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ABSTRACT

New reaction conditions are described that enable the direct arylation of pentafluorobenzene with sterically encumbered aryl bromides and
aryl chlorides. These reactions occur in high yield and under mild conditions. Notably, the reactions can be performed at 80 °C in isopropyl
acetate with a catalyst generated by the in situ mixing of Pd(OAc) 2 and S-Phos. The enhanced scope of these transformations should further
reduce the need to use pentafluorophenylboronic acid in the construction of perfluoroarenes.

Palladium-catalyzed cross-coupling reactions of organome-
tallic reagents and aryl halides constitute one of the most
useful methods for the synthesis of biaryl molecules.1 Despite
their prevalence, there is significant waste built into these
processes because both cross-coupling components must be
activated (synthesized) prior to use. With respect to the
organometallic, this typically requires the use of other
strongly basic organometallic reagents such as butyllithium
and often necessitates more than one step. Each of these pre-
cross-coupling manipulations generates waste from reagents,
solvents, and purification.

Other aspects of modern cross-coupling reactions that
warrant attention are the challenges and limitations imposed
by the reactivity itself. The need to activate one arene as a
nucleophile (the organometallic) and the other as an elec-

trophile (the aryl halide) can be problematic in cases where
the substrates are challenging to activate in the necessary
fashion. Such is the case with electron-deficient arenes when
they must be preactivated as the nucleophilic component.
With these limitations in mind, our group has been inves-
tigating the use of direct arylation2-5 as a means of
establishing new reactivity parameters for the resolution of
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long-standing challenges associated with the use of organo-
metallic reagents in cross-coupling chemistry.6

As noted, electron-deficient aryl (heteroaryl) organome-
tallic reagents constitute a challenging substrate class in
cross-coupling reactions and use of pentafluorophenyl or-
ganometallics is illustrative. Recent advances include the use
of C6F5B(OMe)3Li 7 or C6F5BF3K8 salts, which enable
successful cross-coupling with aryl iodides. Very recently,
the use of C6F5B(OH)2 in conjunction with a stoichiometric
silver additive was discovered to enable reactions with both
aryl iodides and bromides.9 To our knowledge, there are no
reports of high-yielding cross-couplings with aryl chlorides
or with more sterically encumbered aryl halides. Given the
importance of perfluoroarenes in medicinal10 and particularly
materials chemistry,11 a general solution to this limitation
would be valuable in the synthesis of these molecules.

We recently reported the use of perfluorobenzenes as
replacements for the corresponding organometallic reagents
in cross-coupling reactions.12 These reactions were found to
occur in high yield with several aryl bromides but suffered
from low yields with aryl chlorides or with ortho-substituted
aryl bromides. These limitations prompted a reevaluation of
the catalyst and reaction conditions, focusing on these more
challenging substrates.

Herein, we report the discovery of new conditions for
reaction with a wide range of sterically encumbered bromides
and chlorides as well as aryl iodides, triflates, and hetero-
cyclic aryl halides. Strikingly, these new reactions also occur
at 80 °C, which is milder than our initially disclosed
conditions at 120°C, and are among the mildest conditions

reported for this type of transformation. The successful
realization of these reaction conditions should, in most cases,
replace the use of pentafluorophenyl organometallics in the
synthesis of these biaryl molecules.

Catalyst and reaction condition screens were performed
with 2-bromotoluene (1) and bromomesitylene (2) as the
model substrates in a reaction with pentafluorobenzene.
Under the conditions we previously described,12 very poor
conversion was obtained with1 (Table 1, entry 1) and no

reaction was observed with2 (entry 3). After extensive
optimization, a catalyst generated by mixing Pd(OAc)2 with
2-dicyclohexylphosphino-2′,6′-dimethoxybiphenyl (S-Phos)13

in isopropyl acetate at 80°C with K2CO3 as the base emerged
as an excellent catalyst-solvent system. Under these condi-
tions, complete conversion was achieved with both aryl
bromides1 and2, resulting in 99% and 98% isolated yields,
respectively. The combination of the Pd(OAc)2/S-Phos
catalyst and theiPrOAc14 solvent appears to be an excellent
combination for these reactions. Notably, use of our previ-
ously reported Pd(OAc)2/PtBu2MeHBF4 catalyst iniPrOAc
or use of Pd(OAc)2/S-Phos in DMA leads to significantly
diminished outcomes. We also note that the reaction tem-
perature can be lowered to 70°C, but occasionally incom-
plete conversion is obtained; thus, we chose 80°C as the
standard reaction temperature for subsequent studies.

