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polynuclear metal centers has been thwarted by the dif- 
ficulty in kinetically observing individual steps in trans- 
formations. Typical thermolysis reactions of polynuclear 
ruthenium- and osmium-based clusters,14 for example, are 
not amenable to detailed study since side reactions can 
ensue; moreover, analysis of reaction pathways is some- 
times based entirely on product identification. The bi- 
nuclear rhodium hydride systems discussed here on the 
other hand are very reactive, and many transformations5 
can be followed by spectroscopic means. We are convinced 
that this system along with a few other selected binuclear15 
and trinucleaP complexes are providing fundamental in- 
formation on the primary processes of polynuclear metal 
complexes. 
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Figure 1. ORTEP drawing of (/1-PPh,)(/1-a2-(Ph,PAu)z)W2(CO~s. 
Phenyl  groups except ipso carbon atoms are  omitted for clarity. 
T h e  ellipsoids are  drawn with 30% probability boundaries. 

[ E ~ ~ N I ~ [ ( ~ - H ) ( ~ L - P P ~ ~ ) [ M , ( C O ) ~ ]  (3, M = Mo, 51%; 4, M 
= W, 80%).' The infrared spectral pattern of these new 
complexes in the CO stretching region is very similar to 
the isoelectronic manganese analogue (p-H) (p-PPh,)- 
Mnz(CO)8.2 The lH and 31P NMR spectra are also con- 
sistent with their formulation: (a) the chemical shifts of 
the bridging hydrides for 3 and 4 are comparable with 
those reported in l i t e r a t ~ r e , ~ - ~  (b) the presence of 1:6:1 
triplet due to "W-H coupling in 4 suggests the existence 
of a symmetrically bridged M-H-M linkage;617 (c) the 31P 
NMR spectra for 3 and 4 are in agreement with a phos- 
phido group symmetrically bridging a metal-metal bond.8 
While two-bond P-H coupling between the hydrido and 
the phosphido ligands could be clearly seen in the lH and 
31P NMR spectra of 3, no such coupling was observed for 
4. The chemical behavior of 4 (vide infra) provided further 
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Summary: The coordinatively unsaturated species 
H2M2(C0)82- (M = Mo, W) react with diphenylphosphine 
to form products incorporating bridging hydrido and 
phosphido ligands, (p-H)(p-PPh2)M2(CO):-. A mixed-metal 
cluster, (pPPh2)(p-q2-(Ph,PAu)2)W2(CO)8-, derived from 
(/I-H)(~-PP~~)W,(CO)~~-, was structurally characterized by 
X-ray diffraction. 

Addition of Ph2PH to the coordinatively unsaturated 
species [Et4N],[H2M2(CO),] (1, M = Mo; 2, M = W) yields 

(1) A solution of 0.20 g (0.30 mmol) of 1 in acetonitrile (30 mL) was 
reacted with an excess of PhzPH (0.15 mL) at -20 OC for 30 min. The 
solution was slowly warmed to room temperature (1.5 h) and the solvent 
removed by evacuation. The resulting orange-yellow precipitate was 
washed, first with THF until the washings were colorless and then with 
MeOH (25 mL X 2). The product w a ~  then dried in vacuo to provide 0.13 
g (51%) of orange-yellow powdery 3. The same procedure was followed 
for the preparation of 4. Complex 4 was obtained as orange-yellow 
powders (0.98 g, 80%) from 1.00 g (1.17 mmol) of complex 2. 3: IR 
(CH3CN) v(C0) 1998 mw, 1975 m, 1887 5,1842 m, 1796 s cm-'; 'H NMR 
(CD3CN) 6 7.7-7.0 (m, 10 H, Ph), 3.14 (9, JH-H = 7.1 Hz, 16 H, CHz), 1.19 

NMR (CD3CN) 6 92.2 (d). Anal. Calcd for CssH5,N2O8PMo2: C, 50.12; 

1996 mw, 1969 m, 1883 s, 1836 m, 1795 s cm-'; 'H NMR (CD3CN) 6 
7.8-7.0 (m, 10 H, Ph), 3.14 (q, J H - H  = 7.1 Hz, 16 H, CHz), 1.19 (tt, J 
= 1.7 Hz, 24 H, CH3), -12.0 (1:61 triplets, JH-w = 42.5 Hz, 1 H, p-H);@ 
NMR (CD,CN) d 61.0 (1:6:1 triplets, Jp-w = 169 Hz). Anal. Calcd for 
C36H51Nz08PWz: C, 41.64; H, 4.95; N, 2.70. Found: C, 41.55; H, 5.01; 
N, 2.74. 
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(tt, JH-N = 1.7 Hz, 24 H, CH3), -10.2 (d, JH-p = 9.8 Hz, 1 H, p H ) ;  31P 

