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Abstract - The characteristic weakness of many metal-metal,
metal-alkyl and metal-hydrogen bonds contributes to the facile
occurrence of a variety of homolytic bond dissociation and dis-
placement reactions that result in the formation of metal-
centered and/or carbon-centered free radicals. The thermody-
namic, kinetic and mechanistic aspects of such processes are
discussed. Particular emphasis is accorded to recent studies
relating to (a) free radical mechanisms of catalytic hydrogena-
tion and hydroformylation, (b) free radical processes in bio-
organometallic chemistry, notably coenzyme B 2—dependent re-
arrangements, and (c) free radical chain mecﬁanisms of oxidative
addition, reductive elimination and insertion.

INTRODUCTION

Recent studies have accorded increasing emphasis to the roles of free radical
processes in organometallic chemistry and catalysis (ref. 1-3). Such proces-
ses now are recognized as being much more widespread than previously suspected
not only in new contexts but also in the context of familiar reactions, for
example certain hydrogenation, hydroformylation, insertion and reductive elimi-
nation reactions that had previously been interpreted in terms of alternative
non-radical mechanisms.

Eqs. 1-3 depict schematically several general reactions in which metal-
centered radicals (LnM') are generated and eqs. 4-8 some processes that gener-
ate carbon-centered radicals (R*).

Ly My, —> 2L M 1
Ly My + X° —> L M-X + L M (2)
LnM-H + R° —» LnM‘ + RH (3

“c=c’ L M* + HC-C" 4
LnM—H + /C-C\————> LnM + =C-CC 4)
LM + R-X —> L M-X + R’ (5)
L M-R —> I_,nM' + R* (6)
L_M-R & 5 [L M-R]T — [L MI™ + R 7
L M-R —S > [LnM—R]+ — [LnM]+ + R (8)

The facile occurrence of the reactions depicted by eqs. 1 and 2 reflect the
characteristic weakness of many transition metal-metal single bonds, while
eqs. 3-4 and eq. 6 reflect the characteristic weakness of transition metal-
alkyl and -hydrogen bonds, respectively. The metal-alkyl bond dissociation
that frequently follows electron transfer (eqs. 7 and 8) reflects the stabili-
ty typically associated with the closed shell (usually 18 electron) configu-
rations of organotransition metal compounds.

This paper is concerned with the thermodynamic, kinetic and mechanistic as-
pects of the reactions depicted by eqs. 1-8 and with recent studies relating
to the roles of such free radical processes in the mechanisms of catalytic
hydrogenation and hydroformylation reactions, of coenzyme B1z—dependent rear-
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rangement and of certain oxidative addition, reductive elimination and inser-
tion reactions.

CATALYTIC HYDROGENATION AND HYDROFORMYLATION

In 1975, Feder and Halpern (ref. 4) proposed that the HCo(CO),-catalyzed hy-
drogenation of arenes, which previously had been interpreted in terms of a
concerted insertion of the arene into the Co-H bond of HCo(CO), (ref. 5), pro-
ceeds instead by a free radical mechanism, depicted for the case of anthra-
cene by eqs. 9-12, in which the rate-determining step (eq. 10) involves the
transfer of an H atom from HCo(CO), to the substrate. Coordination of the
substrate or formation of organometa&lic intermediates does not play a role in
this mechanism.

H  H
+ HCo(CO) , «&——= + Co(CO),, €10)
H M H H
+ HCO(CO)4 —_—> @‘@ + C.O(Co)l& (1)
H

H

In view of evidence that the reverse of reaction (10) and related H atom
transfers from organic radicals to metal-centered radicals are characterized
by very low activation barriers (exhibiting near diffusion-controlled kinet-
ics) it was concluded that AH® for a reaction such as (10) could be approxi-
mated by the endothermicity of the reaction. On this basis it was predicted
that the mechanistic scheme of eq. 10-11 should be widespread and should ex-
tend particularly to the catalysis by metal hydrides of the hydrogenation of
conjugated - olefins such as styrene which yield stabilized radicals after H
atom transfer (ref. ). Indeed, analogous mechanisms had been advanced ear-
lier for the Co(CN) “-catalyzed hydrogenation of cinnamate and related sub-
strates (ref. 6-8).

