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Dioxaboryl transition-metal complexes efficiently and selectively
induce both catalytic and stoichiometric regiospecific functional-
ization at alkane C-H bonds.1 Reactions of the first and mecha-
nistically best-characterized system that functionalizes alkanes with
terminal regiospecificity begin with photodissociation of one CO
from Cp*M(CO)n+1BR2 (n ) 1: M ) Fe, Ru;n ) 2: M ) Mo,
W; R2 ) catecholate or pinacolate) to generate a coordinatively
unsaturated 16 e- intermediate as shown in eq 1.2 This metal-
boryl intermediate can be trapped with phosphine; but, in the
absence of phosphine, it readily cleaves and functionalizes the
terminal alkane C-H bond. The mechanism of the C-H bond
cleavage and B-C bond formation events could not be determined
experimentally. We show here by a combination of experimental
and theoretical studies3 that the formally unoccupied p orbital of a
cyclic dioxaboryl ligand is intimately involved in the C-H bond
activation step and that this step occurs byσ-bond metathesis.4

Published chemistry of CpM(CO)nR complexes with R) alkyl
or aryl groups is manifold but has not encompassed intermolecular
C-H bond activation of arenes or alkanes. To determine rigorously
if the intermolecular C-H activation by analogous boryl compounds
is truly distinct from that reported previously for related CpM(CO)n

complexes of alkyl and aryl ligands, we prepared CpM(CO)n(p-Tol)
with M ) Fe (1) and M) W (2). The reactions of these complexes
with arenes to form a new aryl complex and free toluene would be
thermoneutral and cannot be prevented by reaction thermodynamics.
These and related reactions (below) are summarized in Scheme 1.

Complexes1 and 2 were generated by a palladium-catalyzed
process reported by Beletskaya.5 Irradiation of the tungsten complex
2 at room temperature in benzene did not lead to C-H activation,
and little conversion of the starting complex to any new material
occurred. Irradiation of iron complex1 generated only traces of
the corresponding phenyl complex CpFe(CO)2Ph and formed
predominantly [CpFe(CO)2]2.

Although little or no C-H activation occurred, the 16 e- inter-
mediate, which would be analogous to the boryl intermediate that
cleaves C-H bonds, was formed reversibly. Irradiation of either
the iron or tungsten complex under 1 atm of13CO for 20 min led
to incorporation of the labeled CO into the starting complex, as
determined by13C NMR spectroscopy. Irradiation of iron complex
1 in the presence of 1 equiv of trimethylphosphine formed mono-
phosphine complex6 in 92% yield by NMR spectroscopy after 20
min, and irradiation of tungsten complex2 formed a 1.3:1 ratio of
the cis and trans isomers of the phosphine product7 in 83% yield
after 25 min.

To determine if the unoccupied p orbital on boron was required
for the C-H activation, we prepared borazinyl complex3 from
the ferrate complex and trimethyltrichloroborazine.6 The p orbital
of this boryl ligand is less available to participate in the reaction
because it lies in an aromaticπ-system. In contrast to the dioxaboryl
complexes,3 was stable toward 1 h ofirradiation. However,3 again
formed a coordinately unsaturated 16 e- intermediate readily and
reversibly. It reacted with triethylphosphine in 25 min to
form 41% yield (by NMR spectroscopy) of the phosphine adduct8.

To understand this dramatic difference in activation energies
between the 16 e- intermediates containing aryl and borazinyl
ligands instead of dioxaboryl ligands, we computed the energetics
of several reaction mechanisms. A general mechanism for the
lowest-energy pathway is shown in Scheme 2, and the relative
energies of the Fe and W species are provided in Table 1. Initial
formation of an alkaneσ-complex (9) is followed by transfer of a
hydrogen from the coordinated alkyl group to the boron through a
σ-bond metathesis transition state (10-TS). The cis disposition of
the boron and hydrogen atom of the metal-bound alkane permits
the empty boron p orbital to assist the metal in the C-H bond
cleavage step. Thisσ-bond metathesis mechanism avoids a W(IV)
or an unusual organometallic Fe(IV) complex en route to the stable
intermediate borane complex11.