H, 5.96; N, 3.25. Found: C, 49.92; H, 5.81; N, 3.15. 4 IR (CHSCN) p(C0) 
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evidence of its correct formulation. 
The mechanism of the formation of 3 and 4 is presently 

unknown. We did observe gas evolution (presumably H2) 
during the reactions. It was not possible to resolve whether 
(a) M2(C0)8(Ph2PH)z2- formed as in the case of the syn- 
thesis of Wz(C0)8(PMe3)22-9 or (b) HM2(CO)8(Ph2PH)- 
formed instead. Oxidative addition of a coordinated sec- 
ondary phosphine to a metal center with concurrent P-H 
bond cleavage has ample precedent.1° Another coordi- 
natively unsaturated complex, Hz0s3(CO)lo, was reported 
to react similarly with PhzPH to form (p-H)(p-PPh2)- 
Os3( CO) l1 

Complexes 3 and 4 are air-sensitive and are very reactive 
toward electrophiles. Protonation of 4 with trichloroacetic 
acid in the presence of Ph,PH led to the formation of 
[Et4N] [ (p-H)Wz(CO)8(PhzPH)2] (5) .  Complex 5 could be 
more conveniently prepared12 by using the strategy de- 
veloped for the synthesis of (p-)(p-Ph2PCH2PPh2) W2- 
(CO)8-.3 A noble mixed-metal cluster, [Et,N] [ (p-PPh,)- 
(p-q2(Ph3PAu)2)W2(CO)8] (6), was obtained in about 70% 
yield from the reaction of 4 with 2 equiv of Ph3PAuC1.13 

The X-ray crystal structure analysis of 6 was under- 
taken,14 and the core structure of the anion is shown in 
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2296. 
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(12) One equivalent of trichloroacetic acid dissolved in 1 mL of 
CH&N was added dropwise to a vigorously stirred CH3CN solution of 
2 (0.10 g, 0.12 mmol) prechilled to -30 "C, and the color of the solution 
changed from red to yellow within 30 min. An excess of PhzPH (0.30 mL) 
was then added. After another 30 min at  -30 OC, the solution was 
warmed slowly to room temperature. The solvent was removed and the 
residue washed with water. Recrystallization from THF/EhO provided 
yellow powdery 5 (0.075 g, 54%): IR (CHaCN) u(C0) 2014 m, 1992 mw, 
1905 s, 1827 m cm-'; 'H NMR (CDSCN) S 7.6-7.4 (m, 20 H, Ph), 6.78 (dd, 

H, CH,), 1.19 (tt, JH-H = 7.1 Hz, JH- = 1.7 Hz, 12 H, CH,), -11.1 (tt with 
tungsten satellites, JH-P = 17.4 Hz, GH-H = 4.2 Hz, JH-w = 44.0 Hz, WH); 
,'P NMR (CD,CN) 8 -2.72 (br d,  'Jp-H = 335.2 Hz). Anal. Calcd for 
CloH43N08P2W2: C, 43.86; H, 3.96; N, 1.28. Found C, 44.13; H, 4.10; 
N, 1.18. 

(13) A CH&N solution of PhsPAuCl (0.095 g, 0.19 mmol) prechilled 
to  -30 OC was added dropwise to 50 mL of CH3CN solution of compound 
4 (0.10 g, 0.096 mmol) at  -30 "C. The solution was gradually warmed to 
0 OC and the color of the solution changed from yellow to red. After 1.5 

J H - p  = 335.2 Hz, ,JH-H = 4.26 Hz, 2 H, P-H), 3.14 (q, JH-H = 7.1 HZ, 8 

h, the solvent was removed to give orange powders. Recrystallization 
from THF/MeOH gave 0.12 g (68%) of 6: IR (THF) u(C0) 1984 w, 1954 
ms, 1882 s, 1861 s, 1829 s cm-'; 'H NMR (CD,CN) 6 7.8-7.0 (m, 40 H, Ph), 
3.14 (4, JH-H = 7.1 Hz, 8 H, CHz), 1.19 (tt, Ji-H = 7.1 Hz, J H - N  = 1.7 Hz, 
12 H, CH,); 31P NMR (CD3CN) 6 140 (t with satellites, Vp-p = 9.7 Hz, 
Jp-w = 172 Hz, 1 P,  PPh,), 73.4 (d, ,Jp_p = 9.7 Hz, 2 P,  PPh3). Anal. 
Calcd for CaHBoN08P3Au2W2: C, 42.10; H, 3.31; N, 0.77. Found: C, 
41.59; H, 3.30; N, 0.82. 

