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Abstract-It has been established that reactions of cobalt-rhodium mixed-metal clusters 
with nucleophiles such as PEt3, THF, MeCN and Cl- occur on the rhodium site, with 
alkynes on the cobalt site. Several reversible tetranuclear-dinuclear transformations were 
observed with preferential retainment of the cobalt-rhodium bond. 

The application of multimetallic catalysts has 
attracted much interest since their catalytic activity 
and/or selectivity often differs significantly from 
that of the homomet~lic systems of the constituent 
metals. 1,2 Although synergism has been observed 
in various homogeneous catalytic reactions,2 very 
little is known of the actual role of the different 
metals in the catalytic cycle. The synergetic effect 
is probably due to the presence of a mixed-meal 
species, which could form from homo- or het- 
eronuclear catalyst precursors. Such species could 
exhibit novel reactivity compared to the homo- 
nuclear analogues3 For example, in a mixed-metal 
dinuclear complex three different coordination sites 
are available for ligand activation (Scheme 1). 
Incoming substrates can be activated on sites 1 and 
2 (heterosite ligand activation), or on site 3 (het- 
eronuclear ligund activation). Since the two metals 
possess different electronic structure and thus 
different reactivity, facile activation could occur 
preferentially at one of these sites. 

Cobalt-rhodium synergism has been reported for 
homogeneous catalytic hydrogenation4 hydro- 
formylation’ and hydrocarbonylation6 It was sug- 
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gested by Pino and von Bezard that the synergetic 
effect, observed in the combined application of 
Co2(CO), (1) and Rh,(CO) 12 (2) in the hydro- 
carbonylation of diketene, could arise from the 
presence of a cobalt-rhodium carbonyl complex.6 
It was later shown by Bor, Pino and coworkers that 
1 and 2 are indeed in equilibrium with a new mixed- 
metal compound, formulated as CoRh(CO), (3) 

[eq. (11%’ 

2Co,(CO), + Rh,(CO) ,2+4CoRh(CO), (1) 
1 2 3 

Complex 3 was recently isolated and its formula was 
~tablished by analytical methods.* The proposed 
structure of CoRh(CO), (3) contains a distorted 
tetrahedral [Co(CO),] group bonded to a square- 
planar [Rh(CO),] fragment through a Co-Rh 
bond and two semibridging carbonyl ligands,8~g It 
has also been found that CoRh(CO), (3) is in equi- 
librium with two mixed-metal complexes : 
CoRh(CO), (4)8 and Co2Rh2(CO)i2 (5)” [eqs (2) 
and (3)]. 

CoRh(CO), +CO z$ CoRh(CO), (2) 
3 4 

2CoRh(CO), z$ Co2Rh2(CO),2f2C0. (3) 

3 5 
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In contrast, CoRh(CO)S(PEt& (6) does not dimer- 
ize to give a tetranuclear cluster but easily under- 
goes reversible or irreversible fragmentation when 
treated with MeCN and [PPNjCl, respectively [eqs 
(4) and (5)].” 

CoRh(CO)S(PEt&+MeCN 

6 

e [Rh(CO)(PEtJ,(MeCN>]+[Co(CO),]- (4) 

CoRh(C0) S(PEt3)2 + [PPNjCl 

6 

+ ClRh(CO)(PEt,),+PPN[Co(CO)J (5) 

Furthermore, the reactions of 6 with nucleophiles 
showed preferential attack at the rhodium site. 
These results indicated that the reactivity of cobalt- 
rhodium clusters is strongly influenced by the nature 
of the ligands present. Therefore, we have under- 
taken a systematic study to develop a better under- 
standing of the observed ligand dependence. 

DISCUSSION 

The reaction of CozRhz(CO), z (5) with four equi- 
valents of PEt3 results in the quantitative formation 
of CoRh(CO),(PEt& (6) (Scheme 2).12 Compound 
6 has been previously isolated and structurally char- 
acterized. ” When the reaction was followed by IR, 
the formation of three intermediates was observed : 

C~WWI,WW (7) CozRha(CO),o(PEts)z 
(S), and CoRh(CO),(PEtJ (9). These compounds 
were separately isolated and their solution struc- 
tures were established by spectroscopic methods. 

