH3(W(CO)3Cp)1 (1a) possessing a pendant CpW-
(CO)s substituent are readily available by condensation
of 0s3(C0O)1o(NCMe); with the aldehyde complex CpW-
(CO)sCH2CHO in refluxing toluene (30 min). Compound
1a was fully characterized by spectroscopic methods. The
key feature is, however, provided by 'H NMR data which
show a hydridesignal at §-14.07 and two methylene signals
at 6 3.02 and 2.75 with coupling constant 2Jy_yz = 6.0 Hz.
This observation indicates that the aldehyde reagent
reacted with the osmium cluster in a manner similar to its
organic counterparts, RCHO, R = Me, Ph, etc.® AnX-ray
diffraction study on this molecule®confirmed that its

Table 2. Atomic Coordinates and Equivalent Isotropic
Displacement Coefficients for 2

x y z Bg® (A%
Os(1) 0.74425(8) 1/4 0.15422(15) 2.26(5)
0s(2) 0.70139(5) 0.34319(5) 0.40011(10) 2.40(4)
w 0.60685(5) 0.32861(5) 0.17824(10) 2.37(4)
C(l)  07747(15)  0.3381(12)  0.0372(25) 3.7(13)
C(2) 0.7400(14) 0.4366(11) 0.3066(23) 2.8(11)
C()  06363(17) 04024(14)  0.517(3) 43(13)
C4) 0.7762(15) 0.3405(12) 0.550(4) 5.3(16)
C(5) 0.8317(20) 1/4 0.276(5) 5.1(23)
C(6) 0.356(3) 3/4 0.157(5) 6.9(29)
ch 0.6465(17) 1/4 0.024(4) 2.5(14)
C(8) 0.5246(17) 0.4389(16) 0.203(3) 6.0(16)
C(9) 0.5958(18) 0.4754(15) 0.198(4) 6.4(18)
C(10) 0.6206(16) 0.4630(15) 0.064(4) 6.5(19)
C(11) 0.5724(22) 0.4137(14) -0.023(3) 6.5(19)
C(12) 0.5152(17) 0.3988(14) 0.069(3) 5.2(15)
C(13) 0.027(5) 3/4 0.056(6) 13.1(59)
Oo(1) 0.7968(12) 0.3901(10) -0.0390(22) 6.0(11)
0(2) 0.7658(12) 0.4914(9) 0.2565(24) 5.6(11)
0(3) 0.5976(12) 0.4409(11) 0.5816(21) 5.7(10)
0(4) 0.8185(12) 0.3428(10) 0.6339(20) 5.6(10)
O(5) 0.8816(14) 1/4 0.335(3) 5.9(16)
0(6) 0.5421(13) 1/4 0.249(3) 3.7(12)
Cl 0.0354(15) 0.6732(13) 0.136(4) 33.7(30)

2 Beq is the mean of the principal axes of the thermal ellipsoid.

structure (Chart 1) is analogous to the structurally
characterized, parent acetyl complex Os3(CO)g(u-H)-
[C(O)CHzl, prepared by reaction of Os3(C0O);¢(NCMe),
and acetaldehyde.l® In fact, the IR »(CO) spectrum of la
shows a pattern of the CO stretching bands in the region
of Os bound CO ligands (2106-1977 cm-1) almost super-
imposable with that of Os3z(CO)1o(u-H)[C(O)CH;l.
Next, we examined the thermal pyrolysis of 1a in an
attempt to account for the reactivity of the ketenyl group.
In these experiments, a solid sample of la was heated
under nitrogen at 185-195 °C for 10 min, giving a dark
brown pentanuclear oxo—ethylidyne compound Cp,W,-
Os3(CO)g(u-H) (u-0) (uz-CCH3) (2) in 10% yield and a red
oxo—ethylidyne CpWO0s4(CO)12(u-0) (u3-CCH3) (8)in 11%

(8) Azam, K. A.; Deeming, A. J.; Rothwell, 1. P. J. Chem. Soc., Dalton
Trans. 1981, 91.

(9) Selective crystal data for 1a: monoclinie, space group I2/a, a =
24.235(4) A, b = 7.820(1) A, ¢ = 29.308(9) A, 3 =91.16(2)°, Z=8,R =
0.042 for 3546 reflections with I = 20(]).