Convincing evidence for such a mechanism (eqs. 13-15) has been provided by the
results of a study of the stoichiometric hdyrogenation of a-methylstyrene by
HMn(CO): (eq. 16) (ref. 9). Supporting this mechanistic scheme are (a) the k1-
netlcs of the reﬁctlong ( d[PhC(CH3) cy ]4dt = k[PhC(CH3) CHz][HMn(CO)S] AH*

= 21.4 kcal mol -12 cal mol & no inverse~CO dépendence); (b) an
inverse kinetic 1sotope effect [k (HMn(CO) )/k(DMn(CO) ) ~ 0.4, interpreted in
terms of the increase in the ﬁtretchlng frequenqy wﬁen H(D) is transferred
from Mn to C [v ~ 1800 cm ~ 3000 cm™ '], (c) formation of HMn(CO)
accompanying the reaction of DMn(C87 with a-methylstyrene, consistent wit
the reversibility of the first step of eq. 13 and, most convincingly, (d) the
observation of CIDNP signals that could be quantitatively interpreted in terms
of this mechanistic scheme.

PhC(CH3)=CH2 + HMn(CO)5 = PhC(CH3)2, Mn(CO)5

_ Phé(CH3)2 + Mn(CO)5 (rate-determining) (13)
PhC(CH3)2 + HMn(CO)5 —_— PhCH(CH3)2 + Mn(CO)5 14)
2Mn(CO)5 —_ an(CO)1O (15)
PhC(CH3)=CH2 + 2HMn(CO)5 —_— PhCH(CH3)2 + an(CO)1O 16)

Based on these considerations we also proposed (ref. 1) that the HCo(CO), -
catalyzed hydroformylation of styrene and related conjugated substrates (but
not of simple alkenes such as propylene) proceeds by an analogous free radical
mechanism depicted by Fig. 1 rather than by the conventional Heck-Breslow
mechanism involving coordination and migratory insertion of the olefin (i.e.,
RCH=CH
HCo(CO0), ————=—> HCo(CO0),(RCH=CH,)——> RCH Co(CO) etc.). Convincing
support”’ for thisproposal ndw has béen advanc% %hrough number of studies on
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the stoichiometric and catalytic hydrogenation and hydroformylation reactions
of styrene and related substrates with HCo(CO), . Paralleling the results of
our study of reaction (16), evidence for the free radical mechanism of the
HCo(CO)a-catalyzed hydroformylation of styrene encompasses the following ob-
servations.

HCO(CO)4 + PhCH=CH2 = 'Co(C0)4 + PhéHCH3 = (CO)ACO—CH(CH3)Ph

HCO(CO)4 (¢0]
0
PhCHZCH3 (CO)QCO-CCH(CH3)Ph
+ °C0(C0)4
HCo(CO)4
0

1
HCCH(CH3)Ph + -CO(CO)4

H
2:C0(C0), === C0,(C0)y w=—t——> 2HCo(CO) ,

Fig. 1. Proposed mechanism of the hydroformylation of styrene

(a) In contrast to the hydroformylation of simple alkenes, the reaction
of  HCo(CO) with styrene exhibits a simple second order rate-law
(k[PhCH:CHZJﬁHCo(CO)a]) with no inverse CO dependence (ref. 10).

(b) Both the stoichiometric hydrogenation and acyl-forming reactions of
HCo(CO), with styrene (eqs. 17(a) and 17(b)), exhibit inverse H/D kinetic iso-
tope ef%ects; k(HCo(CO)4)/k(DCo(CO) ) = 0.45 and 0.49, respectively (ref. 10).
Similar 1inverse 1isotope effects now have been observed for the reactions of
HCo(CO)4 and HMn(CO)5 with a variety of other olefins and arenes. Indeed,
such inverse kineti€ isotope effects, which we originally reported for the
reaction of HMn(CO). with «-methylstyrene (ref. 9) now have come to be con-
sidered as diagnostitC for this type of mechanism (ref. 11-14).

HCo(CO)
PhCH,CH, + Co,(C0)g (17a)
HCo(C0), + PhCH=CH, 0
co PhCH—C-Co(CO),, (17b)
CH,y

(c) The acyl product of the stoichiometric reaction of HCo(CO)4 with sty-
rene (eq. 17b) is the a- rather than B-adduct (ref. 10).

