
Subscriber access provided by NAT PINGTUNG UNIV EDUCATION

Organometallics is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036

Efficient synthesis, redox characteristics, and electronic structure
of a tetravalent tris(cyclopentadienyl)cerium alkoxide complex

Antonino. Gulino, Maurizio. Casarin, Vincent P. Conticello, John G.
Gaudiello, Heiko. Mauermann, Ignazio. Fragala, and Tobin J. Marks

Organometallics, 1988, 7 (11), 2360-2364• DOI: 10.1021/om00101a016 • Publication Date (Web): 01 May 2002

Downloaded from http://pubs.acs.org on April 28, 2009

More About This Article

The permalink http://dx.doi.org/10.1021/om00101a016 provides access to:

• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://dx.doi.org/10.1021/om00101a016


2360 Organometallics 1988, 7, 2360-2364 

and no enhancement a t  6 3.78. Irradiation at 6 6.30 resulted in 
a 3.5% enhancement a t  6 3.62 and no enhancement at 6 3.78. 
Irradiation at 6 3.62 resulted in a 4.3% enhancement at 6 6.52 
and no enhancement a t  6 6.30. Irradiation at  6 3.78 resulted in 
a 1.3% enhancement at 6 6.52 and less than 0.5% enhancement 
at 6 6.30. 

Reaction of [ (2-Furyl)methoxycarbene]pentacarbonyl- 
chromium (7) with l-Hexyne: Acetylative Workup.Gb The 
reaction of complex 7 and l-hexyne was carried out according to 
the procedure described above for the reaction of 7 and 3-hexyne 
and required 20 h at 85 "C to go to completion in THF. After 
the reaction was complete, 2 equiv of acetic anhydride and a 
catalytic amount (-0.05 equiv) of sodium acetate was added to 
the reaction mixture which was then degassed by the freeze-thaw 
method (two cycles) and then heated at 85 "C for an additional 
6 h. The reaction mixture was opened to air and stripped of 
volatiles and the resultant residue taken up in ether and filtered 
through Celite. After removal of the ether the residue was quickly 
chromatographed through silica gel, which had been pretreated 
with triethylamine, by elution with hexanes, which had been 
previously degassed be purging with argon, to give a 29% yield 
the furan 68. Elution with 10% ethyl acetate in hexanes gave 
a 60% yield of acetylated benzofuran 67. The following spectral 
data were collected for the benzofuran 67: 'H NMR (CDC13) 6 
0.94 (t, 3 H, J = 7.4 Hz, CHzCH3), 1.37 (sext, 2 H, J = 7.6 Hz, 
CH2CHzCH3), 1.58 (pent, 2 H, J = 7.7 Hz, CH2CH2CHzCH3), 2.38 
(s, 3 H, -COzCH3), 2.57 (br t, 2 H, J = 7.7 Hz, -CHzCHzCH2CH3), 
4.00 (9, 3 H, ArOCH3), 6.56 (d, 1 H, J = 2.4 Hz, 3-CH), 6.64 (8,  

1650 m, 1480 s, 1365 m, 1340 m, 1150 m, 1055 m, 915 w, 870 w, 
830 w; colorless prisms from benzene/hexanes; mp 52-52.5 "C; 
yield 60%. The following data were collected for the furan 68: 
'H NMR (CDCl,) 6 0.95 (t, 3 H, J = 7.1 Hz, CHzCH3), 1.43 (m, 
2 H, CHzCH2CH3), 1.58 (m, 2 H, CHzCH2CH2CH3), 2.44 (br t, 
2 H, J = 6.6 Hz, CHzCHzCHzCH3), 3.81 ( 6 ,  3 H, ArOCH,), 6.56 
(dd, 1 H, J = 1.6, 3.4 Hz, 4'-CH), 6.70 (br d, 1 H, J = 2.1 Hz, 4-CH), 
7.23 (d, 1 H, J = 3.5 Hz, 3'-CH), 7.61 (br t, 1 H, J = 1.5 Hz, 5'-CH); 
colorless oil; yield 29%. 

Reaction of Oxygen-Labeled [(2-F~ryl)(["~'~O]meth- 
oxy)carbene]pentacarbonylchromium (7') with Methyl 4- 
Pentynoate (8) in  THF. This reaction was conducted in THF 

1 H, 6-CH), 7.56 (d, 1 H, J = 2.5 Hz, 2 - 0 ;  IR (CHClJ 1750 S, 

solution, in a manner identical with that described for the reaction 
of 7 with 8, and provided the oxygen-labeled furan 11': 170 NMR 
(CDCl,, H20 standard) b 24.7; 13C NMR (CDCI,), doubled peaks 
due to l80 chemical shift perturbation, 6 60.093, 60.065 (2- 
CH180CH3), 155.846, 155.833 (2-CH180CH3). The 1 7 0  NMR and 
mass spectra of l l t  can be found in the supplementary material. 

