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(on the high side) by up to 40% for Xi and 20% for Ao. To the 
extent that these errors exist, our conclusion regarding the very 
close structural similarity between MLCT singlet and triplet 
excited states will need to be modified. 

Concluding Remarks 
Despite the caveats, the preresonance technique in combination 

with the time-dependent analysis appears to provide a powerful 
and reliable approach to charge-transfer structural measurements. 
Normal-coordinate distortions derived from preresonance Raman 
agree reasonably well with those that can be inferred from other 
methods. For the Ru(NH3)4(bpy)2+ case, the precision and 
sensitivity are nothing short of remarkable. Separate studies with 
(NC)5Ru(CN)Ru(NH3)5~ tend to reinforce these conclusions.24 

Clearly, it will be necessary, however, to examine additional 

Recent interest in the preparation and study of noble metal (Ru, 
Os, Rh, Ir, Pd, and Pt) alkoxide and aryl oxide derivatives stems 
from the paucity of examples and what appears to be an inherently 
rich reaction chemistry.1 Currently alkoxide or aryl oxide de
rivatives of all of these metals have been described, but there are 
relatively few investigations of the chemistry of these spec
ies. 1_12.i5-i7 j n a n attempt to obtain a ruthenium alkoxide, 
Wilkinson and co-workers studied the reaction of RuHCl(PPh3)3 

with sodium methoxide. This investigation showed that methoxide 
complexes in this system are thermally unstable and that de
composition products include formaldehyde, formyl, and carbonyl 
derivatives.2 

A number of bonding modes for alkoxy and aryloxy ligands 
on ruthenium have now been identified. Yamamoto prepared the 

'University of California at San Diego. 
'The Ohio State University. 

systems before the hoped-for generality of the new approach can 
be firmly established. Of particular interest in such an effort will 
be studies of symmetrical mixed-valence systems, outer-sphere 
(ion-paired) systems, and systems featuring spin-orbit allowed 
triplet transitions. 
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terminal alkoxide RuH[OCH(CF3)Ph](PPh3)3 by insertion of 
trifluoromethyl phenyl ketone into the Ru-H bond of RuH2-

(1) Leading references include: (a) Mehrotra, R. C. Adv. Inorg. Chem. 
Radiochem. 1983, 26, 269. (b) Newman, L. J.; Bergman, R. G. J. Am. Chem. 
Soc. 1985, 107, 5314. (c) Bryndza, H. E.; Calabrese, J. C; Marsi, M.; Roe, 
D. C; Tarn, W.; Bercaw, J. E. Ibid. 1986,108, 4805. (d) Braga, D.; Sabatino, 
P.; Di Bugno, C; Leoni, P.; Pasquali, M. J. Organomet. Chem. 1987, 334, 
C46. (e) Michelin, R. A.; Napoli, M.; Ros, R. Ibid. 1979, 175, 239. (f) 
Yoshida, T.; Okano, T.; Ueda, Y.; Otsuka, S. J. Am. Chem. Soc. 1981, 103, 
3411. (g) Carmona, D.; Oro, L. A.; Lamata, M. P.; Puebla, M. P.; Ruiz, J.; 
Maitlis, P. M. J. Chem. Soc, Dalton Trans. 1987, 639. (h) Bernard, K. A.; 
Atwood, J. D. Organometallics 1987, 6, 1133. (i) Kullberg, M. L.; Kubiak, 
C. P. Ibid. 1984, 3, 632. (j) Paonessa, R. S.; Prignano, A. L.; Trogler, W. 
C. Ibid. 1985, 4, 647. (k) Abel, E. W.; Farrow, G.; Towie, I. D. H. /. Chem. 
Soc, Dalton Trans. 1979, 71. (1) Komiya, S.; Tane-ichi, S.; Yamamoto, A.; 
Yamamoto, T. Bull. Chem. Soc. Jpn. 1980, 53, 673. (m) Arnold, D. P.; 
Bennett, M. A. J. Organomet. Chem. 1980, 199, 119. (n) Rees, W. M.; 
Fettinger, J. C; Churchill, M. R.; Atwood, J. D. Organometallics 1985, 4, 
2179. 

Alkoxy and Aryloxy Derivatives of 
(Pentamethylcyclopentadienyl)ruthenium. X-ray Crystal 
Structures of [(rj5-C5Me5)Ru(/Lt-OMe)]2, 
[(77

5-C5Me5)(CO)Ru(Ai-OEt)]2, and 
(T75-C5Me5)Ru(7?5-2,6-'Bu2C6H30) and Molecular Orbital 
Analysis of [(t]5-C5H5)Ru(jLi-OMe)]2 
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Abstract: Ruthenium methoxide dimer [Cp*Ru(/u-OMe)]2 (1, Cp* = ^-C5Me5) is produced by reaction of [Cp*RuCl2]2 or 
Cp*RuCl2(pyr) with NaOMe in methanol or by reaction of Cp*(PCy3)RuCl with LiOMe in methanol. Compound 1 is best 
prepared in pure form (in 84% yield) by reaction of the tetranuclear cluster [Cp*RuCl]4 with 4 equiv of LiOMe in methanol. 
An X-ray crystallography study revealed that 1 has a dimeric structure with bridging methoxy ligands. The dimer is folded 
along the 0—0 axis, with a fold angle of 124.3°. Complex 1 crystallizes in the monoclinic space group C2/c with a = 15.821 
(8) k,b = 6.659 (3) A, c = 21.51 (1) A, 0 = 103.32 (3)°, Z = 8, V = 2205 (2) A3, and RF = 2.17%. Ethoxide dimer 
[Cp*Ru(M-OEt)]2 (2), prepared from [Cp*RuCl]4 and LiOEt in ethanol, combines with carbon monoxide to form the adduct 
[Cp*(CO)Ru(M-OEt)]2 (3). Compound 3 crystallizes in tetragonal space group PAl1C with a = 26.22 (2) A, c = 8.709 (5) 
A, Z = 8, V = 5986 (6) A3, and RF = 5.68%. An analogous adduct of 1, [Cp*(CO)Ru(M-OMe)]2 (4), is observed by 1H 
NMR but is unstable in solution, eventually decomposing to [Cp*Ru(CO)(M-CO)]2. Reaction of LiO-2,6-'Bu2C6H3 with 
[Cp*RuCl]4 in toluene gives the ?;5-oxocyclohexadienyl complex Cp*Ru(j;5-2,6-'Bu2C6H30) (5), which was crystallograpically 
characterized. Compound 5 crystallizes in space group Pl^n with a = 12.203 (3) A, b = 10.028 (3) A, c = 18.414 (4) A, 
/3 = 99.11 (2)°, Z = A, V= 2225 (I)A3, and RF = 3.03%. The electronic structure of an analogue of 1, [CpRu(M-OMeJ]2 
(I', Cp = J^-C5H5), was investigated by using Fenske-Hall molecular orbital calculations. These studies show that the folded 
C20 structure of 1 is due to electronic preferences of the bridging alkoxide ligands. Upon folding, lone-pair orbitals of appropriate 
symmetry on the bridging oxygen atoms maximize their donation into the unoccupied Ru orbitals. 
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(PPh3)4 .3 Other terminal R u - O R derivatives are the aryl oxide 
R u ( C O ) ( P P h 3 ) J ( ^ - O C 6 H 4 N O ) ( O T - O C 6 H 4 N O 2 ) , 4 porphyrin 
complexes such as R u ( O E P ) ( N O ) ( O M e ) , 5 a [Ru(TPP) (p -
OC 6 H 4 Me)] 2 0 5 b and Ru(TPP)(OEt)(ETOH)-2EtOH, 5 b and the 
ruthenium(III) alkoxides r/ww-[RuCl(OR)(pyr)4]+ (R = Me, Et, 
"Pr, and 1Pr).6 Bridging OR groups are observed in the di-
ruthenium complexes [(?)6-arene)Ru(M-OR)3Ru(?;6-arene)]+,7 

