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Abstract: The in situ generated (p-cymene)rutheni-
um diacetate [Ru ACHTUNGTRENNUNG(OAc)2ACHTUNGTRENNUNG(p-cymene)] catalyst 2, pre-
pared from the (p-cymene)ruthenium dichloride
dimer {[RuCl2ACHTUNGTRENNUNG(p-cymene)]2, 1} and potassium ace-
tate (KOAc), acts as an excellent catalyst for ortho
C�H bond functionalisation of 2-pyridylbenzene
with unactivated aryl chlorides in the presence of
potassium carbonate (K2CO3). Quantitative diaryla-
tion can be reached in 1 h at 120 8C. The diarylation
of 2-pyridylbenzene with 2-halopyridines and 2- and
3-halothiophenes was performed with 1 in the pres-
ence of KOAc or K2CO3 under more drastic condi-
tions to generate the potential tridentate ligands,
trisACHTUNGTRENNUNG[1,2,3-(2-pyridyl)]benzenes and bis(2,6-thiophen-
yl)2-pyridylbenzenes.

Keywords: arylation; C�H bond functionalization;
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The catalytic functionalisation of sp2-C�H bonds is an
emerging field[1] with the potential to replace one of
the most useful catalytic reactions in synthetic meth-
odology: the cross-coupling reaction.[2] Although the
formation of C�C bonds directly from arenes, hetero-
cycles or alkenes on reaction with an sp2-carbon
halide bond-containing substrates requires a base, it
does not need the previous and costly regioselective
formation of an organometallic compound as is the
case for cross-coupling reactions.[2]

Direct arylations of functional arenes or alkenes
have recently been performed using palladium(0) cat-
alyst precursors.[3–5] Direct arylations of phenols[6] or
heterocycles[7] can also be performed with rhodium[7]

and iridium catalysts.[8] Recently, ruthenium(II) cata-

lysts based on a RuCl2(hydrocarbon) source associat-
ed with various ligands have emerged as possible cat-
alysts for C�H bond arylation and allylation.[9–11] Ef-
forts are currently being made to generate efficient
ruthenium(II) catalysts for the functionalisation of
arenes, heterocycles and alkenes.[12]

It was first believed that direct arylation with ArX
proceeded by electrophilic substitution with palladi-ACHTUNGTRENNUNGum(II) or ruthenium(IV) species arising from oxida-
tive addition of ArX to palladium(0) or rutheniu-
m(II), respectively. However, recent studies supported
a proton abstraction mechanism by a carbonate with
palladium(II) species,[13] a process that is supported
by several experimental observations.[5] DFT calcula-
tions also favour a proton abstraction mechanism
from the substrate agostic C�H bond directly within
the RuCl2(L)(substrate) species, by cooperative ac-
tions of the ruthenium(II) centre and the coordinated
carbonate[11] leading to the crucial ortho-metallated
intermediate (Figure 1, Y=OH). In that latter case,
the previous oxidative addition of the ArBr to ruthe-
nium(II) is not required as for palladium(0) cata-
lysts.[13] Other processes involving proton abstraction
from a C�H bond assisted by coordinated ligand have
also been reported.[14]

The proton abstraction mechanism with the Ru(II)
centre[11] and the evidence for the carbonate coordina-

Figure 1. ACHTUNGTRENNUNG(Ligand)O-Ru(II)-assisted C�H bond cleavage
mechanism for C�C bond formation.
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tion,[15] led us to investigate the influence of an
oxygen-containing ligand linked to the ruthenium(II)
centre on proton abstraction of functional arenes and
further arylation. The positive role of a carboxylic
acid as additive has just been shown with palladium[5]

and ruthenium[12g] catalysts.
We now report that in situ generated ruthenium(II)

acetate or Ru(II) carbonate catalysts dramatically
promote the direct arylation of functional arenes,
even with aryl chlorides, and that the reaction can be
applied to the synthesis of tridentate ligands.[16]

