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Three new tungsten-centered gold cluster compounds are reported: [ W(C0)4(AuPPh3)5]+ (l), [ W ( C O ) ~ ( A U P P ~ ~ ) ~ ] +  
(2), and [ W ( C O ) ~ ( A U P P ~ ~ ) ~ ] ~ +  (3). The cluster compounds 1 and 2 are formed by reactions of [Au(PPh3)- 
(AuPPh3)7I2+ with W(C0)3(C2H5CN)3 or W(CO)6. 3 is formed by the electrophilic addition of AuPPh3+ to 1; 
this reaction can be reversed by the addition of PPh3 to 3 yielding the starting cluster 1 and A u ( P P ~ ~ ) ~ + .  1 was 
characterized by elemental analysis, ICP analysis and by IR, I3C NMR, and 31P NMR spectroscopy. The crystal 
and molecular structure of [ W(C0)4(AuPPh3)5] (PF&!H2C12 has been determined by a single-crystal X-ray analysis. 
The compound crystallizes as the PF6- salt in the monoclinic space group E!', with Z = 2, a = 13.603 (2) A, b = 
25.381 (2) A, c = 14.256 (8) A, /3 = 103.52 (9)O, and V = 4785 (3) A3. Mo Ka radiation was used. The residuals 
are R = 0.047 and R,  = 0.069 for 9156 observed reflections and 368 variables. The symmetry of the metal cluster 
is nearly C,. The central tungsten atom of 1 is bound to five gold atoms and four CO ligands, leading to a total 
connectivity of nine for the central tungsten atom. A triphenylphosphine is attached to each of the gold atoms. 2 
was characterized by elemental analysis, ICP analysis and by IR, and 31P NMR spectroscopy; its solid state structure 
was determined by a single-crystal X-ray analysis. This compound crystallizes as the PF6- salt in the monoclinic 
space group R 1 / n ,  with Z = 4, a = 14.452 (4) A, b = 30.151 (7) A, c = 30.07 (1) A, /3 = 91.6 (1)O, V =  13099 
(7) A3. Mo Ka radiation was used. The residuals are R = 0.065 and R, = 0.076 for 4870 observed reflections 
and 458 variables. The symmetry of the cluster is nearly C,. The central tungsten atom of 2, which has a total 
connectivity of 10, is bound to three CO ligands and seven gold atoms; each of these gold atoms is attached to a 
triphenylphosphine ligand. 3 was characterized by IR and 31P NMR spectroscopy and by its chemical behavior. 

Introduction 

A large number of mixed metal-gold clusters is known, in 
which 1-1 2 gold atoms are attached to a central metal atom. The 
variety of the center metal in these clusters is extensive, ranging 
from the early transition metals like vanadium' to the platinum 
group2 and coinage meta1so3 

From gold cluster chemistry it is known that [Au(PPh3)- 
(AuPPh3)7]2+, in which gold is also in the center of the metal 
frame, is reactive in fragmentation and recombination  reaction^.^^^ 
It can be used in the synthesis of mixed metal-gold cluster 
compounds. For instance the reaction of Pt(COD)(N03)2 with 
[Au(PPh3)(AuPPh3)7I2+ and NaBH4 in ethanol yields the mixed 
platinum-gold clusters [Pt(AuPPh3)8I2+ and [Pt(PPh3)(Au- 
PPh3)6]2+.5 At the moment it is not clear whether Pt is 
incorporated in the [Au(PPh3)(AuPPh3)7I2+ cluster to form [Pt- 
(AuPPh3)8]2+ or whether the latter is formed by a fragmentation- 
recombination reaction. To further investigate this kind of 
reaction, other metal complexes were reacted with [Au(PPh3)- 
(AuPPh3)7]2+. During these investigations some new tungsten- 
centered gold clusters were found. [W(C0)4(AuPPh3)5]+ (1) 
and [W(CO)3(AuPPh3)7]+ (2) areformed byreactionof W(CO)3- 
( C Z H ~ C N ) ~  with [Au(PPh3)(AuPPh3)7J2+. They are the tungsten 
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analogues of the clusters [Mo(CO)4(AuPPh3)5]+ and [Mo- 
(CO)3(AuPPh3)7]+, formed by the photolysis of PPh3AuN3 in 
the presence of M o ( C O ) ~ . ~ - ~  

A large number of compounds containing tungsten-gold bonds 
are known from literature,* but they differ significantly from the 
mixed tungsten-gold clusters described in this article. Most of 
the literature-known tungsten-gold compounds contain only one 
or two tungsten-gold bonds, whereas compounds 1 and 2 contain 
five and seven tungsten-gold bonds, respectively, and a large 
number of gold-gold interactions; furthermore, the tungsten and 
gold atoms in the literature-known compounds are often connected 
by bridging ligands, whereas all the ligands in 1 and 2 are 
terminally bonded to the metal atoms. Compounds 1 and 2 can 
be seen as tungsten-centered gold clusters. 

The electrophilic addition of Au(1) species to centered gold 
clusters is demonstrated by the reaction9 

[ A u ( A u P P ~ ~ ) ~ ] * '  + AuPPh3+ -, [Au(AuPPh3),I3+ (1) 

~~ ~ 

(6) Beuter, G.; Mielcke, J.; Strihle, J. 2. Anorg. Allg. Chem. 1991, 593, 

(7) Beuter, G.; Strihle, J. J. Organomet. Chem. 1989. 372, 67. 
(8) Carriedo,G. A.; Howard, J. A. K.;Stone, F.G. A.; Went, M. J.J.  Chem. 

