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Recyclable Solid Ruthenium Catalysts for the Direct Arylation of Aromatic
C�H Bonds
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The development of new environmentally benign process-
es for synthesizing organic compounds is one of the most
important issues currently facing synthetic chemists.[1] If effi-
ciencies comparable to those achieved with homogeneous
catalysis can be realized, heterogeneous catalysis is quite at-
tractive, because the catalysts can be readily separated from
the reaction media and re-used.[2] On the other hand, the
formation of C�C bonds by the direct activation of less re-
active hydrocarbon C�H bonds by using homogeneous, tran-
sition-metal catalysts has also attracted considerable atten-
tion in modern synthetic chemistry.[3] Several solid catalysts
have been reported to be effective for use in conventional
C�C bond-forming reactions;[4] the arylation of heteroarenes
or phenols over heterogeneous Ni, Pd, or Ru catalysts have
been reported.[5] However, to the best of our knowledge,
there have been no previous reports of C�C bond formation
by using chelation-assisted activation of stable aromatic C�
H bonds by solid ruthenium catalysts. Recently, we reported
a heterogeneous Ru/CeO2-catalyzed transfer-allylation of
homoallyl alcohols into aldehydes,[6] in which the active spe-
cies was considered to be a low-valent Ru species generated
in situ from a RuIV oxide species on CeO2.

In this communication, we report the first example of Ru/
CeO2-catalyzed nitrogen-directed arylation of aromatic C�
H bonds with aryl halides. This reaction, for which low-
valent Ru-complex catalysts are quite effective,[7] is one of
the most ecological and economical methods available for
preparing unsymmetrical biaryls.[7–9] The results in this com-
munication imply that solid Ru/CeO2 can be a good alterna-
tive to homogeneous Ru catalysts, which are known to be
effective for a wide range of C�C bond-forming reactions.

Supported-Ru catalysts were prepared as follows; an
oxide support was added to a solution of a Ru-catalyst pre-
cursor in THF at room temperature. After impregnation by
Ru, the resulting powder was calcined in air at 400 8C for
30 min to afford Ru (2.0 wt %)/support.

The reaction of benzo[h]quinoline (1 a) with chloroben-
zene (2 a) in N-methyl-2-pyrrolidone (NMP) at 170 8C for
18 h in the presence of a Ru/CeO2 catalyst prepared by
using [Ru3(CO)12] as a catalyst precursor gave the arylated
product 3 a selectively in a yield of 61 % (Table 1, entry 1).
The addition of a small amount of PPh3 to the reaction mix-
ture facilitated the reaction and gave 3 a quantitatively
(entry 2). The reactions of 1 a with bromobenzene (2 a’) or
iodobenzene (2 a’’) also produced 3 a quantitatively (Table 1,
entries 3 and 4). The catalytic activity was greatly affected
by the use of different Ru precursors. Catalysts prepared
from Cl-containing Ru precursors such as RuCl3·nH2O,
[{RuCl2(CO)3}2], or [{RuCl2ACHTUNGTRENNUNG(p-cymene)}2] gave 3 a in higher
yields than that prepared from [Ru ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(cot)] (cod =1,5-cy-
clooctadiene; cot=1,3,5-cyclooctatriene; Table 1, entries 5–
8). The reaction that was carried out at 150 8C gave only a
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Table 1. Effect of the ruthenium precursor.[a]

Entry Ru precursor X T [oC] Yield [%][b]

1 ACHTUNGTRENNUNG[Ru3(CO)12] Cl ACHTUNGTRENNUNG(2a) 170 61
2[c] ACHTUNGTRENNUNG[Ru3(CO)12] Cl ACHTUNGTRENNUNG(2a) 170 99
3[c] ACHTUNGTRENNUNG[Ru3(CO)12] Br ACHTUNGTRENNUNG(2a’) 170 99
4[c] ACHTUNGTRENNUNG[Ru3(CO)12] I ACHTUNGTRENNUNG(2a’’) 130 99
5 RuCl3