We have first modified the RuX2(L) ACHTUNGTRENNUNG(arene) pre-ACHTUNGTRENNUNGcatalysts by exchanging the halide (X =Cl) by oxygen-
ated ligand such as carboxylate (X=OAc) in order to
favour O···H intramolecular interaction between
MeCO2 ligand and the substrate ortho C�H bond,
and to use the carboxylate ligand as a shuttle trapping
the proton from the C�H bond (Figure 1, Y= Me)
and releasing it to the external base as was observed
for a palladium catalyst and pivalic acid.[5]

As the exchange of chloride with acetate easily
takes place in [RuCl2ACHTUNGTRENNUNG(p-cymene)]2 1, precatalyst 2[17]

was in situ prepared by stirring the binuclear complex
1 with 4 equivalents of KOAc in NMP, for 1 h at
room temperature.[18] Then the base (K2CO3 or

KOAc), 2-pyridylbenzene and aryl bromide or chlo-
ride were added and the mixture heated at 120 8C for
various periods of time (Eq. 1). The results are com-
pared in Table 1.

The catalytic reaction performed with catalyst 1
and only K2CO3 shows that complete diarylation with
PhBr can be achieved at 120 8C in 20 h as a reference
reaction (entries 1 and 2) but more importantly that
K2CO3 also easily allows the diarylation with PhCl in
only 3 h (entries 1, 3 and 2, 4).

The use of in situ prepared catalyst 2, on reaction
of 1 and KOAc,[18] using K2CO3 as an additional base
leads to complete diarylation with ArCl of 2-pyridyl-
benzene after only 1 h heating at 120 8C (entries 6, 8,
10). It is noteworthy that the use of KOAc as addi-
tional base with 2 is not as efficient as K2CO3 (en-
tries 5 and 6) and this shows that both the coordinat-
ed oxygenated ligand OAc and the strength of the ad-
ditional base are cooperating, thus suggesting the
shuttle role of the OAc ligand even when present in a
catalytic amount.

These experiments allowed the isolation of diarylat-
ed products, from the less reactive but more easily
available aryl chlorides, 5a (81%), 5b (88%) and 5c
(86%), under the conditions of entries 6, 8 and 10.

Table 1. Directed diarylation with ArBr and ArCl of 2-phenylpyridine with [RuCl2ACHTUNGTRENNUNG(p-cymene)]2 1 and in situ generated Ru-ACHTUNGTRENNUNG(OAc)2ACHTUNGTRENNUNG(p-cymene) 2.

Entry ArX Catalyst Base, time [h] Conversion [%][c] (isolated%)[d] Product ratio[c]

1[a] C6H5Br 1 K2CO3 (3 h) 82 4a/5a: 23/77
2[a] C6H5Br 1 K2CO3 (20 h) 100 (94%)[d] 4a/5a: 0/100
3[a] C6H5Cl 1 K2CO3 (1 h) 73 4a/5a: 50/50
4[a] C6H5Cl 1 K2CO3 (3 h) 100 (81)[d] 4a/5a: 0/100
5[a] C6H5Cl 1 KOAc (1 h) 100 4a/5a: 48/52
6[b] C6H5Cl 2[b] K2CO3 (1 h) 100 (81)[d] 4a/5a: 0/100
7[a] p-MeOC6H4Cl 1 K2CO3 (1 h) 62 4b/5b: 58/42
8[b] p-MeOC6H4Cl 2[b] K2CO3 (1 h) 100 (88)[d] 4b/5b: 0/100
9[a] p-MeCOC6H4Cl 1 K2CO3 (1 h) 77 4c/5c: 25/75
10[b] p-MeCOC6H4Cl 2[b] K2CO3 (1 h) 100 (86)[d] 4c/5c: 0/100

[a] Reaction conditions: [RuCl2ACHTUNGTRENNUNG(p-cymene)]2 1 (0.0125 mmol), 2-phenylpyridine (0.5 mmol), ArX (1.25 mmol), base
(1.5 mmol), NMP (1.5 mL), 120 8C.

