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The trioxo anions [Cp*W(O)31- and [Cp*Mo(0)31- have been shown to be useful reagents for 
the formation of pox0  complexes via halide displacement reactions. For example, they react 
with Cp*M(O)ZCl (M = Mo, W) to  form the known homometallic p o x 0  complexes Cp*(O)zM- 
O-M(O)zCp* along with the heterometallic complex Cp*(O)zMo-O-W(O)zCp*. This latter 
species was also observed to form via a metal exchange process upon mixing the homometallic 
complexes C~*(O)ZMO-O-M~(O)ZC~*  and C~*(O)ZW-O-W(O)ZC~*. Reaction of the trioxo 
anions with CpzM’ClZ led to  the new heterobimetallic complexes CpZM’(Cl)-O-M(O)zCp* (M’ 
= Ti, Zr, M = Mo, W; M’ = V, M = W). The corresponding trinuclear complexes Cp*(O)zW- 
O-M’(Cp)Z-O-W(O)zCp* were formed via addition of 2 equiv of [Cp*W(O)31- to  CpzM’C12 (M’ 
= Ti, Zr). Addition of Et20 to CpZV(Cl)-O-W(O)zCp* gave the solvated complex [CpzV(EtzO)- 
O-W(O)zCp*ICl, and the tetrametallic complex [(C~ZT~)Z(C~*W(O)Z)~(CL-~)~I[BP~~~Z was 
produced via halide abstraction from CpZTi(Cl)-O-W(O)zCp* with Na[BPhJ followed by 
dimerization of the resulting monocations. The trioxo anion [Cp*W (0)31- also displaced halides 
from BrCPh3, chlorosilanes, and chlorogermanes to  give the corresponding alkoxy (Cp*W- 
(0)z-O-CPh3), siloxy (Cp*W(O)Z-O-SiRzR’: R, R’ = CH2Ph; R = But, R’ = H; R = Me, R’ = 
But; R, R’ = Me), and germoxy (Cp*W(O)Z-O-GeR3; R = Me, Ph)  complexes. The complex 
Cp*W(O)Z-O-SiMe3 was better prepared via reaction of [Cp*W(O)31- with CF&(=NSiMe3)- 
OSiMe3. However, reaction of [Cp*W(O)31- with the tin analogue ClSnMes did not give the 
corresponding bimetallic complex but instead produced [(Me3Sn)4(Cp*W(0))4(cl-0)83 with a 
16-membered ring which is formally a [-O-WCp*(O)-O-SnMe3-14 tetramer. A variable- 
temperature 170 NMR study showed that  this species undergoes a fluxional process which 
exchanges the bridging and terminal oxo ligands. Crystal structures are reported for Cp*- 
(O)zW-O-Zr(Cp)z-O-W (O)zCp*, Cp*W (O)z-O-Si(CHZPh)3, Cp*W(0)z-O-Si(But)zH, and (Me3- 
Sn),(Cp*W(0))4(cl-O)~. 

Introduction 

Complexes which contain two or more different metal 
atoms are interesting because of their potential utility as 
polyfunctional catalysts, precursors for the preparation 
of bi- and polymetallic heterogeneous catalysts, and 
reagents for the development of a more fundamental 
understanding of how ligands on one metal may interact 
with an adjacent metal and its ligands.’ Of the very large 
number of heterometallic complexes that have been 
prepared, relatively few have oxo ligands bridging between 
the different  metal^.^^^ Such compounds are important 
because of the variety of mixed-metal oxides that have 
found catalytic applications in numerous reactions, in- 
cluding several of commercial importance.lc~4 

@ Abstract published in Advance A C S  Abstracts, March 15, 1994. 
(1) (a) Gladfelter, W. A,; Geoffroy, G. L. Adu. Organomet. Chem. 1980, 

18, 207. (b) Roberts, D. A.; Geoffroy, G. L. In Comprehensive Orga- 
nometallic Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; 
Pergamon Press: Oxford, U.K., 1982; Chapter 40. (c) Sinfelt, J. H. 
Bimetallic Catalysts; Wiley: New York, 1983. 

(2) (a) West, B. 0. Polyhedron 1989,8, 219. (b) Schoop, T.; Roesky, 
H. W.; Noltemeyer, M.; Schmidt, H. G. Organometallics 1993,12, 571. 
(c) Gosink, H.-J.; Roesky, H. W.; Noltemeyer, M.; Schmidt, H.-G.; Freire- 
Erdbrugger, C.; Sheldrick, G. M. Chem. Ber. 1993, 126, 279. (d) Lam, 
H.-W.; Wilkinson, G.; Hussain-Bates, B.; Hursthouse, M. B. J. Chem. 
SOC., Dalton Trans. 1993, 1477. (e) Herrmann, W. A.; Kuchler, J. G.; 
Felixberger, J. K.; Herdtweck, E.; Wagner, W. Angew. Chem., In t .  Ed. 
Engl. 1988,27, 394. 
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The “bridge-assisted” synthetic method has proven to 
be one of the most flexible routes to heterometallic 
complexes with bridging ligands of all sorts.lb For oxo 
complexes, this method involves the addition of acomplex 
with a nucleophilic M=O functional group to a second 
complex having an open coordination site for the oxo ligand 
to bind or having another ligand that can be easily 
displaced by the oxo group (eq 1). Several heterometallic 

KZ-OXO complexes have been prepared by this method,3 as 
illustrated in eq 2 by a family of complexes prepared in 
these laboratories.3g 

We have previously described the preparation of the 
anionic trioxo complexes [Cp*W(O)J- (1) and [Cp*Mo- 
(0)33- (2) and have shown that the oxo ligands of these 
complexes are highly nucleophilic and readily add to a 
variety of organic  substrate^.^ The anionic nature of these 
complexes should also render them sufficiently nucleo- 
philic to displace halides and neutral ligands from other 
metal centers to form heterometallic oxo-bridged com- 
plexes. This is indeed the case, and herein we describe 
the synthesis and reactivity properties of a number of new 
heterometallic oxo-bridged complexes that are derived 
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and their spectroscopic data matched those previously 
reported. These compounds were further characterized 
by 1 7 0  NMR analysis, and each exhibited resonances 
assigned to the terminal oxo (3, 6 843.8; 4, 6 678.0) and 
bridging oxo (3, 6 277.9; 4, 6 193.4) ligands. 

It was also observed that the heterobimetallic complex 
Cp*(O)zW-O-Mo(O)zCp* (5) readily formed upon treat- 
ment of [Cp*W(O)& with Cp*Mo(O)&l and with the 
reverse combination of [Cp*Mo(0)31- with Cp*W(O)&l 
(eq 4). However, 'H and I7O NMR analysis of both 

FP* - FP* 

l+ 

Qi I 
PPh, 

M=W, Mo M'=Rh, Ir 

from 1 and 2. Part of this work has been previously 
communi~ated .~~ 

Results and Discussion 

Reaction of [Cp*W(O)3]- and [Cp*Mo(0)3]- with 
Cp*M(O)zCl (M = Mo, W) and CpzMC12 (M = V, Ti, 
Zr). It  was initially found that the known homometallic 
binuclear complexes 3 and 4 could be formed in excellent 
yields by displacement of the chloride ligand from Cp*M- 
(O)2Cl6 by an oxo ligand of the nucleophilic anion 
[Cp*M(0)31- (eq 3). Complex 3 has been previously 

3, M = MO (66%) 
4, M = W (89%) 

prepared by a variety of  mean^,^^^ but the ditungsten 
complex 4 has only been reported to form in low yield 
(14%) by stirring [Cp*W(CO)212 in air for 18 h.6 Both 
complexes 3 and 4 were obtained as microcrystalline solids, 

