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Abstract

The activation and functionalization of carbon—
hydrogen bonds under homogeneous conditions
continues to be an important and challenging ob-
jective. Only in recent years have a few examples
of such C—H bond activation, especially at aliphatic
carbon centers, been reported and these involve,
for the most part, stoichiometric rather than catalytic
reactions; general approaches with widespread ap-
plicability still are lacking. Drawing upon the
limited insights provided by these examples, and
upon the pertinent information derived from related
studies on the reverse process (i.e., metal complex-
promoted C—H bond formation) and on the catalytic
activation of other saturated molecules (notably
H,), as well as from recent determinations of metal—
carbon and metal—hydrogen bond energies, the
mechanistic, kinetic and thermodynamic aspects
of C—H bond activation at metal centers are
analyzed. It is concluded that thermodynamic con-
straints, notably those associated with the character-
istic weakness of metal-carbon bonds, are of dom-
inant importance in limiting the reactivities of metal
complexes toward C—H bonds.

Introduction

The homogeneous activation of C—H bonds
by metal complexes, especially at saturated carbon
centers, has long been recognized as an important
and challenging objective [1]. Only in recent years
have significant advances been made toward re-
alizing this objective and toward achievement of
an understanding of the factors that influence the
mechanisms, rates and reactivity patterns associated
with C—H bond activation. Even now, such successes
as have been achieved involve, for the most part,
stoichiometric reactions. Catalytic activation of
C—H bonds resulting in useful and selective func-
tionalization of saturated hydrocarbons remains
a challenging and elusive objective [2].
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Examples of recently reported homogeneous
intermolecular activation of saturated hydrocarbons
by metal complexes are depicted by eqn. 14 [2c,
2e,3-7]:

DOAc
% > e
RH PVl
%, RCI (1b)
[CPMIL(CO)] ho
R
RH yd
[CpML’] — Cp(L)M\ ?2)
H

[Cp = CsHs or CsMes; M = Ir or Rh; L = CO or PMej]

+
[1rHys,L, T
+ CHECHC(CHy), — 222, IrHL, | + CH,CH,C(CHy),

[S = acetone; L = PPh3] (3)
i
+ CHyCHC(CHy), 3Rty | + ©+ O
+ CHyCH, C(CHy), 4)

Because of the small number of systems in which
the activation of C—H bonds has been directly
observed, the information that can be derived from
the study of such systems also is limited. However,
considerable insights into the mechanistic, kinetic
and thermodynamic aspects of C—H bond activation
have been provided for some time by studies on
related phenomena, including (a) the microscopic
reverse of the C—H activation process, i.e., metal
complex-promoted C—H bond formation [8], (b)
the activation of aromatic C—H bonds and of
strained hydrocarbons which exhibit greater re-
activities toward metal complexes than aliphatic

© Elsevier Sequoia/Printed in Switzerland



42

hydrocarbons [9], (c) the activation of other sat-
urated molecules, notably H, [10,11], and (d)
the determination of metal—-hydrogen and metal—
alkyl bond dissociation energies [12].

The present article is concerned with these themes
as they relate to the mechanisms, kinetics and
thermodynamics of C—H bond activation, partic-
ularly in saturated hydrocarbons.

Only the direct activation of C—H bonds by
metal centers will be considered although it should
be noted that there also are a variety of other ways
in which metal complexes may be indirectly involved
in C—H bond activation. Examples include H atom
abstraction from hydrocatbons by OH radicals
generated by reaction of Fe* with H,0, [13],
or by alkyl radicals generated by metal-alkyl bond
dissociation (e.g., coenzyme Bj,-promoted re-
arrangements) [14], as well as by oxometal com-
plexes (cytochrome P45 and non-enzymatic analogs
thereof) [15]. Such processes appear to be partic-
ularly widespread and important in biochemical
systems.

Activation of H, and Other Saturated Molecules

Whereas examples of the activation of saturated
hydrocarbons by metal complexes have only re-
cently been identified and still are rare, the activa-
tion of other saturated molecules, including H,,
is widespread and has been extensively studied [10,
11]. Several mechanisms for the activation of
saturated molecules at metal centers have been
demonstrated and are listed in Table 1.

