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The cleavage of organotransition metal-carbon bonds by H2 
is an important part of many catalytic processes. For example, 
the terminating steps in hydroformylation' and homogeneous 
hydrogenation2 require cleavage of a metal acyl or alkyl by H2, 
and the (heterogeneous) Fischer-Tropsch reaction requires several 
steps in which C-H bonds are formed, including the final release 
of hydrocarbon or oxygenate from the metal s ~ r f a c e . ~  

It has commonly been assumed that M-R hydrogenolysis occurs 
by oxidative addition of H2 to the metal center at which the carbon 
fragment is attached, followed by formation of a new C-H bond 
by reductive elimination (eq l) .4 However, evidence has recently 

M-R + H2 - [R-MH2] + M-H + R-H (1) 

been obtainedS that in hydroformylation, the final C-H bond 
forming step is a binuclear process, involving reaction between 
a transient cobalt acyl complex and the hydroformylation catalyst, 
HCO(CO)~.  Several other M-H/M-R reactions (eq 2) have also 

M-R + M-H - [R-M-H-MI -+ M-M + R-H (2) 
been discovered recently.6 Despite this, however, studies aimed 
at the direct investigation of the mechanism of metal-carbon bond 
hydrogenolysis reactions are rare. In this paper, we wish to report 
out results on the mechanism of the facile methane-forming hy- 
drogenolysis of cyclopentadienyldimethylcobalt derivatives. We 
chose these complexes for study because they give methane on 
hydrogenolysis, and yet it seemed unlikely that this process could 
be occurring by loss of phosphine followed by oxidative addition 
of H2 to give a formally Co(V) intermediate. We find that even 
though no metal hydrides are added as reagents in this reaction, 
the new C-H bonds are still formed by a binuclear M-H/M-R 
reaction. 

Reaction of (qS-C5HS)Co(PPh3)(CH3)2 (1) with dihydrogen 
in benzene-d6 at  45 O C  yields 2 equiv of CH4 and 0.5 equiv of 
($-CsHS)Co(PPh3)2 (2) (Scheme I). In the presence of an added 
equivalent of PPh,, the reaction rate is slower but the hydro- 
genolysis now gives 2 equiv of CHI and nearly 1 equiv of 2 
(Scheme I). Treatment of complex 1 with D2 under the same 
conditions gives CH3D, establishing that the new hydrogen atom 
does in fact come from the hydrogen gas. 

In agreement with the notion that a conventional mechanism 
might not be accessible for this process, monitoring the reaction 
of 1 with H2 in the presence of added phosphine revealed the 
presence of an induction period, whose length was dependent upon 
the concentration of phosphine (Figure 1). Following the in- 
duction period, the rate gradually acclerated until the system began 
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to be depleted in complex 1. Such induction periods are often 
characteristic of free-radical chain processes; however, the op- 
eration of a radical chain in this system seemed somewhat unlikely, 
because it would presumably have to involve methyl radicals. 
These very reactive radicals would almost certainly produce some 
toluene by reaction with benzene solvent; in addition, because of 
the comparable bond energies of H2 and methane, H2 should not 
transfer hydrogen very rapidly to methyl radicals. Nevertheless, 
we carried out the hydrogenolysis using D2, (qs-CsH5)Co- 
(PPh3)(CD3),, and 10 equiv (0.95 M) of 1,4-~yclohexadiene, a 
very reactive reagent for transfer of hydrogen atoms to organic 
radicals.' Under these conditions the methane produced was still 
exclusively CD4. This suggested strongly that a radical chain 
process was not responsible for the observed induction period. 

A second explanation for the induction period is that the hy- 
drogenolysis is autocatalytic; we have been able to obtain much 
stronger experimental support for this hypothesis. As stated above, 
this rate behavior is observed when the reaction is performed in 
the presence of added phosphine. Adding both phosphine and 
the CpCo(PPhJ2 reaction product, however, makes the induction 
period disappear (although the overall rate still exhibits inhibition 
by PPh3), and gradually increasing rates are observed immediately 
after mixing the reagents (Figure 1). Clearly product 2 is a 
catalyst (or catalyst precursor) for the hydrogenolysis of 1. 

An autocatalytic mechanism consistent with the observations 
reported above is outlined in Scheme 11. We know that the 
thermal decomposition of 1 is slow at 45 OC and has a complicated 
mechanism, but some Co(1) species are produced in this reactiom8 
We believe these initiate the hydrogenolysis, and once some 4 is 
produced, this takes over as the critical Co(1) species. We sought 
additional support for this mechanism by attempting to prepare 
dihydride 5, so that we might investigate its reactions with 1 
directly. Unfortunately, reaction of 1 with H2, reaction of 2 with 
excess H2, or treatment of CpCo(PR3)12 derivatives with hydride 
reagents gave no evidence for the formation of stable dihydrides. 
As an alternative, therefore, we prepared9 6, the pentamethyl- 
cyclopentadienyl analogue of 1. When 6 and excess H2 were 
allowed to react in benzene-d6 at  45 OC, methane was again 
produced, along with a new material whose proton NMR spectrum 
[S 1.77 (15 H, s), 6.9&7.10 (9 H, m), 7.70-7.83 (6 H, m), -16.54 
(2 H, d, JP-H = 87 Hz)] was consistent with its formulation as 
($-CSMe5)Co(PPh3)H2 (7). This material showed a strong ab- 
sorption in the IR at  1908 cm-'. This was assigned as vM-H on 
the basis of its shift to 1376 cm-I when metal-bound hydrogen 
was replaced with deuterium.I0 

(7)  Kaplan, L. React. Intermed. 1978, 1 ,  163. 
(8) Evitt, E. R.; Bergman, R. G. J .  Am. Chem. SOC. 1980, 102, 7003. 
(9) The method described for the parent Cp compound by Yamazaki and 

Hagihara (Yamazaki, H.; Hagihara, N. J .  Orgunomef. Chem. 1970,21,431) 
was used with modifications for Me& ligand and change in alkylation solvent 
to acetonitrile. Spectral and analytical data were consistent with the structure 
shown in Scheme 111. 

