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ABSTRACT

Catalytic amounts of aromatic carboxylic acid MesCO2H enabled efficient ruthenium-catalyzed direct arylations in apolar solvents with unparalleled
broad scope via a concerted deprotonation-metalation mechanism.

The arylation of (hetero)arenes through the functionalization
of C-H bonds is an attractive alternative to cross-couplings
with organometallic reagents because of its ecologically and
economically benign nature.1 While most of these direct
arylations are accomplished with palladium-based cata-
lysts,1–3 recent studies highlight the potential of ruthenium
complexes in these challenging transformations.1a Unfortu-
nately, experimental studies on the working mode of these
promising ruthenium complexes are thus far not available.1a,4

Recently, we found that efficient direct arylations of arenes
are achieved with ruthenium complexes derived from air-

stable (heteroatom-substituted) secondary phosphine oxide
(HA)SPO1b,5 preligands.6–9 Since ruthenacycles of substi-
tuted arenes were prepared stoichiometrically in the presence
of sodium acetate under mild reaction conditions,10 we
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wondered whether the high catalytic efficacy of (HA)SPO
preligands originated from an assisted intramolecular proton
abstraction mechanism,11 illustrated as transition-state model
3 in Scheme 1. By analogy, a concerted cyclometalation-

deprotonation process should be also accessible through the
use of substoichiometric amounts of carboxylates12 via
transition state 4. Consequently, we probed the use of acids
as cocatalysts in ruthenium-catalyzed direct arylations with
aryl (pseudo)halides13 as electrophiles.

Methodologies for copper-catalyzed regioselective syn-
theses of 1,2,3-triazoles 514 recently enabled their widespread
applications in various research areas, ranging from bioor-
ganic chemistry to material sciences.15 Therefore, we set out
to probe this valuable heterocyclic scaffold in novel ruthenium-
catalyzed direct arylations.

All ruthenium-catalyzed direct arylations with organic
electrophiles were limited to the use of the highly polar
solvent N-methylpyrrolidinone (NMP).1a Consequently, we
focused on the use of significantly less polar toluene as
solvent (Table 1). As expected, no reaction occurred in

toluene16 in the absence of an additive (entry 1). Various
N-heterocyclic carbene precursors4,8 or phosphines9 failed
to provide satisfactory results as well (entries 2, and 3).

On the contrary, an efficient ruthenium-catalyzed direct
arylation of triazole 5a was achieved with air-stable SPO
(1-Ad)2P(O)H6 as preligand (entry 4). Thus, triazole 7a was
exclusively formed with a regioselectivity that is comple-
mentary to the one observed in palladium-catalyzed17 direct
arylations of the heterocyclic moiety in 1,2,3-triazoles.
Remarkably, carboxylic (entries 5-7) or phosphoric acids
(entry 8) enabled efficient C-H bond functionalizations of
triazole 5a in toluene as well. Among a variety of cocatalysts,
aromatic sterically hindered carboxylic acid MesCO2H
proved superior (entry 9), thus allowing for a reduction of
cocatalyst loading (entry 10).

With a highly active catalytic system in hand, we probed
its scope in direct arylations of 1,2,3-triazoles 5 employing
apolar toluene as solvent (Table 2).18 A variety of function-
alized electron-poor (entries 1-5) as well as electron-rich
(entries 6, and 7) aryl bromides was converted with high
efficacy. Additionally, a heteroaryl bromide enabled the
chemo- and regioselective preparation of triazole 7i with
excellent isolated yield (entry 8).
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Scheme 1. Cooperative Metalation-Deprotonation
Table 1. Ruthenium-Catalyzed Direct Arylation of Triazole 5a
in PhMea

entry cocatalyst isolated yield (%)

1
2 HIPrClb 9
3 PPh3

b 20
4 (1-Ad)2P(O)Hb 85
5 (1-Ad)CO2Hc 85
6 t-BuCO2Hc 66
7 i-PrCO2Hc 69
8 (PhO)2P(O)OHc 50
9 MesCO2Hc 93
10 MesCO2Hb 89

a Reaction conditions: [RuCl2(p-cymene)]2 (2.5 mol %), cocatalyst
(10.0-30.0 mol %), K2CO3 (1.0 mmol), 5a (0.50 mmol), 6a (0.75 mmol),
PhMe (2 mL), 120 °C, 22 h. b 10.0 mol %. c 30 mol %. HIPrCl ) N,N′-
bis-(2,6-diisopropyl phenyl)imidazolium chloride.
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Importantly, direct arylations with MesCO2H as cocatalyst
were not restricted to triazoles as pronucleophiles but proved
broadly applicable (Table 3). Hence, oxazolines (entries
1-10), pyridines (entries 11-13, and 16), and pyrazoles
(entries 14, and 15) were directly arylated in toluene as
solvent. C-H bond functionalizations with aryl bromides
as electrophiles could be conveniently performed at reaction

temperatures as low as 80-100 °C (entries 3, 4, and 7).
Readily available, but less reactive aryl chlorides (entries 5,

Table 2. Ruthenium-Catalyzed Direct Arylations of Triazoles 5a

a Reaction conditions: 5 (0.50 mmol), 6 (0.75 mmol), [RuCl2(p-
cymene)]2 (2.5 mol %), MesCO2H (30.0 mol %), K2CO3 (2.0 equiv), PhMe
(2 mL), 120 °C, 16-20 h; yields of isolated product.

Table 3. Scope of Ruthenium-Catalyzed Direct Arylationsa

a Reaction conditions: 8 (0.50 mmol), 6 (0.75 mmol), [RuCl2(p-
cymene)]2 (2.5 mol %), MesCO2H (30.0 mol %), K2CO3 (1.00 mmol), PhMe
(2 mL), 120 °C, 16-20 h; yields of isolated product. [b] 100 °C. [c] 80 °C.
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8, and 12) or tosylates (entries 6, 9, and 13) provided the
desired products with comparably high yields. Finally, the
use of an alkene allowed for the diastereoselective formation
of trisubstituted alkene 9i (entry 16).

In conclusion, mechanistic considerations on the working
mode of ruthenium-catalyzed direct arylations resulted in the
development of a highly active catalyst with ample scope.
Thus, substoichiometric amounts of carboxylic acid
MesCO2H enabled ruthenium-catalyzed direct arylations with

organic halides to be performed efficiently in an apolar
solvent. With respect to both electrophiles and pronucleo-
philes, the catalytic system displayed an unparalleled broad
scope, which allowed inter alia for the use of triazoles in
ruthenium-catalyzed direct arylations.
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(18) Representative Procedure (Table 1, Entry 9). A suspension of
[RuCl2(p-cymene)]2 (7.7 mg, 0.012 mmol, 2.5 mol %), MesCO2H (25 mg,
0.15 mmol, 30 mol %), K2CO3 (138 mg, 1.00 mmol), 5a (108 mg, 0.50
mmol), and 6a (140 mg, 0.75 mmol) in PhMe (2 mL) was stirred under N2
for 18 h at 120 °C. Thereafter, Et2O (75 mL) and H2O (75 mL) were added
to the reaction mixture at ambient temperature. The separated aqueous phase
was extracted with Et2O (2 × 75 mL). The combined organic layers were
washed with H2O (50 mL) and brine (50 mL), dried over Na2SO4, and
concentrated in vacuum. The remaining residue was purified by column
chromatography on silica gel (n-hexane/EtOAc 3:1) to yield 7a as a colorless
oil (149 mg, 93%).
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