The structure of 7 consists of a &so-Co,Rh, tetra- 
hedral cluster with two rhodium atoms in the basal 
plane. There are eight terminal carbonyl ligands 
and three bridging carbonyl ligands along the basal 
plane. The PEt3 ligand is bonded to a rhodium 
atom, and it probably occupies an axial position as 
was found for Co,(CO), ,(PPh,). ’ 3 The structure of 
Co2Rh2(CO),0(PEt3)2 (8) is essentially the same as 
that of 7, but each rhodium atom has one PEt3 
ligand ; one has it in an axial and the other in an 
equatorial position. A similar structure was found 
for Ir4(CO),o(PPh3)2. I4 In the reaction of 5 and 
four equivalents of PEt,, two moles of free carbon 
monoxide must be formed which can subsequently 
react with 7, 8, and 9. It was interesting to see 
if Co2RhZ(CO) 1 dPEt3) (7), Co2Rh2(CO) 10(PEt3)2 
(8) and CoRh(CO),(PEt,) (9) do react with carbon 
monoxide as previously found for 3 and 5 [eqs (2) 
and (3)]. Indeed, facile and reversible reactions are 
observed. 7 reacts with carbon monoxide at atmo- 
spheric pressure and room temperature to give an 
equilibrium mixture of 7, CoRh(CO), (3), and 

CoRh(CO)6(PEt3) (9) [es. (611. 

Co2Rh2(CO), ,(PEt3) + 2C0 

7 

$ CoRh(CO)T+CoRh(CO)b(PEt3) (6) 

3 9 

Upon purging the equilibrium mixture with N2, 3 
and 9 recombine to give 7 quantitatively. Similarly, 
Co2Rh,(CO),0(PEtJ2 (8) undergoes facile and 
reversible fragmentation when treated with 1 bar CO 
at room temperature to give CoRh(C0)6(PEt3) (9) 

+IPBt3 \_f“.._F 

Scheme 2. 
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Scheme 3. 

(Scheme 2). A structure has been proposed for 9, in 
which a distorted tetrahedral [Co(CO),] fragment 
is bonded to a square-planar [Rh(CO),PEt,] group 
through a Co-Rh bond and two cobalt-bonded 
semi-bridging carbonyl ligands. ‘*’ ’ The presence of 
two isomers, 9a and 9b, having a PEt3 ligand cis 
and trans, respectively, to the [Co(CO),] moiety, in 
solution was postulated. The relative ratio between 
9a and 9b is 95 : 5. Medium-pressure IR studies have 
revealed that at higher carbon monoxide pressure 
CoRh(C0)6(PEt3)Z (9) is in equilibrium with 
CoRh~CO)~(PEt~) (10). l2 IR and NMR obser- 
vations suggest that 10 is structurally analogous to 
Co2(CO)7(PEt3),‘5 as shown in Scheme 2. The exact 
metal-site for the carbon monoxide addition to 4, 
8, and 9 could not be determined. However, it is 
also believed to occur at the rhodium site(s), since 
the analogous Co,Ir,(CO) 1 2 cluster” does not react 
with CO at 15 bar and room temperature within 72 
h.16 

The reactivity of CozRhz(C0),2 (5) towards 
other nu~leophiles was also studied.” When 5 is 
dissolved in THF, its dark colour disappears and 
the solution becomes light orange. The IR spectrum 
of this solution indicates the transient formation of 
CoRh(CO),(THF), which readily undergoes frag- 
mentation to give an ionic species, probably 
[Rh(CO)~(THF)~][Co(CO)~].‘6 5 reacts similarly 
with excess or neat MeCN to give initially 
CoRh(CO),(MeCN) (11) (Scheme 3). The solution 
structure of 11 was studied by IR and 13C NMR, 
which indicate a structure analogous to 9a. 
Although the stability of 11 is higher than that of 
CoRh(CO),(THF), it slowly reacts further with the 
excess of MeCN to yield [Rh(CO), 
(MeCN),][Co(CO),].‘6 Co,Rh,(CO), 2 (5) under- 

goes irreversible fra~en~tion when treated with 
two equivalents of IpPNjCl or fN(CH,Ph)Et,]Cl to 
give PPN[CoRh(CO),Cl] (12) and [N(CH,Ph) 
Et,][CORh(CO)&l], respectively (Scheme 3)” An 
analogous compound, [N(CIzHz5)MeJ[CoRh 
(CO)&l] has been previously prepared.17 
The solution structure of 12 was established by 
IR and 13C NMR spectroscopy and is similar 
to 9. The presence of two isomers, 12a and 12b, 
having a chloride ligand cis and tram, respec- 
tively, to the [Co(CO).+] moiety has been found. The 
relative ratio between these two isomers is 4 : 1. 