(10) Johnson, B. F. G.; Lewis, J.; Odiaka, T. L; Raithby, P. R. /.
Organomet. Chem. 1981, 216, C56.
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Table 3. Atomic Coordinates and Equivalent Isotropic Displacement Coefficients for 3

x y z B.? (A?) x y z Be? (RY)
W(1A) 0.29674(10) 0.31559(10) 0.34312(12) 2.35(8) W(1B) 0.78598(10) 0.57309(10) 0.33940(12) 2.10(8)
Os(1A)  031055(10) 0.21041(10)  0.24089(11)  2.13(8)  Os(1B)  0.81408(10)  0.46779(9)  0.24108(11)  2.16(8)
0Os(2A) 0.24156(10) 0.33309(10) 0.16281(12) 2.53(8) 0s(2B) 0.73081(10) 0.58228(10) 0.15835(11) 2.22(8)
Os(3A) 0.14464(10) 0.26225(10) 0.26227(12) 2.21(8) Os(3B) 0.64215(10) 0.58228(10) 0.15835(11) 2.22(8)
Os(4A) 0.22773(10) 0.18197(10) 0.38827(11) 2.39(8) Os(3B) 0.64215(10) 0.50574(9) 0.25908(11) 1.98(8)
C(1A) 0.2738(295) 0.1324(24) 0.172(3) 3.1(10) Os(4B) 0.73417(10) 0.43563(10) 0.38867(11) 2.27(8)
C(2A) 0.3933(25) 0.1582(24) 0.303(3) 3.2(10) C(1B) 0.787(3) 0.3826(24) 0.180(3) 3.2(10)
C(3A)  0.385(3) 0.236(3) 0.168(3) 37(11)  C(2B)  0.906(3) 0.4293(24)  0.313(3) 3.3(10)
C(4A) 0.337(3) 0.3781(25) 0.129(3) 3.4(10) C(3B) 0.888(3) 0.4903(25) 0.163(3) 3.3(10)
C(5A)  0.185(4) 0.409(4) 0.120(4) 79(18)  C(4B)  0.821(3) 0.6349(24)  0.124(3) 3.2(10)
C(6A) 0.228(3) 0.277(3) 0.070(4) 5.7(14) C(5B) 0.6645(24) 0.6520(23) 0.109(3) 3.0(10)
C(TA)  0.058(4) 0.310(3) 0.189(4) 7.0(16)  C(6B)  0.7247(24)  05242(23)  0.067(3) 2.6(9)
C(8A) 0.1004(24) 0.1779(23) 0.221(3) 2.7(9) C(7B) 0.5544(24) 0.5439(23) 0.179(3) 2.9(9)
C(9A) 0.080(3) 0.2717(24) 0.349(3) 3.1(10) C(8B) 0.6096(23) 0.4150(23) 0.222(3) 2.6(9)
C(10A) 0.2087(24) 0.0949(23) 0.344(3) 2.8(9) C(9B) 0.5755(24) 0.5132(23) 0.350(3) 2.8(9)
C(11A) 0.1534(2%) 0.1666(24) 0.469(3) 3.2(10) C(10B) 0.731(3) 0.3501(25) 0.345(3) 3.4(10)
C(12A) 0.313(3) 0.1434(25) 0.465(3) 3.5(10) C(11B) 0.6521(22) 0.4119(22) 0.461(3) 2.2(8)
C(13A)  0.159(3) 0.436(3) 0.299(3) 44(12) C(12B)  0.828(3) 0.401(3) 0.469(3) 4.4(12)
C(14A) 0.2062(25) 0.3677(24) 0.275(3) 3.0(10) C(13B) 0.6330(25) 0.6751(24) 0.284(3) 3.2(10)
C(15A)  0.380(3) 0.418(3) 0.328(3) 37(11)  C(14B)  0.6900(20)  0.6149(19)  02755(22)  1.0(7)
C(16A) 0.359(3) 0.416(3) 0.414(3) 5.6(14) C(15B) 0.854(3) 0.682(3) 0.325(3) 4.2(11)
C(17A) 0.405(3) 0.354(3) 0.448(3) 4.9(12) C(16B) 0.832(3) 0.677(3) 0.399(3) 4.3(11)
C(18A) 0.448(3) 0.324(3) 0.386(3) 4.4(12) C(17B) 0.874(3) 0.631(3) 0.443(3) 5.4(13)
C(19A) 0.429(3) 0.3617(25) 0.320(3) 3.6(11) C(18B) 0.925(3) 0.600(3) 0.404(3) 4.7(12)
O(1A) 0.2494(18) 0.0858(17) 0.1344(20) 4.3(7) C(19B) 0.918(3) 0.629(3) 0.313(3) 4,4(12)
0O(2A) 0.4480(21) 0.1321(20) 0.3399(24) 6.1(9) O(1B) 0.7695(17) 0.3326(17) 0.1463(20) 4.1(7)
0(3A) 0.4458(19) 0.2449(18) 0.1315(21) 4.9(8) O(2B) 0.9676(17) 0.4228(16) 0.3539(19) 3.6(7)
O(4A)  03958(19)  04073(18)  0.1125(21)  47(8)  O(3B)  0.9400(18)  0.5068(17)  0.1214(20)  4.2(7)
O(5A) 0.1355(22) 0.4475(21) 0.0877(25) 6.9(10) O(4B) 0.8775(19) 0.6675(18) 0.1019(21) 4.8(8)
O(6A) 0.2213(19) 0.2389(18) 0.0158(21) 5.0(8) O(5B) 0.6191(20) 0.6870(18) 0.0742(22) 5.1(8)
O(7A) 0.0044(20) 0.3341(20) 0.1544(22) 5.7(9) O(6B) 0.7126(18) 0.4882(18) 0.0102(21) 4.6(8)
O(8A) 0.0739(20) 0.1257(19) 0.1929(22) 5.6(9) O(7B) 0.4952(20) 0.5596(19) 0.1405(23) 5.8(9)
0O(9A) 0.0374(17) 0.2849(16) 0.4037(19) 3.8(7) O(8B) 0.5925(18) 0.3583(17) 0.1974(20) 4.4(8)
O(10A)  0.1967(20)  0.0403(19)  0.3166(22)  5.3(9)  O(9B)  0.5326(19)  0.5255(18)  0.4035(21)  4.9(8)
O(11A) 0.0965(18) 0.1536(17) 0.5099(20) 4.4(8) 0O(10B) 0.7273(19) 0.2921(19) 0.3247(21) 5.2(9)
O(12A) 0.3715(19) 0.1243(18) 0.5015(21) 4.9(8) O(11B) 0.6030(17) 0.3972(16) 0.5028(19) 3.8(7)
0O(13A) 0.2548(16) 0.2826(15) 0.4359(18) 3.0(6) O(12B) 0.8832(21) 0.3960(20) 0.5117(23) 6.2(9)
O(13B) 0.7495(15) 0.5407(14) 0.4337(16) 2.2(6)