Soc., Dalron Trans. 1984. 2545. Carriedo, G. A.; Howard, J. A. K.; 
Marsden, K.; Stone, F. G. A.; Woodward, P. J. Chem. Soc., Dalton 
Trans. 1984, 1589. Kim, H. P.; Kim, S.; Jacobson, R. A.; Angelici, R. 
J .J .  Am. Chem. Soc. 1986,108,515. Lin, J. T.; Hsiao, Y. M.; Liu, L. 
K.; Yeh, S. K. Organometallics 1988, 7, 2065. Carr, N.; Gimeno, M. 
C.; Goldberg, J. E.; Pilotti, M. U.; Stone, F. G. A.; Topaloglu, I. J .  
Chem. Soc., Dalron Trans. 1990, 2253. Wilford, J. B.; Powell, H. M. 
J. Chem. SOC. A 1969, 8 .  

(9) Vollenbroek, F. A.; van der Velden, J. W. A.; Bow, J. J.; Steggerda, J. 
J. Inorganic Reactions and Methods; Zuckerman, J. J., Hagen, A. P., 
Eds.; VCH Publishers: New York, 1991; Vol. 13, pp 341-354. 

35. 

0 1992 American Chemical Society 



4076 Inorganic Chemistry, Vol. 31, No. 20, 1992 

Other electrophilic additions of coinage metals to mixed metal- 
gold clusters are also known, e.g.10 

[Pt(CO)(AuPPh3),12+ + Ag+ -. 
In this paper we report the synthesis and characterization of the 
clusters [W(C0)4(AuPPh3)s]+ 1 and [ W ( C O ) ~ ( A U P P ~ ~ ) ~ ] +  2. 
We also report the electrophilic addition of AuPPh3+ to 1, which 
leads to the formation of a third tungsten-gold cluster [W(CO),- 
(AuPPh3),#+ 3. I t  will be shown that this reaction can be reversed 
by addition of PPh3 as a AuPPh3+ scavenger to yield the parent 
cluster 1. 

Experimental Section 

Measurements. Elemental analyses were carried out at the microan- 
alytical department of the University of Nijmegen. ICP analyses giving 
Au:P ratios were carried out on a Plasma 200 ICP-AE spectrometer in 
DMSO solutions with [Au(PPh3)(AuPPh3)7](PF& as the reference. 
31P(1H] NMR spectra of CH2C12 solutions were recorded on a Bruker 
WM-200 spectrometer operating at 81.015 MHz and on a Bruker CXP- 
300 spectrometer operating at  121.442 MHz with trimethyl phosphate 
(TMP) inCD2CI2asexternalreference. The~ariable-temperature~~P(~H) 
NMR spectra of 3 in CD2C12 were recorded on a Bruker AM-500 
spectrometer operating at 202.462 MHz with TMP as internal reference. 
I3CI1H) NMR spectra of CD2C12 solutions were also recorded on a Bruker 
AM-500 spectrometer operating at  125.759 MHz with tetramethylsilane 
(TMS) being the reference. The infrared (IR) spectra were measured 
in CsI pellets on a Perkin-Elmer 1720-X Fourier transform infrared 
spectrometer. 

Reparation. [A~(PP~~)(AUPP~~)~](PF&~~~[AU(PP~~)(A~PP~~)~]- 
(NO3)2 were prepared according to literature method~.~JI This is also 
the case for W ( C O ) J ( C ~ H ~ C N ) ~ . ~ ~  All solvents were of reagent grade 
and were used without further purification. 

[w(co)4(AUPPh3)5](PF6) [(1)PF6]. A mixture Of 107 mg (0.0270 
mmol) of [Au(PPhs)(AuPPh3)7](PF& and 25 mg (0.0578 mmol) of 
W(CO),(C2HsCN)3 was refluxed in 40 mL tetrahydrofuran under a 
nitrogen atmosphere. After 10 h the color of the mixture had changed 
from red to black. This black mixture was filtered and the black residue 
washed with 50 mL tetrahydrofuran. The yellow filtrate was evaporated 
to dryness under reduced pressure. After this yellow residue was 
redissolved in dichloromethane, yellow-orange crystals of [ W(CO)4- 
( A U P P ~ J ) ~ ] ( P F ~ ) . C H ~ C I ~  were obtained within 24 h after addition of 
n-hexane (yield: 52 mg, 0.0190 mmol; 45%, calculated for Au). 

Anal. Calcd for W A U S P ~ C ~ ~ H ~ ~ ~ ~ F ~  (mol wt 2737.15): c ,  41.25; H, 
2.76. Found: C, 40.86; H, 2.79. IR: characteristic absorption at  840 
cm-1 originating from PFs-; several absorption bands characteristic for 
thePPh3ligands; v(C0) at 1878,1888,1910, and 1972cm-I. 31PNMR: 
6 = 56.71 ppmwith2J(PJ83W) (doublet) = 27.8 Hz. W N M R  6(13CO) 
= 213.7 ppm (no IJ(C-183W) visible because of a low SIN ratio). 

The nitrate salt of 1 was prepared in the same way using [Au(PPhp)- 
(AuPPh3)7] (N03)2 instead of [AU(PP~~)(AUPP~~)~](PF~)~. 

Anal. Calcd for W A U ~ P S C ~ ~ H ~ ~ O ~ N  (mol wt 2654.18): C, 42.54; H, 
2.85;N,0.53. Found: C,41.98;H,2.88;N,0.50. ICP: Au:P= 1:1.05. 

