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Cooperativity between metal centers can be defined as two or more metal centers 
working together through concerted activation of substrates or as one metal center serving as 
a ligand or electron source for another metal center. Alternately, cooperativity between metal 
centers can be defined as one metal center influencing the electronic and steric properties of 
another metal center by inducing "extended ligand effects" [1]. 

Hydroformylation is the catalytic conversion of olefins to aldehydes. Cooperativity 
between metal centers in the homogeneously cobalt catalyzed hydroformylation reaction was 
first proposed by Heck in the early 1960's [2]. It was thought that cooperativity in the rate 
determining step of this reaction, the oxidative addition of H2 to the metal acyl species, 
which is followed by reductive elimination of product aldehyde, acted to increase the reaction 
rate. For this reason hydroformylation is often viewed as a model reaction to examine coop­
erativity between metal centers. 

Recently, Stanley and coworkers developed a bimetallic Rh cation, [Rh2(nbd)z(et, ph­
P4)](BF4)2, which is extremely active and selective in the catalysis of the hydroformylation 
reaction [3]. While the high selectivity of linear aldehyde products over branched aldehyde 
products by this complex is not well understood, the high activity can be explained in terms 
of cooperativity between metal centers via an intrarnolecular hydride transfer [3,4]. Although 
kinetic and spectroscopic evidence firntly establishing this mechanism is lacking, there is 
convincing evidence based upon modeling studies. In particular the activity of the catalyst 
prepared with the racemic linear tetratertiary phosphine ligand as compared to the activity of 
the catalyst prepared with the meso ligand can be explained by the relative ability of these 
complexes to perform an intrarnolecular hydride transfer. 
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Intramolecular hydride transfer for the racemic (left) and meso (right) complex. 

In the late l 970's Pittman reported hydroformylation under mild conditions catalyzed 
by both tricobalt and tetracobalt clusters [5,6]. Complete recovery of intact clusters at the 
end of the hydroformylation reaction was taken as evidence that the clusters had remained 
intact during the catalytic process [5,6]. It was soon realized that the tricobalt cluster readily 
fragmented under hydroforrnylation conditions to produce the catalytically active monome­
tallic species [7 ,8]. The fate of the tetracobalt cluster during the catalytic process remained 
uncertain. 
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With the development of cylindrical internal reflectance (CIR)-FTIR for in situ spec­
troscopic studies of working catalytic systems [9], the tetracobalt cluster catalyzed hydro­
formylation reaction has been examined in greater detail [10-12]. At 130 "C the Co(CO)g­
(µ2-CO)z(µ4-PPh)2 cluster appears to remain intact during the hydroformylation process. At 
150 °C both spectroscopic and kinetic studies indicate the cluster fragments to a catalytically 
active monometallic species [10]. 

Spectroscopic studies of the phosphine substituted clusters Co4(CO)g(J4-PPh2)­
[P(OMe)3]2 and Co4(CO)g(~-PPh2)(PPh3)2 indicate they become'catalytic upon conversion 
into the parent cluster, Co4(CO)g(µ2-CO)z(~-PPh)2 [11]. This is supported by recovery of 
the parent complex as the only Co containing product at the end of the hydroformylation re­
action [13]. Further, while the parent cluster decomposes at 150 ·c when it is introduced di­
rectly to the reaction, the Co4(CO)g(µ2-C0)2(~-PPh)2 cluster produced from the decompo­
sition of the phosphine substituted clusters now appears both active and stable at 150 ·c [12]. 

CIR-FTIR spectra of working catalysts 
Co4(CO)g(~-PPh2)[P(OMe)3 h 

(A) 34 "C; (B) 130 ·c, 48 h; (C) 150 ·c, 36 hr, 
(D) Co4(CO)g(µ2-C0)2(~-PPh)2 at 34 ·c 
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Spectroscopic studies of bi-dentate phosphine substituted cluster Co4(CO)g(~-PPh2)­
(dmpe) [12] indicate it does not decompose at 150 °C and is catalytic ally active at tempera­
tures as low as 130 ·c. Kinetic studies of the phosphine substituted clusters have not yet 
been performed. 

There has been extensive work done concerning several other homometallic [14,15] 
and heterometallic systems [10,16-18] which catalyze the hydroformylation reaction. The 
study of heterometallic systems is of interest as polar metal-metal bonds are introduced and 
the possibility exists to tailor the functionality of the metal centers. Some mixed metal sys­
tems have been reported to exhibit synergism as compared to the homometallic counterparts 
[16,18]. There are also reports concerning mixed metal systems perfonning catalysis at 
conditions much milder than one would expect fragmentation to occur [17]. However, to 
date there have been no heterometallic systems for which cooperativity between metal cen­
ters has been firmly established. 

16 



References 

1. Laine, R. M., "Criteria for Identifying Transition Metal Cluster Catalyzed Reactions," 
J. Malec. Cata/. 1982, 14, 137-169. 

2. Heck, R. F.; Breslow, D.S., "The Reaction of Cobalt Hydrotetracarbonyl with 
Olefins," J. Am. Chem. Soc. 1961, 83, 4023-4027. 