Reaction of Carbon-Labeled [ (2-Fury1)methoxy- 
carbene]penta[ 13C]carbonylchromium (7*) with Methyl 
4-Fentynoate (8) in THF. This reaction was conducted in THF 
sol tion, in a manner identical with that described for the reaction 

15-fold enhancement of 13C at 6 155.8 (2-CHOCH3). 
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The complex Cp,Ce(O-i-Pr) (Cp = v5-C5H5) can be efficiently prepared from cerium tetrakis(isopropoxide) 
and Me,SnCp. I t  is shown to be a genuine Ce(1V) complex by lH/13C NMR, elemental analysis, and cyclic 
voltammetry/controlled potential coulometry in Bu4N+BF4-/THF. The latter data indicate that 
Cp3Ce(O-i-Pr) is a relatively strong oxidizing agent (El - +0.32 vs SSCE) and that one-electron reduction 
is both electrochemically and chemically reversible. Eiectronic structure calculations at  the nonrelativistic 
Xa-DVM level suggest nonnegligible Ce-Cp f orbital covalency and yield transition state ionization energies 
in good agreement with He I /He I1 photoelectron spectra. There are substantial differences in redox 
properties and metal-ligand bonding between Cp,Ce(O-i-Pr) and the other known tetravalent cerium 
organometallic complex Ce(C8H8)z. 

Although recent results demonstrate that organo- 
lanthanides2 can be prepared via efficient and  rational 

0276-7333/88/2307-2360$01.50/0 

approaches in a variety of low formal oxidation states 
(<+3) ,2-6 the  chemistry of well-characterized organo- 
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lanthanides in high formal oxidation states (>+3)7 remains 
sparse. Streitwieser et al.S recently confirmed the earlier 
synthesis/formulation by Cesca et al.7 of the unusual 
sandwich complex Ce(COT)2 (COT = q8-C8H8) and pro- 
vided evidence for significant Ce(IV)-COT bond covalency 
as well as for considerable stabilization of the +4 oxidation 
state. These results raise the question of whether the COT 
ligand is unique or whether other ligand arrays can also 
stabilize tetravalent organocerium complexes, and if so, 
how the properties of these complexes compare with those 
of Ce(COT),. We report here a reexamination of the 
complex Cp,Ce(O-i-Pr) (Cp = q5-C5H5) also reported by 
Cesca et al.7 and prepared by them in minute yields (eq 
1). We describe an efficient synthetic route to such 
Ce(O-i-Pr),.i-PrOH + 2MgCp2 - 

Cp,Ce(O-i-Pr) + 2 Mg(O-i-Pr),+ CpH (1) 

compounds, an electrochemical investigation of redox 
properties, and correlated He I /He I1 photoelectron 
spectroscopic, first-principle Xa-DVM studies of the 
electronic structure. I t  will be seen that there are striking 
differences in redox characteristics and bonding between 
Cp&e(O-i-Pr) and Ce(C&& 

4% yield 

Experimental Section 
Air-sensitive compounds were 

handled with rigorous exclusion of oxygen and moisture in 
Schlenk-type glassware on a dual manifold Schlenk line, in 
Schlenk-type glassware interfaced to a high vacuum Torr) 
system, or under a dinitrogen atmosphere in a Vacuum Atmo- 
spheres glovebox with an efficient recirculator. Argon (Matheson, 
prepurified) and dinitrogen (Liquid Air Corp., high purity), were 
purified by passage through sequential columns of MnO and 
Davidson 4A molecular  sieve^.^ 

Toluene, pentane, and THF were distilled from Na/K/ 
benzophenone under dinitrogen and were condensed and stored 
in vacuo on the vacuum line in bulbs containing a small amount 
of (Cp,TiCl)zZnC12,'o or Cp',UCl, as an Oz/HzO indicator. THF 
for electrochemical experiments was additionally distilled from 
Na/K and freeze-pump-thawed immediately prior to use. The 
reagents Ce(O-i-Pr),.i-PrOH" and Me3SnCp'2 were prepared by 
the literature procedures. Tetra-n-butylammonium fluoroborate 
(TBABF,) was obtained from Southwestern Analytical Chemical, 
Austin, TX. It was recrystallized three times from acetone/ether 
and dried in vacuo. 