[ W ( C O ) J ( A ~ P P ~ ~ ) ~ ] ( P F ~ )  [ (2)PFd. A 99-mg (0.0250-mmol) sample 
of [Au(PPhl)(AuPPh3)7](PF6)2 was dissolved in 30 mL of dichlo- 
romethane under a nitrogen atmosphere and 1 1 . 1  mg (0.0257 mmol) of 
W ( C O ) ~ ( C ~ H ~ C N ) I  was added. Thismixture was refluxed for 3 h, while 
the color changed from red to black. The mixture was then filtered. The 
orange-red filtrate was evaporated to dryness under reduced pressure. 
After this orange-red residue was redissolved in dichloromethane, orange- 
red crystals of [W(CO),(AUPP~,)~](PF~) were obtained by addition of 
n-hexane (yield: 1 1  mg. 0.00303 mmol; 1 l%, calculated for Au). 

Anal. Cakd for W A U ~ P B C I ~ ~ H I & F ~  (mol wt 3627.65): C, 42.71; 
H, 2.92. Found: C, 42.67; H. 2.93. IR: characteristic absorption at 840 
cm-I due to PF6-; several absorption bands characteristic for the PPh3 
ligands; v(C0) at 1828,1886,and 1966cm-I. 3IPNMR: d = 54.21 ppm 
with 2J(P-183W) (doublet) = 29.0 Hz. 
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The nitrate salt of 2 was prepared in the same way using [Au(PPh& 
(AuPPh3)r](NO3)2 instead of [AU(PP~J)(AUPP~J),J(PF~)~. 

Anal. Calcd for W A U ~ P ~ C I ~ ~ H ~ , & N  (mol wt 3544.69): C, 43.71; 
H, 2.99; N, 0.40. Found: C, 43.09; H, 3.03; N, 0.45. I C P  Au:P = 
1: 1.08. 

[W(CO)4(AuPPh,)6](Nos)2 [(3)(NO&]. A concentrated solution 
of the nitrate salt of 1 in dichloromethane or tetrahydrofuran was reacted 
with an equimolar amount of AuPPh3NO3. After 10 min of stirring 
n-hexane was added to precipitate the orange product (3)(N03)2. The 
yield was nearly 100%. 

Compound 3 has not yet been analyzed by elemental analysis because 
the product could not be obtained as pure material, but the chemical 
behavior of 3 indicates it to be [ W ( C O ) ~ ( A U P P ~ ~ ) ~ ] ~ +  (see Results and 
Discussion). IR: several absorption bands characteristic for the PPh3 
ligands; u(C0) at 1900, 1924, 1966, and 1981 cm-I. NMR: 8 = 
56.12 ppm with 2J(P-183W) (doublet) = 21.9 Hz. 

Clusters 1 and 2 could also be obtained by refluxing a mixture of 369 
mg (1.049 mmol) of W(CO)6 and 431 mg (0.109 mmol) of [Au(PPhs)- 
(AuPPh3)7](PF& in 40 mL of tetrahydrofuran. The first tungsten-gold 
cluster to be formed in this reaction was 1 (after 30 min); 2 was observed 
after refluxing for 5 h. This route, however, had substantial drawbacks 
compared with the syntheses for 1 and 2 as described above: the number 
of side products is larger, so the yields of 1 and 2 are considerably less. 

Structure Determination of [W(CO)~(AUPP~~)~](PF~).CH~CI~ 
[( l)PFcCH2CI2] and [W(CO)J(AUPP~,)~](PF~) [(2)PF6& C o k t i o n  
end Reduction of CrystaUognphicthb. Since single crystals decomposed 
very quickly upon removal from the solvent, crystals of 1 and 2 were 
mounted in a capillary together with a mixture of dichloromethane and 
n-hexane. X-ray data were measured on an Enraf-Nonius CAD4 
diffractometer. Standard experimental details are given elsewhere;l3 
the crystal data for 1 and 2 are listed in Table I. 

Solution end Refinement of the Structures. [W(CO)4(AuPW~)5]- 
(PF6)a&12 [(l)PF&H&12& The positions of the metal atoms were 
found from an automatic orientation and translation search (ORIENT, 
TRACORI4) with a A u ~  fragment (from [(AuP(C~HS)~)~MO(CO),~OH~) 
as search model followed by a phase refinement procedure to expand the 
fragment (DIRDIFI4). The remaining non-hydrogen atoms were po- 
sitioned from successive difference Fourier maps. The phenyl rings were 
converted into regular hexagons and their hydrogen atoms were placed 
at  ideal positions (C-H = 1.00 A). A difference Fourier map showed 
the presence of one PF6 ion and two partially occupied solvent molecules. 
The positional parameters and the occupation factors of the atoms of 
these solvent molecules were refined with a constrained ideal geometry. 
The total occupation factor leads to one solvent molecule for one cluster. 
To determine the absolute structure the Bijvoet coefficient was calculated 
and found to be negative (E 5 -0.945 on 200 Bijvoct pairs, using a new 
version of the program Bijvoet15); consequently the structure was inverted. 
Least-squares refinement using SHELX14 was performed in two blocks. 
During the final stage of refinement, the anisotropic parameters of the 
gold, tungsten, and phosphorus atoms were refined. Final convergence 
was reached at R = 0.047; the function minimized was zw(Fo - Fc)2 with 
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Table 11. Selected Fractional Positional and Thermal Parameters 
(A2) for [ W(C0)4(AuP( C6H5)3)5] PFs.CH2C12' 