[ ( ' B U N C ) 4 R U ( M - O R ) 2 R U ( C N ' B U ) 4 ] 2 + , 8 and [( 'Bu3P)(CO)2Ru-

(/u-OMe)]2
9 and in ruthenium clusters.10 Aryl oxide ligands have 

also been found to ir-bond to ruthenium through the aromatic 
r ing." Thus, the hydride RuH 2 (PPh 3 ) 4 reacts with phenol to 
afford RuH(7j 5-C 6H 50)(PPh 3) 2 , which was obtained as the un-
solvated complex and in various solvated forms. l l a Bennett and 
Matheson have reported [Ru(?)6-C6H3Me3)(?j6-C6H50H)](BF4)2, 
which is readily deprotonated to [Ru(?j6-C6H3Me3)( j ;6-
C 6 H 5 O)]BF 4 . l l b Finally, in a variety of complexes, alkoxy and 
aryloxy R u - O - C linkages are present as part of a chelating Hg-
a n d . I l d , 1 2 

Our interest in reactive late-transition-metal alkoxide and aryl 
oxide derivatives has led us to attempt syntheses of electron-de
ficient R u - O R complexes. The pentamethylcyclopentadienyl 
derivatives [Cp*RuCl]4 and Cp*Ru(PR 3 )Cl (Cp* = ^ - C 5 M e 5 ; 
R = 'Pr, cyclohexyl) seemed to be promising starting materials 
for this work, since these species are convenient sources of Cp*Ru13 

and Cp*(PR3)Ru1 4 fragments. Here we report methoxy, ethoxy, 

(2) Chaudret, B. N.; Cole-Hamilton, D. J.; Nohr, R. S.; Wilkinson, G. J. 
Chem. Soc, Dalton Trans. 1977, 1546. 

(3) Hayashi, Y.; Komiya, S.; Yamamoto, T.; Yamamoto, A. Chem. Lett. 
1984, 1363. 

(4) Pizzotti, M.; Crotti, C; Demartin, F. J. Chem. Soc, Dalton Trans. 
1984, 735. 

(5) (a) Antipas, A.; Buchler, J. W.; Gouterman, M.; Smith, P. D. J. Am. 
Chem. Soc 1978, 100, 3015. (b) Collman, J. P.; Barnes, C. E.; Brothers, P. 
J.; Collins, T. J.; Ozawa, T.; Gallucci, J. C; Ibers, J. A. Ibid. 1984,106, 5151. 

(6) (a) Nagao, H.; Aoyagi, K.; Yukawa, Y.; Howell, F. S.; Mukaida, M.; 
Kakihana, H. Bull. Chem. Soc. Jpn. 1987, 60, 3247. (b) Aoyagi, K.; Nagao, 
H.; Yukawa, Y.; Ogura, M.; Kuwayama, A.; Howell, F. S.; Mukaida, M.; 
Kakihana, H. Chem. Lett. 1986, 2135. (c) Aoyagi, K.; Yukawa, Y.; Shimizu, 
K.; Mukaida, M.; Takeuchi, T.; Kakihana, H. Bull. Chem. Soc. Jpn. 1986, 
59, 1493. 

(7) (a) Arthur, T.; Robertson, D. R.; Tocher, D. A.; Stephenson, T. A. / . 
Organomet. Chem. 1981, 20S, 389. (b) Gould, R. 0.; Stephenson, T. A.; 
Tocher, D. A. Ibid. 1984, 263, 375. (c) Robertson, D. R.; Stephenson, T. A. 
Ibid. 1978, 157, C47. (d) Oro, L. A.; Garcia, M. P.; Carmona, D.; Foces-
Foces, C; Cano, F. H. Inorg. Chim. Acta 1985, 96, L21. 

(8) Chalmers, A. A.; Liles, D. C; Meintjies, E.; Oosthuizen, H. E.; Pre
toria, J. A.; Singleton, E. J. Chem. Soc, Chem. Commun. 1985, 1340. 

(9) Schumann, H.; Opitz, J. Z. Naturforsch. 1978, 33b, 1338. 
(10) (a) Santini, C. C; Basset, J.-M.; Fontal, B.; Krause, J.; Shores, S.; 

Charrier, C. J. Chem. Soc, Chem. Commun. 1987, 512. (b) Aime, S.; Botta, 
M.; Gobetto, R.; Osella, D.; Padovan, F. / . Chem. Soc, Dalton Trans. 1987, 
253. (c) Johnson, B. F. G.; Lewis, J.; Mace, J. M.; Raithby, P. R.; Vargas, 
M. D. J. Organomet. Chem. 1987, 321, 409. (d) Van Doom, J. A.; Van 
Leeuwen, P. W. N. M. Ibid. 1981, 222, 299. (e) Carty, A. J.; MacLaughlin, 
S. A.; Taylor, N. J. J. Chem. Soc, Chem. Commun. 1981, 476. 

(11) (a) Cole-Hamilton, D. J.; Young, R. J.; Wilkinson, G. J. Chem. Soc, 
Dalton Trans. 1976, 1995. (b) Bennett, M. A.; Matheson, T. W. J. Orga
nomet. Chem. 1979, 175, 87. (c) Bhaduri, S.; Sharma, K.; Jones, P. G. J. 
Chem. Soc, Chem. Commun. 1987, 1769. (d) Rosete, R. 0.; Cole-Hamilton, 
D. J.; Wilkinson, G. / . Chem. Soc, Dalton Trans. 1979, 1618. 

(12) (a) Benson, E. P.; Legg, J. I. Inorg. Chem. 1981, 20, 2504. (b) Lahiri, 
G. K.; Bhattacharya, S.; Mukherjee, M.; Mukherjee, A. K.; Chakravorty, A. 
Ibid. 1987, 26, 3359. (c) Che, C-M.; Cheng, W.-K.; Leung, W.-H.; Mak, 
T. C. W. J. Chem. Soc, Chem. Commun. 1987, 418. (d) Bennett, M. A.; 
Matheson, T. W.; Robertson, G. B.; Steffen, W. L.; Turney, T. W. Ibid. 1979, 
32. (e) Gopinathan, S.; Unni, I. R.; Gopinathan, C; Polyhedron 1986, 5, 
1921. (f) Carrondo, M. A. A. F. de C. T.; Rudolf, P. R.; Skapski, A. C; 
Thornback, J. R.; Wilkinson, G. Inorg. Chim. Acta 1977, 24, L95. (g) Hiraki, 
K.; Katayama, R.; Yamaguchi, K.; Honda, S. Ibid. 1982, 59, 11. 

(13) (a) Fagan, P. J.; Ward, M. D.; Caspar, J. V.; Calabrese, J. C; Krusic, 
P. J. J. Am. Chem. Soc. 1988, 110, 2981. (b) Fagan, P. J., personal com
munication. 

(14) (a) Campion, B. K.; Heyn, R. H.; Tilley, T. D. J. Chem. Soc, Chem. 
Commun. 1988, 278. (b) Campion, B. K.; Heyn, R. H.; Tilley, T. D. J. Am. 
Chem. Soc. 1988, 110, 7558. 

(15) Bray, R. G.; Bercaw, J. E.; Gray, H. B.; Hopkins, M. D.; Paciello, 
R. A. Organometallics 1987, 6, 922. 

