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A INTRODUCTION 

A very wrde variety of polynuclear metal carbonyls contammg metal-metal bonds has 
been prepared, and the structures and reactions of these complexes have been well 
characterrsed’ However, relatively few thorough kmetrc studres have been made m order 
to investigate whether there are any mechamstrc features umquely attributable to the 

presence of metal-metal bond? _ Quantrtatrve studies related to the strengths of the 
metal-metal bonds are also strll rather rare, and the relatronshrp between the results given 
by the various techniques 1s not well understood3 

An early kinettc study of the reaction of alkynes wrth drcobalt octacarbonyl indicated 

that reversrble formation of a reactive carbonyl mtermedrate occurred4, and kinetic 
evrdence has also been obtained for srmdar formation of reactive mtermedrates m a 
variety of reactions mvolvmg Mn,(CO)lo (ref 3), Re, (CO),, (ref 5), [Co(C0)3PBu3] 2 

(ref 6) and [CpFe(CO)2] z (ref 7). It has been suggested3 that these intermediates can be 
formulated as species contammg a single carbonyl bridge formed by a process of “metal 

migration”3~8 roughly analogous to the well-characterrsed process of methyl mrgratrong 

These mtermedrates have one metal atom with a vacant coordmatron site at which further 

attack by a variety of reagents can occur A general reaction scheme for a variety of 
reactions of Mnz(CO)lo and Rez(CO)ro has been suggested’ The process of metal 
mrgratron can be envrsaged as mvolvmg concerted heterolytrc fission of the metal-metal 

bond and nucleopluhc attack, by the reduced metal atom, on the carbon atom of a 

carbon monoxrde molecule coordmated to the oxrdrsed metal atom. The degree to which 
the kmetic parameters for formation of this type of intermediate reflect the strengths of 
the metal-metal bonds wrll depend on the relative contrrbutrons of bond-making and 
bond-breakmg to the process Raman”, mass spectrometrrc”, electrochemrcal’* and 
theoretIcall studres all indrcate that the metal-metal bond m Re2(CO)ro IS stronger 
than that m Mn, (CO),, , and the free energres and enthalpres of actrvatron for formation 

of the reactive mtermedrate are also greater’ for Rea (CO)ra 
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We have continued to study the kmetlcs of reactions of related metal-metal bonded 
carbonyls m an attempt to verify the nature of the reactive Intermediates involved, and to 
see to what extent relative values of the metal-metal bond strengths might be inferable 
from the klnetlc parameters ReactIons In mere ahphatlc hydrocarbon solvents have been 
studled by making use of W-visible and mfrdred spectroscopy Unlzs otherwise 
specSed, first-order loss of reactant carbonyl was observed 

B RCSULTS 

(r) Reactions of MnRe(CO)lo 

The kmetlcs of the substltutlon reaction of ths complex with triphenylphosphme, of 
the reactlon with oxygen, and of the thermal decomposltlon reaction (all m decalm, and 
over a temperature range from 110 to 155°C) follow a slmllar kmetrc pattern to those 
observed for Mn, (CO),,-, and Rez(CO) 10 The values of AI? and AS* for formation of 
the reactive intermediate are 38 9 t 0 2 kcal/rnole and +18 5 f 0 5 cal mole-’ deg-‘, 
respectively (uncertainties are standard deviations) 

fzi) Tk? i-effcrzon Re2(C0j9P~?13 f pph~ + fRe(COJ4PPh,], f CO 

This reaction can be made to go to completion m either dlrectlon or to approach an 
equlhbrmm rmxture, dependmg on the conltlons employed The reactlon of 
[Re(CO)JPPh3]2 with carbon monoxide IS retarded by the presence of free tnphenyl- 
phosphme, even when the reactlon goes to completion This retardation mdlcates the 

presence of a reactrve mtermechate, but not necessarily one formed by reversible 
&ssocIatlon of a trrphenylphosplune hgand. slmllar behavlour being expected also for the 
metal mlgratlon mechamsm’ For the present, and for the sake of dIscussron, we choose 
to assign the slow step to the metal mlgratlon process Kmetlc parameters for the forward 
reactlon are & = 34 8 + 0 3 kcal/mole and AS* = 7.7 F 0 7 caLmole_’ deg-‘, wh~ule for 
the reverse reaction AH* = 38 8 -+ 0 5 kcal/mole and AS* = 21 5 + I 5 cal mole-’ deg-‘. 