yield. This unexpected reaction contrasts sharply with
the behavior of the respective Cp* derivative 1b, which
failed to produce the analogous pentanuclear derivatives
under similar conditions but gave rise to four distinctive
tetrahedral complexes Cp*WOs3(CO)o(u-0)(us-CCHy) (5),
Cp*WOs3(C0O)11(ks-CCHg) (6), Cp*WOs3(CO)11(u3-CH)
(7), and Cp*WOs3(CO)o(u-0)(u-H)(u-CHCH3) (8), all in
very low yields.1!

Characterization of 2. The 'H NMR spectrum
exhibits three singlets at 6 +6.15, +3.72, and -19.40 in an
intensity ratio 10:3:1, indicating that this molecule is
composed of two CpW fragments, an ethylidyne group,
and a bridging hydride on an Os—Os edge. The 1°C NMR
spectrum at room temperature shows five Os—CO reso-
nances at § 200.6, 186.6, 183.3, 182.6, and 180.0 with the
ratio 2:2:2:1:2, confirming that this molecule has C,
symmetry in solution. The signals of the ethylidyne a-
and B-carbon atoms appear at 6 275.4 (Jw_c = 104 Hz) and
53.6, respectively. The intensity of the tungsten satellites
of the a-carbon indicates that the ethylidyne ligand is
coordinated to two tungsten atoms in an equivalent
chemical environment and the value of the chemical shift
is within the range expected for a uz-bonding mode.!2 On
the basis of these spectroscopic data and FAB mass
analysis, we tentatively assigned the formulation Cp;Ws-
0s3(CO)g(u-H) (u-0) (u3-CCH3) to the product.

(11) Gong,J.-H.; Chen, C.-C.; Chi, Y.; Wang, S.-L.; Liao, F.-L.J. Chem.
Soc., Dalton Trans. 1993, 1829,
(12) Evans, J.; McNulty, S. C. J. Chem. Soc., Dalton Trans. 1984, 79.

X-ray diffraction of 2 has been carried out to confirm
theidentification. Suitable single crystals of 2 were grown
from a dichloromethane—methanol solution, but they
decomposed rapidly upon removal from the solution, due
to loss of CH;Cl; solvent molecule. Greater stability was
observed when the crystal wsa sealed immediately in a
capillary tube; in this manner, data collection was ac-
complished with only a 15% reduction in intensity. As
shown in Figure 1, the molecule has a W30s3 square-
pyramidal arrangement and possesses a crystallograph-
ically imposed plane of symmetry which passes atom Os(1)
and bisects the W—W’ and the 0s(2)—0s(2)’ bonds. The
ethylidyne grouping was found to lie on this mirror plane
and the oxo ligand bridges the W—W’ bond. The bond
distances associated with the oxo and tungsten atoms
(W—W’ = 2.552(2) A and W—O(6) = 1.88(2) A) indicate
the W—W bond to be best considered a double bond;!3
the respective W—O bonds have a bond order 1.5. The
local arrangement of the W(u-O)W fragment resembles
that of the phenylimidoligand in CpaW2Ru(CO)g(u-NPh)-
(CH==CPh)!4 and the doubly bridging alkylidyne ligand
in clusters CpaW30s(CO)5(u-C(Tol))(us-C(Tol))!5 and
CpW2Re(CO)3(u-Br) (u-X) (u-C(Tol)) (u3-C(Tol)) (X = O
and CO).16 In these csaes, an isostructural, symmetrical

(13) Cotton, F. A.; Walton, R. A. Multiple Bonds between Metal Atoms;
Wiley: New York, 1982; Chapter 6.