TABLE I. Mechanisms of Activation of Saturated Molecules.

1. Electrophilic displacement
MY+ X-Y — MNX—+ v*
[Cu?* + H, —> CuH* + H*]

2. One-center oxidative addition
/X"
MN+ Xy —ME+2)
v

[RhICI(PPh3) + Hy —> RhIIH,CI(PPh3)3]

3. Two-center oxidative addition
2MN (o1 MY) + XY — > MV + Dx— 4 M(N + 1)y~
[2CoT(CN) 3~ + H; —> 2Co™MIH(CN)53 )

4. Homolytic displacement
MN+ Xy — MV + Ux— 4 y—
[CoT™{(CN)53~ + CH31 —> Col'[(CN)513~ + CH3-]

5. Nucleophilic displacement
MN 4+ XY —> MN+ 20—+ y—
[MnH(CO)s~ + CH3l —>MnX(CO);CH3 + I}
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Of these mechanisms, only the first three (i.e,
electrophilic displacement and 1- and 2-center
oxidative addition) have been identified for H,
and are expected to be applicable to C—H bonds.
Because of the weakness of M—H and M—R bonds,
one-center homolytic displacement is expected to
be thermodynamically highly unfavorable for H,
and C—H bonds and is not observed. (However,
the reverse reaction, e.g., LyM—H + R+ = ;M- +
RH, is facile and widespread.) [16a]. Nucleophilic
displacement requires a good anionic leaving group
such as halide or carboxylate and, thus, is not
expected (nor found) to be applicable to H, or
C—H bonds.

Of the known examples of C—H bond activation
in saturated hydrocarbons, reactions (la) and (1b)
probably proceed via initial electrophilic displace-
ment [2¢, 2e] (eqn. 5) whereas the reactions de-
picted by eqn. 2 clearly involve oxidative addition.
For the reactions depicted by eqn. 3 and 4 the
initial mode of activation of the hydrocarbon has
not been identified.

RH + [Pt'ICl] —

p*_~RD  (52)
H* + [R-PtICL,] <
ptVCl, =RCl  (5b)

All the recognizable potential routes to activating
C—H bonds by metal complexes (Table I) involve
the initial formation of metal—alkyls and/or hydrides,
ie., the trading off of M-—H and/or M—C bonds
for C—H honds. Thus, the thermodynamic constraints
that govern such processes are dependent upon the
magnitudes of the M—H and M—C bonds involved.
Accordingly, it is useful to consider the available
information concerning such bond dissociation
energies.

Metal—Hydrogen Bond Dissociation Energies

Some of the available data concerning metal—
hydrogen bond dissociation energies, both for simple
diatomic metal hydrides and for complex hydrides,
are listed in Table II. Most of these bond dissocia-
tion energies are seen to lie close to 60 kcal/mol and
no pronounced trends with regard to the nature of
the metal or of the ligands are observed. Few known
metal-hydrogen bond dissociation energies exceed
65 kcal/mol.

Metal—Alkyl Bond Dissociation Energies

Fewer data are available concerning transition
metal--alkyl bond dissociation energies and only
recently have reliable and reasonably general methods
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TABLE 1II. Transition Metal-Hydrogen Bond Dissociation
Energies.

Metal hydride M-H bond dissociation Ref.
energy (Kcal/mol)

[Cr-H], 66,42 19a/16b
[Mn-H], 55 19a
[Co—H]g 39 20
[Ni-H] g 68 19a
[Cu—-H]g 66 19a
[Ag—H]g 53 19a
[Au—H] g 74 19a
[Pt-H] g 80 19a
[Cr*—~H] g 35 16¢
[V*-H] g 50 16d
[Mn*-H], 53 16¢
[Fe*—H] ¢ 58 16¢
[Co*-H]g 52 16¢
[Ni*-H]g 43 16¢
[Zn*—H]g 60 16¢
[H-Co(CO)4] 58 16e
[H—Co(CN)5% 1aq 58 16f
[H,—IrCI(CO)(PPh3),] 60 (mean) 16g
[H-V(CO)¢'} 56 16h
[H—C1(CO)¢*] 58 16h
[H-Mo(CO)¢'] 65 16h
[H-W(CO)¢'] 64 16h

TABLE III. Cobalt—Alkyl Bond Dissociation Energies [17].

