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Hydrocarbon activation has attracted considerable attention
because hydrocarbon feedstocks are ubiquitous.1 Since metal-
catalyzed cross-couplings of aryl and alkyl boronic acids with
aryl halides represent one of the most general and widely applied
means for constructing C-C bonds, the generic conversion
depicted in eq 1 would have broad appeal.2 Indeed, stoichiometric,
photochemical catalytic, and thermal catalytic examples of this
type have been reported.3 We recently described the first thermal,
catalytic example shown in eq 1, where R-H is benzene and

HBX2 is pinacolborane (HBPin).4 Clearly, the synthetic utility
of catalytic borylation hinges on the demonstration of functional
group tolerance and regioselective activation for substituted
arenes. Herein, promising results in both respects are described.
Specifically, the compatibility of heteroatom substituents, as well
as amide and ester groups, is demonstrated. In addition, borylation
regioselectivity is sterically controlled for most substituted arenes.
Thus, catalytic borylations offer unique selectivities when com-
pared to traditional aromatic substitutions where electronic effects
determine the regioselectivity.5

In the initial borylations of substituted arenes, 20 mol %
solutions of Cp*Ir(PMe3)(H)(BPin) (1, Cp* ) η5-C5Me5) or
Cp*Ir(PMe3)(H)2 (2) were dissolved with HBPin in neat arene
solvents, and the reactions were run at 150°C. Once borylation
had commenced,31P NMR spectroscopy indicated that compound
1 was the predominant Ir species irrespective of the Ir starting
material. Analogous borylations were also performed using the
more active pre-catalyst Cp*Rh(η4-C6Me6) (3), which was recently
utilized by Hartwig and co-workers.3e After the borane was
consumed, product ratios were determined by GC analysis of
crude reaction mixtures. Isolated yields of isomer mixtures are
reported in Table 1, and product assignments were corroborated
by comparisons to authentic samples.6

In a simple assay of regioselectivity toluene borylation primarily
gave a statistical distribution ofm- and p-C6H4Me(BPin). To
ensure that the isomer distribution was kinetically determined,

the catalytic borylation of C6D6 by HBPin in the presence of
m-C6H4Me(BPin) was examined. Under the reaction conditions
m-C6H4Me(BPin) did not isomerize and toluene was not gener-
ated. Thus, borylation products are kinetically determined. It is
noteworthy that arene C-H bonds are functionalized in the
presence of weaker benzylic C-H bonds.

A range of monosubstituted arenes was examined to determine
whether reaction conditions would tolerate heteroatom substituents
and to assess the generality for statistical meta/para substitution.
The results in Table 1 indicate that meta/para ratios are predomi-
nantly statistical with the largest deviations occurring for PhNMe2,
which favors para substitution, and anisole, which favors meta
substitution. For Rh-catalyzed reactions the deviations were
relatively small, but meta borylation of anisole is pronounced for
Ir. Since cumene gave a statistical distribution of meta and para
borylation products, electronic effects are responsible for enhanced
para selectivity for PhNMe2. Benzylic activation of toluene
increased for Rh (∼3% PhCH2BPin) versus Ir (∼1% PhCH2BPin).

Fluorinated arenes were also tested for compatibility. Ir- or
Rh-catalyzed borylation of C6HF5 gave C6F5BPin as the primary
product. Similarly, compound3 catalyzed borylation in a 2:1
mixture of 1,3,5-C6H3F3 andp-xylene-d10 to yield C6H2F3BPin.
Attempts to prepare the di- and triborated compounds, C6HF3-
(BPin)2 and C6F3(BPin)3, from stoichiometric amounts of 1,3,5-
C6H3F3 in p-xylene-d10 yielded significant quantities of C6H3F2-
(BPin) (∼60% of the borylated products). The selectivity for C-H
activation is significant considering that Rh-catalyzed reactions
of silanes with C6F5H give C-F activation products exclusively.7
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R-H + H-BX2 f R-BX2 + H-H (1)

Table 1. Isolated Yields (based on HBPin) and Isomer
Distributions for Catalytic Borylation of Aromatic Hydrocarbons
Catalyzed by Solutions of Compounds1 and3