atom X Y Z 100Umb 

W 0.94360 (8) 0.9739 (2) 1.00074 (7) 2.56 (4) 
Au(2) 1.15639 (8) 0.9759 (2) 1.07052 (8) 3.45 (4) 
Au(3) 1.04796 (8) 1.0682 (2) 1.06799 (8) 3.22 (4) 
Au(4) 0.87289 (8) 1.0686 (2) 0.90751 (7) 2.96 (4) 
Au(5) 1.05603 (8) 1.0203 (2) 0.88591 (8) 3.02 (4) 
Au(6) 0.85522 (9) 0.9775 (2) 0.79889 (8) 3.76 (4) 
P(2) 1.3203 (6) 0.9514 (3) 1.1347 (6) 3.4 (3) 
P(3) 1.1009 (6) 1.1429 (3) 1.1644 (6) 3.1 (3) 
P(4) 0.7930 (6) 1.1499 (3) 0.8632 ( 5 )  3.2 (3) 
P(5) 1.1513 (6) 1.0335 (3) 0.7722 ( 5 )  3.6 (3) 
P(6) 0.7789 (7) 0.9478 (4) 0.6479 (6) 4.3 (3) 
C(l)  0.985 (3) 0.941 (1) 1.132 (3) 5 (1) 
0(1)  1.002 (2) 0.922 (1) 1.206 (2) 6 (1) 
C(2) 1.009 (2) 0.918 (1) 0.941 (2) 3 (1) 
O(2) 1.035 (2) 0.878 (1) 0.910 (2) 8 (1) 
C(3) 0.874 (3) 1.016 (2) 1.073 (3) 6 (1) 
O(3) 0.821 (3) 1.036 (2) 1.125 (3) 11 (1) 
C(4) 0.817 (3) 0.937 (2) 0.969 (3) 6 (1) 
O(4) 0.747 (2) 0.905 (1) 0.944 (2) 9 (1) 

The numbering scheme for the gold and phosphorus atoms starts 
with number 2; this oddity originates from the fragment search using a 
A u ~  fragment (see Experimental Section). U, = 1/3xi~,a*p*piu~Up 

Table 111. Selected Bond Lengths (A) and Bond Angles (deg) for 
[W(CO)~(A~P(C~H~)~)SI~F~.CH~C~~ 

W-Au(2) 2.833 (2) A u ( ~ ) - A u ( ~ )  2.932 (3) 
W-Au( 3) 2.832 ( 5 )  Au(2)-P(2) 2.289 (8) 
W-Au(4) 2.806 ( 5 )  Au(3)-P(3) 2.355 (8) 
W-Au(S) 2.752 (3) Au(4)-P(4) 2.349 (9) 
W-Au(6) 2.849 (3) Au(S)-P(5) 2.325 (9) 
Au(2)-Au(3) 2.763 ( 5 )  Au(6)-P(6) 2.288 (9) 

Au(3)-Au(4) 2.891 (3) W-C(2) 1.96 (3) 
A u ( ~ ) - A u ( ~ )  2.892 (3) W-C(3) 1.89 (4) 
Au(4)-Au(5) 2.858 (3) W-C(4) 1.93 (4) 

A u ( ~ ) - A u ( ~ )  2.895 (3) W-C(l) 2.01 (3) 

Au(4)-Au(6) 2.763 ( 5 )  

Au(~)-W-AU(~) 
Au(~)-W-AU(~) 
Au(~)-W-AU( 5 )  
Au(~)-W-AU(~) 
Au(~)-W-AU(~) 
Au( 3)-W-Au(5) 
Au( 3)-W-Au(6) 
Au(~)-W-AU( 5 )  
Au(~)-W-AU(~) 
Au(S)-W-AU(~) 
C( l)-W-C(2) 
C( 1)-w-c(3) 
C( l)-W-C(4) 

58.4 (2) 

62.4 (1) 
120.6 (2) 
61.7 (1) 
62.4 (1) 

61.7 (1) 
58.5 (1) 
63.1 (1) 
93 (1) 
78 (2) 
93 (2) 

111.1 (2) 

112.0 (1) 

C(2)-W-C( 3) 
C( 2)-W-C(4) 
C(3)-W-C(4) 
W-AU(~)-P( 2) 
W-Au(3)-P(3) 
W-Au(4)-P(4) 
W-AU(~)-P(~)  
W-Au( 6)-P( 6) 
W-C(1)-0(1) 
W-C(2)-0(2) 
W-C(3)-0(3) 
W-C(4)-0(4) 

168 (1) 
91 (1) 
82 (2) 

162.8 (3) 
159.9 (3) 
165.0 (3) 
162.7 (3) 
158.6 (3) 
176 (3) 
167 (3) 
169 (3) 
167 (3) 

w = l.0/[02(Fo) + 0.0O36Fo2]. A maximum residualdensity of 3.1 e/A3 
was found near the W and Au atoms, further residual density being below 
0.8 e/A'. 

Positional and thermal parametersof selected atoms are given in Table 
11, and selected bond distances and angles, in Table 111. The molecular 
structure of 1 is given in Figure 1.16 

[W(Co),(A~Ph,).r](PF6) [(2)PF6]. The positionsof the metal atoms 
were found from an automatic orientation and translation search 
(ORIENT, TRACORI') with an ideal WAu fragment (from [(AuP- 
(C6Hs),)7Mo(CO),]OH7) as search model followed by a phase refine- 
ment procedure to expand the fragment (DIRDIFI4). The remaining 
non-hydrogen atoms were positioned from successive difference Fourier 
maps. The phenyl rings were converted into regular hexagons, and their 
hydrogen atoms were placed at ideal positions (C-H = 1.00 A). A 
difference Fourier map showed the presence of one PF6 ion on an inversion 
center and one partially occupied PF6 ion. The positional parameters 
and the occupation factorsof the atoms of the latter PF6 ion were refined. 
The occupation factors were in the range 0.4-0.6. On chemical evidence 
the occupation factor is fixed on 0.5. The total occupation factor leads 
to one PF6 ion for one cluster. During the final stage of the least-squares 

(16) Johnson, C. K. A Thermal-eNipsoidPlot Program for  CrystalStructures 
Illustratiom; Oak Ridge National Laboratory: Oak Ridge, TN, 1965. 