(14) Chi, Y.; Liu, L.-K.; Huttner, G.; Zsolnai, L. J. Organomet. Chem.
1990, 390, C50.

(15) Chi, Y.; Shapley, J. R. Organometallics 1985, 4, 1900.

(16) Carriedo, G. A.; Jeffery,J.C.; Stone,F. G. A.J. Chem. Soc., Dalton
Trans. 1984, 1597.
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Table 4. Atomic Coordinates and Equivalent Isotropic
Displacement Coefficients for 4

Gong et al.

Table 7. Selected Bond Distances (A) and Bond Angles
(deg) for 4 (Esd’s in Parentheses)

X y z Beqa (AZ)
Os(1) 0.11337(8) 0.63585(4) 0.15321(5) 2.38(3)
Os(2) -0.05898(8) 0.54437(4) 0.24501(5) 2.18(3)
0s(3) -0.09684(8) 0.71219(4) 0.23702(5) 2.04(3)
Os(4)  -0.05562(8)  0.67623(4)  0.41275(5)  2.12(3)
w 0.16180(8) 0.64387(4) 0.32044(5) 1.89(3)
C(1) 0.2344(24) 0.7182(10) 0.1382(14) 4.2(12)
C(2) 0.2401(23)  0.5578(10)  0.1348(12)  3.8(10)
C(3) 0.010(3) 0.6319(11) 0.0370(14) 4.9(13)
C(4) 0.0377(20) 0.4521(10) 0.2531(11) 2.7(9)
C(5) -0.1300(22) 0.5179(10) 0.1285(13) 3.5(10)
C(6)  -0.2262(21) 0.5037(10)  0.2820(14)  3.5(10)
C(7)  -0.2562(24)  0.6691(10)  0.1470(17)  5.7(14)
C(8) -0.0317(22) 0.7944(10) 0.1667(14) 3.9(10)
(&(¢)] -0.2358(22) 0.7760(11) 0.2735(12) 3.8(10)
C(10) -0.2177(20) 0.6236(11) 0.4422(13) 3.5(10)
C(11)  -0.1141(21)  0.7746(10)  0.4458(13)  3.4(10)
C(12) 0.0514(20) 0.6573(9) 0.5215(11) 2.7(9)
C(13) 0.0788(17) 0.7457(9) 0.3383(11) 2.2(7)
C(14)  0.1174(22)  0.8324(10)  0.3574(14)  3.7(10)
C(15) 0.3872(21) 0.7012(10) 0.3545(14) 3.8(10)
C(16) 0.4053(18) 0.6367(12) 0.2996(14) 4.0(11)
C(17) 0.3689(22) 0.5681(10) 0.3518(17) 4.8(13)
C(18)  0.3425(18)  0.5949(10)  0.4307(12)  3.0(9)
C(19) 0.3544(21) 0.6758(11) 0.4299(12) 3.5(10)
o(1) 0.3143(18) 0.7677(8) 0.1226(11) 6.5(10)
0(2) 0.3308(17) 0.5112(8) 0.1261(10) 5.7(9)
0(3)  -0.0452(17)  0.6319(10)  —0.0327(9) 6.9(9)
09%4) 0.1155(15) 0.3973(7) 0.2586(11) 5.3(9)
O(5) -0.1820(17) 0.4974(8) 0.0660(10) 6.1(9)
O(6) -0.3317(16) 0.4806(9) 0.2987(14) 7.8(12)
(o[ \)] -0.3431(17) 0.6535(10) 0.1001(12) 8.2(11)
O(8) 0.0056(17) 0.8477(7) 0.1348(9) 5.1(8)
0(9)  -03269(17)  0.8137(9) 0.2926(11)  6.9(10)
0(10) -0.3161(15) 0.5901(9) 0.4618(11) 5.8(9)
O(11) —0.1452(18) 0.8336(8) 0.4712(10) 5.8(9)
0(12) 0.1199(15) 0.6456(8) 0.5871(9) 5.2(8)
0(13) 0.0394(11) 0.5737(5) 0.3699(7) 1.9(5)

Table 5. Selected Bond Distances (A1) and Bond Angles
(deg) for 2 (Esd’s in Parentheses)