[b] 2 is in situ prepared from KOAc (0.05 mmol) and precatalyst 1 (0.0125 mmol), stirred in NMP (1.5 mL) at room tempera-
ture for 1 h,[18] then base (1.5 mmol), 2-phenylpyridine (0.5 mmol) and ArX (1.25 mmol) were added.

[c] Determined by GC-analysis.
[d] Isolated yields after column chromatography.
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Comparison of experiments with K2CO3 only (en-
tries 3, 7, 9) shows that the diarylation with aryl chlor-
ides is only slightly favoured by a para electron-with-
drawing group R (R= MeCO>H>MeO).

The above results show that the in situ prepared
Ru ACHTUNGTRENNUNG(OAc)2ACHTUNGTRENNUNG(p-cymene) catalyst 2 with the base K2CO3

allows the most efficient diarylation of 2-pyridylben-
zene with aryl chlorides.

It is noteworthy that precatalyst 1 with MesCO2H
as additive has been successfully used for the direct
arylation of arenes containing a heterocyclic function-
al group, in non-polar toluene at 100–120 8C for 16–

20 h, under conditions also allowing the use of aryl
chlorides.[12g]

The Ru acetate- and Ru carbonate-based[15] cata-
lysts were then evaluated for the preparation of tri-
dentate molecules containing three heterocyclic
groups with tripodal ligand potential, the bis-(2,6-het-
eroaryl)(2-pyridyl)benzenes.

The reaction of 2-halopyridine 10a with phenylpyri-
dine was first attempted to prepare the tripodal tris-
1,2,3-(2-pyridyl)benzene [Eq. (2)], and the results are
displayed in Table 2. As expected from the use of 2-
halopyridine in cross-coupling reactions,[19] the 2-halo-

Table 2. Catalytic coupling of 2-phenylpyridine with 2-haloazaheterocycles.

Entry Heterocycle-X Conditions[a,b] Conversion of 3 [%][c] Products[d]

1 10a [a] KOAc, 120 8C, 24 h 67 60/40 (6a/7a)

2 10a [a] K2CO3, 150 8C, 48 h 55
76/24 (6a/7a)
(30)/(10) (6a/7a)[e]

3 10b [a] KOAc, 120 8C, 24 h 47 100/0 (6a/7a)

4 10c [b] KOAc (10 mol%), K2CO3, 120 8C, 21 h 90 20/80 (6b/7b)

5 10d [b] KOAc (10 mol%), K2CO3, 120 8C, 24 h 55 42/58 (6b/7b)

6 10c KOAc, 120 8C, 24 h 77
55/45 (6b/7b)
(29)/(21) (6b/7b)[e]

7 10c [a] K2CO3, 150 8C, 48 h 100 10/90 (6b/7b)

8 10d [a] K2CO3, 150 8C, 24 h 99 10/90 (6 b/7 b)

9 10e [a] K2CO3, 150 8C, 48 h 100
35/65 (8/9)[d]

(17)/(36) (8/9)[e]

[a] Reaction conditions: [RuCl2 ACHTUNGTRENNUNG(p-cymene)]2 1 (0.0125 mmol), 2-phenylpyridine (0.5 mmol), Het-X (1.25 mmol), KOAc or
K2CO3 (1.5 mmol), NMP (1.5 mL), 120 8C.

[b] KOAc (10 mol%) and [RuCl2ACHTUNGTRENNUNG(p-cymene)]2 1 were stirred in NMP at room temperature for 1 h, then the base, 2-phenyl-
pyridine (0.5 mmol), and 2-halopyridine 10 (1.25 mmol), were added.

[c] Determined on the basis of GC analysis.
[d] Determined on the basis of 1H NMR analysis of the mixture.
[e] Yield of product isolated by column chromatography.
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pyridines 10a–e are not as reactive as aryl halides as
the disubstitution is not completed after 24 h at
120 8C (entries 1 and 3).

The in situ prepared catalyst 2, from 1 and
KOAc,[18] is more active than 1 with only K2CO3 (en-
tries 1 and 2). In this case the 2-chloropyridine ap-
pears much less reactive than the 2-bromopyridine
(entries 1 and 3).