P8 
A 

Figure 1. X-ray structure of [W(CO)~(AUP(C~H~)~)~]PF~.CH~C~~ with 
atom labeling for Au, P, and carbonyl C. Phenyl rings and the PF6- ion 
have been omitted for the sake of clarity. Thermal ellipsoids are at 50% 
probability. 

WAu5 

Figure 2. Schematic representation of the metal core of 1. The tungsten 
atom, which occupies the center of the incomplete icosahedron, has been 
omitted for the sake of clarity. 

Table IV. Selected Fractional Positional and Thermal Parameters 
(A2) for [W(CO)~(A~P(C~HS)~)~]~F~ 

atom X Y z 100uma 
W 0.0629 (2) 0.16599 (8) 
Au(1) -0.1033 (1) 0.19856 (8) 
Au(2) 0.0478 (2) 0.25756 (8) 
Au(3) 0.0606 (2) 0.20669 (9) 
Au(4) -0.0230 (2) 0.12074 (8) 
Au(5) -0.1007 (2) 0,11709 (8) 
Au(6) -0,0603 (1) 0.20246 (8) 
Au(7) 0.1344 (2) 0.21671 (9) 
P(l)  -0.2429 (9) 0.2309 ( 5 )  
P(2) 0.0903 (1 1) 0.3301 (6) 
P(3) 0.1 178 (10) 0.2306 (5) 
P(4) -0.0465 (12) 0.0688 (6) 
P(5) -0.1634 (11) 0.0529 ( 5 )  
P(6) -0.1516 (9) 0.2148 (6) 
P(7) 0.2337 (11) 0.2385 (6) 
C( l )  0.195 (4) 0.182 (2) 
0(1)  0.274 (3) 0.193 (1) 
C(2) 0.123 (4) 0.114 (2) 
O(2) 0.167 (3) 0.083 (2) 
C(3) 0.083 (4) 0.126 (2) 
O(3) 0.094 (3) 0.104 (1) 

a u, = ~/3x~xp*iu*juiujuij. 

0.27397 (8) 
0.30317 (7) 
0.27912 (8) 
0.35970 (7) 
0.34250 (7) 
0.25367 (8) 
0.21109 (7) 
0.20411 (7) 
0.3224 ( 5 )  
0.2919 ( 5 )  
0.4296 ( 5 )  
0.3970 ( 5 )  
0.2241 (6) 
0.1477 ( 5 )  

0.287 (2) 
0.293 (1) 
0.299 (2) 
0.31 1 (1) 
0.220 (2) 
0.191 (1) 

0.1510 ( 5 )  

3.0 (1) 
2.9 (1) 
3.8 (1) 
3.8 (1) 
4.1 (1) 
3.8 (1) 
3.5 (1) 
4.4 (1) 
3.3 (6) 
4.5 (7) 
3.8 (6) 
5.0 (7) 
4.6 (7) 
4.4 (6) 
5.6 (7) 

12 (2) 
7 (1) 
5 (2) 
9 (1 )  
4 (2) 
7 (1) 

refinement using SHELX,14 the anisotropic parameters of the gold, 
tungsten, and phosphorus atoms were refined. Final convergence was 
reached at R = 0.065; the function minimized was Zw(Fo - Fc)2 with w 
= 1.0/[02(Fo) + O.0008Fo2]. A maximum residual density of 1.9 e/A3 
was found near the Wand Au atoms, further residual density being below 
0.9 e/A'. 

Positional and thermal parameters of selected atoms are given in Table 
IV, and selected bond distances and angles, in Table V. The molecular 
structure of 2 is given in Figure 3.16 
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P2 

A\ \\ AU4 

Figure 3. X-ray structure of [W(CO)~(AUP(C~H~)~)~]PF~ with atom 
labelling for Au, P, and carbonyl C Phenyl rings and the PFs- ion have 
been omitted for the sake of clarity. Thermal ellipsoids are at 50% 
probability. 

Table V. Selected Bond Lengths (A) and Bond Angles (deg) for 
IW(CO)I(AUP(C~H~)~)~~PF~ 

W-Au(l) 
W-Au( 2) 
W-Au(3) 
W-Au(4) 
W-Au( 5 )  
W-Au(6) 
W-Au(7) 
Au( 1)-Au(2) 
Au( l)-Au(3) 
Au(l)-Au(4) 
Au( 1)-Au(5) 
Au( l)-Au(6) 
Au(~)-Au( 3) 
Au( 2)-Au(6) 
Au( 2)-Au(7) 

Au( l)-W-Au(Z) 
Au( l)-W-Au(3) 
Au( I)-W-AU(~) 
Au( l)-W-Au(S) 
Au( l)-W-Au(6) 
Au( l)-W-Au(7) 
Au(Z)-W-Au( 3) 
Au(~)-W-AU(~) 
Au(Z)-W-Au(S) 
Au(~)-W-AU(~) 
Au( 2)-W-Au(7) 
Au(~)-W-AU(~) 
Au(~)-W-AU( 5 )  
Au( 3)-W-Au(6) 
Au(~)-W-AU(~) 
Au(~)-W-AU( 5) 
Au(4)- W-Au(6) 