It has been shown that CoRh(CO)5(PEtl)2 (6) 
easily undergoes reversible or irreversible het- 
erolytic cleavage of its metal-metal bond when 
treated with MeCN and [PPNjCl [eqs (4) and (5)]. ’ ’ 
It was interesting to see if the same products form 
in the reaction of 11 and 12 with two equivalents of 
PEt,, respectively. Indeed, the addition of PEt3 to 
12 results in the formation of the heteronuclear ion 
pair [Rh(CO)(PEt,),(MeCN)]+[Co(CO).J. After 
the solvent and MeCN are removed, compound 6 
is the only product present, in agreement with eq. 
(4). The reaction of 12 with PEt, gives tram- 
ClRh(CO)(PEt,), and PPN[Co(CO),], quan- 
titatively (Scheme 3). 

Co2Rh2(C0),2 (5) reacts with alkynes via speci- 
fic insertion into the Co-Co bond to give the 
butterfly cluster Co,Rh,(CQ),O(~CLq-)7’-RC*RI) 
[R = R’ = C6FS (13a), Ph (13b); R = H, R’ = Ph 
(De); R = Me, R’ = Ph (13d)] (Scheme 4).‘* The 
molecular structure of 13~1 was determined crys- 
tallographi~lly, and it is very similar to related 
clusters containing a &so-M&, framework. I9 
Upon addition of one equivalent of F5C6C2C6FS 
to 13a in the presence of CO, highly regiospecific 
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Scheme 4. 
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Scheme 5. 

fragmentation occurs to give CoRh(CO)&-q*- 
F5ChC2C6FS) (14a). 

Co2Rh,(CO),,,@4-q2-PhCzPh) (13b) reacts simi- 
larly with diphenylacetylene and carbon monoxide 
to yield CoRh(CO)&-v2-PhC,Ph) (14b) (Scheme 
5). Surprisingly, the reaction is fully reversible, such 
that upon bubbling N, into the reaction mixture 
14b reforms quantitatively. Since 13b does not react 
with PhC2Ph in the absence of carbon monoxide, it 
was assumed that 13b reacts with CO and then with 
diphenylacetylene. Indeed, it was found that 13b 
easily undergoes reversible fragmentation to give a 
1: 1 mixture of 14b and CoRh(C0)7 (3) at 2 bar CO 
pressure. In contrast, 13c,d do not react with the 
corresponding alkynes in the presence of 1 bar CO 
at room temperature. I6 These results indicate that 

the nature of the substituents of the alkyne ligand 
has an opposite effect on the stability of 13 and 14. 
Upon increasing the electronegativity of the sub- 
stituents, the stability of the tetranuclear clusters 
decreases and that of the dinuclear complexes 
increases. 

The present study has established that the com- 
bination of cobalt and rhodium in mixed-metal car- 
bony1 complexes leads to regiospecific reactivity on 
rhodium or cobalt. Reactions of cobalt-rhodium 
mixed-metal clusters with nucleophiles such as 
PEt3, THF, MeCN and Cl- (and probably CO) 
occur on the rhodium site, with alkynes on the 
cobalt site. Several tetranuclear-dinuclear trans- 
formations are observed with the preferential 
retainment of the cobalt-rhodium bond. This indi- 
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cates a higher “resistance” of the Co-Rh bond 
against metal-metal bond breaking than the 
Co-Co or Rh-Rh bonds. It is not clear if this is 
a characteristic feature of the CozRh2 framework 
itself, implying stronger Co-Rh bonds, or is a 
consequence of the attack of the substrates occur- 
ring exclusively on a rhodium or a cobalt centre. 
The facile formation of the coordinately unsatu- 
rated compounds CoRh(CO),_,L, (L = CO, THF, 
MeCN, Cl-, PEt,) could have an important role in 
homogeneous catalytic reactions. Studies con- 
cerning the mechanism of these reactions and the 
possible role of the coordinatively unsaturated 
cobalt-rhodium compounds in homogeneous cata- 
lytic hydroformylation are in progress. 
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