Materials and Methods. 

(1) (a) University of Catania. (b) CNR, Padova, Italy. (c) North- 
western University. 

(2) (a) Evans, W. J. Adu. Organomet. Chem. 1985,24, 131-177. (b) 
Schumann, H. In Fundamental and Technological Aspects of Organo- 
/-Element Chemistry; Marks, T. J., Fragall, I., Eds.; D. Reidel: Dor- 
drecht, Holland, 1985; Chapter 1. (c) Schumann, H. Angew. Chem., Int. 
Ed. Engl. 1984,23,474-493. (d) Marks, T. J.; Ernst, R. D. In Compre- 
hensive Organometallic Chemistry; Wilkinson, G. W., Stone, F. G. A., 
Abel, E. W., Eds.; Pergamon: Oxford, 1982; Chapter 21. (e) Marks, T. 
J. Prog. Inorg. Chem. 1978,24, 51-107. 

(3) Evans, W. J. Polyhedron 1987,6, 803-835. 
(4) Burns, C. J.; Andersen, R. A. J. Am. Chem. SOC. 1987,109,915-917, 

941-942 and references therein. 
(5) Bond, A. M.; Deacon, G. B.; Newnham, R. H. Organometallics 

(6) Brennan, J. G.; Cloke, F. G. N.; Sameh, A. A.; Zalkin, A. J. Chem. 

(7) Greco, A.; Cesca, S.; Bertolini, G. J.  Organomet. Chem. 1976, 113, 
321-330. 

(8) Streitwieser, A., Jr.; Kinsley, S. A.; Rigsbee, J. A.; FragalP, I. L.; 
Ciliberto, E.; Rosch, N. J. Am. Chem. SOC. 1985, 107,7786-7788. 

(9) (a) He, M.-Y.; Xiong, G.; Toscano, P. J.; Burwell, R. L., Jr.; Marks, 
T. J. J. Am. Chem. SOC. 1985,107,641-652. (b) McIlw-rich, C. R.; Phillips, 

(10) Sekutowski, P. D.; Stucky, G. D. J. Chem. Educ. 1976,53, 110. 
(11) Bradley, D. C.; Chatterjee, A. K.; Wardlaw, W. J. Chem. SOC. 

1956,2260-2265. We find that the additional equivalent of i-PrOH can 
be removed by pumping under high vacuum. 

(12) Davison, A.; Rakita, P. E. Inorg. Chem. 1970, 9, 289-293. 

1986,5, 2312-2316. 

Soc., Chem. Commun. 1987, 1668-1669. 

C. S. G. J. P h y ~ .  E 1975, 6, 1208-1210. 
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Table I. NMR Spectral Dataa for (C5HS)3Ce[O-i-CH(CH3)2] 
'H (270 MHz, toluene-d8) 

13C (67.8 MHz, toluene-d,) 
6.16 (1 H, hep, CH), 5.55 (15 H, s, C a s ) ,  1.82 (6 H, d, CH3) 

122.1 (d, ' $ 3 ~ 4  167 Hz, CHI, 81.81 (d, 'J'~C-H = 140 Hz, C&), 
28.57 (9, 'J"C-H = 124 HZ, CH3) 

Chemical shifts in ppm. *Abbreviations: s, singlet; d, doublet, 
q, quartet, hep, heptet. 

Physical and Analytical Methods. Proton and carbon NMR 
spectra were recorded on a JEOL FX-270 (FT, 'H 270 MHz, 13C 
67.80 MHz) spectrometer. Chemical shifts were recorded versus 
internal solvent signals and are reported relative to internal TMS. 

Electrochemical measurements were performed with a PAR 
Model 273 potentiostat/galvanostat which was interfaced to a 
Zenith ZF-158 (XT-type) personal computer and used locally 
developed software. Experiments were carried out in vacuum-tight 
three-compartment cells with all connections made through 
ground-glass joints. All studies were performed in the three- 
electrode configuration using a platinum gauze auxiliary electrode 
and a silver wire quasi-reference (AgRE) electrode. Controlled 
potential coulometry (CPC) studies utilized a large area platinum 
gauze working electrode (ca. 8 cm2), while cyclic voltammetry was 
performed with a Pt disk working electrode sealed in soft glass. 
The potential of the AgRE was referenced back to the SSCE 
potential by using the ferrocene/ferrocenium couple as an external 
standard. All potentials are reported vs the SSCE potential. 
Solutions were prepared on a high vacuum line by vacuum 
transferring the solvent (THF) directly into the electrochemical 
cell containing the supporting electrolyte (TBABF4) and a known 
amount of compound. After transfer, the cell was backfilled with 
a positive pressure of argon. 