(d) The yields of PhCH(CH4)C(=0)Co(C0), (eq. 17b) relative to that of
PhCHZCH (eq. 17a) is favored by solvents of ﬁigh viscosity which are expected
to impeée the cage escape of the PhCH(CH,) and "Co(CO), radicals in the scheme
of Fig. 1 and hence favor their combination to form fthH(CH3)-Co(CO)4 (ref.
15).

(e) CIDNP signals, attributable to the mechanistic scheme of Fig. 1, now
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have been reported for the stoichiometric reaction of HCo(CO), with PhZC=CH2
(paralleling reaction 16) as well as for the hydroformylation of styrene”(ref.
16-17).

A scheme analogous to that of Fig. 1, but involving HFe(CO),” instead of
HCo(CO),, has been . invoked for the hydroformylation and hydrogenation of
styrene by CO and water, catalyzed by iron carbonyls (ref. 18).

We also have proposed that the product-forming step in the cobalt carbonyl-
catalyzed hydroformylation reaction <(eq. 21) may proceed through a free
radical mechanism, namely that depicted by eqs. 18-21 (ref. 1).

RCCo(C0), —> RCO + "Co(C0),, (18)
RCO + HCo(C0), ——> RCHO + "Co(C0), (19)

Z'CO(CO)A —_— Coz(CO)S (20)
R8Co(CO)4 + HCo(CO), ——> RCHO + Co,(CO)g QN

A recent study has supported this proposal (ref. 19). In addition we have
provided evidence for analogous free radical mechanisms in the related C-H
bond-forming reductive elimination reactions involving manganese carbonyls de-
picted by eqs. 22 and 23 (R = p-CH30CH,CHy; L = (p-CH30CcH,)3P)(ref. 20-21).

cis—RMn(CO)AL + HMn(CO)5 —> RH + MnZ(CO)QL (22)

cis-RMn(CO)AL + HMn(CO)5 + CO — RCHO + an(CO)gL (23)

MECHANISMS OF COENZYME B,,-DEPENDENT REARRANGEMENTS

Coenzyme B (5'-deoxyadenosylcobalamin, abbreviated AdCH,-B.,), whose struc-
ture 1is depicted in Fig. 2, serves as a cofactor for a Variety of enzymatic
reactions, a common feature of which involves the 1,2-interchange of a hydro-
gen atom and another substituent on adjacent carbon atoms of the substrate ac-
cording to eq. 24 (X = OH, NH2, CH(NH, )COOH, C(=0)SCoenzyme A or C(=CH,)COOH)
(ref. 22, 23). Specific examples o% such reactions are the deamination of
ethanolamine catalyzed by ethanolamine ammonia lyase (eq. 25) and the methyl-
malonyl-CoA mutase rearrangement (eq. 26).
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: oy
|
H H H H
—NH3
H- C—-C OH P — H- C—-—C OH ———— CH3CH (25)
H2N H H NH2
O CH3 8
HOOC—CHZ—CHZ CSCOA  — HOOC- CH———CSCOA (26)

A variety of enzymatic studies have provided evidence for the essential fea-
tures of the mechanistic scheme depicted by Fig. 3, which encompasses the fol-
lowing sequence of steps (ref. 22, 23): (i) enzyme-induced homolytic disso-
ciation of the cobalt-carbon bond of coenzyme B to generate cob(II)alamin
(vitamin B ) and a 5'-deoxyadenosyl radical (lgC , (ii) H-atom abstrac-
tion from % he substrate to generate a substrate rad1ca1 and 5'-deoxyadenosine
(AdCH,), (iii) rearrangement of the resulting substrate radical (either di-
rectly or through additional intermediate steps) to the corresponding product
radical, and (iv) abstraction of an H-atom from AdCH, by the rearranged pro-
duct radical to complete the rearrangement reaction.

- (i) .
Ad CH, B, = >~ Ad CH2+B|2|_
X H H X
-¢ c'l;z- OVERALL_REACTION c:: —Cp-
Ad CH2 1, Ad CH2

Ad CH3‘/ \ Ad CH3
X Giii) X
| . > . |
e o]

Fig. 3. Schematic mechanism of coenzyme Blz-dependent rearrangements

The role of coenzyme B encompassed by the mechanistic scheme of Fig. 3
implies a very weak cGbalt-carbon bond. A troublesome feature of this
interpretation has been the absence, at least until recently, of precedents
for such weak transition metal bonds or, indeed, of information about
transition metal bond dissociation energies in general (ref. 24).