(HI) Reacnons of [Mn(CO)4PPlt3 / t 

Reactlon with trlphenylphosphme m the absence of oxygen proceeds quite slowly, 

infrared bands at 1988w, 1938m and 1861s cm-’ bemg observed to grow The reaction 

rate 13 half order with respect to [Mn(C0)4PPh3]2 and zero order ulth respect to 
trlphenylphosphme. These observatrons are consistent with slow reversible homolytlc 
fission of the Mn-Mn bond as the mltlal step, the next step being the dlssoclative 

replacement of one carbon monoxide hgand m Mn(C0),+PPh3 to form Mn(C0)3 (PPh3 j2 
Reaction of the complex with oxygen at 1 atm proceeds about 100 times faster than t 

I 
the reaction with tnphenylphosphme and IS first order with respect to [Mn(CO),PPh,], 
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Complete loss of all CO stretchmg bands occurs, the urudentrfied products being assumed 
to be oxides of manganese The reaction 1s not retarded by added trrphenylphosphme kt 
concentratrons up to 0 2 M At the lower temperatures of the range used (20-50°C) the 
reactron under an IS slower than that under oxygen, but It IS strll not apprecrably slowed 
by added trrphenylphosphme This shows that the relatrve slowness of these reactions IS 
not due to reversible drssocratron of trrphenylphosphme as a rate-determmmg step, and 
we propose thrs step to be homolytrc fissron of the Mn-Mn bond, followed by rapid 
reaction wrth oxygen of the Mn(C0)4PPh3 radrcals so produced The activatton 
parameters for the reactron wrth oxygen are & = 28 8 kcallmole and &St = 19 cal 
mole-’ deg-r 

Reactron wrth carbon monoxrde proceeds at a limrtmg rate, under pressures of carbon 

monoxide from ca 20 mm up to 760 mm Hg, to form Mn2(C0)9PPhJ AU* = 28 kcal 
mole-’ and AS * = 17 cal mole-’ deg-’ As with the correspondmg reaction of [Re(C0)4 
PPh312, thrs reactron 1s mhrbrted by added trrphenylphosphme, but agam this does not 
necessarrly Imply that drssocratron of tnphenylphosphme 1s the rate-determmmg step, and 
we choose to regard thus also as a metal migration reactron At all temperatures studied thrs 
reactron IS only about one half as fast as 1s that under oxygen If oxygen can react with the 
bndged intermediate (as has prevrously been concluded3>‘) then the reaction wrth oxygen 1s 
proceeding both by the metal mrgratron and homolytrc fissron paths The rough equality 
of the values of & and AG* for reaction wrth carbon ITIOnOXlde and wrth oxygen 
shows that the homolytrc fissron and metal mrgratron processes can occur wrth about 
equal facrhty. The fact that the reaction wrth carbon monoxide does not proceed as fast 
as with oxygen, coupled wrth the fact that no Mnz (CO)l0 1s formed, shows that 
drssocratrve Ioss of tnphenylphosphme from Mn(C0)4 PPhJ does not proceed at a ratb 
competrtrve wrth the recombmatron of two Mn(CO&PPhs rad caIs 

(IV) The reaction of [Ru(CO),SuVle,~ z wth tnphenylphosphme 

Thus reactron proceeds cleanly m cyclohexane at 50-70°C to form equal amounts of 

Ru(CO)a(PPh3)z and Ru(CO)~(PP~~)~(SIM~~)~ No mtermedrates are observed when 

the infrared spectrum 1s scanned during the reactton’ The pseudo-first-order rate plots 

for loss of reactant carbonyl are Imear for I-2 half-lives, and the rate constants rrse to a 
limiting value with mcreasmg values of [PPh3 ] _ Th e reactron 1s retarded by carbon 
monoxrde, but not to an extent compatrble wrth the slower reactions (at lower [PPh3], 

and m the absence of added carbon monoxrde) bemg retarded by carbon monoxrde 

released during the reactions At pressures of carbon monoxrde above about 100 mm of 
Hg, the relative amount of Ru(C0)3(PPh3)2 mcreases untrl rt 1s the sole product when 
pCo IS ca 300 mm, and the reaction IS then very slow, although rt does still go to 
completion The mechamstrc rmphcatrons of these results are not yet clear, but tt may be 
that the reactive mtermedrate formed reversibly m the rate-determinmg step 1s agam a 
carbonyl bridged specres formed by metal migration (but see note added m proof, p 85) 
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C. DISCUSSION 