The 2-halo-6-methylpyridines 10c and d are slightly
more active than 10a and b (entries 1, 6 and 2, 7). In
the case of bromopyridine, the in situ prepared cata-
lyst 2 in the presence of K2CO3 only slightly favours
the direct functionalisation (entries 4 and 6). Thus an
increase of the temperature to 150 8C is required to
reach complete conversion of 3, with 1/K2CO3 after
48 h (entries 7 and 8), with high yield of diarylation
product formation 7b (90%). Quinolines 8 and 9 can
also be obtained from 2-chloroquinoline but in lower
yields (entry 9).

These results are consistent with a determining step
which is now the oxidative addition, difficult to be
performed with 2-halopyridines, rather than the easier
formation of the ortho-metallated intermediate as
with aryl halides (Table 1, Figure 1).

The ruthenium acetate-based catalyst 2 was evalu-
ated with respect to the catalyst precursor 1 with
K2CO3 for the preparation of tridentate ligands
bis(2,6-thiophenyl)(2-pyridyl)benzenes [Eqs. (3) and
(4)]. 2-Chloro- and 2-bromothiophenes react with 2-
pyridylbenzene 3 in the presence of [RuCl2ACHTUNGTRENNUNG(p-
cymene)]2 1 and in situ made Ru ACHTUNGTRENNUNG(OAc)2ACHTUNGTRENNUNG(p-cymene) 2
to afford tripodal molecules containing two thiophen-
yl groups separated by a 2-pyridyl group linked to a
benzene ring: 13a, 13d and 13c [Eqs. (3) and (4),
Table 3). The reaction conditions are much milder
than those required for the reactions with halopyri-
dynes (Table 2) as the dithiophenylated products 13a
and 13b can be quantitatively obtained after 12 h at
120 8C.(Table 3, entries 5, 8, 9).

The results in Table 3 show that the in situ generat-
ed RuOAc catalyst again strongly favours the direct

arene substitution with halothiophene with respect to
the use of catalyst precursor 1 with K2CO3 (entries 1,
3 and 4, 5).

The actions of 1 with KOAc or 2 with K2CO3 are
similar (entries 5 and 6), but surprisingly the chloro
derivative seems to be more active than the bromo
derivative (entries 2, 4 and 3, 5) and than the 2-iodo-
thiophene (entry 7).

Thus, the reaction starting with chlorothiophene
under entry 5 conditions allows the isolation of 13a in
86% yield. The reaction can be applied to 3-chloro-
thiophene [Eq. (4), Table 3, entries 8 and 9) and de-
rivative 13b was isolated in 86% yield.

On reaction of 3 with the bromothiophenyl ketone
11e and KOAc in the presence of 1, the dithiopheny-
lated product 13c can be isolated in 89% yields
(entry 10).

In conclusion, the above results show that the in
situ generated catalyst RuACHTUNGTRENNUNG(OAc)2ACHTUNGTRENNUNG(p-cymene) is very
active for the ortho C�H bond diarylation of 2-pyri-
dylbenzene with unactivated aryl chlorides with
1.5 equivalents of K2CO3 at 120 8C for 1 h. This cata-
lytic system strongly favours the ortho C�H bond
cleavage by cooperative assistance of the coordinated
(OAc) oxygen atom and the ruthenium(II) centre to
generate the ortho-metallated intermediate[11] that fur-
ther allows oxidative addition of even aryl chlorides
and reductive elimination with C�C bond formation.

The ortho difunctionalisation of 2-pyridylbenzene
with 2-halopyridines and with 2- or 3-halothiophenes
can be achieved to generate tris(2-pyridyl) ligands
and a mixed tridentate 2-pyridylbis(thiophenyl)
ligand. However, the conditions are more drastic with
2-halopyridines than for halothiophenes. The results
with unreactive 2-halopyridines suggest that the deter-
mining step of the reaction is no longer the formation
of the ortho-metallated intermediate but the more dif-
ficult to perform oxidative addition of the 2-halohe-
terocycles.