.nH2O Cl ACHTUNGTRENNUNG(2a) 170 89
6 ACHTUNGTRENNUNG[{RuCl2(CO)3}2] Cl ACHTUNGTRENNUNG(2a) 170 84
7 ACHTUNGTRENNUNG[{RuCl2 ACHTUNGTRENNUNG(p-cymene)}2] Cl ACHTUNGTRENNUNG(2a) 170 69
8 [Ru ACHTUNGTRENNUNG(cod) ACHTUNGTRENNUNG(cot)] Cl ACHTUNGTRENNUNG(2a) 170 25
9 ACHTUNGTRENNUNG[Ru3(CO)12] Cl ACHTUNGTRENNUNG(2a) 150 trace

[a] CeO2 was prepared by using an aqueous solution of NH3. [b] Deter-
mined by GLC based on 1a. [c] 0.10 mmol of PPh3 were added.
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trace amount of the biaryl product (Table 1, entry 9); this in-
dicates that a high reaction temperature is required to gen-
erate the highly active catalytic species in situ from the ru-ACHTUNGTRENNUNGthenium(IV) species supported on CeO2.

[6,10]

Next, we examined the effect of pretreatment of the Ru/
CeO2 catalyst and found that the PPh3 modification of Ru/
CeO2 greatly increased the catalytic activity. PPh3-modified
solid Ru catalysts were prepared as follows; treatment of
Ru/support at 100 8C for 20 min in the presence of PPh3 in
an H2 atmosphere afforded PPh3-modified Ru catalysts, des-
ignated as x PPh3–Ru/support (x= molar ratio of PPh3:Ru;
Scheme 1).

In the presence of the PPh3-modified Ru/CeO2 catalyst,
3 PPh3–Ru/CeO2, the reaction of 1 a with 2 a’ gave 3 a in a
yield of 81 % under much milder conditions: 120 8C for 2 h
(Table 2, entry 1). The PPh3-modified solid Ru catalyst sup-
ported on ZrO2 gave 3 a in a good yield (Table 2, entry 2),
but catalysts supported on SiO2, TiO2, Al2O3, or MgO
(Table 2, entries 3–6) did not show any catalytic activity.[11]

The precipitant used for the preparation of the CeO2 sup-
port also affected the catalytic activity, with KOH giving the
best results (Table 2, entry 9). Furthermore, the molar ratio
of PPh3 used for the modification, as well as the pretreat-

ment conditions, significantly affected the catalytic activity;
3 PPh3–Ru/CeO2 showed the highest activity (Table 2, en-
tries 9–11). Note that it has also been reported that homoge-
neous ruthenium-complex-catalyzed C�H alkylation is also
affected by the number of phosphine ligands coordinated to
the Ru center.[12] Catalysts reduced in the absence of PPh3

did not produce 3 a at all (Table 2, entry 12) even if PPh3

was added to the reaction mixture (Table 2, entry 13). Note
that the quantity of Ru species that leached into the solution
after the reaction shown in Table 2, entry 9 was
0.00065 mmol (2.6 % of Ru species in the fresh catalyst), as
calculated by ICP-AES analysis.

The catalytic reactions of chloroarenes were examined by
using the 3 PPh3–Ru/CeO2 catalyst, which showed the high-
est activity in Table 2 (entry 9), and the results are summar-
ized in Table 3. While the reaction with chlorobenzene at
120 8C provided arylated product 3 a in a moderate yield
(Table 3, entry 1), the reaction at 140 8C proceeded efficient-
ly to afford 3 a in 94 % yield within 6 h (Table 3, entry 2).
Various chloroarenes with para functional groups (2 a–f) and
2-chloronaphthalene (2 g) could also be used in this reaction
and the desired products 3 b–g were obtained in excellent
yields (Table 3, entries 3–8). Also, the reactions of heterocy-
clic chlorides, 2-chlorothiophene (2 h) and 2-chloropyridine
(2 i), gave 3 h and 3 i, respectively, with satisfactory yields
(Table 3, entries 9 and 10). The reactions with other directed
C�H activation substrates were also examined; treatment of
2-phenylpyridine (1 b) and 1-phenyl-2-pyrazol (1 c) with 4-
chloroacetophenone (2 d) produced mixtures of the mono-
(3 j and k) and diarylated (4 j and k) products (Table 3, en-
tries 11 and 12).