The activation enthalpy for reactions of MnRe(CO)re IS greater than that for reactions 
of Mnz(CO)ro, and essentrally equal to that for those of Rea (CO),,-, _ Ths parallels the 
values of the force constants for the metal-metal vrbratrons which are 0 5?,0 81 and 

0 82 mdyne/A for the Mn-Mn, Mn-Re and Re-Re bonds, respectrvely”. Levenson et 
al r5 have assigned the more intense band, of second to lowest energy, m the near UV 

regron of the electronic spectrum of Mnz (CO)re and Rez (CO) 1o to a (T + u* transrtron 
mvolvmg orbrtals m the metal-metal bond. The energy of this transrtron might be 
expected to provide some kmd of estrmate of the relative strengths of the metal-metal 

bonds The energres of these transitions for Mns (CO),,, MnRe(CO)10 and Re, (CO),, are 
29,100, 30,800 and 32,300 cm-‘, respectively, the value ibr the mrxed carbonyl being 
roughly intermediate between the other two rather than closer to that of Re2(CO)ro as 

are the force constant and actrvatron enthalpy. The values for the energres of the 
correspondmg bands of Mnz (CO)lo, Mn2(C0)9PPh3 and [Mn(C0)4PPh3]2 are 29,100, 
28,500 and 25,600 cm-‘, respectively, which parallel the values of the actrvatron 
enthalpres for what we assign to be metal nugratron processes, vrz. 36 2,34 (ref 16) and 

28 kcal/mole, respectively The energies for the correspondmg bands for Rez (CO),, , 

Re;!(CO)sPPhs and [Re(C0)4PPhs]2 are 32,300, ca 31,200 and 33,300 cm-‘, 
respectrvely, and tins agam roughly parallels the actrvatron enthalpres, vrz 38 6,34 8 and 

38 8 kcal/mole 

D SUMMARY 

These recent studres estabhsh more cases of the reversrble formation of reactive 

intermediates in reactions of a varrety of metal-metal bonded carbonyls In some cases 

posrtrve evrdence is avarlable to discount sample reversible hgand drssocratron as the 
process mvolved, and all cases but one are compatrble with reversible metal mrgratron, the 
exception being assrgnable to homolytic fissron of the Mn-Mn bond m [Mn(C0)4 PPh312 

The metal rmgratron hypotheses 1s consrstent wrth the occurrence of the well known 
methyl rmgratron process9 , wrth the exrstence of stable carbonyl bridges m a great many 

carbonyls, and with structural’ and theoretical” evidence that a terminal carbon 
monoxrde hgand on one metal IS attracted to the other metal m the metal-metal bond to 
some degree, even m the undrsturbed reactant complex In addrtron, this formulatron of 
the nature of the reactive mtermedrates provides a sample and satrsfymg way of explammg 
reactions such as that of Mn2 (CO)lo with rodme to form Mn(CO)s I (ref 3) and of 

[Co(CO)a PBu3 lz wrth SnCl* , m whrch the tm atom IS inserted cleanly mto the Co-Co 
bond’. In cases where independent evrdence exrsts for the relative strengths of the metal- 
metal bonds, a reasonably good correlatron 1s found between these and the correspondmg 

actrvatron enthalpres assigned to metal nugratron 
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Note added m proof 

We have recently found that, at hrgh concentratrons of complex, reaction (IV) becomes 

half order in [complex] and it appears, therefore, that reversible drssocratron mto two 

radicals may be the fust rate-determrmng step Slrmlar results have also been found for 

the reaction of Mnz(CO)lo with oxygen, and reversrble homolytrc fisston of the metal- 

metal bond may be occurrmg here as well. 
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