PE spectra were recorded on a Perkin-Elmer PS18 spectrometer 
modified by the inclusion of a hollow cathode discharge source 
giving a high output of the He II radiation (Helectros Development 
Corp.). The spectra were accumulated in the "multiple-scan mode" 
with the aid of an IBM PC AT computer directly interfaced to 
the spectrometer. The energy scale of consecutive scans was 
locked to the reference values of the Ar 2P3,2 and He(1s-') self- 
ionization lines. 

Elemental analyses were performed by Dornis und Kolbe 
Mikroanalytiches Laboratorium, Miilheim, West Germany. 

Improved Synthesis of Cp3Ce(O-i-Pr). Cerium(1V) iso- 
propoxide (Ce(O-i-Pr)4, 0.259 g, 0.715 mmol) was dissolved in 15 
mL of toluene and 2.90 mL (2.69 mmol) of a 0.928 M solution 
of Me3SnCp in toluene was added by syringe. The resulting 
mixture was heated at 65 "C for 24 h, during which time the color 
changed from pale yellow to a deep brown. The mixture was then 
cooled to room temperature and filtered, and the volatile com- 
ponents were removed from the filtrate under high vacuum. 
Recrystallization of the residual solids from a minimum volume 
(ca. 2 mL) of pentane by slow cooling to -78 "C afforded 0.194 
g (69% yield) of black, microcrystalline product. The product 
can also be purified by sublimation at 70 "C Torr); however, 
this results in loss of product and is not necessary for purification. 

Anal. Calcd for ClsHz2CeO: Ce, 54.80; H, 5.62. Found: C, 
54.82; H, 5.68. 

'H and 13C NMR data (Table I) are in good agreement with 
the proposed formulation. Literature' 'H data (solvent un- 
specified) appear to be similar. 

Computational 
Nonrelativistic Xa-DVM (discrete variational method) elec- 

tronic structure calculations were carried out on a VAX 11/750 
minicomputer. The molecular electron density was approximated 
with an s-wave expansion (overlapping spherical functions on every 
center) in calculating the potential, and the SCF equations were 
converged by a self-consistent charge (SCC) pr0~edure.l~ This 
approach has previously been shown to give satisfactory results 

(13) (a) Averill, F. W.; Ellis, D. E. J. Chem. Phys. 1973,59, (b) Rosen, 
A.; Ellis, D. E.; Adachi, H.; Averill, F. W. J. Chem. Phys. 1976, 65, 
3629-3634 and references therein. (c) Trogler, W. C.; Ellis, D. E.; Ber- 
kowitz, J. J. Am. Chem. SOC. 1979,101, 5896-5901. 
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Table 11. Xa-DVM Electronic Structural Results and Photoelectron SDectroscooic Data for CDICeOMen 
composition (%) 

Ce ground state TSIE IE (exptl)* 
MO (eV) (eV) (eV) S P d  f Cp3 0 CH3 
20a" 5.20 7.31 7.41 ( a )  0 0  2 25 66 6 1 
26a' 5.32 7.32 0 1  0 6 83 8 2 

25a' 5.38 7.49 0 0  2 15 77 5 1 
0 0  5 4 62 23 6 18a" 6.13 

24a' 6.37 
0 0 10 3 38 40 9 17a" 6.57 

23a' 6.67 
22a' 8.25 10.67 0 0  1 0 99 0 0 

19a" 5.40 7.43) 7.76 ( b )  0 0  0 21 79 0 0 

;:;;} 8.47 (c)  0 0 4 3 41 43 9 

;:;:} 9.41 (d) 7 2 69 18 4 

predominant 
character 

r-Cp 
r-Cp 
r-cp 
r-cp 

O(2P) 
&2P) 

7r 

a-onset, Cp 

aCalculations performed on Cp3CeOMe; spectra recorded on Cp,Ce(O-i-Pr). bLabels refer to spectral features in Figures 2 and 3. 

for f-element ~omp1exes.l~ Details of the computational proce- 
dures have been given e l~ewhere . '~~- '~  Slater transition-state 
ionization energies (TSIE's)16 were evaluated for each MO reported 
in Table 11. The actual calculation was performed on Cp&eOMe, 
with metrical parameters extrapolated from ionic radii and data 
for other appropriate Cp,MX complexes.1dJ7J8 The CeO-CH3 
angle was taken to be 1540.19 

Results and Discussion 
Synthesis, Characterization, and Redox Properties. 