(3) (a) Elliot, R. L.; Nichols, P. J.; West, B. 0. A u t .  J. Chem. 1986, 
39,975. (b) Liston, D. J.; Murray, K. S.; West, B. 0. J. Chem. SOC., Chem. 
Commun. 1982,1109. (c) Elliot, R. L.; West, B. 0. Aust. J. Chem. 1988, 
41, 1417. (d) Liston, D. J.; Kennedy, B. J.; Murray, K. S.; West, B. 0. 
Inorg. Chem. 1985,24,1561. (e) Shapley, J. R.: Park, J. T. J. Am. Chem. 
SOC. 1984,106,1144. (OChurchill,M.R.;Bueno,C.;Park, J.T.;Shapley, 
J. R. Inorg. Chem. 1984,23,1017. (9) Pilato, R. S.; Rubin, D.; Geoffroy, 
G. L.; Rheingold, A. L. Inorg. Chem. 1990,29,1986. (h) Housmekerides, 
C. E.; Ramage, D. A.; Kretz, C. M.; Shontz, J. T.; Pilato, R. S.; Geoffroy, 
G. L.; Rheingold, A. L.; Haggerty, B. S. Inorg. Chem. 1992,31,4453. (i) 
Yang, C. H.; Ladd, J. A.; Goedken, V. L. J. Coord. Chem. 1988,19,235. 
(j) Che,T. M.; Day,V. W.;Francesconi, L. C.;Fredrich, M. F.; Klemperer, 
W. G. Inorg. Chem. 1985,24,4055. (k) Jacobsen, E. N.; Trost, M. K.; 
Bergman, R. G. J. Am. Chem. SOC. 1986,108,8092. (1) Schauer, C. K.; 
Shriver, D. F. Angew. Chem., Int. Ed. Engl. 1987,26,255. (m) Gibson, 
C. P.; Huang, J. S.; Dahl, L. F. Organometallics 1986,5,1676. (n) Clegg, 
W.; Lam, 0. M.; Straughan, B. P. Angew. Chem., Int. Ed. Engl. 1984,23, 
434. (0) Audett, J. D.; Collins, T. J.; Santarsiero, B. D.; Spies, G. H. J. 
Am. Chem. SOC. 1982,104,7352. (p) Carriedo, G. A.; Jeffery, J. C.; Stone, 
F. G. A. J. Chem. SOC., Dalton Trans. 1984, 1597. (4) de Smedt, H.; 
Persoons, A.; de Mayer, L. Inorg. Chem. 1974, 13, 90. (r) Park, J. T.; 
Chung, M.-K.; Chun, K. M.; Yun, S. S.; Kim, S. Organometallics 1992, 
11,3313. ( 8 )  Blake, A. B.; Jarari, A.; Hatfield, W. E.; Sethulekshmi, C. 
J. Chem. SOC., Dalton Trans. 1985,2509. (t) Eremenko, I. L.; Pasynakii, 
A. A.; Gasanov, G. S.; Orazakhator, B.; Struchkov, Y. T.; Schklover, V. 
E. J. Organomet. Chem. 1984,275, 71. (u) Saxton, R. J.; Olson, L. W.; 
Wilson, L. J. J. Chem. SOC., Chem. Commun. 1982,984. (v) Bossek, U.; 
Knopp, P.; Habenicht, C.; Wieghardt, K.; Nuber, B.; Weiss, J .  J. Chem. 
SOC., Dalton Trans. 1991,3165. (w) Schreiber, P.; Wieghardt, K.; Nuber, 
B.; Weiss, J. Z. Naturforsch. 1990,45B, 619. (x) Carofiglio, T.; Floriani, 
C.; Rosi, M.; Chiesi-Villa, A.; Rizzoli, C. Inorg. Chem. 1991,30,3245. (y) 
Finke, R. G.; Lyon, D. K.; Nomiya, K.; Sur, S.; Mizuno, N. Inorg. Chem. 
1990,29,1784. (z) Day, V. W.; Klemperer, W. G. Science 1985,228,533 
and references therein. 

(4) Sheldon, R. A.; Kochi, J. K. Metal Catalyzed Oxidation of Organic 
Compounds; Academic: New York, 1987. 

(5) (a) Rau, M. S.; Kretz, C. M.; Mercando, L. A.; Geoffroy, G. L.; 
Rheingold, A. L. J. Am. Chem. SOC. 1991, 113, 7420. (b) Rau, M. S.; 
Kretz, C. M.; Mercando, L. A.; Geoffroy, G. L.; Rheingold, A. L. 
Organometallics 1993, 12, 3447. 

(6) Faller, J. W.; Ma, Y. J. Organomet. Chem. 1988, 340, 59. 

I 4 w [BU'NH~]+ + 
o@ll 
0 

o4 It No 
0 

FP* - 
M O  

04 It No 
0 

7 
+ 3 + 4  

I 5 

(4) 

reactions indicated that the homometallic complexes 3 
and 4 were also produced. Integration of the NMR spectra 
showed their formation in an identical 1:2.5:1(3/5/4) ratio 
from each reaction, suggesting that these complexes may 
be in equilibrium. This is indeed the case, since 'H NMR 
analysis showed that an equimolar mixture of 3 and 4 in 
CD2Cl2 gave a 1:2.7:1 mixture of 31514 on standing at  room 
temperature in an NMR tube for 15 min. The hetero- 
metallic compound 5 could thus not be separated from 3 
and 4, but its presence was clearly indicated by spectro- 
scopic analysis of the 31514 product mixture. A strong 
parent ion at  mlz 631 was observed for 5 in the mass 
spectrum of this mixture, in addition to the parent ions 
of 3 and 4. Likewise, the 1H NMR spectrum showed Cp* 
resonancesfor 3 (6 1.99), 4 (6 2.131, and 5 (6 2.02,2.10), and 
the l7O NMR spectrum of this mixture also showed 
resonances for all three species (5: W(0)2, 6 666.4; Mo- 
(012, 6 869.6; W-0-Mo, 6 230.2). Note that the pox0 
resonance of 5 is midway between the corresponding pox0 
resonances of 3 (6 277.9) and 4 (6 193.4). 

Addition of 1 equiv of [Cp*W(O)31- or [Cp*Mo(0)31- to 
the complexes CppMClz (M = Ti, Zr, V) led to displacement 
of one chloride ligand and formation of the new hetero- 
bimetallic fi-oxo compounds 6-10 (eq 5).  Evidence was 

I , M = W  
2,M=Mo 

6, M = W, M = Ti (72%) 
7, M = W, M =  Zr (69%) 

9, M = Mo, M' = Ti (57%) 
10, M = Mo, M' = Zr (47%) 

8, M = W, M'= V (66%) 

also obtained for a similar reaction between [Cp*Mo(O)al- 
and Cp2VC12, but the Cp*(0)2Mo-O-VCp2Cl product (1 1) 
was unstable and could not be obtained in sufficient purity 

(7) (a) Heberhold, M.; Kremnitz, W.; Razavi, A. Angew. Chem., Int. 
Ed. Engl. 1985, 7, 601. (b) Ksobe, K.; Kimura, S.; Nakamura, Y. J. 
Organomet. Chem. 1987,331,221. (c) Gomez-Sal, P.; de Jesus, P.; Royo, 
P.; Vasezuez de Miguel, A.; Martinez-Carrera, S.; Garcia-Blanco, S. J. 
Organomet. Chem. 1988,353,191. (d) Leoni, P.; Pasquali, M.; Salsini, 
L.; de Bugno, C.; Braga, D.; Sabatineo, P. J. Chem. SOC., Dalton Trans. 
1989,155. (e) Rheingold, A. L.; Harper, J. R. J. Organomet. Chem. 1991, 
403, 335. 
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C(71 Scheme 1 

I 

I 

3 

cy* 0 
2 p,' ' ,Ti.,, ICP + Cp*ZrCI, 
0 0 CI c p  

6 

14 

13,6 635.4) and bridging (12,6 449.3; 13,6 332.1) oxoligands. 
In each case, these resonances were shifted only slightly 
from those of the bimetallic complexes 6 and 7. 

Figure 1. ORTEP drawing for [CpzZr] (~-O)2[Cp*W(0)2]2 
(13). 

to characterize. Complexes 6-10 were isolated as spec- 
troscopically characterized microcrystalline solids. Each 
gave satisfactory C,H analyses, parent ions in their mass 
spectra, IR bands characteristic of a MOz fragment (e.g., 
6: VW=O 923 (s), 875 (m) cm-l; VW-O-T~ 776 (br)), and lH 
NMR resonances characteristic of the Cp* and Cp ligands 
for each of the metal fragments. For 8, the Cp* resonance 
was sharp, but the resonances for the Cp ligands attached 
to the paramagnetic V(1V) center were quite broad. The 
presence of both bridging and terminal oxo ligands was 
also indicated by 170 NMR data, which showed downfield 
resonances for the terminal oxo ligands (6, 6 632.6; 7, 6 
639.8; 9,6 802.2; 10,6 809.5) and upfield resonances for the 
p-oxo ligand (6, 6 449.5; 7, 6 350.5; 9, 6 527.1; 10, 6 407.4). 
These data also illustrate the characteristic downfield shift 
of the resonances for oxo ligands bound to molybdenum 
as compared to tungsten. 

The reactions of Cp2TiCl2 and CpzZrClp with 2 equiv of 
[Cp*W(O)3]- were also investigated and found to give in 
good yield the trimetallic complexes 12 and 13 (eq 6) by 
displacement of both chloride ligands. Both complexes 

12, M =Ti (65%) 
13, M = Zr (74%) 

were isolated as microcrystalline solids, and complex 13 
was characterized by an X-ray diffraction study (see Figure 
1 and below). Both compounds gave satisfactory C,H 
analyses, showed parent ions in their mass spectra, 
exhibited Cp and Cp* resonances in the expected 1:3 
intensity ratio in their 'H NMR spectra, and gave typical 
dioxo and p-oxo patterns in their IR spectra. Each also 
showed 1 7 0  NMR resonances for the terminal (12,6 632.4; 

Complex 13 was observed to undergo a series of 
redistribution reactions (Scheme 1) when it was treated 
with 2 equiv of Cp*W(O)zCl, CpzTiClz, and CpzZrC12. A 
similar displacement of Cp2ZrCl2 occurred when 13 was 
treated with (PhCH2)3SiCl to give Cp*W(0)2(0SiBz3) (14), 
whose independent and more direct preparation is de- 
scribed below. 'H NMR analysis indicated that each of 
the reactions shown in Scheme 1 was nearly quantitative. 