(16) Stasunik, A.; Malisch, W. J. Organomet. Chem. 1984, 270, C56. 
(17) Koelle, U.; Kossakowski, J. / . Chem. Soc, Chem. Commun. 1988, 

549. 

and 2,6-di(?erf-butyl)phenoxy derivatives derived from these 
systems and the crystal structures of [Cp*Ru(/Li-OMe)]2 (1), 
[Cp*(CO)Ru(M-OEt)]2 (3), and C P * R U ( T ; 5 - 2 , 6 - ' B U 2 C 6 H 3 0 ) (5). 

In addition, the unusual folded structure of 1 has been examined 
via molecular orbital calculations. The pentamethylcyclo
pentadienyl derivatives C p * ( P M e 3 ) 2 R u O P h 1 5 and Cp*-
(CO)2RuOMe1 6 have previously been reported. Recently, Koelle 
and Kossakowski described an alternate synthesis of [Cp*Ru(jt-
OMe)J2 and conversions of this complex to [Cp*Ru(^-OMe)] 2 -
(M-Ph2PCH2PPh2), Cp*Ru(Ph 2 PCH 2 PPh 2 )OMe, and Cp*Ru-
(bpy)OMe.1 7 

Results and Discussion 

Crystalline samples of [Cp*Ru(/ i -OMe)] 2 (1) were first ob
tained from reactions of [Cp*RuCl 2] 2 with 2 equiv of N a O M e 
in methanol; however, the product was consistently contaminated 
with other, unidentified alkoxide derivatives. Reaction of 
Cp*RuCl2(pyr)1 8 with 2 equiv of N a O M e in methanol occurred 
with loss of pyridine to afford pure 1 in 57% isolated yield after 
crystallization from pentane. These reactions probably involve 
reduction of Ru(II I ) to Ru(I I ) via elimination of formaldehyde 
and hydrogen from the metal (eq 1). A similar elimination of 

-HjC=O -0/2)H, 
R u m - O M e • R u , n - H • R u " (1) 

formaldehyde has been observed in the thermal decomposition 
of (dppe)Pt(OMe)2 . l c Indeed, group 8-10 metal alkoxide com
plexes generally appear to be prone to /3-hydrogen elimination. 
For ruthenium, such an elimination appears to be responsible for 
conversion of RuHCl(PPh 3 ) 3 and N a O M e to the hydride deriv
atives RuH 2 (CO)(PPh 3 ) 3 and R u H 2 ( H 2 C = 0 ) ( P P h 3 ) 3 . 2 Pre
cedent for elimination of hydrogen from a Ru(III) hydride is found 
in the reduction of [Cp*RuCl 2] 2 to [Cp*RuCl] 4 by LiBEt3H.1 3 

Methoxide dimer 1 is more readily obtained in pure form by 
reaction of the tetranuclear cluster [Cp*RuCl] 4 with 4 equiv of 
LiOMe in methanol (eq 2). By this method 1 was obtained in 

[Cp*RuClj4 + 4LiOMe M 8 ° H - 2 FkV - i R u (2) 
-4LlCI ^ ^ ^ , " ' J ^ 

0 S 
Me Me 

1 
84% yield as maroon crystals from diethyl ether. The structure 
of 1 was determined by an X-ray crystal structure determination 
(vide infra). Compound 1 is also formed in the reaction of 16-
electron complex Cp*Ru(PCy 3)Cl with LiOMe (eq 3). In the 

Ru + LiOMe , P c ^ ° . H
L i c r 1 (3) 

Cy3P Cl 

latter reaction products of /3-H elimination, e.g., Cp*Ru-
(PCy 3 ) (H 2 C=O)(H) , were not observed. Thus, both [Cp*RuCl]4 

and Cp*Ru(PCy3)Cl function as sources of " C p * R u O " in for
mation of these alkoxide derivatives. The ethoxide analogue 
[Cp*Ru(/x-OEt)]2 (2) was prepared by the method of eq 2 from 
[Cp*RuCl] 4 and LiOEt. On the basis of a molecular weight 
determination (cryoscopy in dichloromethane), this complex is 
dimeric and presumably has a structure analogous to that for 1. 

On the basis of the crystal structure of 1 and molecular orbital 
calculations (vide infra), which suggest that the ruthenium atoms 
are coordinatively unsaturated, we expected 1 and 2 to be reactive 
toward donor species. Indeed, reaction of 2 equiv of ethanol with 
1 (benzene-rf6, 25 0 C ) results in rapid establishment of an 
equilibrium that interconverts 1 and 2 (eq 4). The methoxide 

(18) Tilley, T. D.; Grubbs, R. H.; Bercaw, J. E., unpublished results. 
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CI19a) CI18I 

C(15a 

C(16a) 

CI17I 

CHa) CI16) 

Figure 1. ORTEP view of 1 with atom-labeling scheme. 

complex is favored in this equilibrium, as shown by the equilibrium 
constant of 0.3, obtained by integration of 1H NMR spectra. 

CCp*Ru(^-OMe):2 

1 

+ 2EtOH [Cp*Ru(/ i-OEt>:2 + 

2 
2MeOH (4) 

Pentane solutions of 2 react with carbon monoxide (20 psi) to 
form the yellow, crystalline adduct [Cp*(CO)RuGu-OEt)]2 (3), 
which was obtained in 55% yield after crystallization from pentane 
(eq 5). The chemical shift for the methylene protons of the ethoxy 

[Cp*Ru(^-OEO]2 
CO 

Cp*Ru 

OC 

Et 

X T 
Et 

RuCp* 

CO 

(5) 

ligands in 3, 8 3.36, is at significantly higher field than the 
analogous shift for the methylene protons for 2, at 8 4.99. The 
structure of 3 was determined unambiguously with X-ray crys
tallography (vide infra). As reported previously by others,17 we 
observe that methoxide 1 reacts with carbon monoxide to give the 
ruthenium(I) dimer [Cp*Ru(CO)(ju-CO)]2. Monitoring this 
reaction by 1H NMR in benzene-d6 using 1 atm of CO revealed 
a quantitative conversion that proceeds through an intermediate 
species 4. On the basis of the chemical shift of the methoxy 
protons for this intermediate (8 3.53), we suggest that it has a 
structure analogous to 3, [Cp*(CO)Ru(jii-OMe)]2. Koelle and 
Kossakowski have also reported a diphosphine adduct analogous 
to 4, the dimer [Cp*Ru(M-OMe)]2G*-Ph2PCH2PPh2).

17 

In attempts to stabilize a monomeric structure, we have carried 
out reactions between [Cp*RuCl]4 and bulky alkoxide reagents. 
The reaction with LiO-2,6-'Bu2C6H3 is shown in eq 6. Yellow 

V4r.cp*RuCn4 + LiO (6) 

crystals of 5 are readily obtained by slow cooling of concentrated 
pentane solutions. The ?;5-oxocyclohexadienyl ligand was char
acterized spectroscopically and by X-ray crystallography (vide 
infra). The large upfield shift of the ring protons of the ?)5-2,6-
'Bu2C6H3O ligand (to 3.87 and 4.85 ppm) upon coordination to 
ruthenium is consistent with observations for related ruthenium 
complexes.11 An intense infrared stretching frequency at 1542 
cm-1, attributed to the carbonyl group of 5, is similar to corre
sponding values reported for RuH(jj5-C6H50)(PPh3)2 (1577 
Cm"1)11' and Rh(7)5-2,6-'Bu2-4-MeC6H20)(PPh3)2 (1548 cm"1).19 

Description of the Structure of 1. The structure of 1 is depicted 
in Figure 1 with the atom-labeling scheme. Crystal and data 

(19) Cetinkaya, B,; Hitchcock, P. B.; Lappert, M. F.; Torroni, S. /. Or-
ganomet. Chem. 1980, 188, C31. 