Compound? Co—R bond dis-
sociation energy
(Kcal/mol)
(4-NH,-py)(DH)2Co—CH(CH3)C¢Hs 21
(4-CH3-py)(DH),Co—CH(CH3)(CgHs) 20
(py)(DH),Co—CH(CH;3)CeH 5 20
(4-NC-py)(DH),Co—~CH(CH3)CgH5 18
(Imidazole)(DH)2Co—~CH(CH3)CgHj5 21
(PMe,Ph)(DH),Co—CH(CH3)CgH5s 24
(P™Bu3)(DH),Co—~CH(CH3)CgH5 21
(PEtPh;)(DH),Co—CH(CH3)C¢Hj5 19
(PPh3)(DH),;Co--CH(CH3)CgH5 17
(py)(SALOPH)Co—CH,CH,CH3 25
(py)(SALOPH)Co—CH(CH3), 20
(pY)X(SALOPH)Co—CH;C(CH3), 18
(py)(SALOPH)Co—CH,CgH3 22

2py = pyridine, DH, = dimethylglyoxime, SALOPH =N,N'-
disalicylidene-o-phenylenediamine.

for determining such bond dissociation energies
become available [12]. The most extensive mea-
surements to date have been made on various cobalt—
alkyl compounds [17], the choice reflecting, at
least in part, the relevance of such compounds as
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models for coenzyme By, and the role of cobalt—
carbon bond homolysis in the mechanisms of co-
enzyme B,,-promoted reactions [16a]. Values of
cobalt—alkyl bond dissociation energies are sum-
marized in Table III.

The known values of cobalt—alkyl bond disso-
ciation energies are seen to lie in the range 18-25
kcal/mol. Several known manganese—alkyl bond
dissociation energies (i.e., of R—Mn(CO); or R—
Mn(CO)4(PR3)) are of comparable magnitude [18,
19]. Thus, such values seem typical, at least of
first row transition metal—alkyls.

An extensive body of evidence suggests that
the characteristic weakness of such transition
metal—alkyl bonds, notably in octahedral complexes,
is due to steric crowding and that steric factors play
a dominant role in influencing transition metal-
alkyl bond dissociation energies [12, 17]. The
following evidence supports these conclusions:

1. The data in Table Il reveal a marked inverse
dependence of the Co—R bond dissociation energy
on the size of either the alkyl group or of the
trans-axial ligand, L (¢f [CH,3CH,CH,—Co-
(SALOPH)py] ws. [(CH3);CCH,—Co(SALOPH)py]
and [C¢Hs(CH;3)CH—Co(DH),(PMe,Ph)] wvs. [C,-
Hs(CH3)CH—Co(DH),(PPh3)]). Electronic factors
also influence these trends but their effects are
relatively small compared with those of steric factors
[17d].

2. The typically large difference between M—H
and M—C bond dissociation energies (commonly
> 30 kcal/mol vs. 15-20 kcal/mol for Dg gy —
D¢ _¢) is difficult to interpret in terms of electronic
factors. The most plausible explanation is in terms
of sterically-induced weakness of the metal alkyl
bond. Consistent with this is the observation that
dissociation energies of sterically uncrowded ‘bare’
metal alkyls (7.e., having no other ligands) typically
are higher than those of coordinately saturated (li-
gated) alkyls and the difference between M—H and
M—C bond dissociation energies in such compounds
typically is small, eg., Dcocn,=41 kcal/mol,
Deo-—n =39 kecal/mol, Dgo+_cn, =61 keal/mol,
Dgo*—p = 52 kcal/mol [20].