Crystal and Molecular Structure of [Cp*W(O)z- 
(p-O)]2ZrCp2 (13). An ORTEP drawing of complex 13 
is shown in Figure 1, and the important crystallographic 
data are presented in Tables 1 and 2. The Zr center in the 
molecule has the usual pseudotetrahedral arrangement of 
the two Cp and two p-oxo ligands, and the 0-Zr-0 bond 
angle of 98.9(3)" compares well to the 0-Zr-C1 angle of 
97.3(9)O found in the related compound Cp(CO)3W-O- 
Zr(Cl)Cp~.3k The W-0-Zr bonds are clearly bent (W- 
0-Zr: 153.5(3) and 142.5(3)'), and the rotational dispo- 
sition of the Cp*W(O)2(pU-O) units about the Zr center 
shows no decipherable pattern and appears to be dictated 
by steric constraints. The terminal W=O bond lengths 
average 1.7198, (range 1.716-1.7238,), close to the average 
terminal tungsten-oxo bond distance of 1.692 8, found in 
previously reported compounds.8 The W-(p-0) bond 
lengths of 1.860(7) and 1.850(6) Aare slightly shorter than 
the mean W-(p-0) bond distance of 1.916 8, found in data 
tabulated by Orpen e t  at.,* whereas the Zr-0 bond lengths 
of 2.003(7) and 2.026(6) 8, are slightly longer than the mean 
Zr-(p-0) bond distance of 1.957 8, found in the same 
tabulation.8 However, the Zr-0 bond lengths of 13 are 
significantly longer than the 1.871(3)-A Zr-0 bond distance 
reported for Cp(C0)3W-O-Zr(C1)Cpz,3k whereas the W-(p- 
0) bond distances for 13 are significantly shorter than the 
corresponding distance found in this reference compound 
(2.065(3) A). This disparity is likely a consequence of the 
greatly different tungsten oxidation states in 13 (W(V1)) 
and this reference compound (W(I1)). In 13, this leads to 
enhanced a-donation from oxygen to tungsten and a 

(8) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, 0.; Watson, D. 
G.; Taylor, R. J. Chem. Soc., Dalton Trans. 1989, S1. 
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Table 1. Crystallographic Parameters for [Cp*W(O)2(r-O)]2Zr(Cp)2 (13), Cp*W(0)2-0-SiBz~ (14), Cp*W(0)2-O-Si(But)2H 
(201, and (MeSn)r(Cp*W(O))r(rr-O)n (26). 
13 14 20 26 

Crystal Parameters 
formula C3oHw06W2Zr C31H3603SiW C18H3403SiW C~zH96012Sn4W4 
fw 955.56 668.56 510.4 2123.5 
cryst syst triclinic orthorhombic orthorhombic triclinic 

a, A 11.9085(18) 15.866(1) 8.622(3) 14.403(3) 
b, A 12.1 147(22) 12.382( 1) 14.712(5) 15.051(4) 
c, A 12.3074(23) 28.937(3) 17.514(5) 16.084 
a, deg 105.245( 15) 86.18(3) 
6, deg 107.031( 13) 79.27(3) 
79 deg 102.721(13) 86.88(3) 
v, A3 1550.6(5) 5685(1) 2221.6(9) 341 5( 3) 
Z 2 8 4 2 
D(calc), g cm-3 2.047 1.562 1.526 2.065 
p(Mo Ka), cm-I 77.70 41.35 52.64 8 1.92 
temp, K 298 298 298 296 

diffractometer Siemens P4 Siemens R3m/V Siemens P4 Siemens P4 
monochromator graphite 
radiation 

data (hkl)  f 1 3 ,  f14, *15 +20, +14, +37 +12, +20, +24 f15, f16, f17  
no. of rflns collected 6387 5958 3355 9125 
no. of indpt rflns 6088 5458 3355 8925 
no. of reflns, Fo 2 447,)  4827 2889 2155 6133 
std reflns 3 stdl197 

R(F), '7% 3.89 5.32 5.91 5.17 
R(wF), '7% 4.98 5.53 6.91 8.18 
A/u(max) 0.653 0.077 0.091 0.005 
A ( P ) ,  e A-3 2.96 1.07 2.64 1.23 
GOF 1.15 1.05 1.04 1.18 

space group P i  Pbca Pnma P i  

Data Collection 

Mo Ka ( A  = 0.710 73 A) 
28 scan rnge, deg 4-5 2 4-55 4-60 4-45 

Refinement 

R(F) = I W o I  - IFcI) /CIFoI;  R(wF) = E(W'/2(IFol - IF~~))/(w'/~IF~~); GOF = [CwllFoI - ~ F c ~ ~ / N o  - N,]'/*. 

Table 2. Selected Bond Distances and Angles for 
ICP* W(O)~(IL-O)~~Z~(CP)~ (13) 

(a) Bond Distances (A) 
W(l)-O( 1) 1.860(7) W(2)-0(2) 1.850(6) 
w(1)-0(4) 1.720(9) W(2)-0(6) 1.723(8) 
w(1)-0(3) 1.7 16(6) w(2)-0(5) 1.7 16( 12) 
Zr-O( 1) 2.003(7) Zr-O(2) 2.026(6) 

(b) Bond Angles (deg) 
O(1)-W( 1)-0(3) 105.4(4) 0(2)-W(2)-0(6) 105.0(3) 
0(3)-W(1)-0(4) 105.6(4) 0(5)-W(2)-0(6) 105.2(5) 
O(l)-W(1)-0(4) 104.6(4) 0(2)-W(2)-0(5) 104.0(4) 
W ( 1 )-O( 1 )-Zr 153.5( 3) W( 2)-O( 2)-Zr 142.5( 3) 
O( 1)-Zr-0(2) 98.9(3) 

corresponding shortening of W-0 distances and length- 
ening of the Zr-0 bonds. 

Solvation of Cp*W(O)2-O-V(Cl)Cpz (8). It  was 
observed that when complex 8 was dissolved in EtzO, a 
color change from green to yellow occurred over a period 
of minutes and a yellow precipitate was deposited. 
Dissolution of this precipitate in CHzClz, THF, acetone, 
or CHSCN resulted in an immediate color change back to 
green and re-formation of 8, as confirmed by IR. The 
yellow precipitate is proposed to be the salt 15 (eq 7) formed 

8 
OEtp 

1s (58%) 

by Et20 displacement of chloride from 8. The IR (KBr) 
spectrum of 15 showed two terminal W=O vibrations (911, 
868 cm-I), which are shifted slightly from those of 8 (904, 
849 cm-I), and a  oxo band at  783 cm-l(8: 726 cm-9. The 

presence of a typical W(0)z IR pattern argues against a 
formulation such as 16 with a single W=O unit. The C,H 

16 

analysis of 15 is consistent with the presence of 1 equiv 
of EtzO, although the highest mass ion observed in the 
FAB(+) mass spectrum of 15 corresponded to the ion 
[Cp2V-O-WCp*(O)zI+ without the coordinated EtgO, 
which is presumed lost during the vaporization process. 
I t  should be noted that we only see evidence for the 
formation of 15 in the solid state, and the lattice energy 
associated with its crystallization must be an important 
factor in its formation. 

Abstraction of Chloride from Cpz(CI)Ti-O-WCp*- 
( 0 ) 2  (6) To Form the Tetrametallic Complex [(Cpz- 
Ti)~{Cp*W(O))z(p-0)#+. Treatment of complex 6 with 
Na[BPh41 induced loss of chloride and formation of 
complex 17 (eq 8), which was isolated as an orange-red 
microcrystalline solid in high yield. Spectroscopic data 
for 17 are consistent with the proposed tetrametallic 
structure, which is similar to that of complex 18, char- 
acterized earlier by Floriani and co-workers (eq 9).3x 
Compound 17 was insoluble in common nonpolar and polar 
organic solvents, except for CHsN02, in which it was 
sparingly soluble. Its IR spectrum showed a single W=O 
stretch (938 cm-I), and both bridging (6 442.2) and terminal 
(6 714.0) oxo resonances were observed in its 1 7 0  NMR 
spectrum. Its lH NMR spectrum showed the presence of 
the BPh4- counterion and the Cp* (6 2.44) and Cp (6 6.64, 
6.75) ligands with the resonances integrated to the ratios 
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6 

2+ 

17 (81%) 

HZO 2Cp'2TiC12 + 2Na2MoO4*2H20 - 
-4NaCI 

n 

1 8  

Cp' = $-MeC5H4 

corresponding to 17. The inequivalence of the Cp ligands 
suggests the structure drawn in eq 8 with the Cp* ligands 
attached to the tungsten atoms on the same side of the 
eight-membered ring. 

Reaction of [Cp*W(O)3]- with BrCPh3, Chlorosi- 
lanes, and Chlorogermanes to Form Alkoxy, Siloxy, 
and Germoxy Complexes. Complex 1 was also found to 
react with main-group-element halides. Thus, when 
treated with PhsCBr, the alkoxide complex Cp*W(O)z- 
0-CPh3 (19) was formed (eq 10). This species was isolated 
in modest yield as a light yellow microcrystalline solid 
and was spectroscopically characterized (see Experimental 
Section). 