This complex cannot undergo direct formation of the final
alkylboronate ester because the alkyl and boryl groups are located
trans to each other. This alkylσ-borane complex could dissociate
borane, but this dissociation is calculated to be thermodynamically
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Scheme 2. Proposed General Reaction Path for
CpM(CO)n(B(OCH2)2) Reacting with Alkane

Scheme 1
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unfavorable (H-Prod in Table 1). Thus, the complex undergoes a
more thermodynamically favorable reaction sequence that does
generate the alkylboronate ester product. This calculated reaction
pathway occurs by rotation about the (H-B)-M axis (12-TS) from
intermediate11 to 13, which possesses cis disposed alkyl and boryl
groups. With the open side of the boron and the alkyl carbon
oriented cis, B-C bond formation occurs through aσ-bond
metathesis transition state14-TS. Elimination of alkylboronate ester
from 15 is calculated to be thermodynamically favorable and
produces the experimentally observed product (R-Prod in Table
1). Full details of an alternative higher-energy pathway7 involving
the oxidative addition of alkane (as seen in late metals8) followed
by the reductive elimination of the alkylboronate ester and the effect
of conjugated, nonconjugated, and noncyclic ligands on the reaction
barrier will be reported in a subsequent publication.

Boys localization9 of the molecular orbitals of theσ-bond
metathesis transition states (10-TS) for the Fe and W systems
reveals the nature of this boron-assisted, metal-mediated hydrogen
transfer (see Figure 1). The labels “M-C”, “M-H”, and “M-B”
denote the localized orbitals involving the metal-carbon, metal-
hydrogen, and metal-boron interactions. If one ignores the “M-H”
orbitals, which are mainly metal with only a little H character, the
transferring hydrogen is protonic, and the transfer occurs through
a three-center four-electron interaction involving H as the central
atom between the M-C and M-B orbitals. If one focuses on
the small H character in the “M-H” orbitals, then transition state
10-TShas a small amount of oxidative-addition character. Yet, this
structure remains a transition state and is not an Fe(IV) or W(IV)
intermediate. Mulliken population analysis of the fragments com-
prising the iron intermediate11 show that the unoccupied boron p
orbital plays a role in lowering the energy of iron10-TSand iron
intermediate11 by accepting 0.4 and 0.2 e- from the metal,
respectively. As shown in structureI (below), the electropositive

nature of the boron causes the electron pair in the M-B bond to
attack the H; the attack is supported by (1) transfer of the electron
pair from R-H to the new M-C bond and (2) back donation of
electrons on the M into the boron p orbital.
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Table 1. Calculated Relative Energies of Species in
Boron-Assisted σ-Bond Metathesis (kcal mol-1)a

9 10-TS 11 12-TS 13 14-TS 15 R-Prod H-Prod

CpFe(CO)2(B(OCH2)2)
∆H[°,q] -6.1 +1.3 -5.4 +0.8 -5.5 -5.1 -8.0 -0.5 +7.8
∆G[°,q] +3.6 +13.2 +6.1 +13.5 +6.9 +7.5 +2.9 -2.1 +7.6

CpW(CO)3(B(OCH2)2)
∆H[°,q] -3.7 +4.3 -3.1 +0.9 +0.8 +0.9 -6.8 -1.0 +4.5
∆G[°,q] +6.1 +15.8 +9.0 +14.6 +12.8 +14.6 +2.0 -2.1 +5.0

a Relative energies compared to separated reactants, CpM(CO)n(B(O-
CH2)2), the coordinatively unsaturated 16 e- complex (wheren ) 1 for Fe
andn ) 2 for W), and CH4.

Figure 1. Boys localized molecular orbitals representing the boron-assisted,
metal-mediated, hydrogen-transfer transition states (10-TS) for the Fe
[top: CpFe(CO)CH3(H)(B(OCH2)2)] and W [bottom: CpW(CO)2CH3(H)-
(B(OCH2)2)] systems. Only one of the representative “M-H” orbitals is
pictured.
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