3. Structural studies on a range of [R—Co(DH), L]
compounds (DH, = dimethylglyoxime) reveal marked
lengthening of the Co—C and Co—L (L = H,O0,
pyridine, PPh;, efc.) bonds with increasing size
of R or L, as well as significant sterically-induced
distortions of the dimethylglyoxime ligands. Thus,
the Co—C bond length in [R—Co(DH),py] is 1.998,
2.060 and 2.085 A for R = CH,, CH,C(CH3); and
CH(CH,),, respectively [21]. The corresponding
Co—N bond lengths are 2.068, 2.081 and 2.099 A,
respectively [21].

At this stage there are virtually no reliable data
concerning metal—alkyl bond dissociation energies
of conventional (ie., ligated) complexes of the
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second and third row transition metal series. It is
possible that such metal—alkyl bonds will turn
out to be stronger than those of the first transition
series but convincing evidence for this is lacking.
In particular it should be noted that (a) transition
metal-hydrogen bond dissociation energies (which
are expected to parallel the corresponding metal—
alkyl bond energies) do not appear to exhibit a
significant increasing trend in going from the first
transition series to the second and third (Table II)
and (b) gas phase determinations of bond dissocia-
tion energies in ‘bare’ transition metal—alkyl ions
also fail to reveal a consistent increasing trend of
bond dissociation energies in going from the first
to the second series. Thus, Dy+_cn, = 58 vs. 54
kcal/mol for Fe*—R vs. Ru*—R, 61 vs. 47 kcal/mol
for Co*~R vs. Rh*—R and 48 vs. 59 kcal/mol for
Ni*—R vs. Pd*—R [22]. As elaborated later, the
widespread and facile reductive elimination of
alkanes from c¢is-hydridoalkyl compounds of the
second and third row, as well as first row, transition
metals also attests to the typical weakness of metal—
alkyl bonds in such compounds.

Considerably higher Th—R bond dissociation
energies (up to 80 kcal/mol) have been estimated
for some thorium alkyl compounds [(CsMe)sThR,]
but these are based on assumed values of the corre-
sponding Th--OR bond dissociation energies, the
reliability of which is unclear [23].

C—H Bond-Forming Reductive Elimination Reactions

Although examples of the activation of aliphatic
C—H bonds by metal complexes through routes
such as those depicted in Table I still are rare, ex-
amples of the reverse processes, i.e., C—H bond-
forming reactions at metal centers, are widespread
and have been extensively studied [8]. Eqn. 6—9
depict examples of such reactions that correspond
to the microscopic reverse of the first four entries
in Table I.

Electrophilic Displacement
RHg" + H* — RH + Hg** (6)
One-Center Reductive Elimination [24]

R
(PhaP)th/

“

Two-Center Reductive Elimination [18]

—> RH + [(Ph;P),Pt] (7

[R-Mn(CO);] + [HMn(CO)s] — RH + [Mn,(CO);,]
®
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Homolytic Displacement [18]
[H-Mn(CO);] + R+ —> RH + [-Mn(CO);s] &)

The widespread and facile occurrence of all these
processes demonstrates not only that they are
thermodynamically favorable but also that the
kinetic barriers associated with them typically are
small. An inescapable corollary is that the constraints
associated with the reverse processes, i.e., the activa-
tion of aliphatic C—H bonds by typical metal com-
plexes (such as the products of reactions 6—9)
are thermodynamic rather than kinetic. Thus, the
free energy profile for reaction (7), which occurs
rapidly at —20 °C, must resemble that of Fig. 1.

ENERGY

LM + RH

REACTION COORDINATE
Fig. 1. Schematic energy vs. reaction coordinate profile for
the reductive elimination of an alkane from a cis-hydrido-
alkyl metal complex.

