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Abstract: The direct arylation of aryl iodides with 2-phenylpyr-
idines and related substrates was carried out smoothly in the pres-
ence of 5 mol% RuCl; using benzoyl peroxide as a promoter to
generate biarylated products in high yields. The method is simple,
efficient, and regioselective, and employs only commercially avail-
able reagents.
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The transition-metal-catalyzed aryl-aryl coupling reac-
tions are powerful synthetic tools! and have been widely
used for the synthesis of important organic molecules and
natural products.> Among the various aryl-aryl coupling
reactions, the catalytic direct arylations involving C-H ac-
tivation is especially attractive due to the enhanced effi-
ciency and little byproduct formation.> Nitrogen- and
oxygen-coordinating functional groups are usually em-
ployed to direct the arylation and control the regioselec-
tivity. For example, phenols,* ketones,” amides,’
carboxylic acids,” and imines,® have been successfully
employed as the directing groups in Ru-, Rh-, or Pd-cata-
lyzed arylation reactions. In the case of pyridine, rutheni-
um(Il) phosphine complex ([RuCl,(n%-C¢Hg)], and
[RuCl,(p-cymene)],) have been used as the catalysts and
good selectivity was achieved.” Phosphine-free arylation
procedure of pyridines was developed by Shabashov and
Daugulis using acetic acid as the solvent in the presence
of catalytic amount of Pd(OAc),.'® Very recently, Sanford
demonstrated that iodine(IIl) reagent [Ar,I]BF, was very
effective for the palladium-catalyzed direct arylation.'!
Although significant progress was achieved, efficient
methods for biarylation of 2-phenylpyridine and related
substrates in the absence of phosphine ligands are rare.'°
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In this paper, we describe our findings regarding the direct
arylation of aryl iodides and 2-phenyl-pyridines and their
related substrates catalyzed by RuCl; using benzoyl per-
oxide as a crucial promoter. The reactions could be per-
formed in the absence of expensive ligands and did not
require any precautions with regard to the exclusion of air
and moisture, and biarylated products were obtained in
high yields.

Our investigations into an efficient arylation catalyst be-
gan with the reaction of 2-phenylpyridine and iodoben-
zene in the presence of 5 mol% RuCl; (Scheme 1).
Unfortunately, only trace of the desired product was de-
tected at 150 °C for 12 hours in 1-methylpyrrolidin-2-one
(NMP, Table 1, entry 1). Ru(PPh;),Cl, and Pd(PPh,),
were then chosen as catalyst precursors. However, in both
cases, the arylation reactions were sluggish (Table 1, en-
tries 2 and 3). Very recently, Ackermann and his co-work-
ers reported the ruthenium-catalyzed direct arylation of
bromides. Unfortunately, we could not obtain the desired
products under their reaction conditions.'”> However, we
were delighted to find that the rate of arylation reaction
was markedly accelerated in the presence of one equiva-
lent of m-chloroperbenzoic acid and the desired bipheny-
lated product 1a was isolated in 40% yield (Table 1, entry
4). The screening of various peroxides reviewed more
successes (Table 1, entries 5-9) and benzoyl peroxide was
found to be the best, and it could produce 1a in 96% iso-
lated yield (Table 1, entry 6). Notably, the reactivity could
be extended to palladium catalysts, although RuCl; was
still the best (Table 2).

The superior efficiencies obtained with RuCl, in the pres-
ence of benzoyl peroxide promoted us to select these cat-
alytic conditions for further explorations. The scope of the
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Table 1 Effect of Oxidants on the Arylation Reaction®

Table 2 Arylation Reaction in the Presence of Various Catalysts®

Entry Oxidant Yield (%)® Entry Catalyst Yield (%)°
1 - trace 1 RuCl, 96
2 - trace® 2 Ru(PPhj;);Cl, 85
3 - trace? 3 Pd(OAc), 67
o] 4 PdCl, 65
4 c o % H 40 5 Pd(CH,CN),Cl, 62
6 Pd(PPhs), 45
i 7 Pd,(dba), 39

* Reaction conditions: 2-phenylpyridine (1 mmol), Phl (2.4 mmol),
RuCl; (5 mol%), oxidant (1 mmol), K,CO; (2 mmol), NMP (5 mL),
150 °C, 12 h.

b Isolated yields.

¢ Ru(PPhj;);Cl, (5 mol%) was used.

4 Pd(PPh;), (5 mol%) was used.

arylation reaction with respect to the aryl iodide compo-
nent was investigated (Table 3). A variety of aryl iodides
that incorporate electron-donating and electron-with-

# Reaction conditions: 2-phenylpyridine (1 mmol), Phl (2.4 mmol),
catalyst (5 mol%), benzoyl peroxide (1 mmol), K,CO; (2 mmol),
NMP (5 mL), 150 °C, 12 h.

