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The catalytic functionalization of hydrocarbons represents a
long-standing challenge in homogeneous and heterogeneous
catalysis.1 Over the past 20 years a detailed picture of metal-
mediated C-H activation has emerged from intensive study by
several research groups.2-6 While an activation step is requisite
for generating species with M-C bonds, further elaboration of
the M-C bond must be carefully designed to engender catalytic
viability. Lewis acidic reagents are logical choices for converting
activated alkyl or aryl groups to functionalized organic products
since the reactive complexes and intermediates responsible for
C-H activation can be coordinatively unsaturated or cationic
reagents, whose reactivity may be hampered by Lewis basic
substrates. For borane reagents, thermochemical and computa-
tional data establish that the reaction in eq 1 is essentially
thermoneutral.7 Hence, catalysis is thermodynamically viable. For
these reasons, we have been examining metathetic B-C bond
forming reactions of B-X and M-C bonds.8-13 In this com-
munication, we describe B-C bond forming chemistry for the
archetypal C-H activation products, Cp*Ir(PMe3)(H)(R),14 and
demonstrate catalytic viability of eq 1 for the first time.15 In

particular, the borane substituents have significant impact on rates
for B-C bond formation and are critical for effecting catalytic
conversion.

Cp*Ir(PMe3)(H)(Cy) (1, Cy ) c-C6H11) and Cp*Ir(PMe3)(H)-
(Ph) (2, Ph) C6H5) reacted with HBX2 reagents in C6D6 to yield

the alkylborane derivatives, CyBX2 and PhBX2 (X2 ) (C6F5)2,16

(CH3)2CO-CO(CH3)2
2- ≡ Pin, O2C6H4

2- ≡ Cat). The rates for
B-C bond formation and Ir product distributions were borane
dependent. For example, the reaction between [HB(C6F5)2]2 and
compound1 gave Cp*Ir(PMe3)H2 (3) and CyB(C6F5)2 (eq 2).17

Conversions were quantitative, as judged by1H NMR, and
complete within 5 min at ambient temperature. Alkane elimination
from compound1 was not observed, and Ir products from solvent
activation were not detected. Characterization of CyB(C6F5)2 was
established by comparing1H and11B NMR data to an authentic
sample, prepared from [HB(C6F5)2]2 and cyclohexene. The
reaction between [HB(C6F5)2]2 and compound2 gave a mixture
of products.

For oxygen-substituted boranes, B-C bond formation required
more forcing conditions as illustrated by the reactivity of
pinacolborane (HBPin) with compound1. In benzene-d6 solutions,
this reaction yielded Cp*Ir(PMe3)(H)(BPin) (4) and2-d6 as the
major Ir products.18 The boryl compound,4, was identified by
comparing1H, 11B, and31P NMR data to those for compound4
generated from compound3 and HBPin.19 The fate of the
cyclohexyl group is revealed by the formation of CyBPin and
cyclohexane. A typical product distribution obtained for the
reaction of compound1 with 6 molar equiv of HBPin at 95°C is
shown in eq 3. Although rigorous kinetic analysis was precluded

by irreproducible rate data, the qualitative rates for cyclohexane
formation were much higher than expected for thermal elimination
of cyclohexane from compound1.20 Two potential mechanisms
that could account for enhanced cyclohexane formation include
the reaction of CyBPin and compound3 to generate4 and
cyclohexane or pathways that involved metathesis between
compound1 and C6D6.21 Control experiments indicated that (i)
CyBPin and Cp*Ir(PMe3)H2 do not produce cyclohexane and
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compound4 and (ii) deuterium incorporation in compound4 was
insignificant.22