The conclusion that such C—H bond-forming reduc-
tive elimination reactions typically are exothermic
is not surprising and, indeed, is predicted by the
pattern of metal--alkyl and metal-hydrogen bond
energies previously discussed. Thus, choosing Dy_g
= 60 kcal/mol, Dy_g = 30 kcal/mol and Dg_4 =
100 kcal/mol, a reaction such as that depicted by
eqn. 10 can be deduced to be endothermic by ca.
10 kcal/mol. Similar reasoning leads to the conclu-
sion that the oxidative addition of unstrained satu-
rated C—C bonds [e.g., LM + C,Hs = LM(CH,),]
also is likely to be thermodynamically highly un-
favorable. Such processes are, however, known
for strained hydrocarbons such as cyclopropane [9]:

SR
LM + RH —> LM (10)
H

It should be noted that, although few, there are
some exceptions to this generalization, ie., cis-
alkyl hydrides which do not undergo spontaneous
intramolecular reductive elimination of alkanes
and apparently are thermodynamically stable. These
include cis-OsH(CH3)}(CO)4 (which undergoes inter-
molecular rather than intramolecular reductive
elimination)  [25], and the products of
reaction (2), (ie., (CsMes}(L)MHR, M =Rh or Ir,
L =CO or PMe;) [3-5].
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Mechanisms of Activation of Saturated Hydrocarbons

Electrophilic Displacement

This would appear to be the most promising
approach to the activation of saturated hydrocarbons
for two reasons.

(a) The low reactivity of saturated hydrocarbons
has its origin, at least in part, in the absence of low-
lying unoccupied orbitals. Hence, the transition
states in reactions of such molecules often involve
the promotion of electrons into antibonding orbitals.
Accordingly, their reactivities are expected to be
highest toward species having low-lying unoccupied
orbitals, ie., electrophiles. Similar considerations
apply to other saturated molecules such as H, and
it is significant that electrophilic displacement,
exemplified by eqn. 11, was the first mode of homo-
geneous catalytic activation of H, to be identified
[26]:

Cu?* + H, — CuH* + H* (11)

(b) Electrophilic dissociation of C-H bonds,
in accord with eqn. 12, is not as severely limited as
is oxidative addition by thermodynamic constraints
associated with the weakness of M—H and M-C
bonds. Although such constraints still play a role,
the thermodynamic driving force for processes
such as (12) may also be influenced by stabilization
of the leaving group, ie., H" or R*. In line with
this the rates of electrophilic splitting of H, by
metal ions such as Cu®* (eqn. 11), Ag* and Hg**
are enhanced by bases which serve to stabilize the
released proton [10, 11]:

L,MR+H" (122)
L,MH+R* (12b)
Electrophilic attack by metal ions on activated

(e.g., aromatic or allylicy C—H bonds is a familiar
process, e.g. [27,28],

[Rh(OEP)]* + C4Hs — [CsHsRh(OEP)] + H* (13)

(OEP = octaethylporphyrin)
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Electrophilic attack on aliphatic C-H centers
is expected to be more difficult but is precedented.
As previously noted, the activation of alkanes by
Pt'! (eqn. 5) probably proceeds through such a
mechanism. The hydrogen transfer reactions of
cycloalkanes promoted by cationic iridium com-
plexes (eqn. 3) also may involve initial electrophilic
attack although other mechanisms (e.g., C—H
oxidative addition) cannot be ruled out. Finally, the
activation of CH, by lanthanide complexes (eqn.
15), for which oxidative addition is an unlikely
process, may well involve electrophilic attack [29].

(‘ns'CSHs)gM'CHs + 13CH4 (2

(n°-CsHs),M—'*CH; +CH,  (15)
[M=LuorY]

One-Center Oxidative Addition

As already noted, a principal constraint on the
activation of C—H bonds by oxidative addition
(eqn. 10) is thermodynamic, reflecting the relative
weakness of M—H and M—C bonds, compared with
C—H bonds. Thus, strategies to overcome this
constraint should seek to maximize the M—H and
M—C bond energies. Since M—H bond dissociation
energies seem to be relatively invariant, this effec-
tively reduces to trying to maximize the M—C bond
dissociation energy.

One strategy for accomplishing this is to design
coordinately unsaturated complexes that are highly
unstable. The observation [25] that cis-OsH(CH,3)-
(CO), resists intramolecular reductive elimination
of CH,, suggests that the oxidative addition of
CH, to [Os(CO)4] should be thermodynamically
favorable and that the latter should be capable
of activating saturated hydrocarbons under mild
conditions, Unfortunately, such species do not
appear to be readily thermally accessible and
typically must be generated photochemically as
in the examples of eqn. 2 (ie., [CPpML]}, M = Rh
or Ir).