Table I. 
and 5 

Crystal, Data Collection, and Refinement Parameters for 1, 3, 

formula 
crystal size, mm 

crystal system 
space group 
a, A 
b, A 
c, A 
8, deg 
v, A3 

Z 
p(calcd), g cm-3 

H, mm"' (Mo Ka) 
F(OOO) 

diffractometer 
radiation 

temp, 0C 
monochromator 

scan type 
20 scan range, deg 
scan speed, 

deg/min 
index ranges 

std rflns 
rflns collected 
unique rflns 

obsd rflns 

absorption corr 
min/max trans 

Rr,% 
RviF, % 

GOF 
largest A/tr 
data/param 
largest A(p), e/A3 

1 

(a) Crystal 
C11H18ORu 
0.15 X 0.30 X 

0.40 
monoclinic 
C2/c 
15.821 (8) 
6.659 (3) 
21.51 (1) 
103.32 (3) 
2205 (2) 
8 
1.61 
1.36 
1088 

3 

Parameters 
C26H40O4Ru2 

0.25 X 0.30 X 
0.40 

tetragonal 
PAlxC 
26.22 (2) 
26.22 (2) 
8.709 (5) 

5986 (6) 
8 
1.37 
1.01 
2528 

(b) Data Collection 
Nicolet R3m/V 
Mo Ka (X = 

0.71073 A) 
23 
ordered graphite 

crystal 
0/20 
3 < 20 < 48 
variable, 1.5-15 

0 < h < 18 
0 < * < 7 
-24 < / < 23 
3 std/50 rflns 
3963 
1739 (Rinl = 

0.84%) 
1544 (F > 

6.Oa(F)) 
semiempirical 
0.752/1.000 

Nicolet R3m/V 
Mo Ka (X = 

0.71073 A) 
23 
ordered graphite 

crystal 
0/20 
3 < 20 < 45 
variable, 1.5-15 

0 < h < 28 
0 < k < 28 
0 < / < 9 
3 std/75 rflns 
4416 
2219 (Rim = 

2.20%) 
1736 (F > 

6.Oa(F)) 
semiempirical 
0.515/0.540 

(c) Refinement 
2.17 
2.92 
1.85 
0.003 
13.0 
0.42 

5.68 
8.00 
1.58 
0.004 
11.7 
0.77 

5 

C24H36ORu 
0.30 X 0.40 X 

0.40 
monoclinic 
PlxIn 
12.203 (3) 
10.028 (3) 
18.414 (4) 
99.11 (2) 
2225 (1) 
4 
1.32 
0.70 
928 

Nicolet R3m/V 
Mo Ka (X = 

0.71073 A) 
23 
ordered graphite 

crystal 
0/20 
3 < 20 < 55 
variable, 1.5-15 

0 <h < 14 
0 < k < 11 
-21 < / < 21 
3 std/66 rflns 
5683 
5141 (Ria = 

1.29%) 
3917 (F > 

6.Oa(F)) 
semiempirical 
0.550/0.570 

3.03 
3.90 
1.76 
0.001 
15.7 
0.41 

Table II. Selected Bond Distances (A) and Angles (Deg) for 1" 

Ru(I)-Ru(Ia 
Ru(I)-O(I) 
Ru(I)-O(Ia) 

(a) Bond Distances 
) 2.961 (1) 

2.070 (2) 
2.065 (2) 

Ru(I)-CNT 
Od) -C( I ) 

(b) Bond Angles 
Ru(Ia)-Ru(I)-O(I) 44.2 (1) 
Ru(Ia)-Ru(I)-O(Ia) 44.3 (1) 
0(1)-Ru(l)-0(1< 0 71.8(1) 
0( I ) -Ru(I ) -CNT 144.3 
Q(Ia)-Ru(I)-CNT 143.7 

Ru(Ia)-Ru(I)-

1.748 
1.389 (4) 

•CNT 150.0 
Ru(I)-O(I)-C(I) 124.3 (2) 
Ru(Ia)-O(I)-C(I) 125.1 (2) 
Ru(I)-O(I)-Ru(Ia) 91.5 (1) 

"CNT denotes the centroid of the 77'-C5Me5 ring. 

collection parameters for all three structure determinations are 
summarized in Table I. Relevant geometrical parameters for 
1 are listed in Table II. The structure of 1 consists of discrete 
dimers with no abnormally short intermolecular contacts. The 
molecule possesses a C2 axis perpendicular to the ruthenium-
ruthenium vector and relates the two Cp*RuOMe units of the 
dimer. In addition, there are approximate (noncrystallographic) 
mirror planes that bisect the dimer, one containing the bridging 
methoxide ligands and the other containing the two ruthenium 
atoms (Figure 2). 

Interestingly, 1 adopts a dimeric structure rather than a tet-
rameric, distorted cube analogous to [Cp*RuCl]4

13 and [(J;6-
C6H6)Ru(0H)]4[S04]2-12H20.20 This could be for steric reasons, 

(20) Gould, R. O.; Jones, C. L.; Robertson, D. R.; Stephenson, T. A. J. 
Chem. Soc, Chem. Commun. 1977, 222. 
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Figure 2. View of 1 down the Ru-Ru vector. 

Figure 3. ORTEP view of 3 with atom-labeling scheme. 

since the Cp* ligand may be too large to participate in such a 
tetrameric structure with the relatively small oxygen donors as 
bridging groups. The two independent Ru-O distances of 2.070 
(2) and 2.065 (2) A are quite similar to the observed average Ru-O 
distance in [(77S-C6H6)RuOi-OMe)3Ru(^-C6H6)] [BPh4], 2.060 
(8) A.7b Also, the Ru-O-Ru angle at the bridging oxygen atoms, 
91.5 ( I ) 0 , is consistent with values reported for the latter com
pound (93.9 (3), 94.6 (3), and 92.6 (3)°). The 0 ( I ) - O ( I a ) 
distance of 2.43 A, like the comparable distance in [(r;6-C6H6)-
Ru(OH)]4[S04]2-12H20 (2.62 A),20 is less than the 0 - 0 van 
der Waals contact distance of 2.80 A.21 

The coordination environment about the ruthenium center is 
very nearly trigonal planar, if the Cp* ligand is considered to 
occupy a single coordination site. The Ru2O2 core is not planar 
but is bent in a butterfly fashion resulting in a fold angle of 124.3° 
(angle between the two RuO2 planes). This bending results in 
a Ru-Ru separation of 2.961 ( I )A, which is comparable to the 
nonbonding distance observed in [(^-C6H6)Ru(Jt-OMe)3Ru-
(T76-C6H6)] [BPh4], 3.005 (2) A.7b This distance is significantly 
longer than typical Ru-Ru single bonds, e.g., 2.738 (4) A in 
Ru202(CH2SiMe3)6

22 and 2.85-2.86 A in Ru3(CO)12.
23 Bending 

of the molecule results in rather close contacts between methyl 
groups of the two Cp* ligands, as evidenced by the C(18)-C(19a) 
and C(19)-C(18a) separations of 3.83 A, which are less than the 
van der Waals contact distance of 4.0 A.21 Overall, the geometry 
of 1 resembles that previously reported for [(CO)2Rh(M-Cl)J2, 
which is bent along the Cl-Cl axis (fold angle 124°) with a Rh-Rh 
distance of 3.12 A.24 

(21) Pauling, L. The Nature of the Chemical Bond, 3rd ed; Cornell 
University Press: Ithaca, NY, 1960; p 260. 

(22) Tooze, R. P.; Wilkinson, G.; Motevalli, M.; Hursthouse, M. B. J. 
Chem. Soc, Dalton Trans. 1986, 2711. 