The reaction between compound1 and HBCat gave a ratio of
CyBCat to cyclohexane similar to that in eq 3. In addition to
Cp*Ir(PMe3)(H)(BCat) (5) and compound2, the diboryl com-
pound, Cp*Ir(PMe3)(BCat)2 (6), was also formed in this reaction.
The boryl products were identified by comparing spectroscopic
data to authentic samples prepared from compound3 and HBCat.
Reactions of compound2 with HBPin and HBCat required
elevated temperatures. In both cases PhBX2 was the major
organoboron product. For HBCat, the diboryl compound,6, was
the predominant Ir product (eq 4), while the reaction with HBPin

yielded the monoboryl compound,4 (eq 5).23

The stoichiometric chemistry of compounds1 and2 suggested
potential catalytic conversion of unactivated hydrocarbons to
organoboranes in this system. Since B-C bond formation was
most facile for reactions of compounds1 and2 with [HB(C6F5)2]2,
catalytic viability of this borane reagent was assessed first. The
dihydride product in eq 2 reacts with [HB(C6F5)2]2 to generate a
borohydride complex, Cp*Ir(PMe3)(H)(HBH(C6F5)2) (7). At
elevated temperatures, a complex mixture formed when benzene
or cyclohexane solutions of compound7 were heated with excess
[HB(C6F5)2]2, eliminating the possibility of a clean thermal
catalytic process. Since photolyses of compound3 in the
appropriate solvent generate compounds1 and2, similar photo-
chemical generation of compounds1 and 2 from compound7
would complete a photocatalytic cycle. Unfortunately, compound
7 was photochemically inert.

Thermal B-H or B-B elimination from compounds4 and6
was assessed by heating C6D6 solutions of the pure compounds.
After several days at 200°C, decomposition was not evident and
there was no evidence for elimination. Thus, photochemical
reactivity of mono- or diboryl derivatives seemed necessary for
catalytic activity. Although the diboryl compound,6, was
photochemically inert, the phenylhydride compound,2, was
regenerated when a benzene solution of the monoboryl compound,
4, was photolyzed. Although less efficient, the regeneration of1
also occurred when a cyclohexane solution of4 was photolyzed.
Thus, thermal B-C and photochemical Ir-C bond-forming events
constitute a catalytic cycle for HBPin.

To evaluate the viability of photocatalytic benzene activation,
a thick-walled flask was charged with compound3 (0.15 mol)
and HBPin (0.89 mmol) and the contents were dissolved in C6H6.
After the solution was photolyzed to generate compound2
(confirmed by31P NMR), the flask was heated in an oil bath to
convert compound2 to compound4 and C6H5BPin. After the
thermal conversion was complete, the solution was photolyzed
to regenerate compound2. From the initial Ir and borane
concentrations, full conversion should have required five thermal/
photolytic cycles; however,11B NMR indicated full conversion
of the borane after the third thermolysis. This observation clearly
implicated a thermal catalytic process. Although we had deter-
mined that solutions of compound4 do not react with C6H6,
reexamination of the NMR spectra for the “stoichiometric”
reaction in eq 5 indicated that the intensity of the pinacolate
resonance for CyBPin is greater than anticipated. When a solution
of compound4 and 5 molar equiv of HBPin was heated in C6D6,
11B NMR indicated exchange between the boron hydride and
solvent deuterons after 18 h at 150°C. Conversion to C6D5BPin
was quantitative after 60 h at 150°C, as judged by1H and 11B
NMR.24,25 The reaction was repeated on a larger scale (4, 0.15
mmol; HBPin, 0.75 mmol) in C6H6, and C6H5BPin was isolated
in 53% yield (eq 6).26,27

Aside from methane-to-methanol conversion,28,29catalytic C-H
functionalizations for unactivated hydrocarbons are extremely
rare.30 Since applications of boronate esters in cross-coupling
chemistry are expansive,31 the demonstration of catalytic viability
of eq 1 is significant. Although the nature of the borane reagent
is critical to catalytic viability, the role of added borane in the
hydrocarbon activation by compound4 is more important. We
hope to answer this question and extend our findings to catalytic
activation of hydrocarbons in related systems.
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