19 (61%) 1 

The anion [Cp*W(O)d- has also been found to readily 
undergo silylation with (PhCH2)3SiCl, (But)zHSiC1, 
But(Me)zSiC1, and Me3SiCl (1 equiv) to give the siloxy 
complexes 14 and 20-22 (eq 11). The use of excess Me3- 

CP* I - -(BU'NH$I 
w [Bu'NH~]' + R2R'SiCI - II No C W I z  
0 

1 

CD* 

14, R,R' = PhCHP (33%) 

20, R = Bu', R' = H (52%) 

21, R = Me, R' = But (64%) 

22, R ,  R' = Me 

Sic1 in this reaction gave formation of MesSi-0-SiMes 
and Cp*W(0)2Cl, but no Cp*W(O)ZCl formed with the 

Table 3. Selected Bond Distances and Angles for 
Cp*W(O)Z-O-SiBz3 (14) 

(a) Bond Distances (A) 
w-O(1) 1.894(7) W-0(2) 1.722(8) 

1.63 3 (8) W-0(3) 1.720(8) Si-O(1) 
Si-C(l1) 1.858(13) Si-C( 12) 1.869(12) 
Si-C( 13) 1.881( 13) 

(b) Bond Angles (deg) 
O( 1)-W-0(2) 103.8(4) O( 1)-W-0(3) 105.4(4) 
0(2)-W-0(3) 105.3(4) O(1)-Si-C(l1) 111.4(6) 
O( 1 )-Si-C( 12) 109.1 (5) C(  1 1 )Si-C( 12) 1 10.9( 6) 
O(l)-Si-C(13) 107.6(5) C( l  l)-Si-C(13) 108.4(6) 
C(l2)Si-C(13) 109.4(6) W-O(l)-Si 141.5(5) 

Table 4. Selected Bond Distances and Angles for 
Cp* W (0)2-O-Si(But)zH (20) 

(a) Bond Distances (A) 
w-O(1) 1.834(10) w-O(2) 1.718(9) 
Si-O(1) 1.677( 10) Si-C(7) 1.899( 10) 

(b) Bond Angles (deg) 

O(l)-Si-C(7) 108.6(4) C(7)-Si-C(7A) 119.7(7) 
W-O( 1)-Si 16 1.1(6) 

bulkier silanes, even when they were added in excess. 
Complex 22 was also prepared by treating the anion 
[Cp*W(O)31- with the known silylating agent CF3C- 
(=NSiMe3)0SiMe3,9 a reaction which minimized the 
formation of Cp*W(O)zCl. The molybdenum complex 
[Cp*Mo(O)& (2) was also found to react with (PhCH&- 
Sic1 to form Cp*(O)zMo-O-SiBzs (23) (eq 12). 

O(l)-W-O(2) 105.2(4) 0(2)-W-O(2A) 106.0(6) 

CP* -[BU'NHdCI 
MO I [Bu'NH~]' + (PhCH2)3SiCI - 

CHZCIz 

2 

CP* 

23 (73%) 

With the exception of 22, which was obtained as a 
colorless oil, the remainder of the complexes given in eqs 
11 and 12 were isolated asmicrocrystalline solids. Complex 
22 proved to be very moisture sensitive and readily formed 
C~*(O)ZW-O-W(O)ZC~* upon exposure to air, but the 
remainder of the complexes were air stable. Complexes 
14,20, and 21 and showed parent ions in their mass spectra, 
exhibited 'H NMR resonances consistent with the presence 
of both Cp* and SiRzRgroups, and showed a typical M(O)Z 
band pattern in the v(M=O) IR region. 1 7 0  NMR analysis 
of the complexes showed the presence of the W(0)z unit 
(6 655-670) and the siloxy ligand (6 103-131) (see Exper- 
imental Section). 

Complexes 14 and 20 were also crystallographically 
characterized. ORTEP drawings are shown in Figures 2 
and 3, and important crystallographic data are given in 
Tables 1,3, and 4. The compounds are similar, and both 
have a typical three-legged piano-stool structure. The 
terminal oxo-tungsten bond lengths average 1.721 A for 
l l a n d  1.718Afor 20 and are similar to the 1.719-Aaverage 
given earlier for 13 and the 1.692-A average W=O bond 
distances tabulated by Orpen et aL8 The tungsten-oxygen 
bond lengths to the siloxy ligands (14,1.894(7) A; 20,1.834- 

(9) Klebe, J. F.; Finkbeiner, H.; White, D. M. J. Am. Chem. SOC. 1966, 
88, 3390. 
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C(6) 

Figure 2. ORTEP drawing for Cp*W(O)z-O-Si(CH*Ph)3 (14). 

O(2aI O(21 

Crsl 
Figure 3. ORTEP drawing for Cp*W(0)2-O-Si(But)zH (20). 

(10) A) are similar to the mean W-0 distance of 1.900 A 
found in W-alkoxy complexesS8 

The trioxo anion [Cp*W(O)& also readily reacts with 
the chlorogermanes ClGeR3 (R = Me, Ph) to form the new 
complexes 24 and 25 (eq 13). The clean reaction with 

1 a 

24, R = Me (50%) 
25, R = Ph (55%) 

ClGeMe3 differs substantially from the failure of complex 
1 to react with ClCMe3 and the sensitivity of its reaction 
with ClSiMes to the reaction conditions. Both complexes 
24 and 25 were isolated as air-stable microcrystalline solids 
and were spectroscopically characterized (see Experimen- 
tal Section). The IR and 170 NMR spectral data associated 
with the W(O)z fragment are nearly identical for the two 
compounds, although the data for the W-0-Ge linkage 
differ significantly ( V W - O - G ~  786 (24) vs 738 (25) cm-'; 170 

NMR 6 160.7 (24) vs 132.3 (25)), illustrating an important 
effect of the substituents attached to the germanium atom. 

Reaction of [Cp*W(O)3]- with ClSnMe, To Form a 
Complex with a 16-Membered [-O-Sn-O-W]d Ring. 
The above-described reactions of [Cp*W(O)3]- with 
ClCPh3, ClSiR3, and ClGeR3 all led to products having a 
simple Cp*(O)zW-O-ER3 structure. However, a different 
reaction occurred for the heavier group IV element tin. 
Thus, when ClSnMes and [Cp*W(O)31- were allowed to 
react, the product which formed was 26 (eq 14). This 

CP' - 
I CHzClz 

4 w II "o -[ad N Y C I  
0 

[Bu'NH~]' + 4CISnMe, - 
1 

?\ /cp* 

26 (49%) 

species was isolated as a microcrystalline solid and was 
spectroscopically and crystallographically characterized 
(see Figure 4 and below). The molecule has a sixteen- 
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0 

Rau et al. 

C6 
C8 

Figure 4. ORTEP drawing for (Me3Sn)4(Cp*W(0))4(pL-O)6 
(26), showing one of the two chemically similar but symmetry 
independent molecules. 

membered E-O-Sn-O-Wl4 ring and is formally a [-0- 
WCp*(O)-O-Sn(Me)J4 tetramer. The molecule is related 
to the trimethyltin phosphinate complex [Me3SnOzPPhzl4 
(27)loa and to the polymeric complex [M~~SII-O-R~O~I, 
(28) recently reported by Herrmann et al.lob The spec- 

Ph Ph 
I? 

f ?  
Ph Ph 

27 

0 

2 0  

troscopic data for 26 are consistent with its determined 
structure. For example, the KBr IR spectrum showed a 
single v w d  band at  921 cm-1 and two bands at 856 and 
733 cm-l which are assigned to the symmetric and 
asymmetric vibrations of the -0-W-O- unit. The '19Sn 
NMR spectrum of 26 showed a single resonance at 6 -7.3, 
which is significantly upfield of the resonances of the 
related tetrahedral complexes Me3SnOH (6 118) and (Mes- 
Sn)2O (6 117).11 These data indicate that 26 does not likely 
dissociate in solution to form Cp*(0)2W-O-SnMe3, since 

(IO) (a) Newton, M. G.; Haiduc, I.; King, R. B.; Silvestru, C. J. Chem. 
SOC., Chem. Commun. 1993, 1229. (b) Herdtweck, E.; Kiprof, P.; 
Herrmann, W. A.; Kuchler, J. G.; Degnan, I. 2. Naturjorsch. 1990,45B, 
937. 

(11) (a) Kennedy, J. D.; McFarlane, W. J. Organomet. Chem. 1975,94, 
7. (b) ll9Sn NMR resonances are known to be solvent and concentration 
dependent. The values reported in ref l l a  were determined as follows: 
MeBSnOH (6 118 k 1 ppm, saturated in CDZClz); (Me9Sn)ZO (6 113.1 ppm; 
average of 6 109.5 (neat liquid) and 6 117.1 (50% in CDZC1,)). 

A 
h 

289 K 

248 K 

233 K 

213 K 

198 K 

183 K 

Figure 5. Variable-temperature 170 NMR study of (Mea- 
S I I ) ~ ( C ~ * W ( O ) ) ~ ( ~ - O ) ~  (26) in CHzClz solution. 

if it did, its '19Sn NMR resonance would be expected to 
be found near those of the above two complexes and near 
the 6 91.8 resonance reported for ( O ) ~ R ~ - O - S I I M ~ ~ . ~ ~  Also 
consistent with maintenance of the tetrameric structure 
in CHzCl2 solution is the measured molecular weight12 of 
1800 f 50, which compares to the calculated value of 2122 
for the tetrameric structure. 