(IO) The corresponding diphosphine, ( T J ~ - C ~ ( C H ~ ) ~ ) C O ( P P ~ ~ ) ~  ( l l ) ,  is not 
formed, presumably due to steric destabilization. 
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Figure 1. Concentration vs. time plots for the disappearance of complex 
1 (0.10 M initial concentration of 1; 3 atm H2), in benzene-d6 at  45 O C ,  
with the following additives: (A) no additives, (0)  0.025 M PPh,, (0) 
0.05 M PPh3, (X) 0.10 M PPh,, (0) 0.10 M PPh, and 0.017 M 2. 
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Complex 7 is one of the few mononuclear dihydridocobalt 
complexes which have been prepared. Although rapid Hz loss 
has prevented us from isolating 7 as a pure solid, benzene solutions 
of the dihydride are stable for relatively long periods of time. This 
stability encouraged us to carry out a direct study of the interaction 
of dimethyl complex 6 with 7. Dialkyl6 and dihydride 7 reacted 
readily a t  45 OC, as predicted by Scheme 11, to give 2 mol of 
methane. We have not yet been able to characterize the or- 
ganometallic products of this reaction, but in the presence of excess 
7 and PPh3, the rate of disappearance of 6 (as determined by 'H 
N M R  spectroscopy) showed good pseudo-first-order kinetics. 
Steady-state analysis of the mechanism shown in Scheme I11 gives 
a rate law which predicts that the reciprocal of the pseudo- 
first-order rate constant koM should depend upon the dihydride 
and PPh3 concentrations as shown in eq 3. The rate constant 

(3) 

koM was therefore determined at several different concentrations 
of PPh3 and 7, and plotted according to eq 3. As shown in Figure 
2, the predicted linear behavior is observed. From the slope and 
intercept of the plot, we calculate kl = 1.83 X lo4 s-l and k 4 k 2  
= 1.44. 

Scheme I11 and the corresponding rate law posit a specific level 
of unsaturation of each reacting partner in the rate-determining 
step associated with microscopic rate constant k,; Le., the dialkyl 
reactant is coordinatively unsaturated, whereas the hydride is 
saturated. The rate law itself rules out the possibility that both 
reactants are unsaturated; reversible dissociation of phosphine 
followed from both 7 and 6, followed by reaction of the two 
unsaturated species so produced, would give an inverse squared 
dependence upon the concentration of phosphine, which is not 
observed. That it is the dialkyl complex, rather than the dihydride, 
which is unsaturated is suggested by the ease with which PMe3 
replaces PPh3 in 6. This result parallels that of 1 which undergoes 
PMe3 substitution by a dissociative mechanism8 through inter- 
mediate 3. 

In summary, even though the inaccessibility of the formal Co(V) 
oxidation state prevents oxidative addition of  Hz to cyclo- 
pentadienylcobalt(II1) derivatives, they still undergo facile hy- 

l/k,M = (1/kl) + ~ ~ - , ~ ~ ~ ~ 3 l / ~ ~ l ~ 2 ~ ~ 1 ~ 1  
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Figure 2. Dependence of the pseudo-first-order rate constant for reaction 
of complex 6 with dihydride 7 (measured in the presence of excess 7 and 
PPh,) upon the ratio of PPh3 to 7. 

drogenolysis, and this hydrogenolysis involves a metal alkyl/metal 
hydride reaction as a critical step. The lack of a stoichiometric 
amount of metal hydride reagent present at the beginning of the 
hydrogenolysis reaction leads to an autocatalytic mechanism; direct 
reaction between dialkyl and dihydride does not require auto- 
catalysis. As in other reactions involving interaction of a metal 
hydride with a coordinatively unsaturated alkyl,6 we do not yet 
know the precise structure of the intermediate involved in the 
M-R/M-H step, but we assume interaction initially involves entry 
of the hydride end of the M-H bond into the metal coordination 
sphere of the dialkyl, forming a bridging hydride. The precise 
structure of this complex, and how reductive elimination occurs 
within it, is not yet clear." It is interesting, however, that on 
the basis of the relative rate constant ratio kz/k-, measured in 
our kinetic study, PPh3 reacts with the unsaturated intermediate 
8 only slightly more rapidly than does the dihydride 7. 
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(11). One possibility (also suggested by both referees) is that the unsatu- 
rated dialkyl and saturated dihydride first react to give CpCo(PPh!)(CH,)(H) 
and CpCo(CHJ(H). These alkyl hydrides can then undergo rapid reductive 
elimination. 
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Bridging methylene complexes are among the most interesting 
binuclear metallacycles, both for structural reasons1 and because 
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