Attempts were made to prepare Cp3Ce(O-i-Pr) from Ce- 
(O-i-Pr)4 by using a variety of cyclopentadienylating 
agents. As monitored by 'H NMR, both TlCp and MgCp, 
give extensive reduction at room temperature to para- 
magnetic Ce(II1) complexes, while no reaction is observed 
with Me3SiCp in THF up to  reflux temperatures. How- 
ever, the mild cyclopentadienylating reagents R,SnCp (R 
= Me, ~ - B u ) ~ O  give essentially quantitative yields of the 
desired product (eq 2) as monitored by NMR. The R = 

Ce(O-i-Pr), + 3R3SnCp 
65 "C 

Cp3Ce(O-i-Pr) + 3R3Sn(O-i-Pr) (2) 
R = CH,, 69% isolated yield 
R = n-Bu, 20% isolated yield 

CH3 reagent is preferred since the greater volatility of 
Me,Sn(O-i-Pr) facilitates workup. The high solubility of 
Cp,Ce(O-i-Pr) necessitates recrystallization from small 
amounts of pentane at low temperatures and results in 

(14) (a) Ellis, D. E. In Actinides in Perspectiue; Edelstein, N. H., Ed.; 
Pergamon: Oxford, 1982, pp 123-141 and references therein. (b) Ellis, 
D. E.; Rosen, A.; Gubanov, V. A. J. Chem. Phys. 1982,77,4051-4060 and 
references therein. 

(15) Vittadini, A.; Casarin, M.; Aj6, D.; Bertoncello, R.; Ciliberto, E.; 
Gulino, A.; Fragali, I.; Inorg. Chim. Acta 1986,123, L23-L25. 

(16) Slater, J. C. Quantum Theory of Molecules and Solids. The 
Self-Consistent Field for MoEecules and Solids: McGraw-Hill: New York, 
1974; Vol. 4. 

(17) (a) Baker, E. C.; Halstead, G. W.; Raymond, K. N. Struct. 
Bonding (Berlin) 1976,25,23-68 and references therein. (b) Shannon, 
R. D. Acta Crystallogr., Sect. A: Cryst. Phys., Diffr., Theor., Gen. 
Crystallogr. 1976, A32, 751-767. 

(18) Marks, T. J.; Streitwieser, A., Jr. In The Chemistry of the Ac- 
tinide Elements, 2nd ed.; Katz, J. J.; Seaborg, G. T.; M o m ,  L. R., Eds.; 
Chapman and Hall: London, 1986; Chapter 22. 

(19) For f-element compounds such angles are expected to be sub- 
stantially in excess of 140°.1Ba6 We use the corresponding value in 
U(OCH3)s.1B' (a) Bursten, B. E.; Casarin, M.; Ellis, D. E.; FragalP, I.; 
Marks, T. J. Inorg. Chem. 1986,25,1257-1261. (b) Duttera, M. R.; Day, 
V. W.; Marks, T. J. J.  Am. Chem. Soc. 1984,106,2907-2912. (c) Cotton, 
F. A.; Marler, D. 0.; Schwotzer, W. Inorg. Chim. Acta 1984,95,207-209. 
(d) Cotton, F. A.; Marler, D. 0.; Schwotzer, W. Inorg. Chim. Acta 1984, 

(20) (a) Abel, E. W.; Duster, M. 0.; Waters, A. J. Organomet. Chem. 
1973,49,287-321. (b) Green, J. C.; Watts, 0. J.  Organomet. Chem. 1978, 
153, C40. (c) Gibson, V. C.; Bercaw, J. E.; Bruton, W. D., Jr.; Sanner, R. 
D. Organometallics 1986,5, 976-979. (d) Albers, M. 0.; Boeyens, J. C. 
A.; Levendis, D. C. Organometallics 1986,5, 2321-2326. 

85, L31-32. 