It is important to investigate whether or not the reaction
actually occurs on the solid surface. To this end, hot filtra-
tion of the solid catalyst after the reaction of 1 a and 2 a’ in
the presence of 3 PPh3–Ru/CeO2 at 120 8C had proceeded
for 0.5 h completely suppressed further progress of the reac-
tion. This result strongly suggests that the catalyst works
heterogeneously.

One of the major advantages of solid catalysts is their re-
cyclability. After performing the reaction under the condi-
tions shown in Table 2, entry 9, the solid catalyst was sepa-
rated from the reaction mixture by centrifugation and
washed with diethyl ether and methanol/H2O. The resulting
solid was calcined in air at 400 8C for 30 min to recover Ru/
CeO2. Modification by PPh3 was then performed through
the aforementioned procedure to give the PPh3–Ru/CeO2

catalyst for reuse. As shown in Scheme 2, the catalyst was
recyclable and produced the biaryl product quantitatively
within short reaction periods. Furthermore, at a higher tem-
perature of 170 8C, the reaction went to completion within
0.5 h and the catalyst could be used at least three times
without any loss of activity.

An FTIR study was used to analyse the catalytic species
used in this reaction. A distinct band at 975 cm�1 for the
fresh Ru/CeO2 catalyst indicates the formation of a rutheni-
um–oxo species,[10] which would be a good precursor of the
catalytically active species that is formed in situ (see Sup-

Scheme 1. Preparation of PPh3–Ru/support catalysts.

Table 2. Direct arylation by PPh3-modified solid Ru catalysts.[a]

Entry x Ru precursor Support[b] Yield [%][c]

1 3 ACHTUNGTRENNUNG[Ru3(CO)12] CeO2 ACHTUNGTRENNUNG(NH3) 81
2 3 ACHTUNGTRENNUNG[Ru3(CO)12] ZrO2 (JRC-ZRO-3) 60
3 3 ACHTUNGTRENNUNG[Ru3(CO)12] SiO2 ACHTUNGTRENNUNG(Cabosil) 0
4 3 ACHTUNGTRENNUNG[Ru3(CO)12] TiO2 (JRC-TIO-4) 0
5 3 ACHTUNGTRENNUNG[Ru3(CO)12] Al2O3 (JRC-ALO-8) 0
6 3 ACHTUNGTRENNUNG[Ru3(CO)12] MgO ACHTUNGTRENNUNG(NH3) 0
7 3 ACHTUNGTRENNUNG[{RuCl2(CO)3}2] CeO2 ACHTUNGTRENNUNG(NH3) 68
8 3 ACHTUNGTRENNUNG[Ru3(CO)12] CeO2 ACHTUNGTRENNUNG(KOH) 76
9 3 ACHTUNGTRENNUNG[{RuCl2(CO)3}2] CeO2 ACHTUNGTRENNUNG(KOH) 98 (99)[d]

10 2 ACHTUNGTRENNUNG[{RuCl2(CO)3}2] CeO2 ACHTUNGTRENNUNG(KOH) 39
11 4 ACHTUNGTRENNUNG[{RuCl2(CO)3}2] CeO2 ACHTUNGTRENNUNG(KOH) 63
12 0 ACHTUNGTRENNUNG[{RuCl2(CO)3}2] CeO2 ACHTUNGTRENNUNG(KOH) 0
13[e] 0 ACHTUNGTRENNUNG[{RuCl2(CO)3}2] CeO2 ACHTUNGTRENNUNG(KOH) 0