2.760 (4) 
2.774 (4) 
2.856 (3) 
2.791 (4) 
2.838 (3) 
2.787 (4) 
2.818 (4) 
2.922 (3) 
2.887 (4) 
2.859 (4) 
2.873 (3) 
2.857 (3) 
2.870 (3) 
3.035 (4) 
2.886 (4) 

63.8 (2) 
61.8 (2) 
62.0 (1) 
61.7 (2) 
62.0 (1) 

112.6 (2) 
61.3 (1) 

114.1 (1) 
117.6 (2) 
66.1 (1) 
62.1 ( I )  
61.8 (1) 

112.8 (2) 
114.8 (1) 
117.0 ( I )  
61.3 ( I )  

113.9 (2) 

Au(3)-Au(4) 
Au(~)-Au( 5 )  
A u ( ~ ) - A u ( ~ )  
Au(6)-Au(7) 
AU( I)-P(l) 
Au(2)-P( 2) 
Au( 3)-P( 3) 
Au(4)-P(4) 
Au( 5)-P( 5) 
Au(6)-P(6) 
Au(7)-P(7) 
W-C(I) 
W-C(2) 
w-C(3) 

Au(~)-W-AU(~) 
Au(S)-W-AU(~) 
Au( S)-W-Au( 7) 
Au(~)-W-AU( 7) 
C(l)-W-C(2) 
C( l)-W-C(3) 
C(2)-W-C(3) 
W-AU( 1)-P( 1) 
W-Au(2)-P(2) 
W-Au( 3)-P( 3) 
W-Au(4)-P(4) 
W-Au(S)-P(5) 
W-Au(6)-P(6) 
W-AU(~)-P( 7) 
W-C( 1)-0( 1) 
W-C(2)-0(2) 
W-C(3)-0(3) 

2.900 (4) 
2.871 (4) 
2.941 (4) 
2.860 (3) 
2.33 (2) 
2.30 (2) 
2.35 (2) 
2.30 (2) 
2.30 (2) 
2.32 (2) 
2.27 (2) 
1.99 (5) 
1.93 (6) 
2.05 (6) 

174.6 (2) 
63.0 (1) 

116.3 (2) 
61.4 (2) 
73. (2) 
98. (2) 
76. (2) 

174.6 (4) 
159.1 (5) 
157.9 (5) 
159.5 ( 5 )  
146.7 (5) 
163.6 (4) 
158.8 (5) 
177 (4) 
172 ( 5 )  
179 ( 5 )  

Results and Discussion 

Synthesis, Characterization, and Crystal Structure of [W(CO)r 
(AuPPh3)s](PF6) [(1)PF6]. The cluster compound [W(CO)4- 
(AuPPh3)s](PF6) [(1)PF6] is obtained by refluxing a mixture of 
W(CO)3(CzHsCN)3 and [Au(PPh3)(AuPPh&] (PF6)z in tetrahy- 
drofuran. An unknown reorganization process must occur to  
provide the fourth CO in the [W(C0)4(AuPPh3)5]+ ion. 1 can 
also be prepared from W(C0)6and [Au(PPh3)(AuPPh3),] (PF& 
although the yield of this route is low. 1 was characterized by 
elemental analysis, ICP analysis, and IR, NMR, and 31P 

Figure 4. Schematic representation of the metal core of 2. The tungsten 
atom, which occupies the center of the incomplete icosahedron, has been 
omitted for the sake of clarity. 

NMR spectroscopy. Its solid-state structure was determined by 
means of a single-crystal X-ray analysis. 

The 3lP NMR spectrum of 1 consists of a singlet at 6 = 56.71 
ppm with zJ(P-183W) = 27.8 Hz. This singlet reflects the fast 
fluxional behavior of the phosphine sites at room temperature, 
which is commonly observed for this type of cluster compounds.17 
The NMR appearance clearly shows that the tungsten must be 
in the central position of the cluster framework, surrounded by 
AuPPh3 units. This observation is confirmed by X-ray analysis 
(vide infra). The relative intensity of the lE3W satellites is in 
good agreement with the natural abundance of 14.4% for this 
nucleus. Themagnitude~ftheJ(P-I~~W) isin therangeexpected 
for a 2J coupling via a gold nucleus, which is normally a factor 
5-10 less than the corresponding IJ coupling. 

TheIRspectrumshows CO stretchingvibrationsat 1878,1888, 
1910, and 1972 cm-I. These relative low values indicate the 
electron donor behavior of the five AuPPh3 groups. The X-ray 
structure analysis of the solid shows that the cluster ion has a 
central tungsten and five peripheral gold atoms, each of these 
gold atoms bonded to a phosphine; furthermore the central 
tungsten is connected to four carbonyls, leading to a total 
connectivity of nine for the central tungsten atom (Figure 1). 
There is no direct W-P bond as confirmed by the absence of 
IJ(P-lB3W) in the NMR spectrum. The carbonyls and the 
AuPPh3-groups surround the tungsten in a (quasi-)spheroidal 
symmetry, which is in accordance with the (S')z(Pu)6 electron 
configuration (18 electrons) of the cluster. The topological 
parameters S and P,I8 which correlate with the cluster electron 
count, are 0.92 and 1.00, respectively, and therefore justify the 
classification of the cluster geometry as being spheroidal. 