(23) Churchill, M. R.; Hollander, F. J.; Hutchinson, J. P. Inorg. Chem. 
1977, 16, 2655. 

(24) (a) Dahl, L. F.; Martell, C; Wampler, D. L. J. Am. Chem. Soc. 1961, 
S3, 1761. (b) Norman, J. G., Jr.; Gmur, D. J. Ibid. 1977, 99, 1446. 
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Table III. Selected Bond Distances (A) and Bond Angles (Deg) for 3" 

(a) Bond Distances 
Ru(I)-O(I) 
Ru(l)-0(2) 
Ru(l)-C(25) 
Ru(I)-CNT(I) 
Ru(I)-C(I) 
Ru(l)-C(2) 
Ru(l)-C(3) 
Ru(l)-C(4) 
Ru(l)-C(5) 
Ru(2)-0(1) 
Ru(2)-0(2) 
Ru(2)-C(26) 

2.10 (1) 
2.12(1) 
1.82(2) 
1.86 
2.31 (2) 
2.26 (2) 
2.20 (2) 
2.18 (2) 
2.20 (2) 
2.12 (1) 
2.12 (1) 
1.82 (2) 

Ru(2)-CNT(2) 
Ru(2)-C(ll) 
Ru(2)-C(12) 
Ru(2)-C(13) 
Ru(2)-C(14) 
Ru(2)-C(15) 
0(3)-C(25) 
0(4)-C(26) 
0(1)-C(21) 
C(21)-C(22) 
0(2)-C(23) 
C(23)-C(24) 

1.86 
2.19 (2) 
2.19 (2) 
2.26 (2) 
2.29 (2) 
2.18 (2) 
1.20 (2) 
1.20 (3) 
1.44 (2) 
1.50 (4) 
1.37 (3) 
1.46 (4) 

(b) Bond Angles 
0(l)-Ru(l)-0(2) 
0(1)-Ru(l)-C(25) 
0( I)-Ru(I)-CNT(I) 
0(2)-Ru(l)-C(25) 
0(2)-Ru( l)-CNT(l) 
C(25)-Ru(l)-CNT(1) 
0(l)-Ru(2)-0(2) 
0(1)-Ru(2)-C(26) 
0(1)-Ru(2)-CNT(2) 
0(2)-Ru(2)-C(26) 
0(2)-Ru(2)-CNT(2) 

72.2 (4) 
97.4 (6) 
124.8 
96.6 (7) 
125.5 
125.9 
71.8 (4) 
98.3 (7) 
127.0 
97.3 (7) 
125.0 

C(26)-Ru(2)-CNT(2) 
Ru(l)-0(1)-Ru(2) 
Ru(l)-0(1)-C(21) 
Ru(2)-0(1)-C(21) 
Ru(l)-0(2)-Ru(2) 
Ru(l)-0(2)-C(23) 
Ru(2)-0(2)-C(23) 
0(1)-C(21)-C(22) 
0(2)-C(23)-C(24) 
Ru(l)-C(25)-0(3) 
Ru(2)-C(26)-0(4) 

123.8 
106.6 (5) 
126(1) 
120 (1) 
105.9 (5) 
120 (1) 
124(1) 
108 (2) 
120 (2) 
165 (2) 
172 (2) 

0CNT denotes the centroid of the ^-C5Me5 ring. 

Figure 4. ORTEP view of 5 with atom-labeling scheme. 

Description of the Structure of 3. An ORTEP view of 3 is given 
in Figure 3, and a list of distances and angles in the molecule is 
given in Table III. The dimers are bisected by two approximate 
(noncrystallographic) mirror planes, one containing the ruthenium 
atoms and carbonyl ligands, and the other containing the ethoxy 
groups. The Ru2O2 core of 3 is puckered by 162.5° (angle between 
the two RuO2 planes) and is therefore more "flattened" than the 
Ru2O2 core of 1. In contrast to 1, bending at the oxygen-oxygen 
vector is in the direction of the Cp* ligands. This geometry results 
in Ru-O-Ru angles, 106.6 (5) and 105.9 (5)°, that are larger 
than the one found in 1,91.5 (1)°. However, the O-Ru-0 angles 
found in 3, 71.8 (4) and 72.2 (4)°, are not significantly different 
from the value of 71.8 (1) ° observed for 1. The Ru-Ru separation 
(3.39 A) is too long to be consistent with the presence of a Ru-Ru 
bond. The coordination geometry at each ruthenium may be 
described as a somewhat distorted "three-legged piano stool" (see 
angles at Ru(I) and Ru(2)). There appears to be no significant 
steric interaction between Cp* ligands of the dimer, since the 
smallest carbon-carbon separation involving these Cp* ligands 
is 4.15 A, between C(19) and C(6). As might be expected based 
on differences in coordination numbers, the Ru-O distances in 
3, 2.10 (I)-2.12 (I)A, are slightly larger than the corresponding 
distances in 1. Also consistent with the higher coordination 
number in 3, the Ru-Cp* (centroid) distance (1.86 A) is greater 
than the analogous distance in 1 (1.75 A). 

Description of the Structure of 5. Compound 5 (Figure 4) is 
an 18-electron ruthenium sandwich complex containing an r/5-
oxocyclohexadienyl ligand. The molecule possesses an approximate 
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Table IV. Selected Bond Distances (A) and Bond Angles (Deg) for 5° 

Ru-C(Il) 2.183 (3) 
Ru-C(12) 2.192 (3) 

(a) Bond Distances 

Ru-C(13) 
Ru-C(15) 

2.295 (3) 
2.300 (3) 

Ru-C(16) 2.196 (3) 

C(13)-C( H)-O(I) 
C(15)-C(14)-0(l) 
C(13)-C(14)-C(15) 
C(12)-C(ll)-C(16) 
C(ll)-C(12)-C(13) 
C(ll)-C(16)-C(15) 
C(12)-C(13)-C(14) 
C(12)-C(13)-C(31) 
C(14)-C(13)-C(31) 

Ru-CNT 
0(1)-C(14) 
C(ll)-C(12) 
C(ll)-C(16) 
C(12)-C(13) 

1.833 
1.256 (4) 
1.397 (5) 
1.404 (5) 
1.418 (4) 

C(13)-C(14) 
C(14)-C(15) 
C(15)-C(16) 
C(13)-C(31) 

1.471 (4) 
1.463 (4) 
1.418 (4) 
1.548 (4) 

C(15)-C(51) 1.535 (4) 

(b) Bond Angles 
122.3 (3) 
122.6 (3) 
114.8 (3) 
119.2 (3) 
121.4 (3) 
121.6 (3) 
119.7 (3) 
120.1 (3) 
118.5(3) 

C(16)-C(15)-C(14) 
C(16)-C(15)-C(51) 
C(14)-C(15)-C(51) 
C(Il)-Ru-CNT 
C(12)-Ru-CNT 
C(13)-Ru-CNT 
C(15)-Ru-CNT 
C(16)-Ru-CNT 

119.5 (3) 
119.9 (3) 
118.8 (3) 
137.2 
139.0 
142.8 
142.8 
139.3 

0CNT denotes the centroid of the Ij5-CsMe5 ring. 

mirror plane through Ru, O(l) , C(I), C(6), C(I l ) , and C(14). 
The mean deviation from a least-squares plane calculated for these 
atoms is 0.04 A, with the maximum deviation being 0.08 A for 
C(6). 