W-0s(1) 2.903(2) W-0s(2) 2.712(1)
W-W’ 2.552(2) 0s(1)-0s(2) 2.825(2)
0s(2)-0s(2) 3.025(2) W-0(6) 1.88(2)
W-C(7) 2.05(3) 0s(1)-C(7) 2.20(3)
C(6)-C(7) 1.65(6)

W-O(6)-W’ 85(1)  W-C(7)-W’ 77(1)
W-C(7)-Os(1) 86(1)  Os(1)-C(1)-O(1)  176(2)

0s(1)-C(5)-0(5)  175(4)
0s(2)-C(3)-0(3)  177(2)

Table 6. Selected Bond Distances () and Bond Angles
(deg) for 3 (Esd’s in Parentheses)

0s(2)-C(2)-0(2) 176(2)
0s(2)-C(4)-0(4) 177(2)

W(1)-Os(1) 2.659(3) W(1)-0s(2) 3.029(3)
W(1)-0s(3) 2.859(2) W(1)-Os(4) 2.934(3)
0s(1)-0s(2) 2.876(3) 0s(1)-0s(3) 2.878(2)
0s(1)-0s(4) 2.897(3) 0s(2)-0s(3) 2.709(3)
0s(3)-0s(4) 2.825(3) W(1)-0(13) 1.82(3)
0s(2)-0(13) 2.13(3) 0s(2)-C(14) 2.07(4)
W(1)-C(14) 2.02(4) 0s(3)-C(14) 2.27(4)
C(13)-C(14) 1.59(7)

0s(1)-C(1)-0(1) 176(4)  Os(1)-C(2)-0(2) 173(4)

0s(1)-C(3)-0(3) 165(4)  Os(2)-C(4)-O(4) 176(4)

0s(2)-C(5)-0(5) 165(6)  0s(2)-C(6)-0(6) 175(5)

0s(3)-C(7)-0(7) 172(5)
0s(3)-C(9)-0(9) 173(4)
0s(8)-C(11)-0(11)  168(4)

0s(3)-C(8)-0(8) 178(4)
0s(4)-C(10)-0(10)  179(3)
0s(4)-C(12)-0(12)  169(4)

edge-bridging ligand sitting on the W=W double bond
was documented (Chart 2).

Furthermore, the bridging hydride ligand was found to
be associated with the unique Os(2)-0s(2)’ bond because
of its elongated bond length (3.029(3) A) and the dispersed

0s(1)-0s(2) 2.819(1) 0s(1)-0s(3) 2.872(1)
W-0s(1) 2.630(1) 0s(2)-0s(3) 2.874(1)
W-0s(2) 2.814(1) 0s(3)-0s(4) 2.826(1)
W-0s(3) 2.852(1) W-0s(4) 2.764(1)
W-0(13) 1.92(1) 0s(2)-0(13) 2.12(1)
0s(4)-0(13) 2.12(1) W-C(13) 1.94(2)
0s(3)-C(13) 221(2) Os(4)-C(13) 2.21(2)
C(13)-C(14) 1.54(2)

0s(1)-C(1)-0(1) 174(2)  Os(1)-C(2)-0(2) 175(2)

0s(1)-C(3)-0(3) 176(2)  0s(2)-C(4)-0(4) 172(2)

0s(2)-C(5)-0(5) 172(2)
0s(3)-C(7)-0(7) 173(2)
0s(3)-C(9)-0(9) 176(2)
0s(4)-C(11)-0(11)  176(2)

0s(2)-C(6)-0(6) 175(2)
0s(3)-C(8)-O(8) 171(2)
0s(4)-C(10)-0(10)  179(2)
0s(4)-C(12)-0(12)  178(2)

disposition of the CO ligands about this Os—Os edge.
Assuming that the neutral oxo ligand is a four-electron
donor, we calculate that this molecule possesses 72 cluster
valence electrons. This electron counting agrees with the
prediction for square-pyramidal clusters with one metal-
metal double bond and seven single bonds.17.18

Characterization of 3. This complex shows a mo-
lecular ion in its FAB mass spectrum, corresponding to a
formula CpWO0Os4(CO);5(u-0)(u3-CCHjg), and fragmenta-
tion ions with successive loss of CO ligands. The solution
IR spectrum exhibits 10 CO stretching bands between
2094 and 1953 cm™1, suggesting the presence of terminal
CO ligands exclusively. The 'H NMR spectrum shows
two signals at § 5.78 and 3.95 in a ratio 5:3, confirming the
presence of only one CpW fragment and an ethylidyne
ligand. The pattern of the CO resonances in the 1*C NMR
spectrum is informative and suggests the presence of four
0s(CO); vertices. Two Os(CO)3; units undergo rapid
localized 3-fold rotation and thus exhibit two CO signals
at 6 183.3 and 180.8 in the ratio 3:3. The third Os(CO)s
unit undergoes slow CO exchange, showing three sharp
signals at 6 173.1,172.8, and 169.6 with the ratio 1:1:1. The
other Os(CO); unit is evident from the presence of three
broad CO signals at 6 182.0, 179.4, and 176.8.