A priori, it was expected that the 170 NMR spectrum 
of 26 should show separate resonances for the terminal 
and bridging oxo ligands, as seen in the many other 
complexes reported herein. However, at room tempera- 
ture, only a single resonance was observed at 6 474.1 (Figure 
5). This is, of course, not consistent with the determined 
structure and is also in an unusual position. All of the 
other Cp*(0)2W-0-MLn complexes described above 
show the terminal oxo resonances for the W(0)z unit in 
the narrow range 6 632-679. This analysis prompted a 
variable-temperature 170 NMR study (Figure 5) which 
showed a broadening of the resonance upon cooling, 
coalescence around 233 K, and then sharpening into two 
separate resonances at  183 K. The downfield resonance 
at  6 605.6 is just outside the 6 632-679 range noted above 
for the terminal oxo resonances and is thus logically 
assigned to the W=O unit of 26. The upfield resonance 
at  6 404.4 may then be attributed to the p-oxo ligand in 
the W-0-Sn linkage. I t  is significant that the 6 474.1 
resonance observed at  room temperature is very close to 
the 6 471 weighted average of the low-temperature 
resonances assuming one W=O unit and two W-0-Sn 

(12) Burger, B. J.; Bercaw, J. E. In Experimental Organometallic 
Chemistry: A Practicum in Synthesis and Characterization; Wayda, A. 
L., Darensbourg, M. Y., Eds.; ACS Symposium Series 357; American 
Chemical Society: Washington, DC, 1987; pp 94-96. 
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New Heterobimetallic p-Oxo Complexes 

Table 5. Selected Bond Distances and Angles for 
(M~JS~)(CP*W(O))~(~L-O)II (26) 

(a) Bond Distances (A) 
W(1 ) 1.709(15) W(1’)-O(1’) 1.731( 13) 
W( 1 )-OW 1.762(11) W(1’)-O(2’) 1.799( 12) 
w(1)-0(3) 1.777(15) W(1’)-O(3’) 1.796( 12) 
w(2)-0(4) 1.784(12) W(2’)-O(4’) 1.782(11) 
w(2)-0(5) 1.7 3 5 ( 1 2) W (2’)-O( 5’) 1.738( 14) 
W(2)-0(6) 1.768 ( 1 2) W (2’)-O( 6’) 1.752(15) 
Sn(1)-O(2) 2.229(12) Sn(1’)-0(2’) 2.225(12) 
Sn(1)-O(6) 2.274(12) Sn(l’)-0(6’) 2.236(14) 
Sn(2)-O(4) 2.268(12) Sn(2’)-O(4’) 2.223(11) 
Sn(2)-O(3) 2.209(15) Sn(2’)-O(3’) 2.231(13) 

(b) Bond Angles (deg) 
O(1)-W(1)-0(2) 105.0(6) O(l’)-W(1’)-0(2’) 105.5(7) 
O(1)-W(1)-0(3) 104.7(7) O(l’)-W(1’)-0(3’) 105.5(6) 
0(2)-W(1)-0(3) 106.5(6) 0(2‘)-W(1’)-0(3’) 105.1(6) 
0(4)-W(2)-0(5) 105.5(6) 0(4’)-W(2’)-0(5’) 103.6(6) 
0(4)-W(2)-0(6) 105.7(6) 0(4’)-W(2’)-0(6’) 104.3(7) 
0(5)-W(2)-0(6) 105.6(6) 0(5’)-W(2’)-0(6’) 104.3(7) 
0(2)-Sn(l)-0(6A) 177.8(4) 0(2’)-Sn(l’)-0(6’A) 178.2(5) 
0(3)-Sn(2)-0(4) 178.6(5) 0(3’)Sn(2’)-0(4’) 177.5(4) 
W(1)-0(2)-Sn(l) 146.6(7) W(1’)-0(2’)$n(l’) 150.2(6) 
W(2)-0(4)-Sn(2) 139.7(7) W(2’)-0(4’)-Sn(2’) 146.7(6) 
W(1)-0(3)-Sn(2) 155.4(9) W(1’)-0(3’)-Sn(2’) 142.9(7) 
W(2)-0(6)-Sn(lA) 147.3(7) W(2’)-0(4’)-Sn(2’) 146.7(6) 

Organometallics, Vol. 13, No. 5, 1994 1631 

W-0 bond lengths in the two molecules average 1.778 A, 
which is 0.08 A longer than the 1.860-A average bridging 
W-0 distance found in complexes 13, 14, and 20, 
suggesting that the W-(rc-O) bonds in 26 have more 
?r-bond character than found in these reference com- 
pounds. This conclusion is also consistent with the 1 7 0  
NMR data, which show the resonance for the p-oxo ligand 
of 26 (6 404.4) to be considerably downfield of the p-oxo 
resonances of these reference compounds (6 332.L111.5, 
103.8) and closer to the region typical of W=O resonances 
(see Figure 6). 170 NMR chemical shifts are known to be 
extremely sensitive to s-bonding environment in metal 
oxo c0mp1exes.l~ The average value for the 0-W-0 bond 
angles is 105.3’. 

units, as crystallographically observed. This lends further 
support to the suggestion made above that 26 maintains 
its cyclic structure in solution. 

The variable-temperature l7O NMR data clearly imply 
that some sort of exchange process is occurring that makes 
the terminal and bridging oxo ligands equivalent, so as to 
give an averaged resonance a t  room temperature. We do 
not know the nature of this exchange process, but it may 
involve a 3-fold rotation of the Cp*WO3 unit within the 
cyclic structure, or it may be due to reversible dissociation/ 
association of the Sn-0 linkages. It should be noted that 
a single 170 NMR resonance was also observed for Me3- 
Sn-0-ReO3, instead of the expected two, but no inter- 
pretation of this observation was given.2e We note that 
avariable-temperature ‘H NMR study of 26 did not reveal 
any splitting of the Cp* or methyl resonances upon cooling, 
although some broadening of the latter was observed. 
Similarly, the “9Sn NMR spectrum at 198 K showed a 
single resonance at 6 -19.5. 

Crystal and Molecular Structure of (Me~Sn)4- 
( C p * w ( 0 ) ) 4 ( j ~ - O ) ~  (26). An ORTEP drawing of 26 is 
given in Figure 4, and the relevant crystallographic data 
are set out in Tables 1 and 5. There are two structurally 
similar but symmetry independent molecules (unprimed 
and primed) in the unit cell, and each has a crystallo- 
graphically imposed center of symmetry located in the 
middle of the 16-membered ring. In each molecule, the 
tin and tungsten atoms form crystallographically required 
homoatomic planes. The interplanar angle between the 
Sn4 and the Wq planes in the unprimed molecule is 11’ 
and in the primed molecule is 14’. Each tin atom has a 
trigonal-bipyramidal coordination geometry, whereas each 
tungsten atom has the typical three-legged piano-stool 
geometry. The 0-Sn-0 angles average 178.0”, and the 
Me-Sn-Me angles average 120.0’ in the two molecules. 
The average Sn-0 bond distance of 2.235 A is similar to 
the 2.238-A value reported for the polymeric complex 1-0- 
Re (0) 2-0-Sn (Me)$-] I. lab The trigonal-bipyramidal ge- 
ometry about the tin atom is similar to that found in other 
pentacoordinate triphenyl- and trimethyltin(1V) com- 
plexes.’3 The terminal W=O distances average 1.728 A 
in the two molecules, similar to the average value of 1.719 
A given above for complexes 13,14, and 20. The bridging 

Concluding Remarks 

The reactions reported herein show that [Cp*W(O)J- 
(1) and [Cp*Mo(O)sl- (2) are versatile reagents for the 
preparation of bi- and multimetallic p-oxo compounds via 
the displacement of a halide ion from one metal center by 
a nucleophilic oxygen of the trioxo anion. The reactions 
worked best for early-transition-metal halides (M’ = Ti, 
Zr, V, Mo, W) and the group IV main-group-metal halides 
(M’ = Si, Ge, Sn) because of the strength of the M’-0 
bond. In contrast, similar reactions with late-transition- 
metal halides (M’ = Fe, Ru, Ir, Rh, Ni, Pd, Pt) either 
failed to react or did not produce stable products.15 The 
various complexes described herein have been character- 
ized by 170 NMR, and for future reference Figure 6 
summarizes the data obtained. For the tungsten com- 
plexes, all the terminal W=O resonances appeared in the 
6 606-714 range and all the p - 0  resonances appeared 
upfield of 6 450, but with a significant dependence on the 
attached M’ atom. Similarly, for the molybdenum com- 
plexes, the terminal MFO resonances appeared in the 
narrow range 6 802-870 with the p-oxo resonances all 
upfield of 6 527. 

Experimental Section 

The compounds [ButNH3] [Cp*M(0)3], Cp*M(0)2Cl, and 
C~*M(O)Z-O-MC~*(O)Z (M = W, Mo) were prepared as described 
in ref 5b. All “0-labeled compounds were prepared using l7O- 
enriched [ButNH31 [Cp*M(0)3] that was in turn prepared from 
“0-enriched water, ButNHz, and Cp*WC& or Cp*M(0)2Cl. The 
reagents CpzTiClz, CpzZrClz, CpzVClz, Me3SiC1, CF&(=NSi- 
Mea)OSiMes, BzsSiC1, (But)2HSiC1, ButMezSiCl, Ag20, and 
Na[BPhll (Aldrich Chemical, Inc.), PhsGeC1, MesGeC1, PhsSnCl, 
and Me3SnCl (Strem Chemical Co.), and PhsCBr (Pfaltz and 
Bauer) were purchased and used as received. All manipulations 
were performed with standard Schlenk techniques under an N2 
atmosphere unless indicated otherwise. Solvents were dried by 
refluxing over Na/benzophenone ketyl (tetrahydrofuran (THF), 

(13) (a) Sau, A. C.; Carpino, L. A.; Holmes, R. R. J .  Organomet. Chem. 
1980, 197, 181. (b) Cotton, F. A,; Wilkinson, G. Advanced Inorganic 
Chemistry; Wiley: New York, 1988; p 292. (c) Davies, A. G.; Smith, P. 
J. In Comprehensive Organometallic Chemistry; Wilkinson, G., Ed.; 
Pergamon: New York, 1982; Vol. 2, Chapter 11. (d) Kasai, N.; Yasuda, 
K.; Okawara, R. J. Organomet. Chem. 1966, 3, 172. (e) Molloy, K. C.; 
Nasser, F. A. K.; Barnes, C. L.; van der Helm, D.; Zuckerman, J. J. Inorg. 
Chem. 1982,21,960. (0 Masters, J. G.; Nasser, F. A. K.; Hossain, M. B.: 
Haaen, A. P.; van der Helm, D.; Zuckerman, J. J. J.  Organomet. Chem. 
1990, 385, 39. 
(14) Nugent, W. A.; Mayer, J. M. Metal-Ligand Multiple Bonds; 

Wiley-Interscience: New York, 1988; pp 127-129. 
(15) No reaction occurred between [ButNH31[Cp*WOal (1) and 

Cp(C0)2FeCl, Cp(CO)ZFeI, trans-IrCl(CO)(PPhs)Z, [CptRuCl.Jz, Cp*- 
Ru(CO)zI, (PPh&NiC12, or (PEt3)zPtClz. IR analysis indicated that 
reactions occurred when 1 was combined withRhdCO)r(u-Cl)zand (COD)- 
PdC12, but stable bimetallic products could n i t  be isolated. The only 
identifiable products were Cp*W(O)2Cl from both reactions and [Cp*W- 
(0)2]2(p-O) from the reaction with Rhz(CO)&-C1)2. 
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Figure  6. l7O NMR chemical shifts for the terminal and bridging oxygen atoms of the compounds examined in this work. 

