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ABSTRACT

We report a Pd-catalyzed direct cross-coupling of electron-deficient polyfluoroarenes with heteroaromatic tosylates. The notable features of this
reaction are its high reaction efficiency, excellent chemoselectivity, operational simplicity, and mild reaction conditions. We have applied this
protocol to prepare the semiconducting materials in a highly efficient manner.

Heterobiaryl structures are omnipresent in a wide range
of biologically active compounds, natural products, and
functional materials. Among them, azines (e.g., pyridine,
quinoline) and diazines (e.g., quinoxaline, quinazoline)
bearing an aromatic ring adjacent to a nitrogen atom
constitute a distinct class of structural motif owing to their
importance in medicinal chemistry and material sciences.1

Hence, it is of great synthetic interest to develop efficient
reactions to access them. The most common method used
to prepare such a class of heterobiaryls is the transition-
metal-catalyzed cross-coupling of a metalated arene/het-
eroarene with a halogenated heteroarene/arene.2 How-
ever, this traditional process suffers from intrinsic
limitations in terms of step economy and the stability
and availability of azine/diazine organometallics.2a,b In
addition, many Pd-catalyzed reactions do not work well

with 2-halopyridine analogues, owing to the easy forma-
tion of a stable dimeric Pd-complex that effectively
removes the Pd from the catalytic cycle.3 In this regard,
Pd-catalyzed direct arylation of an azine N-oxide4 or N-
iminopyridinium ylide5 with aryl halides has recently been
developed. Additionally, the direct coupling of azines to
aryl halides or aryl metals, which represents a better
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reaction efficiency, has also been accomplished using
different transition-metal catalysts.6 From the point of
view of synthetic convenience, the direct heteroarylation
of Ar�H using heteroaromatic tosylates would be an
attractive alternative, because the heterocyclic alcohols,
such as quinoxalinols, quinolinols, and pyridinols, are
readily available and inexpensive, the corresponding het-
eroaromatic tosylates are chemically stable, highly crystal-
line, and easily prepared. However, the construction of
such arylated azine or diazine structures through the
present strategy (e.g., direct heteroarylation of polyfluor-
oarenes using heteroaromatic tosylates) has never been
reported, despite important progress that has been
achieved on the cross-couplings of aryl metals with hetero-
aromatic sulfonates7 or phosphonium salts.8 Conse-
quently, developing new methods to access this valuable
heterobiaryl moiety for widespread synthetic applications
are still highly desirable.
It has been demonstrated that the installation of a

polyfluoroaryl group ortho to a nitrogen atom of azines
or diazines canmake the heterobiaryl based electronic and
optoelectronic materials possess several advantages with
respect to their nonfluorinated counterparts, such as en-
hanced photoluminescence efficiency, minimized self-
quenching behavior, and lowered HOMO and LUMO
energy levels.9 However, the preparation of these poly-
fluoroarylated azines or diazines requires prefunctiona-
lized polyfluoroarenes and several synthetic steps.10

Therefore, developing highly efficient methods by using
simple polyfluoroarenes to directly construct this key
structural motif is a topic of immense importance in
organic synthesis.11 Recently, an important example of a
copper-catalyzed cross-coupling of pentafluorobenzene
with 2-pyridyl halides was reported.11c,d However, the
reaction was restricted by harsh reaction conditions
(120�150 �C) and the availability of pyridyl halides. Here-
in, we describe a Pd-catalyzed direct cross-coupling of
electron-deficient polyfluoroarenes with heteroaromatic
tosylates under mild reaction conditions. This approach
provides a concise and convenient protocol for the pre-
paration of a wide range of polyfluoroarylated azine/
diazine structures with high efficiency (Scheme 1).

We began this study by choosing electron-deficient
pentafluorobenzene 1a and 2-quinaxolinyl tosylate 2a

as model substrates (eq 1). Compound 2a was prepared
from commercially available quinoxalin-2-ol with tosyl
chloride.

Initially, theuseofPd(OAc)2 (10mol%),PPh3 (20mol%),
and Cs2CO3 (1.2 equiv) in toluene at 120 �C failed to
afford desired product 3a. After a survey of reaction
parameters, we found that the catalytic activity was highly
sensitive to the components of the catalyst system (see
Table S1 in the Supporting Information). The Buchwald
Cy-JohnPhos ligand L, P(biphenyl-2-yl)Cy2, and K3PO4

were the best choice. Other ligands, such as SPhos, XPhos,
DavePhos, RuPhos, tricyclohexylphosphine, and biden-
tate ligand, dppe, were less effective. The absence of a
phosphine ligand led to no 3a, indicating the pivotal role of
a phosphine ligand in the catalytic cycle. The reaction
temperature also had an impact on the reaction
efficiency,12 and a 72% NMR yield of 3a was afforded
when the reaction temperature decreased to 80 �C with
the use of Pd(OAc)2 (10 mol %), P(biphenyl-2-yl)Cy2
(20 mol %), and K3PO4 (1.2 equiv) in dioxane. Interest-
ingly, when the Pd(OAc)2 loadingwas decreased to 5mol%,
an alcoholic solvent, tBuOH,13 was found to be the
optimum reaction medium. Further optimization revealed
that the optimal isolated yield (73%) was achieved by use
of 3mol%ofPd(TFA)2 and6mol%ofLwith 1.2 equiv of
1-adamantanecarboxylic acid (AdOH) as an additive at
90 �C.14,15

Under the optimum reaction conditions, a variety of
pentafluorophenylated azine and diazine structures were
obtained with high efficiency (Table 1).