We have recently accomplished the measurement of the cobalt-carbon bond
dissociation energy (DCo—CHZAd) of coenzyme B12 by determining the kinetics of

the bond dissociation process in aqueous solution using [CoII(DH)Z(HZO)] (where
DH2 = dimethylglyoxime), which forms a stronger Co-C bond than B12r’ to trap

the AdCHy " radical in accord with eqs. 27-29 (ref. 25).
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K
27 )
AdCH,-B,, ——2' > AdCH," + B, 27)
k 7
1 kog
AdCHZ’ + [Co (DH)Z(HZO)] —_ > [AdCHZ-Co(DH)Z(H20)3 (28)

II
AdCHZ—B12 + [Co (DH)Z(HZO)] —_— [AdCHZ-Co(DH)Z(HZO)} + B12r (29)

From the measured activation enthalpy of reaction 27 (AH;7 = 28.6 kcal/mol,

1

AS;7 = 2 cal mol” k_1) the value of DCo-CHZAd was deduced to be 26 * 2

kcal/mol. (A related measuremnt in ethylene glycol yields a somewhat higher

value of ca 31 kcal/mol) (ref. 26).

Although the Co-C bond of coenzyme B is weak compared with typical covalent
bonds in organic molecules, th Valuq of k27 calculatedyfrom the above actiya-
tion parameters is only ca 107" sec” '. ThiS is some 10° times smalley (AAG T
13 kcal/mol) than the values of the catalytic rate constants (ca 10 sec” )
that have been estimated for several coenzyme B Z-dependent enzymatic reac-
tions. Thus, it would appear that considerable %urther weakening of the Co-C
bond, by interaction with the enzyme, 1is required to achieve dissociation
rates that are comparable with the enzymatic rates.

To identify the factors that might be responsible for this bond weakening and
dissociation, we have examined the influence of various electronic and steric
parameters on the Co-C bond dissociation energies of some coenzyme B model
compounds including bis(dimethylglyoxime)cobalt alkyl and Schiff base” cobalt
alkyl compounds (ref. 24, 27, 28). The bond dissociation energies yielded by
these measurements encompass the range 17 to 25 kcal/mol, i.e., of the same
order as the value for coenzyme B itself. While these measurements reveal
some influence of electronic factors on the Co-C bond dissociation energy, by
far the most important influences are exerted by steric factors, the Co-C bond
dissociation energy exhibiting a marked inverse dependence on the size of ei-
ther the alkyl group or the trans-axial ligand. Structural determinations of
bis(dimethylglyoxime)cobalt alkyl compounds also reveal marked steric influ-
ences on the Co-C bond length (ref. 29). 1In the light of these considerations
it seems highly likely that the enzyme-induced weakening of the coenzyme Co-C
bond is due to steric influences, namely an upward conformational distortion
of the corrin ring that increases the steric repulsion of the 5'-deoxyadenosyl
substituent and induces dissociation of the Co-C bond (ref. 22, 23).

The 1least well understood and most controversial aspect of the mechanism of
coenzyme B 2-dependent rearrangements is the mechanism of the rearrangement
step itself “(i.e., step iii in Fig. 3). The mechanism depicted in Fig. 3
implies that the rearrangement is triggered by H-atom abstraction from the
substrate radical but does not require that the rearrangement involving the
1,2-migration of X (to yield, ultimately, the product radical) actually occur
at the free radical stage. Suggested possible alternatives to such a direct
rearrangement include rearrangement via intermediate carbonium ions or
carbanions (generated by oxidation or reduction of the substrate radical by
vitamin B1 r) or via an organocobalt intermediate, formed by combination of
the substra%e radical with Bio, (ref. 22, 23).