The pentadienyl nature of the 2,6-'Bu2C6H3O group is clearly 
demonstrated by the bonding parameters (Table IV). Generally, 
distances and angles for the 77'-2,6-'Bu2C6H3O ligand of 5 are 
comparable to corresponding parameters in Rh(7j5-2,6-'Bu2-4-
MeC6H20)(PPh3)2.19 Ring carbon-carbon distances within the 
pentadienyl fragment are shorter (1.397 (5)—1.418 (4) A) than 
the carbon-carbon bonds to C(14) (1.463 (4), 1.471 (4) A). The 
C(14)-0 distance of 1.256 (4) is clearly consistent with dou
ble-bond character and is similar to analogous distances reported 
for Rh(r,5-2,6-'Bur4-MeC6H20)(PPh3)2 (1.28 A)19 and RuH-
(7,5-C6H50)(PPh3)2-MeOH (1.277 A). l l a Also consistent with 
the structure of Rh(?75-2,6-'Bu2-4-MeC6H20)(PPh3)2, the para 
carbon of the oxocyclohexadienyl ligand is bound most closely 
to the metal (Ru-C(Il) = 2.183 (3) A), followed by the meta 
(Ru-C(12) = 2.192 (3), Ru-C(16) = 2.196 (3) A) and ortho 
(Ru-C(13) = 2.295 (3), Ru-C(15) = 2.300 (3) A) carbons. The 
Ru-C(14) distance, 2.554 (3) A, is quite long and reflects the 
absence of a significant bonding interaction. 

Puckering in the 2,6-'Bu2C6H3O ligand is evident from exam
ination of least-squares planes. Atoms C(I l ) , C(12), C(13), 
C(15), and C(16), corresponding to the pentadienyl fragment, 
define a reasonably good plane with a mean deviation of 0.008 
A. The maximum deviation from this plane is 0.013 A by C(11), 
toward the ruthenium atom. The carbonyl carbon C(14) and 0(1) 
lie 0.26 and 0.57 A, respectively, out of this plane. The angle 
between the latter plane and the one defined by C(13), C(14), 
and C(15) is 19.1°. Finally, the two carbocyclic ligands bound 
to ruthenium are not quite parallel, since the plane of C(I l ) , 
C(12), C(13), C(15), and C(16) makes an angle of 7.2° with the 
plane defined by C(l)-C(5) of the Cp* ligand. 

Molecular Orbital Analysis of [CpRu(^-OMe)]2. In order to 
investigate the unusual geometry of 1 and its diamagnetism in 
the apparent absence of a Ru-Ru bond, we have investigated the 
electronic structure of [CpRu(/n-OMe)]2 (I') by using Fenske-Hall 
molecular orbital calculations.25 The analysis will be similar to 
that which we have used previously on piano stool dimer systems.26 

We will initially consider the hypothetical pseudo-Z)y, conformer 
in which the dihedral angle between the two RuO2 planes is 180°. 

The frontier orbitals of a typical CpM fragment have, of course, 
been analyzed in detail by several authors.27 The interaction of 
the Cp ligand with the metal atom occurs principally through 
donation from the e," Cp orbitals into the M d7r orbitals, leading 
to the d-orbital energetic ordering d<5 (x2-y2, xy) < do- (z2) « 
dir (xz, yz). In a d6 CpRu+ fragment, the d<5 and d<r orbitals will 

(25) Hall, M. B.; Fenske, R. F. Inorg. Chem. 1972, 11, 768. 
(26) See, for example: (a) Bursten, B. E.; Cayton, R. H.; Gatter, M. G. 

Organometallics 1988, 7, 1342. (b) Bursten, B. E.; Cayton, R. H. Ibid. 1988, 
7, 1349. (c) Bursten, B. E.; Cayton, R. H. Polyhedron 1988, 7, 943. 

(27) Burdett, J. K.; Albright, T. A.; Whangbo, M.-H Orbital Interactions 
in Chemistry; Wiley: New York, 1985; Chapter 20 and references therein. 

-6 _ 

eV T 

-20 CpRu+ [CpRu]2
2 2 OMe" 

Figure 5. Molecular orbital diagram showing the formation of 
[CpRu—RuCp]2+ from CpRu+ and its interaction with 2OMe" to form 
V. The Cp-based orbitals of V are not shown. The arrows indicate the 
HOMO of each species. 

be fully occupied and the "dir" orbitals (which are Cp-Ru an-
tibonding) will be empty. We now allow two CpRu+ fragments 
to interact to form [CpRU-RuCp]2+ at a Ru-Ru distance of 2.96 
A. At this distance, the Ru-Ru interaction is weaker than the 
splitting induced by the Cp ligands, and a nonbonded a2<54<5*4a*2 

configuration results, as shown in Figure 5. Neither the desta-
bilization of the Ru-Ru a* orbital nor the stabilization of the 
Ru-Ru -K orbital is great enough to lead to net Ru-Ru bonding. 

Two OMe - ligands will now be allowed to interact with 
[CpRU-RuCp]2+ to generate a conformer of V in which the two 
Ru atoms and the two O atoms are coplanar. The important donor 
orbitals of an alkoxide ligand are the a lone pair on the oxygen 
atom (OCT), and the two -K lone pairs on O, which will be designated 
Oirpar (parallel to Ru-Ru axis) and 0 ^ ^ (perpendicular to the 
Ru-Ru axis). From overlap considerations, it would be expected 
that the ordering of interaction of the alkoxide lone pairs with 
the Ru atoms would be 0^Vil > Oa > O T T ^ . It is seen in Figure 
5 that, indeed, the strongest interactions are donation from the 
b lg combination of Oir^ into the Ru-Ru w* orbital of appropriate 
symmetry and from the b2u combination of Oa into the in-plane 
Ru-Ru ir orbital. These two interactions compose a delocalized 
four-center, four-electron bonding scheme similar to that which 
we have discussed in other piano stool dimer systems.26 

The other interactions between the OMe" ligands and the di-
ruthenium unit are less productive with regard to Ru-O bonding. 
The symmetric (ag) combination of the Oa orbitals can, and does, 
interact strongly with the Ru-Ru a orbital. Likewise, the b3u 

combination of the Oirpar orbitals interacts well with both the 
Ru-Ru a* and one of the o* orbitals. These filled—filled inter
actions contribute nothing to net bonding within the Ru2O2 core. 
The 0 ^ ^ orbitals interact only weakly with the appropriate 
Ru-Ru o and ir orbitals; because of poor overlap, these have little 
consequence on the Ru-O bonding. 

Will the Ru-O bonding strengthen or weaken as the molecule 
is distorted into a folded C2v structure such as that observed for 
1? The answer will depend on the influence of the geometric 
distortion on the donation from the alkoxide ligands into empty 
orbitals of the Ru2 fragment. We have chosen a distortion co
ordinate in which the Ru-Ru distance does not change, so that 
Ru-Ru bonding should not be affected by the distortion. We have 
also constrained the Cp(centroid)-Ru vectors to bisect the O-O 
vector, a feature evident in the structure of 1. As the dihedral 
angle between the two O-Ru-0 planes is varied from 180° 
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Figure 6. (a) Plots of the overlap populations between the Ru atoms and 
the Ocr, OT^, and OtT^n, orbitals in Y as a function of the dihedral angle 
between the two O-Ru-0 planes, (b) Plots of the Fenske-Hall total 
energy (•) and the total Ru-O overlap population (•) as a function of 
the dihedral angle. 

(planar, "D21,") to 80° (folded, C20), we observe the following 
effects on the Ru-O overlap populations (Figure 6a): (1) As 
expected, the Ou donation, which should be the most omnidi
rectional of the interactions, is largely invariant to the folding. 
(2) The small Ow^^ donation is also invariant to the folding down 
to ca. 100°, at which point the two O T ^ orbitals start strongly 
repelling one another. (3) The folding has its major influence 
on the donation from the Oirpar orbitals, with an increase in the 
O to Ru donation as the dihedral angle decreases. 