Ruthenium(II) carboxylate catalysts with functional
arenes appear to favour the ortho-metallation inter-
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mediate formation and it can be proposed that they
will be efficient for the catalytic functionalisation of
the C�H bond when oxidative addition of an sp2-C�X
bond on the ortho-metallated intermediate will be
easily feasible.

Experimental Section

General Procedure for the Catalytic Diarylation of 2-
Pyridylbenzene with Aryl Chlorides

Catalytic system 2 was in situ prepared from KOAc
(0.05 mmol) and [RuCl2 ACHTUNGTRENNUNG(p-cymene)]2 1 (7.7 mg,
0.0125 mmol), on stirring in NMP (1.5 mL) at room temper-
ature for 1 h, then the base KOAc or K2CO3 (1.5 mmol), 2-
phenylpyridine (0.5 mmol) and aryl chloride (1.25 mmol)
were added. The resulting mixture was stirred at 120 8C for
1 h. Water (35 mL) and ethyl acetate (25 mL) were added to
the cold reaction mixture. The separated organic phase was
washed with water (2 �25 mL). The combined aqueous
layers were extracted with ethyl acetate (3 � 25 mL). The re-
maining residue was purified by column chromatography on

silica gel. Compounds 5a, 5b, and 5c were thus obtained in
81, 88 and 86% yields, respectively.

General Procedure for the Catalytic Disubstitution of
2-Pyridylbenzene with 2-Haloheterocycles

To the mixture of [RuCl2ACHTUNGTRENNUNG(p-cymene)]2 1 (7.7 mg,
0.0125 mmol), base KOAc or K2CO3 (1.5 mmol) and NMP
(1.5 mL), 2-phenylpyridine (78 mg, 0.5 mmol) and 2-halohe-
terocycle (1.25–1.5 mmol) were added. The resulting mixture
was stirred at the temperature and for the time indicated in
the tables and the compounds were isolated as mentioned
above. After 12 h of reaction at 120 8C of 2-phenylpyridine
with chlorothiophenes, compounds 13a, 13b and 13c were
thus isolated in 86, 86 and 89% yields, respectively.
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H. Doucet, Green Chem. 2009, 11, 425; l) Y. Fall, H.
Doucet, M. Santelli, ChemSusChem 2009, 2, 153; m) C.
Verrier, C. Hoarau F. Marsais, Org. Biomol. Chem.
2009, 7, 647; n) L.-C. Campeau, D. R. Stuart, J.-P. Le-
clerc, M. G. Bertrand-Laperle, E. Villemure, H.-Y. Sun,

S. Lasserre, N. Guimond, M. Lecavallier, K. Fagnou, J.
Am. Chem. Soc. 2009, 131, 3291; o) R. Goikhman, T. L.
Jacques, D. Sames, J. Am. Chem. Soc. 2009, 131, 3042.

[5] a) M. Lafrance, K. Fagnou, J. Am. Chem. Soc. 2006,
128, 16496; b) M. Lafrance, S. I. Gorelsky, K. Fagnou,
J. Am. Chem. Soc. 2007, 129, 14570; c) B. Liegault, D.
Lapointe, L. Caron, A. Vlassova, K. Fagnou, J. Org.
Chem. 2009, 74, 1826.

[6] a) S. Oi, S. I. Watanabe, S. Fukita, Y. Inoue, Tetrahe-
dron Lett. 2003, 44, 8665; b) R. B. Bedford, S. J. Coles,
M. B. Hursthouse, M. E. Limmert, Angew. Chem. 2003,
115, 116; Angew. Chem. Int. Ed. 2003, 42, 112; c) R. B.
Bedford, M. E. Limmert, J. Org. Chem. 2003, 68, 8669;
d) M. C. Carrion, D. J. Cole-Hamilton, Chem.
Commun. 2006, 4527.