(14) Suitable single crystals were grown by allowing slow diffusion of 
EtzO through a concentrated CH3CN solution of 6. Crystal data for 
CaH&O8P3Au2W2: space group P2,/n, a = 14.119 (7) A, b = 27.642 (4) 
A, c = 15.892 (2) A, B = 91.19 (3)O, V = 6200.76 AS, ddd = 1.943 g cm-, 
for M = 1764.64, 2 = 4, p = 85.8 cm-' for Mo K,. Diffraction data were 
collected with an Enraf-Nonius CAD4 diffractometer a t  room tempera- 
ture. Absorption corrections according to psi scans of three reflections 
were made. All the data processing were performed on a PDP 11 and 
VAX 11 using the NRCC SDP program. The W and Au atoms were 
determined by Patterson techniques; all other atoms were located by 
subsequent difference Fourier maps and cycles of least-square refinement. 
RF = 0.037 and R,,.F = 0.037 (722 parameters refined, including the ex- 
tinction coefficient) for 4437 reflections [I  > 2.5 u(0 ] of 10 879 unique 
reflections collected in the range of Oo 5 28 5 50'. 

(15) Shyu, S. G.; Calligaris, M.; Nardin, G.; Wojcicki, A. J. Am. Chem. 
SOC. 1987, 109, 3617. 

Figure 1. Two tungsten and two gold atoms can be re- 
garded as forming a distorted tetrahedron with tungsten 
atoms bridged by a phosphido ligand and each gold atom 
containing a coordinated triphenylphosphine. The W-W 
bond distance of 3.332 (1) A is longer than the single bond 
value of 3.0256 (4) A in ( P - P P ~ ~ ) ~ W ~ ( C O ) ~ ~ ~  and substan- 
tially shorter than the nonbonding value of 4.1018 (4) A 
in [Li(THF)3+],[(p-PPh2)2W2(C0)8].15 In comparison, the 
unsupported W-W single bond in cp2w2(co), is 3.222 (1) 
A.16 The W-P-W bond angle of 83.9 (2)' in 6 also lies 
within those reported for (p-PPh2)2W2(C0)8 (75.14') and 
(p-PPhJzWZ(C0),2- (104.20°).15 The 31P NMR spectra of 
6 is consistent with its structure in the solid state. A triplet 
a t  139.2 ppm and a doublet a t  73.4 ppm (3Jp-p = 9.7 Hz) 
were assigned to the bridging phosphido and terminal 
phosphine ligands, respectively. The small W-P-W bond 
angle and the downfield shift8 of the bridging phosphorus 
atom suggest that there could be some interaction between 
two tungsten atoms. Alternatively, (p-PPh2)(p-q2- 
(Ph,PAu),)W,(CO), can be regarded as consisting of two 
W(CO)4 units bridged by both PPh2 and (Ph,P)Au-Au- 
(PPh3) units. The (tripheny1phosphine)gold dimer can be 
considered to be isolobal with hydrogen molecule according 
to Mingo's prin~ip1e.l~ Being a bridge between two 
tungsten atoms, the Au-Au distance of 2.749 (2) A is well 
within the range for a Au-Au single bond.18 Though the 
mean W-Au distance of 2.915 A is longer than those in 
A U W ~ ( ~ - C C ~ H , M ~ - ~ ) , ( C O ) ~ C ~ ~ +  (2.752 A),'' 
(Ph2PMe)zAu2WS4 (2.84 A),20 and CpW(CO),AuPPh, 
(2.698 A)21, similar long metal-gold bond lengths were also 
found in complexes containing bridging gold units such as 
A u ~ R u ~ ( ~ ~ - C O M ~ ) ( C O ) ~ ( P P ~ ~ ) ~ ~ ~  and O S , H ~ ( C O ) ~ ~ -  
( A U P P ~ , ) , . ~ ~  

The unusual reactivity of 4 toward Ph3PAuC1 bears a 
close resemblance to the reaction between AuPPh3+ and 
PtHC1(PEt3)224 or Nb(q5-C5H4SiMe3)2H3.25 The chemical 
properties of 3 and 4 are currently under investigation. 
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