The structure of 3 has been determined by single-crystal
X-ray analysis. The molecules crystallized in a monoclinic
system with space group P2;/n, and the asymmetric unit
contains two crystallographically distinct, but structurally
similar molecules. An ORTEP diagram isshownin Figure
2, and selected bond parameters for one molecule are
presented in Table 6. The metal core consists of a WOsy4
trigonal-bipyramidal arrangement, with atoms Os(2) and
Os(4) defining the axial positions and atoms Os(1), Os(3),
and W(1) the equatorial positions. The W(1) atom carries
a Cp* ligand, and each osmium atom is associated with
three terminal CO ligands. The metal-metal distances
span a large range 3.029(3)-2.659(3) A. The two longest
metal-metal distances in 3 (3.029(3), 2.934(3) A) link the
tungsten atom to the two apical osmium atoms, while the
shortest metal-metal interaction is the W(1)-Os(1) bond
(2.659(3) A) in the equatorial plane. A similar variation
in the length of the W-Os vectors, particularly the
shortening of the unbridged W~Os bond, was observed for
several WOs; oxo—-alkylidyne clusters.!® The remaining
0s-0s distances range from 2.897(3) to 2.709(3) A and as

(17) Mingos, D. M. P. Acc. Chem. Res. 1984, 17, 311.

(18) Wade, K. Adv. Inorg. Radiochem. 1976, 18, 1.

(19) (a) Chi, Y.; Shapley, J. R.; Churchill, M. R.; Fettinger, J. C. J.
Organomet. Chem. 1989, 372, 273. (b) Churchill, M. R.; Ziller, J. W.;
Beanan, L. R. J. Organomet. Chem. 1985, 287, 234.
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Figure 1. Molecular structure of CpyWy0s3(CO)g(u-H) (u-
0)(us-CCHy) (2).

Chart 2
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o N c
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such are essentially equivalent to 2.877 A, the average
distance in Os3(C0O)y0.20

The ethylidyne ligand bridges the Os(2)—0s(3)—W(1)
face, with the Os(3)—C(14) distance (2.27(4) A) being
substantially longer than the other two, W(1)—C(14) =
2.02(4) A and 0s(2)—C(14) = 2.07(4) A. The oxo ligand
is associated with the W(1)-0s(4) edge with ashort W—O
distance (W(1)—O0(13) = 1.82(3) A) and long Os—O
distance (0s(4)—O0(13) = 2.13(3) A). This bonding
parameter indicates that the oxo ligand adopts an asym-
metrical W=0—0s mode that serves as a four-electron
donor.2! However, if we accept this concept, the total
number of valence electrons of this cluster becomes 74,

(20) Churchill, M. R.; Deboer, B. G. Inorg. Chem. 1977, 16, 878.

Figure 2. Molecular structure of CpWO0s4(CO)12(p-O) (ug-
CCHa3) (3).

which is two electrons in excess of that expected for a
cluster with a trigonal-bipyramidal geometry (nine M—M
bonds). We do not understand how to account for these
two extra electrons in terms of existing theory, but it is
possible that the additional pair of electrons resides in a
delocalized, weakly metal—metal or metal—ligand anti-
bonding orbital so that the cluster retains its trigonal-
bipyramidal geometry. Another possibility is that the oxo
ligand may serve as atwo-electron instead of a four-electron
donor. Thelatter issupported by the observation reported
for the related tetranuclear dioxo complex CpWOs3(CO)o-
(u-H) (u-0)2,22 in which the oxo ligands were invoked to
donate six electrons in total to satisfy the electron counting,
although they exhibit all the key features of the W=0—0s
mode.

Conversion between Complexes 3 and 4. An inves-
tigation of the reactivity of electron-rich, metastable
complex 3 has been carried out. A sample of 3, dissolved
in toluene-dg solution at room temperature, shows a clean
and gradual formation of a new derivative CpW Os,(CO)15-

(21) (a) Churchill, M.-R.; Bueno, C.; Park, J. T.; Shapley, J. R. Inorg.
Chem. 1984, 23, 1017. (b) Chi, Y.; Shapley, J. R.; Churchill, M.-R.; Li,
Y.-J. Inorg. Chem. 1986, 25, 4165.

(22) Chi, Y.;Hwang, L.-S.; Lee, G.-H.; Peng, S.-M. J. Chem. Soc., Chem.
Commun. 1988, 1456.
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Figure 3. Molecular structure of CpWOs4(CO)12(u3-0) (uz-
CCH;) (4).