[7] a) S. Oi, S. Fukita, Y. Inoue, Chem. Commun. 1998,
2439; b) K. Ueura, T. Satoh, M. Miura, Org. Lett. 2005,
7, 2229; c) J. C. Lewis, S. H. Wiedemann, R. G. Berg-
man, J. A. Ellman, Org. Lett. 2004, 6, 35; d) R. K.
Thalji, K. A. Ahrendt, R. G. Bergmann, J. A. Ellman, J.
Org. Chem. 2005, 70, 6775; e) J. C. Lewis, J. Y. Wu,
R. G. Bergman, J. A. Ellman, Angew. Chem. 2006, 118,
1619; Angew. Chem. Int. Ed. 2006, 45, 1589; f) S. H.
Wiedemann, J. C. Lewis, J. A. Ellman, R. G. Bergman,
J. Am. Chem. Soc. 2006, 128, 2452; g) K. Ueura, T.
Satoh, M. Miura, Org. Lett. 2007, 9, 1407; h) A. H. Roy,
C. P. Lenges, M. Brookhart, J. Am. Chem. Soc. 2007,
129, 2082; i) J. C. Lewis, A. M. Berman, R. G. Bergman,
J. A. Ellman, J. Am. Chem. Soc. 2008, 130, 2494;
j) A. M. Berman, J. C. Lewis, R. G. Bergman, J. A.
Ellman, J. Am. Chem. Soc. 2008, 130, 14926; k) D. R.
Stuart, M. Bertrand-Laperle, K. M. N. Burgess, K.
Fagnou, J. Am. Chem. Soc. 2009, 131, 16474.

[8] a) K. I. Fujita, M. Nonogawa, R. Yamaguchi, Chem.
Commun. 2004, 1926; b) I. Gçttker-Schnetmann, P.
White, M. Brookhart, J. Am. Chem. Soc. 2004, 126,
1804; c) E. Alvarez, S. Conejero, M. Paneque, A. Pet-
ronilho, M. L. Poveda, O. Serrano, E. Carmona, J. Am.
Chem. Soc. 2006, 128, 13060.

[9] a) S. Oi, S. Fukita, N. Hirata, N. Watanuki, S. Miyano,
Y. Inoue, Org. Lett. 2001, 3, 2579; b) S. Oi, Y. Ogino, S.
Fukita, Y. Inoue, Org. Lett. 2002, 4, 1783; c) S. Oi, K.
Sakai, Y. Inoue, Org. Lett. 2005, 7, 4009; (d) S. S. Oi, E.
Aizawa, Y. Ogino, Y. Inoue, J. Org. Chem. 2005, 70,
3113; d) S. Oi, Y. , S. Tanaka, Y. Inoue, Organometal-
lics 2006, 25, 4773; e) G. Deng, L. Zhao, C.-J. Li,
Angew. Chem. 2008, 120, 6374 – 6378; Angew. Chem.
Int. Ed. 2008, 47, 6278 – 6282; f) K. Cheng, Y. Zhang, J.
Zhao, C. Xie, Synlett 2008, 1325.

[10] a) L. Ackermann, Org. Lett. 2005, 7, 3123; b) L. Acker-
mann, Synthesis 2006, 10, 1557; c) L. Ackermann, A.
Althammer, R. Born, Angew. Chem. 2006, 118, 2681;
Angew. Chem. Int. Ed. 2006, 45, 2619; d) L. Acker-
mann, R. Born, P. �lvarez Bercedo, Angew. Chem.
2007, 119, 6482; Angew. Chem. Int. Ed. 2007, 46, 6364;
e) L. Ackermann, A. Althammer, R. Born, Synlett
2007, 2833.

[11] I. Ozdemir, S. Demir, B. Cetinkaya, C. Gourlaouen, F.
Maseras, C. Bruneau, P. H. Dixneuf, J. Am. Chem. Soc.
2008, 130, 1156.

[12] a) G. Deng, L. Zhao, C.-J. Li, Angew. Chem. 2008, 120,
6374; Angew. Chem. Int. Ed. 2008, 47, 6278; b) K.

1742 asc.wiley-vch.de � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2009, 351, 1737 – 1743
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