Since steric factors appear to play a dominant
role in determining the strength of metal—alkyl
bonds, the most promising candidates for C—H

_CH; * bond activation would appear to be the least
Pd** + CH;CH=CH, —> |CH ! Pd| +H* sterically hindered metal complexes. In accord
\CHz with this, ‘bare’ metal atoms or ions such as
(14) Co*, Fe* and Ni* have been found to activate alkanes
in the gas phase through processes such as those
depicted by eqn. 16 which, however, typically

are endothermic [20]:
[H—CO—C2H51+ —_— [COH]+ + C2H5 (163.)

(postulated)

Co* + C2H6

[CH;—Co—CH;]* — [CoCH;]* + CH,

(postulated)

(16b)
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Also in line with this is the observation that the
liganded transition metal complexes that have been
found to be effective in activating aliphatic C—H
bonds, ie., CpML (Cp = CsH; or CsMes, M = Rh
or Ir, L = CO or PMe;) have very low coordination
numbers, ie., 2 [3-5]. (While Cp is a 6-electron
donor it probably is not as sterically demanding as
three 2-electron donor ligands.)

Our assertion that the kinetic barrier for C—H
oxidative addition is low (ie., that the failure of
most 16-electron complexes to activate C—H bonds
by oxidative addition is due to thermodynamic
constraints) is further supported by the following
observations:

(a) For those metal complexes that do activate
C-H bonds by oxidative addition the kinetic
selectivity typically is small. Thus, the relative rate-
constants for the oxidative addition of various
C—H bonds to [(n5-CsMes)(PMe;)ir] (normalized
to the C—H bonds of cyclohexane) are cyclo-
propane (2.6), cyclopentane (1.6), cyclohexane
(1.0), cyclooctane (0.1), neopentane (1.1), benzene
(3.9), a remarkably small spread of only about one
order of magnitude [3a]. We conclude that the
more widespread facility of metal complexes to
oxidatively add aromatic C-~H bonds, compared
with aliphatic ones, is due to thermodynamic,
rather than kinetic, factors, ie., metal—aryl
bonds are stronger than metal—alkyl bonds. Thus,
Dc 1, —Rn(C Me,)®Me,) — DCH,—Rh(C Me,)®PMe,) =
13 kcal/mof [SSa] Faurther in line with this, we
do not consider that prior coordination of an un-
saturated hydrocarbon to a metal center (e.g., of an
arene or alkene through a C=C bond), even where
such coordination actually is observed [5a] contrib-
utes significantly to the reactivity of the C—H bond,
i.e. to the rate of the C—H activation process.

(b) The reactivities of [(p®-CsMes)Irl] com-
plexes toward alkanes seem to be relatively insen-
sitive to the nature of L, ie., whether L = CO or
PMe;, suggesting that the kinetic barrier in both
cases is small [3-5]. (It is possible that the differ-
ence in the electronic influences of CO and PMe,
is compensated by steric differences.)

(c) The reactivity of [(n°-CsMes)Ir(CO)] toward
CH, to form [(n°-CsMesXCO)IrH(CH;)] exhibits
only a small temperature dependence and persists
to temperatures as low as 12 K [30]. This implies
a very small activation barrier for the oxidative
addition of CH,.

The commonly perceived greater facility of
intramolecular C—H oxidative addition (exemplified
by eqn. 17), compared with intermolecular
oxidative addition, also seems attributable, at least
in part, to steric factors. The apparent reactivity
difference for such intramolecular oxidative addi-
tion, compared with the corresponding intramolec-
ular reactivity, toward a ‘neat’ hydrocarbon solvent,

J. Halpern

would seem to be greater than can readily be
accounted for simply in terms of entropic effects.
Instead, we propose that (in addition to a more
favorable entropy of activation) replacement of
two ligands by a bidentate chelating ligand may
reduce the interligand repulsion and, thus, strengthen
the metal—alkyl bond. Such an effect has been
invoked [31, 32] to account for the thermodynamic
driving force that drives reactions such as (18) and
(19), in which there is no net change in the number
of M—C and C-H bonds. In these cases the steric
destabilization of the bis(neopentyl)metal reactants
probably is unusually severe because of the steric
bulk of the neopentyl groups.