Et20),  CaHz (CH2C12, pentane, acetonitrile, hexane), or MgS04 
(CH3N02). IR spectra were recorded on an IBM FTIR-32 
spectrometer operating in the absorbance mode. NMR spectra 
were obtained with a Bruker AM-300 F T  NMR spectrometer 
and referenced to the residual solvent peak for 'H, to HZ(l7O) for 
1 7 0 ,  and to Me& for 119Sn spectra. The variable-temperature 
1 7 0  NMR spectra were obtained with a Bruker AM-500 F T  NMR. 
Mass spectra were recorded on AEI-MS9 (EI) and AFAB-MS9 
(FAB) mass spectrometers. Elemental analyses were obtained 
from Schwarzkopf Microanalytical Laboratories, Woodside, NY, 
and Galbraith Laboratories, Inc., Knoxville, TN. 

Reaction of [Cp*Mo(O)s]- with Cp*Mo(O)&l To Form 
[Cp*Mo(O)zlz(~-O) (3). The salt [ButNH3] [Cp*Mo(O)3] (2; 
0.098 g, 0.28 mmol) and Cp*Mo(O)zCl(O.075 g, 0.25 mmol) were 
placed in a Schlenk flask to which was added CH2Cl2 (20 mL). 
The resulting solution was stirred at  room temperature for 1 h, 
and then it was filtered through Celite to remove the precipitated 
[ButNH8]C1. The solution volume was reduced to 2 mL under 
reduced pressure, and hexane (10 mL) was added to induce 
precipitation of the known compound 3 as a bright yellow solid, 
which was washed (3 X 5 mL) with hexane and dried under 
vacuum (0.090 g, 0.17 mmol, 66%). '70-enriched Cp*Mo(O)zCl 
was prepared by bubbling HCl(g) through a solution of 170- 
enriched 2, and this was then used with the latter compound to 
prepare l'o-enriched 3. 

3: IR (KBr) V M M  906 (s), 876 (s), V M ~ M , ,  754 (br) cm-1; 'H 
NMR (CD2ClZ) 6 1.99 (Cp*); 1 7 0  NMR (CDzC12) 6 843.8 (MoOz), 
277.9 (Mo-0-Mo); MS (EI) mlz 542 (M+) (lit.:6 IR (CSz) UM-O 
912 (s), 882 (s), UM,,-.-O-M~ 771 (br) cm-'; 'H NMR (CDC13) 6 2.01 
(CP*)). 

Reaction of [CP*W(O)~]- wi th  Cp*W(O)~Cl To Form 
[Cp*W(O)2]z(pU-O) (4). Complex 4 was prepared similarly to 3 

using [ButNH3] [Cp*W(O)3] (0.063 g,O.14 mmol) and Cp*W(O),- 
C1 (0.050 g, 0.13 mmol) and was isolated in 89% yield (0.083 g, 
0.12 mmol). 

4: IR (KBr) V W ~  939 (e), 890 (s), VW+W 810 (s) cm-l; lH 
NMR (CD2Clz) 6 2.13 (Cp*); 170 NMR (CDzC12) 6 678.0 (WOZ), 
193.4 (W-0-W); MS (EI) mlz 718 (M+) (lit.? IR (CS2) V W ~  942 
(s), 896 (s), VW+W 820 (broad); 1H NMR (CDCl3) 6 2.16 (Cp*)). 

Reactionof [Cp*M(O)3]-withCp*M'(O)zClTo FormCp*- 
(O)zMo-O-WCp*(O)a (5). The complexes Cp*Mo(0)2C1(0.090 
g, 0.302 mmol) and [ButNH31[Cp*W(0)31 (0.160 g, 0.363 mmol) 
were placed in a Schlenk flask to which was added CHzClz (30 
mL). The resulting bright yellow solution was stirred overnight, 
during which time it became cloudy and deposited a white 
precipitate. The solution was filtered through a pad of Celite, 
the solvent was reduced to -2 mL, and hexane (10 mL) was 
added to force the precipitation of a bright yellow solid. The 
solvent was removed by cannula, and the resulting yellow solid 
was washed with hexane (3 X 10 mL) and dried under vacuum. 
lH NMR analysis showed the product to be a N 1:2.5:1 mixture 
of 3,5,  and 4. A similar mixture of products was obtained from 
reaction of Cp*W(O)&l with [ButNH3] [Cp*Mo(O)3]. 

5: 'H NMR (CDzC12) d 2.02 (Cp*), 2.10 (Cp*); 1 7 0  NMR (CD2- 
Clz) 6 869.6 (MoOz),666.4 (WOz),230.2 (M*O-W);MS (FAB+) 
mlz 631 (M+). 

Reaction of [Cp*W(O)a]- and [Cp*Mo(O)s]- with CpzMCl2 
To Form Complexes 6-10. In a typical reaction, Cp2TiClz (0.200 
g, 0.262 mmol) and [ B u ~ N H ~ ] [ C ~ * W ( O ) ~ ]  (0.116 g, 0.262 mmol) 
were placed in a Schlenk flask in a glovebox to which CH2C12 (30 
mL) was added. This reaction mixture was stirred overnight (10 
h), and the resulting cloudy orange solution was filtered through 
Celite to remove the precipitated [ButNH3]C1. The solution 
volume was concentrated to 3 mL under reduced pressure, and 
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hexane (20 mL) was added to induce precipitation of Cpz(Cl)- 
Ti-O-WCp*(0)2 (6) as a bright orange solid which was washed 
with hexane (3 X 15 mL) and dried under vacuum (0.190 g, 0.328 
mmol,72%). CompoundsCp&l)Zr-O-WCp*(O)2(7;69%, white 
solid), Cp&l)V-O-WCp*(O)Z (8; 66%, green solid), Cpz(C1)- 
Ti-O-MoCp*(0)2 (9; 57%, orange solid), and Cpz(C1)Zr-O- 
MoCp*(0)2 (10; 47%, white solid) were similarly prepared from 
[ButNH31 [Cp*W(0)31 or [ButNH3] [Cp*Mo(O)3] and the ap- 
propriate CpzMCl2 reagent and were isolated in the indicated 
yields. 
6: IR (KBr) Y W ~  923 (s), 875 (m), YW+T~ 776 (s, br) cm-l; 

lH NMR (CDCl3) 6 2.18 (s, 15H, Cp*), 6.42 (s, 10H, Cp); 170 
NMR (CD2C12) 6 632.6 (WOz), 449.5 (W-0-Ti); MS (FAB-) m/z 
580 (M-). Anal. Calcd for CzoH&lO3TiW: C, 41.37; H, 4.34. 
Found C, 41.16; H, 4.51. 

7: IR (KBr) ~ w - 0  924 (s), 881 (s), Y ~ U ~  784 (8,  br) cm-1; 1H 
NMR (CDC13) 6 2.14 (s, 15H, Cp*), 6.38 (s, 10H, Cp); 170 NMR 
(CDzCl2) 6 639.8 (W02), 350.5 (W-0-Zr); MS (FAB+) m/z 623 
(M+). Anal. Calcd for C20H2&103WZr: C, 38.50; H, 4.04. 
Found: C, 38.28; H, 4.19. 

8: IR (KBr) YW-O 904 (91, 849 (s), YWUV 793 (vs) cm-l; lH 
NMR (acetone-&) 6 2.11 (br s, Cp*), 4.7 (br, Cp). Anal. Calcd 
for CzoH25C103VW: C, 41.16; H, 4.32. Found: C, 41.66; H, 4.65. 

9: IR (KBr) V M ~  892 (s), 866 (m), VM-T~ 755 (vs) cm-l; lH 
NMR (CDCl3) 6 2.03 (s,15H, Cp*), 6.35 (s, 10H, Cp); 170 NMR 
(CD2C12) 6 802.2 (MoOz), 527.1 (Mo-0-Ti); MS (FAB+) m/z 494 
(M+). Anal. Calcd for C2&I2&1Mo03Ti: C, 48.75; H, 5.11. 
Found: C, 48.78; H, 5.08. 

10: IR (KBr) UM+J 897 (s), 871 (m), V M ~ G  761 (vs, br) cm-l; 
lH NMR (CDC13) 6 2.02 (s, 15H, Cp*), 6.33 (s, 10H, Cp); 170 

NMR (CD2C12) 6 809.5 (Moo2), 407.4 (Mo-0-Zr); MS (EI) m/z 
537 (M+). Anal. Calcd for C20H&lMo03Zr: C, 44.81; H, 4.70. 
Found: C, 44.52; H, 4.83. 