[a] Reaction conditions: 1a (0.50 mmol), 2a’ (0.75 mmol), xPPh3–Ru/
CeO2 (0.025 mmol with respect to Ru), K2CO3 (1.0 mmol), NMP
(2.0 mL). [b] The support or precipitant used to prepare the support is
shown in parenthesis. [c] Determined by GLC based on 1a. [d] Reaction
conditions: 1a (1.0 mmol), 2 a’ (1.5 mmol), xPPh3–Ru/CeO2 (0.50 mmol
with respect to Ru), K2CO3 (2.0 mmol), NMP (2.0 mL). [e] 0.075 mmol of
PPh3 was added to the reaction mixture.
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porting Information). In contrast, there were no signs of
such oxo species on the unsuccessful SiO2-, TiO2-, Al2O3-, or
MgO-supported catalysts.

In summary, we have reported the first example of a che-
lation-assisted direct arylation of aromatic C�H bonds by

solid Ru catalysts. PPh3-modified Ru/CeO2 showed excellent
catalytic activity and various aryl chlorides could be used in
the reaction. These results indicate that catalytically active
species generated from RuIV oxide species on CeO2 can be
attractive alternatives to homogeneous Ru catalysts. More-
over, the present heterogeneous catalytic system is quite ad-
vantageous from both environmental and practical perspec-
tives, since these catalysts can be easily recovered and re-
peatedly used. The details of the catalytically active species
and further applications of Ru/CeO2 catalytic systems for a
variety of organic synthesis reactions are currently under in-
vestigation.

Experimental Section

Representative procedure : Benzo[h]quinoline 1 a (89.5 mg, 0.50 mmol),
4-chloroacetophenone 2 d (116 mg, 0.75 mmol), K2CO3 (138 mg,
1.0 mmol) and NMP (2.0 mL) were placed in a Schlenk tube (20 mL)
under argon together with 3PPh3–Ru/CeO2 (125 mg, 0.025 mmol with re-
spect to Ru). The reaction mixture was stirred at 140 8C for 3 h with a
cooling block. After the reaction, the catalyst was removed by centrifuga-

Table 3. Direct arylation with aryl chlorides.[a]

Entry Reagents Product t [h] Yield [%][b]

1[c] 1 a 2 a 3a (R=H) 12 58[d]

2 1 a 2 a 3a (R=H) 6 94[d]

3 1 a 2 b 3b (R=Me) 6 96
4 1 a 2 c 3c (R=OMe) 12 96
5 1 a 2 d 3d (R=COMe) 3 95
6 1 a 2 e 3e (R=CO2Me) 5 91
7 1 a 2 f 3 f (R=CF3) 12 86

8 1 a 2 g 3g 5 98

9 1 a 2 h 3h 4 98

10 1 a 2 i 3 i 6 53

11 1 b 2 d

3j (R1 =H, R2 =4-MeCOC6H4)

3 94 (74:26)[e]
4j (R1, R2 =4-MeCOC6H4)

12 1 c 2 d

3k (R1 =H, R2 =4-MeCOC6H4)

5 84 (60:40)[e]
4k (R1, R2 =4-MeCOC6H4)

[a] Reaction conditions: 1 (0.50 mmol), 2 (0.75 mmol), 3PPh3–Ru/CeO2 (0.025 mmol with respect to Ru), K2CO3 (1.0 mmol) NMP (2.0 mL), 140 8C.
[b] Isolated yield based on 1. [c] Reaction at 120 8C. [d] Yield determined by GLC. [e] Molar ratio of 3 :4.

Scheme 2. Recycling of solid Ru catalyst.
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tion and the remaining solution concentrated under reduced pressure.
The products were isolated by column chromatography (3:1; hexane/
EtOAc, v/v) to give the product 3 d as a white solid (141.7 mg, 95%).
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