3. Stanley, G. G.; Broussard, M. E.; Juma, B.; Train, S. G.; Peng, W.-J.; Laneman, S. A., 
"A Bimetallic Hydrofonnylation Catalyst: High Regioselectivity and Reactivity 
Through Homobimetallic Cooperativity," Science 1993, 260, 1784-1788. 

4. Suss-Fink, G., "Cooperativity in Rh2 Complexes: High Catalytic Activity and High 
Regioselectivity in the Hydrofonnylation of Olefins," Angew. Chem. Int. Ed. Engl. 
1994, 33, 67-69. 

5. Pittman, C. U.; Ryan, R. C.; O'Connor, J.P., "Metal Cluster Catalysis. 1. Hydro­
fonnylations of 1- and 2-Pentene Catalyzed by Two Cobalt Carbonyl Clusters: 
Co3(C0)9(µ3-CQ;H5) and Co4(CO)g(µ2-C0)2(µ4-PC6H5)2," J. Am. Chem. Soc. 
1977,99, 1986-1988. 

6. Pittman, C. U.; Ryan, R. C., "Metal Cluster Catalysis," Chemtech 1978, 8, 170-175. 

7. Murata, K.; Matsuda, A., "Homogeneous Hydrofonnylation of 1-Hexene with 
MeCC03(C0)9 as a Catalyst Precursor," Nippon Kagaku Kaishi 1980, 7, 1077-1080. 

8. Withers, H. P.; Seyferth, D., "Alkylidynetricobalt Nonacarbonyl Complexes as 
Hydrofonnylation Catalysts," Inorg. Chem. 1983, 22, 2931-2936. 

9. Moser, W.R.; Cnossen, J.E.; Wang, A. W.; Krouse, S. A., "Cylindrical Internal 
Reflectance: A New Method for High-Pressure in situ Catalytic Studies," J. Cata/. 
1985, 95, 21-32. 

10. Pittman, C. U.; Hilal, H.; Don, M.-J.; Richmond, M. G., "Involvement of Co4(CO)g­
(µ2-C0)2(µ4-PPh)2 Catalysts in Olefin Hydrofonnylation," in Catalysis of Organic 
Reactions; Pasco, W. E., Ed.; Vol. 47; Marcel Dekker: New York, 1992, chap 27. 

11. Richmond, M. G.; Don, M.-J., "In situ Cluster Stability Studies Explored by 
Cylindrical Internal Reflectance (CIR) Spectroscopy: 1-pentene Hydrofonnylation 
Using Phosphine-Substituted Co4(CO)gP2(µ2-PPh)2 clusters," J. Molec. Cata/. 1992, 
73, 181-189. 

12. Richmond, M. G.; Schulman, C. L.; Watson, W. H .; Nagl, A., "Reaction of Bis­
(dimethylphosphino)ethane With the Tetracobalt Cluster Co4(C0)10~-PPh)2; 
Synthesis, Structure, and Solution Dynamics of Co4(CO)g~-PPh)2(dmpe)," J. 
Organomet. Chem. 1989, 368, 367-384. 

13. Pittman, C. U.; Wilemon, G. M.; Wilson, W. D.; Ryan, R. C., "Catalysis of Hydro­
fonnylation by Co4(CO)s-x(PPh3)x(~-PPh)2, x = 0 or 2: Clusters as Catalysts," J. 
Chem. Soc., Chem. Commun. 1985, 19, 478-479. 

14. Suss-Fink, G.; Herrmann, G., "Isotope Labeling Studies on the Ruthenium-Catalyzed 
Hydrofonnylation of Ethylene: Indirect Evidence for Catalysis at Intact Clusters," J. 
Chem. Soc., Chem. Commun. 1985, 735-737. 

17 



15. Kalck, P., "Dinuclear Rhodium(!) Complexes For the Selective Hydroformylation of 
Alkenes Using Either CO/H2 or CO/H20," Pure & Appl. Chem. 1989, 61, 967-971. 

16. He, Z.; Lugan, N.; Neibecker, D.; Mathieu, R.; Bonnet, J.-J., "Synthesis and Evalu­
ation of the Catalytic Properties of Homo- and Hetero-bimetallic Complexes Con­
taining Bridging Diphenylphosphido Ligands," J. Organomet. Chem. 1992, 426, 247-
259. 

17. Richmond, M. G.; Absi-Halbi, M.; Pittman, C. U., "Metal Cluster Catalysis: Hydro­
formylation Using Mixed-Metal Tetrahedrane Clusters," J. Molec. Cata/. 1984, 22, 
367-371. 

18. Misumi, Y.; Ishii, Y .; Hidai, M., "Homogeneous Multimetallic Catalysts Part 10. 
Formylation of Aryl and Alkenyl Iodides by Palladium-Ruthenium Bimetallic 
Catalysts," J. Molec. Cata/. 1993, 78, 1-8. 

18 


	1994-1995 18
	1994-1995 19
	1994-1995 20
	1994-1995 21