a 20 mol % 1, generated in situ from compound2 and HBPin at
150 °C. b 2 mol % 3 at 150°C. c 20 mol %1 at 150°C. d GC yield
reported in ref 3e.e <1% of the isomer mixture is C6H5CH2BPin. f 3%
of the isomer mixture is C6H5CH2BPin. g 4% of the isolated product is
isomers of C6F4H(BPin). h 16% of the isolated product is isomers of
C6F4H(BPin). i Reaction was run in a 2:1 mixture of 1,3,5-C6H3F3:p-
xylene-d10. j C6HF3(BPin)2 (7%) and an isomer of C6H3F2(BPin) (6%).
k Products were not isolated.l 3% of the isolated product ism-C6H4(Me)-
(CH2BPin). m 12% of the isolated product ism-C6H4(Me)(CH2BPin).
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For arenes bearing ester or amide functionality reduction of
the carbonyl groups could potentially compete with aromatic
borylation. Rh-catalyzed borylations of ethyl benzoate and diethyl
benzamide gave primarily aromatic borylation. For ethyl benzoate,
the extent of meta/para borylation predominates with a modest
increase in ortho borylation, whereas diethyl benzamide gave
o-C6H4(C(O)NEt2)(BPin) as the major isomer. The shift in
substitution pattern is consistent with chelate-directed borylation
at the ortho position. Since resonance structure B has a larger
contribution for an amide relative to an ester, chelation of the
amide oxygen to Rh or B in the catalytically active species is
more favorable for the amide.8 The statistical meta:para ratio for
the minor isomers suggests that chelate and sterically directed
pathways compete.

To probe the role of electronic effects, relative product ratios
from catalytic borylations in equimolar mixtures of substituted
arenes were determined (Table 2). Electron-deficient arenes are
generally more reactive in both systems, and relative rate
differences for Ir are more pronounced than those for Rh. Ir-
catalyzed borylation in neat PhNMe2 was extremely slow. Factors
besides deactivation of the arene ring may be responsible because
cumene borylation in PhNMe2/cumene mixtures was suppressed
relative to borylation in neat cumene. The electronic effects on
relative reaction rates contrast those observed in arylboronate ester
formation from Fe boryl complexes3c and are similar to trends in
nucleophilic aromatic substitutions of arene metal complexes.9

However, the regioselectivity for nucleophilic substitutions is very
sensitive to electronic variations,10 in contrast to the statistical
product distributions in Table 1.

Statistical ratios for meta and para activation are typical for
C-H activations by Cp*Rh(PMe3). Although Jones and Perutz
have shown that activation of electron-deficient arenes by Cp*Rh-
(PMe3) is thermodynamically and perhaps kinetically preferred,11

the origins of the relative rate differences in Table 2 cannot be
interpreted until mechanisms for Ir- and Rh-catalyzed borylation
are firmly established. The potential mechanistic complexity is
exemplified by the observation of traces of Cp*BPin and Cp*H
in Ir-catalyzed reactions and Cp*H in Rh-catalyzed reactions at
20 mol % catalyst loading. Consequently, the generation of active
species via Cp* loss cannot be discounted.

Steric effects in aromatic substitution are uncommon, and
electronic effects generally dictate substitution patterns. Further-

more, selective meta functionalization is difficult and generally
requires strong electron-withdrawing or -donating groups for
electrophilic or nucleophilic aromatic substitution, respectively.
Since most substituents in Table 1 block ortho activation, selective
borylation should be possible for 1,3-substituted arenes. Indeed,
this was observed for 1,3-C6H4(CF3)2, m-xylene, and 2,6-lutidine
where aromatic borylation is observed only at the common meta
position (Table 1). The difference in selectivity between the Ir
and Rh catalysts for benzylic versus aromatic activation of toluene
is amplified form-xylene. For Rh, 12% of the borylation products
result from benzylic activation compared to 3% for Ir. Hence, Ir
catalysts may offer advantages over Rh systems if the turnover
numbers can be increased.

Two classes of arene functionalization that merit comparison
to catalytic borylation are ortho lithiations12,13and metal-catalyzed
arene olefination and carbonylation reactions.14-16 Often, a
chelating group that directs functionalization at an ortho C-H
position is required. Ortho lithiation of arenes is achieved at low
temperature, and the aryllithium intermediates are reacted with
electrophiles, while olefination and carbonylation conditions are
more similar to those for aromatic borylation. In addition to
introducing a synthetically versatile B-C bond, catalytic bory-
lations do not require activating or directing groups. Also, the
chelate effects are weaker than in the aforementioned methods,
which may allow for differentiation between amides and weaker
chelating groups. The most unique feature of the borylation
reaction is the steric influence of aromatic substituents on the
regiochemistry of borylation. The extension of steric directing
effects to selective functionalization of 1,3-substituted aromatics
is nicely demonstrated in the case ofm-xylene where aromatic
borylation occurs exclusively at the 5-position. The only other
examples wherem-xylene is selectively functionalized at this site
are stoichiometric C-H activations by transition metal com-
plexes11,17 and alkylations with sterically hindered carbon elec-
trophiles.18

In conclusion, this preliminary study demonstrates generality
and selectivities that bode favorably for synthetic applications of
aromatic borylations in arene functionalization.
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