The AUS atoms of this cluster are positioned at five adjacent 
vertices of an icosahedron in such a way that the maximum number 
of seven close Au-Au contacts is obtained (Figure 2). The 
tungsten atom is situated in thecenter of thefictitiouslycompleted 
icosahedron. This is evidenced by the observation that all Au- 
W-Au bond angles are close to 63.45', the theoretical value for 
a perfect icosahedron. 

The W-Au distances range from 2.752 to 2.849 A. These 
distances are comparable with the sum of the atomic radii of 
tungsten and gold and are all in the range normally found for 
W-Au distances.* The W-Au-P bond angles, ranging from 158.6 
to 1 65.0°, substantially deviate from linearity. These deviations 
are directed toward the CO region of the molecule, alluding to 
the sterical nature of these deflections. 

The W-C(C0) distances, ranging from 1.89 to 2.01 A, are 
also in the range normally observed for tungsten carbonyls. The 
W-C-O bond angles vary from 167 to 176'. The deviations 
from linearity of these bond angles are presumably caused by 
steric factors. The C-O bond lengths (varying from 1.13 to 1-25 
A) are in the normal range found for tungsten carbonyls. 
Syntbesis,Chrrrrcterization,andCrystalStruehwof [W(CO)3- 

(AflPb).rl(PFa) [(2)PFsl. [w(c0)3(AUpph3)~1(pF6) [(2)PF61 

(17) Kantcrs, R. P. F.; Schlebos, P. P. J.; Bour, J.; Steggerda, J. J.; Maas, 

(18) Kanters, R. P. F.; Steggerda, J .  J. J .  Cluster Sci. 1990, 1 ,  229. 
W. E. J. R.; Janssen, R. Inorg. Chem. 1991, 30, 1709. 
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Figure 5. Course of reaction 3 in CH2C12 as followed by 31P NMR: (A) results of the forward reaction with different amounts of AuPPhs+ to 1; (B) 
results of the backward reaction caused by the addition of different amounts of PPh3 to 3. These curves clearly show that both reactions proceed in 
100% yield by the addition of 1 equiv of AuPPhl+ or PPh3 respectively. Conditions: (i) % cluster 3 is expressed as the amount of cluster 3 divided 
by the total amount of clusters 1 and 3 as estimated from 31P NMR spectra; (ii) the equivalents of AuPPh3+ were calculated for the starting amount 
of cluster 1; (iii) the equivalents of PPh3 were calculated for the starting amount of cluster 3. 

can be prepared by refluxing [Au(PPh~)(AuPPh3)71 (PF& with 
either W(CO)3(C2H~CN)3 in dichloromethane or W(CO)6 in 
tetrahydrofuran. 2 was characterized by elemental analysis, ICP 
analysis, and IR and 31P NMR spectroscopy. Its solid-state 
structure was determined by a single-crystal X-ray analysis. 

The 3lP NMR spectrum of 2 consists of a singlet at 6 = 54.21 
ppm with I83W satellites at 29.0 Hz. The singlet nature is a 
result of the fluxional behavior of the phosphine sites in solution; 
the relative intensity of the satellites corresponds to the 14.4% 
natural abundance of 1*3W. The magnitude of the J(P-183W) 
shows it to be a 2J coupling. The NMR appearance clearly 
indicates that 2 has a central tungsten atom, surrounded by 
AuPPh3 units. 

TheIRspectrumshows COstretchingvibrationsat 1828,1886, 
and 1966 cm-1. These low frequencies for 2 point to a strong 
donor behavior of the seven AuPPh3 groups, causing a substantial 
r-back-donation to the carbonyls. 

The solid-state structure of cluster ion 2 (Figure 3) shows a 
central tungsten atom surrounded by three carbonyls and seven 
gold atoms, each of the gold atoms connected to a phosphine 
ligand. This coordination geometry leads to a connectivity of 10 
for the central tungsten atom. There is no direct W-P bond in 
this cluster ion, as confirmed by the absence of 1J(P-183W) in the 
NMR spectrum. 

The metal core of 2 is derived from an icosahedral geometry: 
the seven gold atoms are positioned at seven adjacent vertices of 
an icosahedron (Figure 4) whereas the tungsten atom is situated 
in the center. The number of close Au-Au contacts for this 
geometry is 12. The carbonyls, bonded to the tungsten atom, are 
placed at the top of this metal core on the side opposite to the 
AUT atoms. The carbonyls and the AuPPh3 groups surround the 
central tungsten in a (quasi-)spheroidal symmetry, as indicated 
by the topological parametersS and P,18 which are 0.9 1 and 0.94, 
respectively, in accordance with the (S')2(Pu)6 electron config- 
uration (18 electrons) of 2. 

The W-Au distances, ranging from 2.760 to 2.856 A, are about 
the same as those for 1. The Au-P bond distances are in the 
range normally found for (mixed metal-) gold clusters. The 
W-Au-P bond angles range from 146.7 to 174.6O. Except for 
the W-Au( 1)-P( 1) bond angle (174.6O), the deviations from 
linearity are considerable; as for 1 these deviations are directed 
toward the CO region, which further supports the indication that 
these deviations are caused by steric factors. The W-C(C0) 
distances range from 1.93 to 2.05 A and are comparable to those 
for 1 and other tungsten carbonyls. 