The increased 07rpar to Ru donation upon folding is due pri
marily to an increase in the overlap of the OTT^,. a2 combination 
with the antisymmetric d?r orbital combination that has its origin 
in the in-plane TT* orbital: 

• O <f 
The b, combination of the 07rpar orbitals, which participated in 
a filled—filled interaction with one of the 5* orbitals in the planar 
conformation (and donation into the higher lying Ru 5s and 5p 
orbitals), can now, by symmetry, interact with the other anti
symmetric d-Tr combination: 

While this would allow donation into an acceptor orbital that was 
not utilized in the planar arrangement, we find very little such 
donation; the poor overlap of the "vertical" dir orbitals with the 
07Tp^ orbitals mitigates against a good interaction. This is con
sistent with the availability of these vertical dir orbitals as acceptors 
for incoming nucleophiles. That the donation from the a2 com
bination dominates the donation from the Ow^ orbitals is evident 
from a transformation of the 120° calculation onto the canonical 
orbitals of the [OMe]2

2" fragment. The Mulliken populations of 
the a2 and bj 07rpar combinations (1.55 and 1.66, respectively) 
indicate the predominance of donation from the former. 

Figure 6b shows plots of the total Ru-O overlap population 
and the Fenske-Hall total energy28 of 1' as a function of the 
dihedral angle. These two plots are nearly mirror images of one 
another, and the minimum total energy and maximum overlap 
population are both achieved at an angle of about 120°, in excellent 
agreement with the observed structure of 1. We believe that the 
close relationship between the Ru-O overlap population, the total 

(28) Batt, R. H.; Bursten, B. E.; Luth, K. W., unpublished results. 

energy, and the experimental observation provide strong support 
for the folding of 1 being due to the electronic influence of the 
alkoxide ligands. We see no appreciable direct Ru-Ru interaction 
and do not believe that metal-metal bonding can be responsible 
for the observed structure. 

These conclusions have both similarities to and differences from 
those reached for other folded and bridged dinuclear systems. 
Norman and Gmur24b used the Xa-SW method to advance an 
explanation for the bent structure of Rh2Cl2(CO)4, a molecule 
that, like 1, has a long (3.12 A) metal-metal separation. They 
conclude that the bridging Cl ligands induce an enhanced Rh-Rh 
interaction, a somewhat different explanation than that reached 
here. Burdett has examined the bridging-ligand effects on the 
dihedral angle in a series of Fe2(C0)6(ju-AX2)2 complexes.29 

These d7-d7 dimers generally have Fe-Fe bond lengths consistent 
with a single Fe-Fe bond, and the variation of the dihedral angle 
is attributed to a balance between the metal-metal bonding and 
metal-ligand antibonding in the HOMO of the complexes. The 
analogue of this orbital is unoccupied in the d6-d6 systems, and 
hence the explanations must be somewhat different for the two 
types of molecules. Burdett does note that for a d6-d6 system of 
the same ilk (none of which were structurally characterized at 
the time) no metal-metal bond would be expected. 

The analysis presented here also seems consistent with the 
observed structure of another [CpM(ju-0R)]2 species, namely, 
[CpCr(M-0'Bu)]2 (6).30 This d4-d4 dimer has a Cr-Cr bond 
length of 2.65 A, indicative of a Cr-Cr single bond. With ref
erence to the MO diagram in Figure 5, it is expected that the a* 
orbital, which was occupied in Y, will be empty in 6, leading to 
a net Cr-Cr a bond. Two more electrons must necessarily be 
removed from the remaining closely spaced manifold of metal-
based orbitals and will lead to a more complicated picture of 
metal-alkoxide bonding. The molecule is paramagnetic and 
nonplanar,30 evidence for partial occupation of at least two of these 
orbitals. A complete comparison of the electronic structures of 
Y and 6 will not be presented here. 

In summary, the diamagnetism of 1 can be attributed to the 
strong d-orbital splitting induced by the Cp* ligands; this nicely 
separates the Ru 7r orbitals from the <r and <5 and leaves six lower 
lying Ru-based orbitals in which to house the 12 Ru-based 
electrons. The folded C2v structure of 1 is due to the electronic 
preferences of the bridging alkoxide ligands; the folding allows 
the 0-7Tp31. orbitals of these ligands to maximize their donation into 
the unoccupied Ru orbitals. 

Experimental Section 
General. Manipulations were conducted under an atmosphere of ni

trogen or argon using standard Schlenk techniques and/or a Vacuum 
Atmospheres glovebox. Rigorously dried, oxygen-free solvents were em
ployed throughout. Elemental analyses were performed by Mikroana-
lytisches Labor Pascher. Infrared spectra were recorded on a Perkin-
Elmer 1330 instrument. NMR spectra were obtained with either a GE 
QE-300 instrument at 300 (1H) and 75.5 (13C) MHz or a Varian EM 
390 (90 MHz, 1H). The starting materials [Cp*RuCl2]2,

31 

[Cp4RuCl]4,
13 and Cp*Ru(PCy3)Cl14a were prepared by literature pro

cedures. Lithium methoxide was prepared by slow addition of pieces of 
lithium wire to methanol and was isolated by removal of excess methanol 
under vacuum. LiO-2,6-'Bu2C6H3 was prepared by reaction of "BuLi 
with HO-2,6-'Bu2C6H3 in hexane. 

[Cp*Ru(ju-OMe)]2 (1). (a) At room temperature methanol (50 mL) 
was added to a flask containing both LiOMe (0.043 g, 1.13 mmol) and 
[Cp*RuCl]4 (0.20 g, 0.18 mmol). After the resulting mixture was stirred 
for 36 h, all volatiles were removed in vacuo. The residue was then 
extracted with diethyl ether (2 X 40 mL, 15 mL). The extracts were 
combined, concentrated to ca. 20 mL, and cooled to -40 0C to afford 
maroon crystals (dec > 175 0C) of the product in 84% yield (0.164 g). 
Anal. Calcd for C22H36O2Ru2: C, 49.4; H, 6.79. Found: C, 49.6; H, 
6.89. IR (Nujol, CsI, cm"1): 2792 w, 1119 s, 1050 br m, 500 w, 460 w, 
440 w. 1H NMR (300 MHz, benzene-d6, 22 0C): 6 1.62 (s, 15 H, 

(29) Burdett, J. K. J. Chem Soc, Dalton Trans. 1977, 423. 
(30) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Rideout, D. C. Inorg. 

Chem. 1979, IS, 120. 
(31) (a) Tilley, T. D.; Grubbs, R. H.; Bercaw, J. E. Organometallics 1984, 

3, 274. (b) Oshima, N.; Suzuki, H,; Moro-oka, Y. Chem. Lett. 1984, 1161. 



4718 J. Am. Chem. Soc, Vol. Ill, No. 13, 1989 Loren et al. 

C5Me5), 4.83 (s, 3 H, OCH3). 13CI1Hj NMR (75.5 MHz, benzene-rf6, 
22 0C): h 11.46 (C5AZe5), 70.37 (OCH3), 70.46 (C5Me5). UV-vis 
(pentane, nm, e values in parentheses): 302 (2950), 506 (1210). 

(b) At room temperature, methanol (25 mL) was added to a flask 
containing both LiOMe (0.013 g, 0.36 mmol) and Cp*Ru(PCy3)Cl (0.20 
g, 0.36 mmol). Within minutes the solution turned maroon. After 40 
min of stirring, the solvent was removed in vacuo and the crude solid 
extracted with pentane (2 x 25 mL). The resulting maroon solution was 
concentrated and cooled to -40 0C to give 1 in 25% yield (0.025 g). 