I 1 
1 .oo 0.50 0.00 -0.50 

POTENTIAL (vol ts vs SSCE) 

Figure 1. Cyclic voltammogram of Cp&e(O-i-Pr) as a solution 
in THFl0.25 M TBABF4. Scan speed: 50 mV/s. 

lower isolated yields. Alternatively, the product can be 
sublimed at 70 "C Torr) with some loss of material. 
'H and 13C NMR data for Cp,Ce(O-i-Pr) are set out in 
Table I and are in excellent accord with the proposed 
structure. The chemical shifts and narrow line widthsz1 
are in accord with a diamagnetic Ce(1V) formulation. 
Further studies indicate that the approach of eq 2 is also 
successful with Me3Sn(C5H4Me).z2 

A typical cyclic voltammogram of Cp,Ce(O-i-Pr) is 
shown in Figure 1. The data are in agreement with a 
reversible, one-electron process (Up = 175 mV; AEp(fer- 
rocene) = 195 mV under the same conditions) having El jz  
= +0.32 V vs SSCE. Conclusive proof of chemical rever- 
sibility is provided by coulometric experiments. Controlled 
potential coulometry of measured quantities of Cp,Ce(O- 
i-Pr) at -0.50 V confirms that reduction is a one-electron 
process. Furthermore, after the solution was left standing 
1 h at room temperature, subsequent oxidation of this 
solution at +0.60 V yields 99% of the coulombs passed 
during reduction. A cyclic voltammogram of this oxidized 
solution is identical with that recorded prior to reduction 
and reoxidation. Hence, reversibility (eq 3) obtains on the 
time scale of at least 1 h. 

Cp,Ce(O-i-Pr) + e- Cp,Ce(O-i-Pr)- (3) 

The present El lz  value of +0.32 V indicates that 
Cp,Ce(O-i-Pr) is a relatively strong oxidizing agent- 
stronger than TCNQ (+0.13 V vs SSCE) and comparable 
to FeCp,+ (+0.31 V vs SSCE) in nonaqueous solution. In 
contrast, the reported E,  value for Ce(COT)2 in THF/ 
TBABFI is -1.52 V vs SSdE? demonstrating dramatically 

(21) Fischer, R. D. In Organometallics of the f-Elements; Marks, T. 
J., Fischer, R. D., Eds.; D. Reidel: Dordrecht, 1978; Chapter 11. 

(22) Conticello, V. P.; Marks, T. J., unpublished observations. 
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Figure 2. He I photoelectron spectrum of Cp,Ce(O-i-Pr) in the 
6.8-10.2 eV ionization energy region. The band labels refer to 
Table 11. 

greater stabilization of the Ce(1V) oxidation state in the 
latter compound. 

Electronic Structure  Calculations and PE Spectra. 
Qualitatively, the frontier orbitals of Cp3MX  system^'^^^^ 
can be readily generated in a localized bond model from 
the ?r MO’s of three Cp- anions (the individual e; MO’s 
will be the greatest contributorsN) yielding an a2, 2e, al set, 
as well as u and O(2p) lone pairs on OMe. Under idealized 
CBU symmetry, the oxygen lone pairs are degenerate and 
are expected to be considerably below the Cp-based MO’s 
in energy.10ap25 The lower symmetry resulting from 
bending of the Ce-O-C vector is expected to break the 
degeneracy and slightly mix these orbitals with the P Cp 
set. Judging from results on other f-element Cp3MX 
systems, the effect will not be 1arge.14~24a~25 

In Table I1 are set out the results of the Xa-DVM 
calculations on Cp3CeOMe for the nine outermost MO’s. 
I t  can be seen that the MO’s can basically be grouped into 
three sets, depending upon their dominant compositions: 
(i) ?r-based Cp-derived MO’s (2Oa”, 26a’, 19a”, 25a‘, Ma”, 
and 23a’),n (ii)0(2p)-derived lone pair orbitals (24a’, 17a”), 
and (iii) lower energy inner P- and a-ligand orbitals which 
are not significantly involved in metal-ligand bonding (22a’ 
and lower). I t  can also be seen in Table I1 that there is 
nonnegligible mixing with/covalency involving metal f 
orbitals, especially in the case of the Cp-derived 20a”, 19a”, 
and 25a’ MO’s. In several other MO’s, there are smaller, 

(23) (a) Lauher, J. W.; Hoffmann, R. J. Am. Chem. SOC. 1976, 97, 
1729-1742. (b) Fragali, I., In ref 21, Chapter 14. (c) Tataumi, K.; Na- 
kamura, A. J. Organomet. Chem. 1974,272, 141-154. 

(24) (a) Green, J. C. Struct. Bonding (Berlin) 1981,43, 37-112. (b) 
Furlani, C.; Cauletti, C. Structure Bonding (Berlin) 1978, 35, 119-169. 
(c) Evans, S.; Green, M. L. H.; Jewett, B.; Orchard, A. F.; Pygall, C. F. 
J. Chem. Soc., Faraday Trans. 2 1972,68, 1847-1865. 