Scheme 1. Pd-Catalyzed Direct Cross-Coupling of
Polyfluoroarenes with Heteroaromatic Tosylates
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Substrates of 2-quinaxolinyl tosylates bearing an elec-
tron-donating group furnished the reaction smoothly in
good yields with only utilization of 3 mol % Pd-catalyst
(entries 3b�d). While for electron-withdrawing group
substituted 2-quinaxolinyl tosylates, lower yields were
afforded (entries 3e�f). This can be addressed by increas-
ing the loading of Pd(TFA)2 to 5 mol % (entry 3f).
4-Quinazolinyl tosylates did not interfere with the cou-
pling, and good to excellent yields were obtained (entries
3g�i). Azines are also suitable substrates for the reaction
(entries 3j�m). Importantly, although product 3e was
obtained in a reasonable yield, it revealed a good chemos-
electivity at 2-quinaxolinyl tosylate over aryl chloride, thus
providing a good opportunity for further transformations
by utilizing traditional techniques (entry 3e).
To further probe the applicability of this methodology,

couplings of various fluoroarenes 1 bearing three or four
fluorines with heteroaromatic tosylates were also tested
(Table 2).
To our delight, fluoroarenes 1 containing more than

one reaction site provided good yields of monoazine- or
diazine-substituted products without observation of
bis(heteroaryl)fluoroarenes (entries 3n�p). However, due

to the poor reactivity of 1,3,5-trifluorobenzene,16 only a

27% yield of 3ywas afforded (entry 3y). The nature of the

substituents on the fluoroaromatic ring did not influence

the reaction efficiency, and both electron-rich and -poor

groups furnished the reaction in good yields (entries 3q�t).

We were pleased to observe that polyfluoropyridine was

viable for the direct heteroarylation, forming bishetero-

cycles 3u and 3v in good yields (entries 3u�v). Benzylated

fluoroarene is also a suitable substrate and provided 3w in

a reasonable yield (entry 3w). Notably, anR,β-unsaturated
ester is compatible with the catalytic system with no

formation of aHeck reaction byproduct, thus demonstrat-

ing the utility of this protocol in the synthesis of highly

functionalized heteroarylpolyfluoroarenes (entry 3x).
The importance of this protocol can also be featured by

the rapid access of semiconducting materials through
sequential C�H bond and C�O bond activation from
simple and inexpensive starting materials. As shown in
Scheme 2, chemoselective functionalization of inexpensive
quinoline-2,4-diyl bis(tosylate) 4 under the standard reac-
tion conditions afforded monofluoroarylated quinoline-4-
yl tosylate 5. The resulting compound 5 was subsequently

Table 1. Pd-Catalyzed Direct Cross-Coupling of Pentafluoro-
benzene with Various Heteroaromatic Tosylatesa

aReaction conditions (unless otherwise specified): 1a (2.0 equiv), 2
(0.3 mmol, 1.0 equiv), Pd(TFA)2 (5 mol %), P(biphenyl-2-yl)Cy2 L (10
mol%),K3PO4 (1.2 equiv), andAdOH (1.2 equiv) in tBuOH (1.5mL) at
90 �C for 12 h. bUsing 3 mol % of Pd(TFA)2 and 6 mol % of L.
cReaction run at 80 �C for 36 h.

Table 2. Pd-Catalyzed Direct Cross-Coupling of Fluoroarenes
with Various Heteroaromatic Tosylatesa

aReaction conditions (unless otherwise specified): 1 (3.0 equiv), 2
(0.3 mmol, 1.0 equiv), K3PO4 (1.2 equiv), and AdOH (1.2 equiv) in
tBuOH (1.5 mL) at 90 �C for 12 h. L, P(biphenyl-2-yl)Cy2.

bReaction
run at 80 �C for 36 h. cUsing 1.2 equiv of 1. dUsing 10 mol % of
Pd(TFA)2 and 20 mol % of L.

(16) (a) Hyla-Kryspin, I.; Grimme, S.; Buker, H. H.; Nibbering,
N. M. M.; Cottet, F.; Schlosser, M. Chem.;Eur. J. 2005, 11, 1251. (b)
Schlosser, M.; Marzi, E. Chem.;Eur. J. 2005, 11, 3449.
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Jiang, Z.-X. J. Am. Chem. Soc. 2010, 132, 4506.
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treated with phenylboronic acid in the presence of a Pd-
catalyst,13a followed by the oxidative olefination via se-
quential C�H activation,17 to give a semiconducting

polyfluorophenylquinoline derivative 718 in a highly effi-
cientmanner.A2-g-scale synthesis of 8was alsoperformed
in good yield (62%), thus indicating the good reliablility of
the process (Scheme 2). Similarly, phenylation of 8 pro-
vided a semiconducting compound 9

18 efficiently. These
transformations demonstrated that compounds 5and 8 are
very useful and can be used as versatile building blocks to
access a wide range of functional materials through the
present strategy.
In conclusion, we have developed a straightforward and

convenientmethod for Pd-catalyzeddirect heteroarylation
of electron-deficient polyfluoroarenes. The reactionmakes
direct use of a simple polyfluoroarenes and readily avail-
able and inexpensive heteroaromatic tosylates without the
requirement of several synthetic steps to prepare cross-
coupling partners. Application of the method leads to the
semiconducting materials in a highly efficient manner.
Because of the high reaction efficiency, excellent chemos-
electivity, and the ease of conducting such reactions, this
protocol provides a useful and facile access to polyfluor-
oaryl azine and diazine structures of interest in functional
materials of electronic devices. Further studies to expand
the substrate scope and their applications are now in
progress.
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Scheme 2. Synthesis of Semiconducting Polyfluorophenylqui-
nolines 7 and 9 through Chemoselective Functionalization of
Quinoline-2,4-diyl Bis(tosylate) 4
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