Reaction of 2 Equiv of [Cp*W(O),]- with CpzMClz (M = 
Ti, Zr) To Form 12 and 13. A 2-fold excess of [ButNHa] [Cp*- 
W(O)3] (0.300 g, 0.680 mmol) was added to solid CpzZrClz (0.100 
g, 0.342 mmol) in a Schlenk flask to which CHzClz (50 mL) was 
added. The solution was stirred for 24 hand then filtered through 
Celite followed by reduction of the solvent volume to a minimum 
under reduced pressure. Hexane was then added to induce 
precipitation of [Cp*W(O)z(rc-O)]zZrCp2 (13) as a white solid, 
which was washed with hexane (3 X 15 mL) and dried under 
vacuum (0.240 g, 0.251 mmol, 74%). Complex 12 was similarly 
prepared from CpzTiC12 and obtained as a pale orange, micro- 
crystalline solid in 65% yield. 

12: IR (KBr) v+ 920 (s), 877 (s), V ~ - - O - ~  774 (vs) cm-l; lH 
NMR (CDzC12) 6 2.12 (s, 30H, Cp*), 6.39 (s, 10H, Cp); 170 NMR 
(CD2Clz 6 632.4 (W02) 6 449.3 (W-0-Ti); MS (FAB+) m/z 913 
(M+). Anal. Calcd for C30H&TiW2: C, 39.50; H, 4.42. Found: 

13: IR (KBr) VW--O 927 (s), vw+-zr 728 (vs) cm-l; lH NMR 
(CD2Clz) 6 2.12 (s,30H, Cp*), 6.30 (s, 10H, Cp); 170 NMR (CDz- 
Cl2) 6 635.4 (Won), 332.1 (W-0-Zr); MS (FAB+) m/z 955 (M+). 
Anal. Calcd for CmH400~W2Zr: C, 37.71; H, 4.22. Found: C, 

Reaction of [Cp*W(o)z(p-O)]zZrCp~ (13) with CpzMC12 
(M = Ti, Zr),Cp*W(O)&l,and (PhCH2)sSiCl. Oneequivalent 
of complex 13 and 2 equivof CpzMClz (M = Ti, Zr), Cp*W(O)&l, 
or (PhCH2)3SiCl were stirred in CHzClz at  room temperature 
overnight. The solvent volume was then reduced to approxi- 
mately 3 mL, and hexane was added to induce precipitation. The 
resultant solids were then washed several times with hexanes 
and dried under vacuum. Infrared and 1H NMR analysis showed 
the formation of 3,6,7, and 14 and CpzZrC12, as appropriate for 
the particular reaction (see Scheme 1). 

Solvation of Cp2(Cl)V-O-WCp*(O)z (8) To Form [Cpz- 
(EtzO)V-O-WCp*(O)z]Cl (15). Compound 8 (0.260 g, 0.446 
mmol) was added to Et20 (100 mL) in a beaker in air, and the 
solution was stirred vigorously for -30 min, during which time 
the color changed from green to bright yellow and a yellow 
precipitate formed. The solvent was reduced to - 10 mL, and 
the bright yellow solid was collected by filtration and dried under 
vacuum to give 15 in 58% yield (0.170 g, 0.259 mmol). 

c, 39.88; H, 4.27. 

37.85; H, 4.42. 
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15: IR (KBr) vW4 911 (81, 868 (s), v W u v  783 cm-l; MS 
(FAB+) m/z 548 (M+ - EtzO). Anal. Calcd for C24H&lO,VW: 
C, 43.82; H, 5.36. Found: C, 43.85; H, 5.14. 

Reaction of Cp2(Cl)Ti-O-WCp*(O)Z (6) with Na[BPhd] 
ToForm [~CpzTi)z(Cp*W(O))z(p-O)4][BPh4]~ (17). An excess 
of Na[BPhJ (0.088 g, 0.258 mmol) was added to complex 6 (0.100 
g, 0.172 mmol) in CH3CN (20 mL), and the solution was stirred 
for 5 h to yield a cloudy, bright orange solution. The solvent was 
removed under reduced pressure, CH2C12 was added to the 
residue, and this suspension was stirred for several minutes. 
Filtration left an orange-red solid consisting of NaC1, excess Na- 
[BPb],  and 17. This solid was washed with CHzC12 (3 x 10 mL), 
THF (3 X 10 mL), and E~QO (3 X 10 mL) to leave 17 as a red- 
orange microcrystalline powder in 81% yield (0.120 g, 0.139 
mmol). 

17: IR (KBr) Y W ~  938 cm-1, W+T~ 852 cm-l; lH NMR (CH3- 

6.82-7.37 (m, 20H, Ph); 170 NMR (CH3N02) 6 714.0 (WO), 442.2 
(W-0-T i ) ;  M S  ( F A B + )  m / z  545. Anal .  Calcd for  
C~HWB20~Ti2W2: C, 61.14; H, 5.21. Found: C, 60.81; H, 5.21. 

Reaction of PhaCBr with [Cp*W(O)& To Form Cp*W- 
(O)Z-O<Pha (19). ToamixtureofPh3CBr (0.145g,0.449mmol) 
and [ButNH31 [Cp*WO31 (0.198 g, 0.449 mmol) was added CH2- 
Clz (15 mL) in a Schlenk flask. The light yellow solution was 
stirred for 5 h, filtered through Celite, and concentrated to 
dryness. This residue was then dissolved in a 1:5 mixture of 
THF/EtZO (24 mL), and this solution was filtered and concen- 
trated to approximately 10 mL. Hexane (25 mL) was added to 
this solution to precipitate 19 as a very light yellow solid (0.168 
g, 61%). 

19: IR (KBr) vwpo 926 (m), 914 (m); YW-O-C 763 (m) cm-l; lH 
NMR (CDzCl2) 6 7.29 (m, 15H, Ph), 2.07 (s,15H, Cp*); 1 7 0  NMR 
(CD2C12) 6 678.2 (WOz), 180.0 (W-0-C); MS (EI) m/z 610 (M+). 
Anal. Calcd for C29H3003W: C, 57.06; H, 4.92. Found: C, 56.60; 
H, 4.70. 

Reaction of [Cp*W(O),]- with Chlorosilanes To Form 
Cp*W(O)fl-SiRJt' Complexes. In a typical reaction, equimo- 
lar amounts of (PhCH2)sSiCl (0.076 g, 0.226 mmol) and [But- 
NH3][Cp*W03] (0.100 g, 0.226 mmol) were dissolved in CHzCl2 
(25 mL) in a Schlenk flask. The solution was stirred overnight 
and then filtered through Celite followed by evaporation of the 
solvent under vacuum. The residue was dissolved in hexane (5 
mL), and the resultant solution was cooled in a -78 "C bath to 
induce precipitation of Cp*W(O)zOSi(PhCH2)3 (14) as a white 
solid, which was then dried under reduced pressure (0.050 g, 
0.0747 mmol, 33%). The complexes Cp*W(O)zOSi(But)2H (20; 
O.O60g, 0.118mmol,52%) and Cp*W(0)zOSi(But)Mez (21; 0.141 
g, 0.293 mmol, 64%) were similarly prepared from (But)zHSiCl 
and ButMe2SiCl and were isolated as white solids in the indicated 
yields. 

14: IR (KBr) wpo 947 (51,877 (91, YW--O-S~ 779 (m) cm-l; lH 
NMR (CD2C12) 6 1.99 (s, 15H, Cp*), 2.19 (s,6H, CHzPh), 6.98- 
7.23 (m, 15H, Ph); 13C NMR (CDzC12) 6 10.7 (Cb(CH&), 24.1 
(CHzPh), 119.9 (C5(CH3)6), 124.9-138.3 (Ph); 170 NMR (CD2Clz) 
6 669.6 (WOz), 111.5 (W-0-Si); MS (EI) mlz 668 (M+). Anal. 
Calcd for C31H3s03SiW: C, 55.69; H, 5.43. Found: C, 55.88; H, 
5.50. 

20: IR (KBr) v W 4  918 (s), 895 (s), UW+SI 822 (81, usi-,, 2091 
(m), 6R-Si-H 970 (s) cm-l; 'H NMR (CDzC12) 6 0.97 (s,18H, But), 
2.13 (s, 15H, Cp*), 4.40 (s, lH,  Si-H); 13C NMR (CD2Cl2) 6 10.8 
( C ~ C H ~ E J ,  21.8 (C(CHdd, 27.2 (C(CH3)a), 119.7 (CdCH3)d; 170 
NMR (CD2Clz) 6 666.1 (WOz), 103.8 (W-0-Si); MS (EI) m/z 511 
(M+). Anal. Calcd for ClsHs40aSiW: C, 42.36; H, 6.71. Found 

21: IR (KBr) v W d  913 (m), 890 (51, vw+si 834 (w) cm-l; lH 
NMR (CDC13) 6 0.10 (s, 6H, SiCHs), 0.89 (5, 9H, But), 2.12 (s, 
15H, Cp*); l3C NMR (CDC13) 6 -3.6 (Si-CHs), 10.6 (Cb(CH3)5), 

Cl2) 6 660.1 (W02), 120.7 ( W - 0 4 ) ;  MS (FAB+) m/z 483 (M+). 
Anal. Calcd for C&3&,SiW: C, 39.84; H, 6.27. Found: C, 
39.76; H, 5.99. 

