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Transition-metal catalysis has contributed significantly to the
synthesis of biaryl molecules.1 The most prominent reactions
involve palladium catalysts and require differential activation of
the two arene components. Recently, an emphasis on global reaction
efficiency has prompted the development of reactions that are less
reliant on preactivation. In this context, direct arylation, which
substitutes one of the activated arenes (usually the organometallic)
with an unfunctionalized arene, has attracted significant attention.2

First reported nearly 20 years ago with electron-rich arenes such
as indole,3 the scope of these transformations has recently undergone
rapid expansion. Despite important advances, the need for directing
groups4 or nucleophilic, electron-rich substrates5 is only beginning
to be addressed.6,7 As a consequence, the application of traditional
process, such as the use of phenylboronic acid as an activated
benzene reagent in Suzuki couplings, remains the norm.

In a recent report, we described the direct arylation of electron
deficient perfluorobenzenes7 and found that arene reactivity de-
pended on C-H acidity, not on arene nucleophilicity. A proton
abstraction mechanism, first proposed by Echavarren and Maseras,6c

was found to explain the reaction outcomes. Several important
implications can be drawn from these studies: (1) the anionic ligand
(base) is directly involved in C-H bond cleaving; (2) the anion
must bind to the catalyst, but not impede the catalytic cycle by
competitive occupation of vacant coordination sites;8,9 and, (3) the

arene (benzene) which interacts with the catalyst very weakly must
compete for binding to the arylpalladium(II) intermediate with the
excess anion (base). Mindful of these challenges, we have been
searching for more reactive catalytic systems that can extend direct
arylation to include currently incompatible substrates.

Herein, we describe the development of a palladium-pivalic acid
cocatalyst combination exhibiting unprecedented reactivity in direct
arylation as illustrated by the first high-yielding direct metalation-
arylation reactions10 of a completely unactivated arene, benzene.
Experimental and computational evidence indicates that the pivalate
anion is a key component in C-H bond cleaving, lowering the
energy of C-H bond cleavage and acting as a catalytic proton
shuttle from benzene to the stoichiometric carbonate base (Scheme
1).

Selected reactions for the development of a benzene arylation
reaction are outlined in Scheme 2. Treatment of 4-bromotoluene
with Pd(OAc)2 (3 mol %), DavePhos11,12 (3 mol %), potassium
carbonate (2.5 equiv) in a 1.2:1 mixture ofN,N-dimethyacetamide
(DMA) and benzene at 120°C (conditions similar to those
employed for perfluorobenzene arylation) gave no detectable
benzene arylation (entry 1). Inspired by ongoing computational work
(vide infra), Pd(OPiv)213 was examined which resulted in a 10%
yield by GC-MS (OPiv ) pivalate or 2,2-dimethylpropionate).

Use of KOPiv14 or KOAc as the stoichiometric bases in
conjunction with Pd(OAc)2 again revealed the superior reactivity

Scheme 1. Plausible Pathways for Benzene Arylationa

a Two pathways are depicted: one where the pivalic acid/pivalate anion
interacts reversibly with the palladium catalyst (pathway A) and another
where the pivalic acid/pivalate remains bound to the palladium metal
throughout the catalytic cycle (pathway B).

Scheme 2. Benzene Direct Arylation Developmenta

a Conditions: Pd(OAc)2 or Pd(OPiv)2 (2-3 mol %), DavePhos (2-3
mol %), K2CO3 (2.5 equiv). The additive and the aryl halide were heated
to 120°C in benzene/DMA (1.2:1) for 10 to 15 h (overnight).bDetermined
by GC-MS. cIsolated yield using the conditions from entry 8.
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of pivalate which provided benzene arylation in up to 41% yield
(entry 3 vs 4). Use of stoichiometric KOPiv and KOAc was also
accompanied with unacceptable levels of hydrodebromination and
homocoupling of the arylbromide.15 Reasoning that the excess
carboxylate base was interfering with the catalytic activity, we
investigated the use of soluble acidcocatalystsin conjunction with
a stoichiometric and insoluble16 potassium carbonate base. Proper
choice of the carboxylic acid is crucial. For example, use of 30
mol % acetic acid provides no benefit compared to its use in a
stoichiometric amount (entries 5 vs 3). Increasing steric bulk through
the use of propionic acid and 2-methylpropionic acid did not
positively influence the outcome (entries 6 and 7). Gratifyingly,
however, the addition of 30 mol % pivalic acid resulted in 100%
conversion and 81% isolated yield (entry 8 and at the bottom of
Scheme 2). Increasing the steric bulk further, as with 1-adamantyl-
carboxylic acid, gave inferior results (entry 9). These conditions
are compatible with a variety of aryl bromides (Scheme 2). It is
noteworthy that aryl chlorides and iodides appear incompatible
under the present reaction conditions and can be recovered unreacted
after the typical reaction time for aryl bromides.

Mechanistic studies support the involvement of a catalytic cycle
similar to that illustrated in Scheme 1. Anisole reacts to give a
22:53:25 mixture of ortho/meta/para isomers while fluorobenzene
reacts to give a 22:3:1 o/m/p ratio.17 In competition studies, benzene
reacts preferentially over the more electron-rich anisole in a ratio
of 2:1 (eq 1) while fluorobenzene reacts preferentially over benzene
in a ratio of 11:1 (eq 2). We also note the presence of a large
intermolecular kinetic isotope effect of 5.5.17 The reactions with
anisole indicate that there is no directing effect by the methoxy-
substituent, little or no electronic bias, and a minor steric bias
resulting in a small statistical preference for reaction at the meta
and para positions. These same trends can also explain the
preferential reaction of benzene over anisole. The reactions with
fluorobenzene clearly point to an important C-H bond acidity
parameter in regioselectivity and reactivity. These results are
incompatible with the reactivity profiles of electrophilic aromatic
substitution5e and radical processes10,18but correlate very well with
a proton-transfer pathway.6c,7

The influence of the pivalate anion on the C-H bond-cleaving
transition state has been probed by DFT analysis.19 A pivalate anion
results in a decrease in transition state energy of 1.3 kcal/mol
compared to a bicarbonate anion (24.9 vs 26.2 kcal/mol). Thus,
the enhanced reactivity of this cocatalyst system may result not
only from the controlled concentration of pivalate anion, but also
from favorable energetics.

In conclusion, the combination of a palladium catalyst and a
catalytic amount of pivalic acid generates a highly active catalyst
for the direct arylation of simple arenes. The potential of this new
catalyst system is illustrated by the first examples of high-yielding
catalytic benzene metalation-arylation. We are currently evaluating
the breadth of arenes that will undergo reaction with this new
catalyst combination and will report these findings in due course.
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