One problem with the proposal of rearrangement at the initially-formed free
radical stage is that such 1,2-migration in a free radical is precedented for
only one of the coenzyme B1 substrates, namely o-methyleneglutarte, involving
the migration of a substitu%ed vinyl group, i.e., -C(=CH,)COOH. For the other
B,, substrates, migration of X (i.e., of OH, NH,, C(=6)SC0A or CH(NHZ)COOH)
hag not previously been observed in model free radicals. However, it shSuld be
noted that those coenzyme B,,-dependent rearEangemgnts whose rates have thus
far been reported are fairly“slow (kC ~ 10° sec”™ ). Radical rearrangement
processes compatible with this time sScdale may well have escaped detection in
earlier studies of free radical rearrangements, most of which were restricted
to much shorter time scales.

To test whether a given substrate radical (or appropriate model thereof) would
rearrange spontaneously on the time scale of coenzyme B,,-dependent reactions,
it was necessary to generate the free radical unambiguAGSly under conditions
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where its lifetime was fairly long (3'102 sec) and, preferably, susceptible to
measurement and systematic variation. Furthemore, to eliminate the issue of
possible cobalt participation in such rearrangements it was preferable to ac-
complish this in the absence of any cobalt complexes.

We have recently accomplished this for a radical, EtSC(=O)C(CH3)(CH2)COOEt (2>
that models the sybstrate radical of the methylmalonyl-CoA mutasé reaction
(i.e., CoASC(=O)CH(CH2)COOH (ref. 30). The model radical 2 was generated from
the corresponding brSmide 1 by reaction of n-Bu,Sn (generated by reaction of
n-Bu,SnH with 2,2'-azobisisobutylronitrile, AIBN) and the competiton between
direct trapping (k. ) with n-Bu,SnH to yield 3, and rearrangement (k_) followed
by trapping of the rearranged Tadical 4 to yield 5 in accord with ea. 30, was
monitored as a function of the initial n-Bu3SnH concentration. These measure-
ments yielded values of kt/kr'

In combination with l%terature date for k,, the following values werg deduced:

k (60.5°C) = 24 sec™ ', AH: = 13.8 kcal/mgl, AS; = -11 cal mol =~ K™ '. The vg-
lue of kr at 30°C, calculated from these activation parameters, is 2.5 sec .
This is” ca 40 times lower than the estimated value of k for the methyl-

malonyl-CoA mutase reaction. However, this relatively mo885t difference (AAGH
= 2.2 kcal/mol) could well be accommodated by chemical and structural differ-
ences between the model radical 2 and the methylmalonyl-CoA radical, as well
as by effects of interaction of the (enzyme-bound) substrate with the enzyme,
e.g., hydrogen bonding to the sulfur atom or conformational influences. Thus,
we conclude that, while contributions from other pathways involving carbonium
ions, carbanions or organocobalt intermediates cannot be definitively ex-
cluded, there is no plausible rationale at this stage for invoking such addi-
tional intermediates at least for the a-methyleneglutarate mutase and methyl-
malonyl-CoA mutase reactions. The rearrangement pathways for other coenzyme
B12—dependent substrates remain to be elucidated.

0
I

n-Bu,SnH 00Et
0 3 Et5/><t (302)
t

0
s COOEt  n-BusSnH L COOEt ;
AIBN EtS/Y B
CHy-

Br kr .

COOE
2 t

4
. l n-Bu3SnH
0]
//E\\v//L\\
EtS COOEt (30b)

5

f=—

Thus, it appears that the principal, 1if not only, role of coenzyme B12 in
these enzymatic processes is that of a free radical precursor, a role “that
utilizes the distinctive weakness of the cobalt-carbon bond. The use of an
organometallic molecule for this purpose seems entirely appropriate since it
is difficult to conceive of a stable organic molecule that would undergo ther-
mal dissociation under such mild conditions to generate a highly reactive pri-
mary radical. At this stage there is no convincing evidence that the coenzyme
or the cobalt atom plays any other role, for example in mediating the rear-
rangement step itself.

FREE RADICAL CHAIN MECHANISMS OF INSERTION AND OXIDATIVE ADDITION
We have recently found that styrene and certain other olefins undergo facile
insertion reactions into the Rh-Rh and Rh-H bonds of Rh,(OEP), and (OEP)RhH,
respectively, in accord with eqs. 31 and 32 (OEP = octdethylporphyrin) (ref.
31).

RhZ(OEP)Z + PhCH=CH2 — (OEP)RhCHZCH(Ph)Rh(OEP) 31
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(OEP)RhH + PhCH=CH2 ——9-(OEP)RHCHZCH2Ph (32)

The facile occurrence of reaction (32) was somewhat unexpected since it is not
apparent that (OEP)RhH possesses an accessible cis-coordination site that is
generally considered to be necessary for olefin migratory insertion.