Reaction of [Cp*W(O)3]- with CF&(=NSiMes)OSiMes 
To Form Cp*(O)zW-0-SiMea (22). Equimolar amounts of 

NOz) 6 2.44 (8,  15H, Cp*), 6.64 (8 ,  5H, Cp), 6.75 ( 8 ,  5H, Cp), 

c, 42.02; H, 6.58. 

19.7 (C(CH3)3), 25.8 (C(CH3)3), 119.1 (C5(CH3)6); ''0 NMR (CD2- 
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CF3C(=NSiMe3)0SiMe3 (0.141 mL, 0.531 mmol) and [But- 
NH3][Cp*W(0)3] (0.213 g, 0.483 mmol) were dissolved in CH2- 
Clz (20mL) in a Schlenk flask at room temperature. The resulting 
solution was stirred for 1 h, filtered through Celite, and the solvent 
was removed under reduced pressure to leave Cp*W(O)zOSiMe3 
(22) as a colorless oil. When the reaction was performed in an 
NMR tube, lH NMR monitoring indicated a near-quantitative 
reaction, but the moisture sensitivity of 22 prevented the 
determination of an accurate isolated yield and a satisfactory 
C,H analysis. 

( 8 )  cm-1; lH NMR (CD2C12) 6 0.14 (s, 9H, SiMes), 2.11 (s, 15H, 
Cp*); 13C NMR (CDC13) 6 0.98 (Si(CH3)3), 10.5 (C5(CH3)5), 119.3 
(C5(CH9)5); 170 NMR (CD2C12) 6 655.8 (WOd, 130.8 (W-0-Si); 
MS (EI) m/z 440 (M+). 

Reaction of [Cp*W(0)s]- with MesSiCl to Form 22. Com- 
pound 1 (0.023 g, 0.052 mmol) and Me3SiCl (0.005 mL, 0.039 
mmol) were mixed in an NMR tube at room temperature in CD2- 
C12 solvent with careful exclusion of air. Formation of 22 was 
observed along with unreacted 1. The use of more than 1 equiv 
of Me3SiCl gave no 22; Cp*W(O)2C1 and Me3Si-O-SiMes were 
formed instead. 

Reaction of [Cp*Mo(O)a]- with (PhCH2)3SiCl To Form 
Cp*Mo(O)z-O-Si(CHzPh)s (23). Equimolar amounts of 2 
(0.150 g, 0.425 mmol) and (PhCH2)&3iCl (0.143 g, 0.425 mmol) 
were stirred a t  room temperature in CHzClz under Nz overnight. 
The resulting cloudy yellow solution was filtered to remove [But- 
NH3]C1 and concentrated under reduced pressure, and Et20 was 
added to precipitate 23 as a pale yellow solid. The precipitate 
was extracted with Et20 (3 X 10 mL) to remove Cp*Mo(0)2Cl 
that formed during the course of the reaction. The yellow solid 
was dried under vacuum to give 23 in 73% yield (0.180 g, 0.310 
mmol). 

23: IR (KBr) VMM 923 (s), 871 (s), UM,,--O-S~ 779; 'H NMR 
(CD2C12) 6 1.89 (s, 15H, Cp*), 2.18 (s,6H, CH2Ph), 7.00-7.25 (m, 
15H, Ph); 13C NMR (CD2C12) 6 10.8 (Cb(CH3)5), 24.4 (CHzPh), 
121.6 (C5(CH3)5), 124.7-138.7 (Ph); 170 NMR (CDzC12) 6 842.6 
(Mooz), 128.9 (Mo-0-Ti); MS (FAB+) m/z 583. Anal. Calcd 
for C31H3BMo03Si: C, 64.13; H, 6.21. Found: C, 63.87; H, 6.34. 

Reaction of [CP*W(O)~]- with Chlorogermanes To Form 
Cp*W(0)2-O-GeMe3 (24) and Cp*W(O)z-O-GePha (25). 
Equimolar amounts of Ph3GeCl (0.046 g, 0.136 mmol) and [But- 
NH3] [Cp*W03] (0.060 g, 0.136 mmol) were dissolved in CHzC12 
(15 mL) in a Schlenk flask. The pale yellow solution was stirred 
for about 4 h (until an abundant amount of precipitate had 
formed, indicating formation of [ButNH3]Cl), filtered through 
Celite, and concentrated to dryness. The residue was then washed 
with pentane (2 X 5 mL) and dried under vacuum to give 25 as 
a cream-colored solid (0.050 g, 0.075 mmol, 55 % yield). Complex 
24 was similarly prepared from reaction of [Cp*WO31- with Mea- 
GeCl and was isolated as a cream-colored solid in 50% yield. 

24: IR (KBr) VW-O 932 (s), 890 (s), VW-O-G~ 786 (m) cm-l; lH 
NMR (CD&12) 6 0.47 (s,9H, Me), 2.06 (s, 15H, Cp*); I7O NMR 
(CD2C12) 6 635.5 (WOi), 160.7 (W-0-Ge); MS (EI) m/z 484 (M+). 
Anal. Calcd for ClaHz4GeO3W: C, 32.20; H, 4.95. Found: C, 
32.62; H, 5.08. 

25: IR (KBr) U W ~  935 (s), 887 (s), YW-O--G~ 738 (w-m) cm-'; 
1H NMR (CD2C12) 6 2.00 (s, 15H, Cp*), 7.40-7.65 (m, 15H, Ph); 
170 NMR (CD2C12) 6 648.7 (WOz), 132.3 (W-0-Ge); MS (FAB+) 
m/z 671 (M + 1). Anal. Calcd for C2sH3oGe03W: C, 50.12; H, 
4.47. Found C, 50.02; H, 4.59. 

Reaction of [Cp*W(O)s]- with MesSnCl To Form (Me3- 
Sn)4(Cp*W(0))4(p-O)~ (26). To [ButNH31[Cp*W031 (0.208 g, 
0.472 mmol) in CHzClz (30 mL) was added MesSnCl (0.094 g, 
0.472 mmol) to give a pale yellow solution that was stirred for 
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22: IR (KBr) YW-O 897 (81, 891 (SI, W+Si 846 (e), YSi-Me 949 

Rau et al. 

8 h, after which the reaction mixture was filtered through Celite 
and concentrated to dryness. The resulting residue was dissolved 
in THF (30 mL), and the solution was filtered and concentrated 
to 5 mL. Hexane (25 mL) was then added to precipitate a white 
solid, which was washed with pentane (10 mL) and dried under 
vacuum to give 26 in 49% yield (0.123 g, 0.231 mmol). 

26: IR (KBr) YW+ 921 (s), 856 (m-s), uw+sn 733 cm-l; 
NMR (CD2C12) 6 0.47 (s, 15H, Cp*), 2.00 (s, 9H, Me); 1 7 0  NMR 
(CDZC12,298K) 6 474.1; 1 7 0  NMR (CD2C12,183 K) 6 605.6 (W(O)), 
404.4 (W-0-Sn); 119Sn NMR (CD&12,298 K) 6 -7.28; "9Sn NMR 
(CD2C12,198 K) 6 -19.47 (SnMes); MS (FAB+) m/z 531 (M + 1). 
Anal. Calcd for C13H2403SnW: C, 29.40; H, 4.52. Found: C, 
29.85; H, 4.65. 

Molecular Weight Determination of Complex 26. The 
standard PhN=NPh (0.0122 g, 0.067 mmol) and complex 26 
(0.041 g, 0.019 mmol) were carefully weighed and transferred to 
separate, but connected, reservoirs using an apparatus and 
procedure similar to that described by Burger et ~ 1 . ~ 2  To each 
reservoir was added CHzClz (0.500 f 0.003 mL to the PhN=NPh 
reservoir; 0.698 f 0.003 mL to the reservoir with 26), and the 
solutions were then cooled to -78 "C. The system was evacuated 
and then allowed to equilibrate a t  room temperature. The 
volumes of each reservoir were measured daily until the volumes 
remained constant. The final volume of the system was 1.139 
f 0.003 mL, which is slightly less than the amount of solvent 
initially added due to a small amount of solvent evaporation. A 
molecular weight value of 1800 k 50 was calculated for complex 
26. 

Crystal and Molecular Structures of 13, 14,20, and 26. 
Crystallographic data are collected in Table 1. All samples were 
affixed to glass fibers with epoxy cement and photographically 
characterized. Complexes 13 and 26 showed 1 Laue symmetry 
and 14 and 20 mmm symmetry. The choice of the centrosym- 
metric alternative for both triclinic samples was supported by 
the chemically sensible results of refinement. For 14, the choice 
of space group is unambiguous, and for 20 the centrosymmetric 
choice is consistent with the presence of a molecular mirror plane 
perpendicular to the b direction. All data sets were corrected for 
absorption; for 13, 14, and 20 empirical $-scan methods were 
used, and for 26 an empirical absorption tensor was generated 
by an expression relating F, and F,. 

The locations of the metal atoms were determined by direct 
methods. All non-hydrogen atoms were refined with anisotropic 
thermal parameters, and hydrogen atoms were idealized. Ro- 
tational disorder is evident in the C(26-30) ring in 13 from the 
distorted thermal ellipsoids and high A/u values for the positional 
parameters for these atoms. Crystallographic computations used 
SHELXTL software in various versions (G. Sheldrick, Siemens 
XRD, Madison, WI). 
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Supplementary Material Available: For 13, 14, 20, and 
26, tables of atomic coordinates and isotropic parameters, 
anisotropic thermal parameters, bond lengths, bond angles, and 
hydrogen atom coordinates (27 pages). Ordering information is 
given on any current masthead page. 
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