The C-O bond lengths (1.12, 1.19, and 1.20 A) are in the 
range normally observed for tungsten carbonyls; the W-C-O 
bondanglesvary from 172 to 179'. The deviations from linearity 
of the bond angles are less than those for cluster ion 1. This must 
be related to two cooperative factors: the tungsten atom in 2 is 
somewhat more tilted above the five-membered ring (Au(2)- 
Au(3)-Au(4)-Au(S)-Au(6)) than thetungstenatomin 1 isabove 
the partially filled five-membered ring (Au(2)-Au(3)-Au(4)- 
Au(6)). This leaves more room for the carbonyls of 2 to be placed 
on the tungsten at the other side of this five-membered ring. On 
the other hand there are only three carbonyls to be placed in 2, 
whereas four are to be placed in 1, and the hindrance of Au(7) 
in 2 is of significantly less importance compared to that of the 
fourth carbonyl in 1 because of the larger W-Au bond length 
compared to W-C. 

Electrophilic Addition of AuPPh3+ to [W(CO)4(AuPPh,),]+. 
The reaction of [W(C0)4(AuPPh3)~]+ with AuPPhj+ in dichlo- 
romethane or tetrahydrofuran yields a third tungsten-gold cluster 
which is to be formulated as [ W ( C O ) ~ ( A U P P ~ ~ ) ~ ] ~ +  on the basis 
of chemical and spectroscopic considerations (vide infra). The 
yield of this reaction is nearly loo%, indicating this electrophilic 
addition must be straightforward. Furthermore this new product 
reactswith PPh3 to yield the parent cluster [W(CO)4(AuPPh3),]+ 
and Au(PPh3)2+, the PPh3 thereby acting as a AuPPh3+ 
scavenger.3 Reaction 3 in CHzC12 at room temperature, with 

AuPPh3+ 

1 [ W ( C O ) . ~ A U P P ~ ~ ) ~ * *  (3) [ W ( C O ) ~ ( A U P P ~ ~ ~ +  7 i  
Au(PPh&+ PPh3 

different amounts of AuPPh3+ or PPh3 respectively, was followed 
by 3LP N M R  theresultsareshown in Figure 5A,B. Both reactions 
proceed in 100% yield by the addition of 1 equiv AuPPh3+ or 
PPh3, respectively, and no side products other than Au(PPh3)2+ 
are formed during the cycle. 

The 31P NMR spectrum of 3 consists of a singlet at 6 = 56.12 
ppm with le3W satellites at 21.9 Hz. The size of this coupling 
shows it to be 2J(P-183W), thereby indicating that the central 
tungsten atom is surrounded by AuPPh3 units. 

2J(P-183W) decreases from 27.8 Hz in the parent compound 
1 to 21.9 Hz in 3. This must be related to the lowering of the 
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W-Au bond order upon addition of a AuPPh3+ unit to the central 
tungsten atom since with the same number of bonding electrons 
an additional bond has to be made. 
TheIRspectrumshowsCOstretchingvibrationsat 1900,1924, 

1966, and 198 1 cm-I. The increase of these frequenciescompared 
with those of 1 is consistent with the view that the extra W-Au 
bond that has to be maintained after the addition of AuPPh3+ 
to 1 decreases the electron density at the tungsten atom. This 
results in a decrease of r-back-donation to the carbonyls and 
therefore in an increase in v(C0). 

Single crystals of 3 suitable for X-ray analysis have not yet 
been obtained, so no X-ray structure is available at this moment. 
Nevertheless we feel quite sure about its structure. The tungsten 
atom of 3 is connected to four carbonyls and six AuPPh3 groups, 
leading to a total connectivity of 10 for the tungsten. The 
carbonyls and the AuPPh3 groups must surround the central 
tungsten in a (quasi-)spheroidal geometry according to the (S~)~- 
(P')6 electron configuration (18 electrons) of 3. The four 
carbonyls will probably be situated on one side of the tungsten 
and the gold atoms will be placed on the other side. There are 
three possible ways for these six gold atoms to be placed in an 
icosahedral derived geometry (Figure 6). The geometry of Figure 

and in [Au(PPh3)(AuPPh3)6] (OH);" the geometry of Figure 6B 
is observed for the [V(C0)4(AuPPh3)6]+ ionZo and for the [Pt- 
(PPh,)(co)(A~PPh3)6]~+ ion2' while the geometry of Figure 6C 
is not known yet for any cluster compound. The geometry of 
Figure 6A has the maximum number of 10 close Au-Au contacts 
for an assembly of six gold atoms arranged in an icosahedral 
derived geometry, whereas the geometries of Figure 6B,6C both 
have nine such contacts. 

The geometry of Figure 6A can be ruled out for 3 because at 
205-173 K the single 31P NMR line that is present at higher 

(19) Mielcke, J.; Beuter, G.; StrPhle, J. Private communication. 
(20) Wurst, K.; StrPhle, J.; Beuter, G.; Belli Dell'Amico, D.; Calderazzo, F. 

Acta Chem. Scand., in press. 
(21) Ito,L.N.;Sweet, J.D.;Mueting,A. M.;Pignolet,L. H.;Schoondergang, 

M. F. J.; Steggerda, J. J. Znorg. Chem. 1989, 28, 3696. 

6A is found for the AUg atoms in [Mn(C0)3(AUPPh~)6](PF6)1g 
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C 

Figure 6. (A, B, C) Schematic representations of the possiblegeometries 
for the metal core of 3. The tungsten atoms, which occupy the centers 
of the incomplete icosahedra, have been omitted for the sake of clarity. 
temperatures begins to split into three lines, which indicates that 
the compound has at least three different phosphine sites. This 
observation leaves the geometries of Figure 6B,C for 3, which are 
in accordance with the electronic arguments given for the 
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[V(C0)4(AuPPh&]+ cluster.20 