On the basis of kinetic evidence it was concluded that reaction (31) proceeds
through the free radical chain mechanism depicted by eqs. 33-35 (ref. 31).

Initiation/Termination: ha(OEP)2 ——> 2(0EP)Rh" (33)

(OEP)Rh* + PhCH=CH, —> (OEP)RhCH.,CHPh (34)
P . < 2 = 2
ropogation: .

(OEP)RhCH,CHPh + Rh,(OEP), —>

(OEP)RhCHZCH(Ph)Rh(OEP) + (OEP)Rh" (35)

Further evidence for this mechanism and, particularly, for the intermediacy of
the (OEP)RhCH,CHPh radical was provided by trapping of the latter. Efficient
trapping by (8EP)RhH was manifested in catalysis by ha(OEP)2 of reaction (32)
in accord with the mechanistic scheme of eqs. 33, 34 anid 36.

Initiation/Termination: RhZ(OEP)Z ——> 2(0EP)Rh" (33)
p o { (OEP)Rh" + PhCH=CH2 —> (OEP)RhCHZCHPh (34)
ropogation: .
(OEP)RhCHZCHPh + (OEP)RhH ——
(OEP)RhCHZCHZPh + (OEP)Rh- (36)
A free radical mechanism, analogous to that of eqs. 33, 34 and 36, also

accommodates the previously reported (ref. 32) insertion of CO into the Rh-H
bond of (OEP)RhH (eqs. 33, 37-39).

Initiation/Termination: ha(OEP)z ———> 2(0EP)Rh" (33)
(OEP)Rh" + CO —> 2(OEP)RhCO (37)
Propogation: {1 .
(OEP)RhCO + (OEP)RhH ——
(OEP)RhCHO + (OEP)Rh* (38)
Overall Reaction: (OEP)RhH + CO — (OEP)RhCHO (39)

This mechanism parallels the microscopic reverse of mechanisms previously
postulated for the decarbonylation of metal formyl complexes (ref. 33).
Reaction (38) also finds a parallel in the mechanism recently proposed for the
generation of metal formyl complexes by H-atom transfer to electrochemically
generated metal carbonyl radicals (ref. 34).

The oxidative addition of benzyl bromide to RhZ(OEP) (eq. 42) also can be
accommodated by a free radical chain mechanism, depic%ed by egs. 33, 40 and 41

(ref. 31).
Initiation/Termination: ha(OEP)z ——> 2(OEP)Rh" (33)
(OEP)Rh" + C6H5CHZBr —_—
Propogation: (OEP)RhBr + CeHgCH, (40)

C6H5CH2' + ha(OEP)z e
(OEP)RhCH2C6H5 + (OEP)Rh° ¢ D)

Overall Reaction: ha(OEP)2 + C6HSCH2Br —_—
(OEP)RhCH2C6H5 + (OEP)RhBr 42)

We have found that Rhy(OEP), also undergoes oxidative addition reactions with
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HSnBu, and with 9,10-dihydroanthracene (AHZ) (eqs. 43 and 44) (ref. 371).
While“analogous free radical chain mechanismS seem likely for these reactions
their kinetics remain to be elucidated.

ha(OEP)z + HSnBu3 —> (OEP)RhH + (OEP)RhSnBu3 43)
ha(OEP)z + AH2 —> (OEP)RhH + (OEP)Rh-AH 44)

Several factors may be identified as contributing to the distinctive free
radical chain processes that we have identified in these systems, namely (a)
the weak Rh-Rh bond in Rh (OEP), which is responsible for the accessibility of
the (OEP)Rh" radical (eq g) (b) wunusually strong Rh-C bonds which
contribute to the driving force for the chain propogating steps (34) and (37)
and (c) the absence of axial ligands in ha(OEP) which renders feasible the
homolytic displacement steps (35) and (41)% SeVeral features of these free
radical chain mechanisms, notably the chain propogation sequences involving
addition of metal free radicals to olefins and to CO and the S;2 displacement
of metal radicals at metal-metal bonds, are without direct precedent in
transition metal chemistry.
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