(u3-0)(u3-CCHa) (4), which is in equilibrium with complex
3inaratioof 35:1, after a period of about 5 days. Complex
4 can be purified by thin-layer chromatography, followed
by recrystallization. The FAB mass spectrum exhibits a
parent ion identical to that of 3, confirming that the
observed reaction involves no dissociation of a CO ligand.
The rate of isomerization was also assessed by TH NMR
spectroscopy. The analysis, according to reversible first-
order kinetics, gives excellent fits of equilibrium and rate
constants: Keq = [31/[4] = 39(2), kopbs = 3.2(2) X 10-2 571,
Isomerization performed at higher temperatures produced
a similar mixture of complexes 3 and 4, but the relative
ratio altered from 1:35 at room temperature to 1:6 at 60
°C and finally to 3:1 at 90 °C. In agreement with the
altered equilibrium ratio, heating of 4 in the solid state at
180°C for 5 min regenerated 3 in nearly quantitative yield.
Furthermore, this temperature-dependent isomerization
conforms to the result that no 4 but only 3 was observed
during the thermolysis of la.

Characterization of 4. An ORTEP drawing of the
molecular structure of 4 appears in Figure 3; selected bond
parameters are presented in Table 7. The core of metal
atoms consists of a group of three osmium and one tungsten
atom arranged in the form of a distorted WOsgtetrahedron
with an additional Os(CO)sgroup bridging one W-Os edge.
The pendant Os(CO); group lies on the extension of the
W-0s(1)-0s(3) triangle: the dihedral angle between the
W-0s(1)-0s(3) and 0s(1)-0s(3)-0s(4) planes is 15.47-
(4)°. Inthismolecule the Os—Os bonds extend from 2.874-
(1)t02.819(1) A, while the W-Os distances span the greater
range 2.630(1)-2.852(1) A. The W-0s(1) edge, which lies
approximately opposite the W-C vector of ethylidene and
the W-0 bond of the oxo ligand, is significantly shorter
than the other W-0Os bonds. The ethylidyne bridges the
W-0s(3)-0s(4) metal triangle with distances W-C(13) =
1.94(2), 0s(3)-C(13) = 2.21(2), and Os(4)-C(13) = 2.21(2)

The oxo ligand spans the W-0Os(2) edge of the
tetrahedron and one Os-Os bond to the Os(4) atom with
distances W-0(13) = 1.92(1), Os(2)-0(13) = 2.12(1), and
0s(4)-0(13) = 2.12(1) A; these parameters are charac-
teristic of a face-bridging oxo ligand and indicate the
occurrence of a single-bond interaction to all three metal
atoms.?® The related edge-bridging tetrahedral cluster
skeleton has been observed in the heterometallic com-
pound PtOsy(CO)15(u-H)s, which consists of a PtOs;

Gong et al.

tetrahedron and a pendant Os(CO), grouping associated
with an Os-Os bond.?* The pentaosmium cluster Oss-
(CO)16(u-H), also has an edge-bridging tetrahedral skel-
eton.%

Discussion. In this work the scission of the ketenyl
C-0 bond and concurrent thermally induced formation
of a pair of oxo and ethylidyne ligands have been
unambiguously established. Our approach is comple-
mentary to several experiments on the ketenyl group in
the literature.* These experiments involve isomerization
of ketene to formylmethylene? and dehydration of ketene
toafford aligated acetylide fragment.?’” Further examples
include treatment of ligated ketene with alcohol that led
to formation of acetate, whereas reaction with dihydrogen
gave an aldehyde,?® reactions with electrophiles, such as
H* or Me* reagent, gave acyl and vinyl ligands,3 and
reactions with methylene afforded an oxallyl ligand,3!
respectively. Onthe other hand, C-O bond scission in the
face-bridging acyl ligand of both WOs; and MoOs;
rhomboidal clusters is documented.32 These clustersgave
off two CO molecules upon treatment with MesNO
followed by heating in refluxing toluene to afford the
tetrahedral clusters CpMOs3(CO)g(u-0) (u3-CCH,Tol), M
= W, Mo. Other related investigations have shown that
ligated cyclopentanone is susceptible to C—O bond cleavage
at the tungsten center, leading to formation of oxo and
cyclopentylidene fragments.3® These C-O bond cleavage
reactions are presumably favored by the generation of
strong multiple bonding between tungsten and oxygen
atoms.34