2- methoxyethanol

trans - [Pf'cl, (PBU Pry )2]

Li Br
Br. t/PBu‘Pr'Z‘
PButp” \/CHZ a7
CH,~CH;
i ~C(CH),
CH,C(CH3); Hy CH
(PhyP), Pt ——+(mwym//
“CH,C(CHy), | ™n
CH,C(CHy),
CH,
N
—— |[(PhyP), Pt C(CH, |+ C(CHy), (18)
CH)
/CHZC(CH3)3 CHy
(CsMes),Th —|(CMegiTh  CCHy)z | + C(CH3),
CH, C{CHy), CH, (19)

Using a smaller alkane, which gives rise to a less
sterically hindered dialkyl, reaction (19) apparently
can be ‘reversed’ [33], ie.,

CH; CHs
/N /
(C5Meg), Th C(CHy); | + CHy ——=|(CsMes); Th
CH, CH,;C(CHs)3

(20)

Consistent with our contention that the com-
monly perceived greater ease of intramolecular
(compared with intermolecular) C—H oxidative
addition has its origin in thermodynamic rather
than kinetic differences, it is generally found that
those complexes for which intermolecular C-—H
oxidative addition is thermodynamically allowed,
do not exhibit a significant preference for intra-
molecular reaction. This is the case for oxidative
addition both of aliphatic and of aromatic C—H
bonds [3-5, 34].
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Two-Center Oxidative Addition
2L,M (or M,L,,) + RH— L M-R + L M-H 21)

While known for H, (e.g., 2[Co(CN)s3"] + H,
2 2[HCo(CN)s*>7] or [Co,(CO)s] + H, 2 2[H-
Co(C0),]) this type of process is rare for C—H bonds.
The same type of thermodynamic constraints that dis-
favor one-center oxidative addition of C—H bonds to
16-electron complexes also disfavor the related two-
center reactions, ie., oxidative addition to 17-
electron complexes. Indeed, the thermodynamic
constraints would be expected to be more severe
since, in general, such 17-lectron species capable
of undergoing one-electron oxidative addition,
such as Mn(CO); or CpFeLs, also would be ex-
pected to form reasonably stable metal—metal bonds
whose dissociation would contribute an additional
thermodynamic barrier to oxidative addition.

In accord with this the reactivities of binuclear
complexes toward two-center oxidative addition
have generally been found to be low. On the other
hand, binuclear C—H bond-forming reductive elimina-
tion reactions, such as that depicted by eqn. 8,
commonly are facile.

Among the few examples of binuclear C—H
oxidative additions are the recently reported reactions
(eqn. 22) of [Rh,(OEP),] (OEP = octaethylpor-
phyrin) with hydrocarbons containing activated C—H
bonds (R—H=C¢HsCH;—H or 9-10-dihydroanthra-
cene) [35]:

[Rh,(OEP), | + RH — [(OEP)Rh-R] + [(OEP)Rh-H]
(22)

Conclusions

Only within the past decade have examples of
the homogeneous intermolecular activation of
aliphatic C—H bonds been identified and studied.
However, examples of the microscopic reverse
of such processes, ie., of the formation of C-H
bonds from metal alkyls and/or hydrides, have
long been familiar and their study has provided
important insights into the mechanistic, kinetic
and thermodynamic considerations that govern
C—H bond activation by metal complexes. The
development of general, widely applicable approaches
to C—H bond activation, particularly those involving
catalytic utilization of the metal complex and
leading to useful and selective functionalization
of C—H bonds, continues to be an important and
challenging objective. Thermodynamic constraints,
notably those associated with the characteristic
weakness of transition metal-alkyl bonds, would
appear to constitute the dominant obstacle to
achieving this objective. Thus, importance must
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be accorded to the achievement of a better under-
standing of the factors that influence transition
metal—alkyl bond energies and that might be
manijpulated to design organometallic complexes
with the potential for forming stronger metal—
alkyl bonds.
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