(25) (a) Fragall, I.; Ciliberto, E.; Fischer, R. D.; Sienel, G. R.; Zanella, 
P. J. Oganomet.  Chem. 1976,180, CW12.  (b) Arduini, A. L.; Malito, 
J.; Takata, J.; Ciliberto, E.; Fragall, I.; Zanella, P. J. Organomet. Chem. 
1987,326, 49-58. (c) Fragall, I.; Goffart, J.; Granozzi, G.; Ciliberto, E. 
Inorg. Chem. 1983,22,216-220. 

(26) Ciliberto, E.; Condorelli, G.; Fagan, P. J.; Manriquez, J. M.; 
Fragall, I.; Marks, T. J. J. Am. Chem. SOC. 1981,103,4755-4759. 

(27) Evidence of some Cp-O(2p) interligand orbital mixing can be seen 
in MOs Ha”, 24a‘, 17a‘, and 23a‘. 
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Figure 3. He I1 photoelectron spectrum of Cp,Ce(O-i-Pr) in the 
6.8-10.2 eV ionization energy region. The band labels refer to 
Table 11. 
comparable contributions from both 5d and 4f orbitals. 

He I and He I photoelectron spectra of Cp3CeOMe are 
presented in Figures 2 and 3, respectively. Data are set 
out in Table 11. The He I spectrum closely resembles that 
of other Cp3MX c o m p o ~ n d s ~ ~ * ~ ~ , ~  of various metals, with 
four bands (ca. 1:3:2:2 intensity rates) in the IE region 
below 10.5 eV. From Table I1 it can be seen that there 
is excellent agreement between the experimental IE values 
and those calculated within the transition-state formal- 
ism.15J6 Thus, assignment of the spectrum is straight- 
forward, with band a assignable to ionization from the 20a” 
MO, band envelope b to ionization from 26a’, 19a”, and 
25a’, band envelope c to ionization from 18a” and 24a‘, and 
band envelope d to ionization from the remaining 17a” and 
23a‘ MO’s. Ionization of the 22a‘ MO is obscured by the 
onset of a number of strongly overlapped transitions above 
10 eV. Upon switching to He I1 radiation, no major 
changes in relative band intensities are observed (typical 
of trivalent cyclopentadienyl lanthanide PE spectra24a). 
This behavior is in marked contrast to that of 5f 
Cp3UOEtB and may reflect greater Cp and O(2p) character 
in the ionized Cp,Ce(O-i-Pr) MO’s (less metal-ligand co- 
valency). I t  is also noteworthy that the He I - He I1 
changes in the Cp,Ce(O-i-Pr) spectrum are qualitatively 
smaller than in the Ce(COT), spectrum.8 

Conclusions 
These results demonstrate that tetravalent cerium or- 

ganometallic chemistry is not unique to cyclooctatetraene 
systems and that chemically efficient routes exist to other 
tetravalent systems (Cp,CeOR) which may be more 
functionalizable.n The present electrochemical data reveal 
very large (COT),/Cp3,0R ligation influences on the Ce- 
(IV)/Ce(III) couple--1.84 V. These differences likely re- 
flect, among other factors, differences in metal-ligand bond 
co~a lency ,8~~~  which is also suggested by differing He I -+ 

(28) Seyam, A. M.; Fragali, I. L.; Marks, T. J., unpublished results. 
(29) (a) Marks, T. J.; Streitwieser, A., Jr. In The Chemistry of the 

Actinide Elements, 2nd ed.; Katz, J. J., Seaborg, G. T., Mom, L. R., Eds.; 
Chapman and Hall: London, 1986; Chapter 22. (b) Rbsch, N.; Streit- 
wieser, A., Jr. J. Am. Chem. SOC. 1983, 105, 7237-7240. (c) Rbsch, N. 
Inorg. Chim. Acta 1984, 94, 297-299. 
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He I1 intensity responses in the photoelectron spectra. The 
Cp3CeOMe electronic structure has been studied using the 
nonrelativistic Xa-DVM formalism, and the results are 
in good agreement with He I/He I1 photoelectron spec- 
troscopic data. The calculations reveal some Ce-Cp f 
orbital bond covalency. Although it is well-known that 
nonrelativistic X a  calculations tend to overestimate f or- 
bital contributions to metal-ligand bonding (and to un- 
derestimate d orbital contributions),mim this effect should 
be relatively minor for lanthanides, in contrast to actin- 

(30) Hohl, D.; Ellis, D. E.; Rosch, N. Znorg. Chim. Acta 1987, 127, 
195-202. 