Formation of pentanuclear 2 and 3 is nonstoichiometric
and depends greatly on the ancillary ligand and reaction
conditions. Inour previous investigation, the presence of
the bulky and better electron-releasing Cp* ligand afforded
only the tetranuclear derivatives 5-8, whereas when the
Cp* ligand was replaced by a Cp ligand, the expected
tetranuclear derivatives disappeared, giving instead pen-
tametallic W20Os3 and WOs4 complexes 2 and 3, respec-
tively. The products isolated from pyrolysis of both la
and 1b are either clusters containing oxo and alkylidyne
ligands or clusters generated indirectly from cleavage of
the C-O bond, the latter are complexes 6-8 (Chart 1).
Among these three products, compound 8 is an ethylidene
cluster, which is formally derived from a secondary
addition of a dihydrogen molecule to oxo-alkylidyne
cluster 5, while the alkylidyne clusters 6 and 7 are
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presumably produced by an intermolecular C-O bond
cleavage process, albeit in very low yield.

Exchange between the ketenyl CO group and other
coordinated CO ligands occurs under the conditions
examined. This is evidenced by pyrolysis of a selective
13CO enriched sample of 1a, which afforded 13CO enriched
complexes 2 and 3. Analysis of their 13C NMR data
suggested that the ethylidyne a-carbon has incorporated
a substantial amount of 13C isotope and its relative
intensity reaches 25-45% of the average intensity of a 13C
enriched Os—CO ligand. This labeling study has shown
that, although the CO exchange is feasible, over half of
the ketenyl CO ligand has still retained the bonding with
the methylene group and converted to give the ethylidyne
ligand. This part of the result is relevant to the previously
reported reversible conversion between Os3(CO)11(u-CHsy)
and Os3(CO)12(u-CHCO).35 Furthermore, the stoichi-
ometry of 3 suggests that its formation may involve
condensation of an unidentified WOsg intermediate gen-
erated directly from la, and a CpW(CO),H unit which is
produced in a trace amount due to decomposition. This
speculation was verified and confirmed because thermol-
ysis of 1a in the presence of excess CpW(CO)sH improved
the yield from 10% to 23% and suppressed formation of
3 (£3%). Thermolysis of a pulverized mixture of 1a and
0s3(C0)10(NCMe); in equal proportion resulted in es-
sentially no alteration of isolable yields of 2 and 3.

Of further interest are the structure and reactivity of
clusters 2 and 3. Complex 2 contains 72 valence electrons
(eight M-M bonds); thus it is unsaturated and requires
the formation of a metal-metal double bond. In contrast,
complex 3 contains 74 valence electrons (nine M~M bonds);
thus it is electron-rich with respect to that expected for
clusters with trigonal-bipyramidal geometry, as predicted
by polyhedral skeletal electron pairtheory.!” Itsreactivity
pattern confirms the electron-rich and energetically un-
stable nature of the cluster framework: although cluster
3 is stable indefinitely in the solid state, upon dissolution
at room temperature, it slowly converted into an edge-
bridging tetrahedral form in nearly quantitative yield, via
opening of an Os-Os bond and simultaneous transfor-
mation of the ligated oxo atom from an edge-bridging to
face-bridging mode. Evidently, the driving force is adop-
tion of an appropriate molecular geometry that can
accommodate the additional pair of electrons.

The exact mechanism of the interconversion between
3 and 4 is uncertain, but it may involve a sequence of re-
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arrangement from a trigonal-bipyramidal to a square-
pyramidal and then to an edge-bridging tetrahedral cluster
core. A schematicrepresentation of the detailed processes
is shown in Scheme 1, in which the transformation can be
viewed as a core rearrangement from trigonal-bipyramidal
tosquare-pyramidal and back to trigonal-bipyramidal; the
dashed lines indicate bonds being formed or broken. We
proposed that the first step may involve elongation of the
unique Os—Os bond in the equatorial plane and gradual
formation of a new Os-Os interaction between two Os
atoms at the axial positions. Subsequent shifting of the
oxoligand from the edge-bridging mode to a face-bridging
mode and cleavage of the Os~Os bond on the same WOs;
metal triangle complete the transformation. Reversion
of this process would regenerate isomer 3, which is more
stable at higher temperatures. Another pathway of
isomerization, such as migration of the oxo ligand from
the W-0Os edge in 3 to the nearby WOs; triangular surface
followed by cleavage of the Os—Os bond to afford 4, cannot
be excluded on the basis of available data.

Finally, this work also demonstrated a systematic
method to prepare high nuclearity transition-metal clus-
ters, through addition of one group 6 metal atom to the
existing group 8 trinuclear clusters. Thetungstenaldehyde
reagent CpW(CO);CH2CHO utilized in this study, together
with previously reported alkylidyne complexes CpW(CO).-
(=CR) by Stone and co-workers,3¢ the hydride complex
CpW(CO)3H,*” and acetylide complexes CpW(CO)a-
(C=CR)38 represent useful building blocks in the con-
struction of heterometallic clusters.
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