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There is a continuing interest in the development of genera
methods for providing diverse scaffolds of pharmaceutically active
compounds. Driven by the need for the synthesis of 2-aryl-
substituted benzoazoles, we became interested in the direct arylation
of heteroarenes. While numerous methods to construct this motif
have been reported in the literature,* transition-metal-catalyzed
direct C—H arylation to effect this tranformation has only recently
been popularized.? However, its application remains challenging,
in part because of the high catalyst loadings, use of strong bases,
and dragtic reaction conditions.® Certain heteroarenes must be
functionalized at the adjacent nitrogen.* Herein we report our
discovery of a highly efficient catalyst system utilizing a Pd/Cu
cocatalyst that addresses these issues and enables a practical direct
C—H arylation process.®

The optimization of the C—H arylation was first examined using
benzothiazole and 4-tolyl bromide as coupling partners (Table 1).
Low vyields of the heteroarene coupling product were observed,
except under conditions utilizing phosphorus or nitrogen ligands
bound to copper(l). After extensive screening, we discovered that
the commercially available, air-stable PXPd complex (1)° in
combination with Cu(Xantphos)l (2, Figure 1)” forms an excellent
cocatalyst system.® Specifically, the combination of 1 (0.25 mol
%) and 2 (1 mol %) gave 97% yield of the desired arylation product
in 18 h (entry 11) at 100 °C. At the same loading, neither 1 nor 2
individually can catalyze the C—H arylation reaction (entries 4
and 12). Interestingly, the similar bidentate complex Cu(dppf)! is
less effective in catalyzing the reaction (entry 10), and the bulky
monodentate complex Cu(IPr)I° shows no activity.

Table 1. Optimization of the Direct Arylation of Benzothiazole

N Br PXPd N
CLb, O g OO
s we Cs,C0O; (2.5 equiv) S

toluene, 100 °C, 18 h

Entry PXPd? (mol %) Additive Cu(l) (mol %) Yield®
1 25 none 0 30
2 1 none 0 16
3 1 Cu 4 32
4 0.25 none 0 <5
5 0.25 Cux® 1 <5
6 0.25 CuTc 1 <5
7 0.25 Cul/Phen® 1 31
8 0.25 Cu(PPhs)(Phen)Bre 1 63
9 0.25 Cu(PPhs)sBr 1 52

10 0.25 Cu(dppf)l 1 65
11 0.25 Cu(Xantphos)I' 1 97
12 0 Cu(Xantphos)If 1 0

apxPd = dichlorobis(chloro-di-tert-butylphosphing)paladium. ® Yield
determined by HPLC based on a purified standard. X = I, Br, Cl, OTf.
d CuTc = copper(l) thiophene-2-carboxylate. © Phen = 1,10-phenanthroline.
f Xantphos = 9,9-dimethyl-4,5-bis(diphenyl phosphine)xanthene.
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Figure 1. ORTEP views (50% probability) of the crystal structures of
Cu(Xantphos)! (2) and Cu(Xantphos)(benzothiazole)l (3).

This new catalytic system has been found to be general for the
coupling of a broad range of heteroarenes with a variety of aryl
halides (Table 2). Electron-poor or -rich aryl bromides containing
functionalities such as nitrile, trifluoromethyl, vinyl, ester, or
adehyde as well as pyridinyl rings are well-tolerated. Activated
aryl chlorides (entries 3 and 9) are compatible, providing excellent
conversion to the desired products. Phenyl triflate shows good
reactivity, but the corresponding reaction with iodobenzene is
dluggish, affording only a moderate yield (entry 1).*° Electron-
rich benzothiazoles (entries 11 and 13) are more reactive than their
electron-poor counterparts (entry 12; see below). Benzoxazole is
an excellent coupling partner (entry 15), while N-methylbenzoimi-
dazole is much less reactive (entry 16).

While the unprecedented high efficiency of the current catalytic
system is not well understood, it is believed to stem from the
introduction of Cu(Xantphos)l (2). Accordingly, we focused our
atention on elucidating itsrole in the reaction. To probeits function,
an equimolar mixture of 2 and benzothiazole was dissolved in
CH,CI, at room temperature, from which a 1:1 complex (3) was
cleanly formed to afford X-ray-quality crystals (Figure 1).

The lone pair on the nitrogen atom in benzothiazole binds to
the copper center to form tetrahedral complex 3. This solid-state
structure correlates well with *H NMR data, wherein the proton
chemical shift of the 2-position shifts downfield from 9.00 ppm in
benzothiazole to 9.19 ppm in 3. We postulate that the effect of this
coordination lowers the pK, of the adjacent C—H bond, alowing
for facile deprotonation.™*

On the basis of the experimental observations, we propose a
mechanism in which the copper complex takes part in the critical
transmetalation step in the Pd/Cu double-cocatalytic cycles (Scheme
1). Formation of 3 and its subsequent deprotonation?/re-
arrangement would afford 4.%* Transmetalation of the 2-benzo-
thiazole—copper species 4 to paladium(ll) followed by reductive
elimination would give the desired product and release both the copper
and palladium catalysts.™ The presumed presence of such organo-
copper intermediates is in agreement with the function of copper(l)
reported recently in a Suzuki coupling™ and the well-known Sono-
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Table 2. Scope of PXPd/Cu(Xantphos)I-Catalyzed C—H Arylation
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RL N+ R-— N—Ar
e -

PXPd (0.25 mol %)
Cu(Xantphos)! (1 mol %)

Cs,C0;4 (2.5 equiv)
toluene, 100 °C

Z=0, S, NMe
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®|solated yield. The reactions were monitored by LC—MS.
b Reaction conducted with 0.5 mol % 1 and 2 mol % 2

gashira reaction,™® but other mechanisms,™® including aromatic elec-
trophilic substitution as proposed by others,*>9 cannot be excluded.

In summary, we have disclosed a mild and efficient catalytic
system for direct arylation of heteroarenes. This new catalytic
system has been demonstrated to be suitable for the couplings of a
broad range of substrates. Notable features of this system include
the unprecedented high efficiency achieved by very low meta
loadings, which is attributed to the unique role of Cu(Xantphos)!.
Further applications to other substrates as well additional data on
the reaction mechanism will be reported in due course.
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