ides.29brc In sum, the Ce(1V) ligation is rather different in 
these two organometallic compounds. 
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The new clusters HRuzOs(p-COMe)(CO)lo, H3Ru20s(p3-COMe)(CO)9, HRuOs2(r-COMe)(CO)10, and 
H3RuOs2(p3-COMe)(CO)g have been synthesized and characterized by spectroscopic methods. Retention 
of the mixed-metal core during hydrogenation of HM,M'(p-COMe) (CO)lo and carbonylation of 
H3M2M'(p3-COMe)(C0)9 proves that cluster fragmentation does not occur during these reactions. Com- 
petition experiments were used to determine relative rates of hydrogenation of HM3(p-COMe)(CO)lo to 
H3M3(p3-COMe)(C0)9, attributed to the relative rates of CO dissociation, as M3 = Ru3 (4500) > Ru,Os 
(1100) > RuOs2 (220) >> Os3 (1) at  343 K. Direct measurements of the rate constants for carbonylation 
of H3M3(p3-COMe)(CO)g to HM3(p-COMe)(CO)lo give relative rates: M3 = Ru3 (210) > RuzOs (72) > RuOsz 
(38) >> Os3 (1) at 353 K. The similarity of the rates of carbonylation for all clusters having at least one 
Ru atom, but a greatly reduced rate for the Os3 cluster, suggests that reductive elimination of dihydrogen 
occurs from a single metal atom in the transition state, even though the hydride ligands bridge two metal 
atoms in the ground state. Equilibrium constants for hydrogenation and for isomerization of HM2M'- 
(p-COMe)(CO)lo were used to obtain estimates of the Ru-H-Ru (408 kJ/mol) and Os-H-0s (425 kJ/mol) 
bond energies and for the differences in bond energies (E(RuH0s) - E(Ru0s)J (299 kJ/mol), (E(Os,(p-C)) 
- E(Ru2(p-C))) (42 kJ/mol), and {E(Os2(p-C)) - E(RuOs(p-C))J (24 kJ/mol), based upon the assumptions 
that {E(M2(p-C)) - E(M3b3-C))J = 0 (M = Ru or Os), { E ( O S ~ ~ ~ - C ) )  - E(RuOS~(ML,-C))J = (1/3)(E(Os3(~3-C)) 
- E(Ru~(M~-C))J, and {E(Os&-C)) - E(Ru~Os(p3-C))l = (2/3)(E(Os3(~~-C)) - HRu&-C))J. 

The reactivity of mixed-metal clusters has been of in- 
terest for many years.2 One goal of research in this area 
has been to combine, in one molecule, metals having very 
different chemical properties and thus to induce unique 
chemical transformations. Another valuable property of 
mixed-metal clusters is that their lower symmetry allows 
an additional probe for cluster reactivity. 

We have investigated the mechanisms of a number of 
reactions of the alkylidyne cluster series HM3(p-CX) (CO),, 
(M = Ru or Os; X = OMe or NR.J and H3M3(p3-CX)(C0)9 
(X = OMe, C1, Br, C02Me, SEt, Ph, H, or alkyl), including 
ligand ~ubst i tut ion,~ oxidative addition and reductive 

(1) Alfred P. Sloan Fellow, 1987-1989. 
(2) (a) Gladfelter, W. L.; Geoffroy, G. L. Adu. Organomet. Chem. 1980, 

18, 207. (b) Roberts, D. A.; Geoffroy, G. L. In Comprehensive Organo- 
metallic Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; 
Pergamon: Oxford, 1982; Vol. 6, Chapter 40. (c) Langenbach, H. J.; 
Vahrenkamp, H. Chem. Ber. 1979,112, 3773. 

(3) Dalton, D. M.; Barnett, D. J.; Duggan, T. P.; Keister, J. B.; Malik, 
P. T.; Modi, S. P.; Shaffer, M. R.; Smesko, S.  A. Organometallics 1985, 
4, 1854. 

elimination of molecular hydrogen? reductive elimination 
of C-H bonds: hydrogen transfer to alkenes and alkynes," 
and alkylidyne-alkyne coupling.' In several of these 
studies, important questions have remained, concerning 
the number of metal atoms involved in the mechanism, 
the site of reactivity, and the possible involvement of 
cluster fragmentation. 

In an effort to answer these questions we have now 
prepared the mixed-metal alkylidynes HRu20s(p- 
COMe)(CO)lo, HRuOs2(p-COMe)(CO)lo, H3Ru20s(p3- 
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