[Cp*Ru(M-OEt)]2 (2). To [Cp*RuCl]4 (0.30 g, 0.27 mmol) in ethanol 
(40 mL) was added a solution of LiOEt (0.057 g, 1.10 mmol) in 10 mL 
of ethanol. The solution began to turn maroon after ca. 5 min. After 
3 h the solvent was removed in vacuo and the resulting orange-maroon 
solid extracted into diethyl ether (2 x 40 mL). Cooling the combined 
extracts to -40 0C allowed isolation of the product as maroon crystals 
(did not melt up to 280 0C) in 46% yield (0.14 g). Anal. Calcd for 
C24H40O2Ru2: C, 51.2; H, 7.16. Found: C, 51.1; H, 7.21. IR(NuJoI, 
CsI, cm"1): 1360 s, 1340 m sh, 1258 w, 1096 s, 1050 s, 1020 s, 890 m, 
778 w, 568 br m, 420 br w. 1H NMR (300 MHz, benzene-d6, 22 0C): 
h 1.50 (t, 6 H), 1.62 (s, 30 H), 4.99 (q, 4 H). 13CI1HI NMR (75.5 MHz, 
benzene-d6, 22 0C): 6 11.47 (C5Me5), 21.20 (OCH2CH3), 70.2 (C5Me5), 
76.07 (OCH2CH3). 

[Cp*(CO)Ru(n-OEt)]2 (3). Compound 2 (0.075 g, 0.13 mmol) was 
dissolved in pentane (40 mL) at room temperature to give a maroon 
solution, which was transferred to a pressure bottle. Carbon monoxide 
(20 psi) was admitted and within 2 min the solution turned yellow. After 
stirring for 2 h, the solution was degassed and filtered. Concentration 
and cooling (-40 0C) gave the product as yellow crystals (mp 141-142 
0C) in 55% yield (0.040 g). Anal. Calcd for C26H40O4Ru2: C, 50.5; H, 
6.52. Found: C, 50.3; H, 6.38. IR (benzene-</6 solution, CaF2, cm-1): 
2970 m, 2908 m, 2840 sh m, 2758 sh m, 1912 s, 1653 m, 1445 w br, 1369 
m, 1095 m, 1045 m. 1H NMR (300 MHz, benzene-rf6, 22 0C): h 1.30 
(t, 6 H), 1.45 (s, 30 H), 3.36 (q, 4 H). 13C NMR (75.5 MHz, benz
ene-^, ppm): h 10.04 (q, J = 127 Hz, C5AZe5), 18.54 (q, J = 125 Hz, 
OCH2CH3), 72.83 (t, J = 132 Hz, OCH2CH3), 90.24 (C5Me5), 211.25 
(RuCO). 

Cp*Ru(rj5-2,6-'Bu2C6H30) (5). At room temperature toluene (40 mL) 
was added to a flask containing [Cp4RuCl]4 (0.20 g, 0.18 mmol) and 
LiO-2,6-'Bu2C6H3 (0.157 g, 0.74 mmol). The solution immediately 
turned orange-brown. After 35 min, solvent was removed in vacuo and 
the crude residue extracted into pentane (50 mL). Upon concentration 
and cooling (-40 0C), yellow crystals (mp 227-228 0C) of the product 
were obtained in 20% yield (0.06 g). No attempt was made to maximize 
the yield of 5. Anal. Calcd for C24H36ORu: C, 65.3; H, 8.22. Found: 
C, 65.0; H, 8.22. IR (Nujol, CsI, cm"1): 1542 s, 1353 m, 1251 w, 1107 
w, 1074 br w, 1025 m, 884 w, 857 w, 741 m, 633 w. 1H NMR (300 
MHz, benzene-J6, 22 0C): 5 1.56 (s, 15 H), 1.60 (s, 18 H), 3.87 (t, 1 
H), 4.85 (d, 2H). 13C(1HI NMR (75.5 MHz, benzene-</6, ppm): «11.75 
(C5AZe5), 29.80 (CAZe3), 34.97 (CMe3), 74.02, 74.15, 84.57, 84.84, 
102.21 (^-2,6-'Bu2H3C5C=O), 88.70 (C5Me5), 158.68 (??5-2,6-
'Bu2H3C5C=O). 

Collection and Solution of Diffraction Data. Parameters summarizing 
the collection and solution of diffraction data for 1, 3, and 5 are contained 
in Table I. Crystals of 1 and 3 were mounted in glass capillary tubes in 
an inert-atmosphere glovebox and then flame-sealed. Crystals of 5 were 
mounted in glass capillaries in air. In all cases the data were corrected 
for absorption by using a semiempirical procedure that refines six pa
rameters defining a pseudoellipsoid. Each structure was solved by direct 
methods and refined by full-matrix least-squares methods (SHELXTL PLUS 
computer programs, Nicolet Instrument Corp., Madison, WI). 

For 1, systematic absences could not distinguish between space groups 
C2/c and Cc. Solution and isotropic refinement were conducted in both 
space groups, and the choice of C2/c is based on the results of signifi

cance tests on the R factor.32 A 2(6) rotation at a = '/2. c - iU relates 
the two halves of the dimer. AU non-hydrogen atoms were refined an-
isotropically. Hydrogen atoms were initially found from a Fourier dif
ference map, refined, and then constrained at a fixed distance (rf(C-H) 
= 0.96 A) and given a fixed isotropic thermal parameter. 

Systematic absences uniquely determined the tetragonal space group 
for 3. Due to the limited amount of data, only Ru(I), Ru(2), O(l), and 
0(2) were refined anisotropically. Hydrogen atoms were placed in fixed, 
idealized positions and were given a fixed isotropic thermal parameter. 
The absolute configuration was determined by inverting all atom coor
dinates, refining the new structure, and comparing R factors for the two 
refinements. The structure described is the correct enantiomorph. 

The space group for 5 was also uniquely determined from systematic 
absences. Of the observed reflections (F > 6<r(F)), 4 had A/a > 10 and 
were removed from the final refinement. All non-hydrogen atoms were 
refined anisotropically. Hydrogen atoms of the pentadienyl fragment 
(H(Il) , H(12), and H(16)) were located via Fourier difference maps and 
then fixed (rf(C-H) = 0.96 A) with independent isotropic thermal pa
rameters. The remaining hydrogen atoms were fixed in idealized posi
tions with fixed isotropic thermal parameters. 

Calculational Details. Molecular orbital calculations were performed 
on an IBM 3081-D computer system using the Fenske-Hall approximate 
MO method.25 The bond lengths used for [CpRu(ji-OCH3)]2 were taken 
from the crystal structure of [Cp*Ru(M-OCH3)]2 and were idealized to 
C2„ symmetry. Local Dih symmetry was invoked upon the cyclo-
pentadienyl rings, and a C-H distance of 1.08 A was assumed. The 
remaining metric parameters, as a function of the dihedral angle between 
the two RuO2 planes, were determined by constraining the Ru-Ru dis
tance to be 2.961 A, the Ru-O distance to be 2.070 A, and the Ru-
Cp(centroid) distance to be 1.748 A and by requiring the Ru-Cp(cen-
troid) vector to bisect the O-O vector. 

All atomic wave functions were generated by using the method of 
Bursten, Jensen, and Fenske.33 Contracted double-f representations were 
used for the Ru 4d AOs and for the C and O 2p AOs. An exponent of 
1.16 was used for the hydrogen Is AO.34 The basis functions for Ru 
were derived for the +2 oxidation state (s°d") with the 5s and 5p expo
nents fixed at 2.0. 

The calculations were performed by using a fragment approach, as we 
have done previously.26 All calculations were converged with a self-
consistent-field iterative technique using a convergence criteria of 0.0010 
as the largest deviation of atomic orbital populations between successive 
cycles. 
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