The scope of the reaction with pentafluorobenzene and a
range of aryl halides were investigated and are outlined in
Table 2. In addition to ortho-substituted aryl bromides (entry
2), aryl iodides may also be employed (entry 3). With aryl
iodides, 0.5 equiv of Ag2CO3 must be employed as an
additive. An inhibitory effect of iodide salts on direct
arylation has previously been observed,5b,15and we postulate
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(14) EtOAc can also be employed. However, the lower volatility and
slightly higher boiling point ofiPrOAc results in greater reproducibility
and greater ease in performing the reactions. Notably, it allows the reactions
to be run below the solvent boiling point (85-91 °C).

(15) Pivsa-Art, S.; Satoh, T.; Kawamura, Y.; Miura, M.; Nomura, M.
Bull. Chem. Soc. Jpn.1998,71, 467.

Table 1. Establishment of Conditions for Sterically
Encumbered Aryl Bromidesa

a Method A: Pd(OAc)2 (5 mol %), PtBu2MeHBF4 (10 mol %), K2CO3,
DMA, 120 °C. Method B: Pd(OAc)2 (5 mol %), S-Phos (10 mol %), K2CO3,
iPrOAc, 80°C. b Determined by GCMS analysis.c Isolated Yield.
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that the silver salts are serving to remove the iodide salts
from the mixture as they are generated by the catalytic cycle.
The silver carbonate may also be facilitating a bromide-
carbonate ligand exchange, which may facilitate C-H bond
cleavage.16 A variety of ortho substituents can be present
including sp3 (entries 1-5, 7, 8, and 13) and sp2 carbons
(entries 8, 9, 11, and 12), methoxy (entry 6), nitrile (entry
10), and fluoro groups (entries 14 and 15). Even more
sterically encumbered bis-ortho-substituted aryl bromides can
be arylated in high yield (entries 4 and 13).

Given the low yields associated with aryl chlorides in
Suzuki cross-coupling reactions of pentafluorophenylboronic
acid and in direct arylation of pentafluorobenzene in our
previous report,12 we were pleased to find that a wide range
of aryl chlorides can now be employed with these new
conditions. Both activated and deactivated aryl chlorides are
compatible (entries 16 and 18-23) as are sterically encum-
bered aryl chlorides (entries 1 and 24). More functionalized
aryl chlorides can also be employed as illustrated by the high-
yielding reaction of the C2 chlorinated aporphine to generate
24 in 99% yield (entry 25). An aryl triflate may also be
employed as illustrated by entry 17. We also evaluated the
compatibility of these new reaction conditions with hetero-
cyclic aryl halides. For example, 3-chloropyridine can be

cross-coupled in good yield (entry 26) as can 3-bromoquino-
line (entry 27). In contrast, the use of 2- and 4-chloropyridine
results in less than 50% of the desired product and is a focus
of continuing effort and study. Additionally, 3- and 2-bro-
mothiophene (entries 28 and 29) and 3-bromofuran (entry
30) may be arylated in 70, 63, and 55% yields, respectively.

Other perfluoroaromatic compounds can also be arylated
in high yield. To evaluate the applicability of these conditions
to other aromatic compounds, 2-chlorotoluene was employed
as a model aryl halide to maintain the challenging oxidative
addition and steric bulk (Scheme 1). Under the standard

conditions, 2,3,5,6-tetrafluoroanisole and 2,3,5,6-tetrafluo-
ropyridine both reacted to give 94 and 97% isolated yields,

(16) For a mechanistic discussion, see: Garcia-Cuadrado, D.; Braga, A.
A. C.; Maseras, F.; Echavarren, A. M.J. Am. Chem. Soc.2006,128, 1066
and ref 12.

Table 2. Scope of Aryl Halide-Pentafluorobenzene Cross-Couplinga

a Conditions: aryl halide, pentafluorobenzene (1.5 equiv), Pd(OAc)2 (5 mol %), S-Phos (10 mol %), and K2CO3 (2 equiv) dissolved iniPrOAc and heated
at 80°C. b Isolated yield.c Performed using Pd(OAc)2 with PtBu3HBF4 in DMA at 120 °C. d 3 equiv of pentafluorobenzene was used.

Scheme 1. Arylation of Substituted Perfluoroaromatics
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respectively. With 2,3,5,6-tetrafluorotoluene, 3 equiv was
found to give a better yield, allowing the isolation of the
arylated product in 96% yield. 1,3,5-Trifluorobenzene can
also be employed. In this case, 5 equiv of the arene was
employed to give 82% isolated yield.

In conclusion, the combination of Pd(OAc)2 with S-Phos
generates a catalyst that, in the presence of K2CO3 in iPrOAc
at 80 °C, is very effective for the direct arylation of
pentafluorobenzene and other polyfluorinated aromatics with
a wide range of aryl halides including sterically hindered
aryl chlorides and bromides and heterocyclic aryl halides.
The relative mildness of the reaction conditions and the broad
scope should make this method useful in the synthesis of
perfluoroaryl molecules and reduce the current reliance on

the use of stoichiometric organometallic species when the
synthesis of these molecules is called for.
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