® Isolated yields.

drawing groups were well tolerated (Table 3, entries 1-5).
In addition, the electronic properties of the substituents on
arylpyridines proved to have little effect on the arylation
processes and good to excellent yields were obtained
(Table 3, entries 6-8). It should be noted that the clean bi-
arylated products were delivered in these reactions. How-
ever, when a methyl group located at 3’-position of
phenylpyridine, the monophenylated and diphenylated
products were isolated in a ratio of 1:1 (Table 3, entry 9,
43% diphenylated and 44% monophenylated product),
showing that the steric effect influenced the arylation.
Placing the less bulky fluoride attenuated the steric effect,
and the biarylated product could be isolated as the main
product (Table 3, entry 10). 2-(Naphthalen-2-yl)pyridine
also delivered the diarylated product in good yield
(Table 3, entry 11). As expected, the arylation proceeded
in comparable yield and efficiency when structurally di-
verse heterocycles, including pyrazole, pyrimidine, pyr-
idazine, and quinoline, were used as the substrates
(Table 3, entries 12—-15).

Table 3 RuCl;-Catalyzed Arylation in the Presence of Benzoyl Peroxide®

Entry Aryl iodide Product Yield (%)°
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Table 3 RuCl;-Catalyzed Arylation in the Presence of Benzoyl Peroxide® (continued)

Entry Aryl iodide Product Yield (%)°
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Table 3 RuCl;-Catalyzed Arylation in the Presence of Benzoyl Peroxide® (continued)

Entry Aryl iodide Product Yield (%)°
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*Reaction conditions: 2-phenylpyridines and related substrates (1 mmol), aryl iodide (2.4 mmol), RuCl; (5 mol%), benzoyl peroxide (1 mmol),

K,CO; (2 mmol), NMP (5 mL), 150 °C, 12 h.
® Isolated yields.
¢ Monoarylated product was isolated in 44% yield.

Early works on benzoyl peroxide established that their
thermolysis occurred at 95 °C to generate aryl radicals and
the rates of decomposition was accelerated by transition
metals.!® Our experiments were carried out at 150 °C in
the presence of RuCl; and the radical Ar might be in-
volved in the arylation processes. We therefore performed
the experiment in the absence of aryl iodides and py-
ridines. Interestingly, benzoic acid was isolated quantita-
tively and no products from radical reactions such as
biphenyl were found (Scheme 2, A). In contrast, a large
number of products generated from radical reactions were
detected by GC-MS when toluene was employed as the
solvent (Scheme 2, B). In this regard, it appeared that the
thermolysis of benzoyl peroxide was restrained by NMP
under the reaction conditions.

Sanford and co-workers reported that iodobenzene diace-
tate [PhI(OAc),] could be used as oxidant and promoted
the regioselective C—H bond oxidation in the presence of

Synlett 2008, No. 9, 1325-1330 © Thieme Stuttgart - New York

Pd catalyst.'* They found that the C—H activation and ary-
lation reactions could be performed using phenyl iodoni-
um salts [Ph,I]BF, prepared from the reaction of
PhI(OAc), with ArB(OH), in the presence of BF;-OEt,.!!
In our experiments, the carboxylate oxidant might gener-
ate in situ under the reaction conditions and hence play a
role to the direct arylation reaction. We therefore prepared
4-MeCH,I(O,CPh), according to the literature
procedure and subjected it to the reaction in the absence
of benzoyl peroxide. The results showed that no biaryla-
tion product was formed and only monoarylated product
was isolated in 48% yield (Scheme 3, A). However, the
biarylated product was isolated in high yield when 20
mol% of di-tert-butyl peroxide or benzoyl peroxide was
added in the reaction (Scheme 3, B and C). These results
indicated that carboxylate oxidant generated in situ under
the reaction conditions might have implications with the
arylation.
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peroxide a: di-tert-butyl peroxide RuCls (5 mol%)
peroxide b: benzoyl peroxide
150 °C, 12 h
peroxide b (20 mol%)
Isolated yield 91%
Scheme 3

In conclusion, we have developed a novel catalyst system
capable of activating C—H bond for direct arylation reac-
tions to give clean biarylated products in high yields with
a broad substrate scope.'®!” The utilization of benzoyl
peroxide as a crucial promoter might have implications
with the development of novel C—H activation mechanism
and methods. The mechanism studies and further applica-
tion of present transformations are under way in our labo-
ratories.
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common commercial sources and were used without
additional purification. Column chromatography was carried
out on Si0, (300-400 mesh). '"H NMR spectra were
recorded at 400 MHz, 3C NMR spectra were recorded at
100 MHz, using TMS as internal standard. Mass
spectrometry data of the product of direct arylation reaction
were collected on an HRMS-EI instrument.

General Procedure for Direct Arylation Reaction

A mixture of K,COj; (2 mmol), RuCl; (11 mg, 5 mol%),
2-phenylpyridines (1 mmol), aryl iodines (2.4 mmol),
peroxybenzoic (1 mmol), and NMP (5 mL) was stirred at
150 °C for 12 h. Afterwards, the reaction solution was
cooled to r.t. and filtered through a filter paper. Brine (20
mL) was added to the filtrate and the mixture was extracted
three times with EtOAc (3 x 15 mL). After washing with
H,O (3 x 20 mL) and brine (20 mL), the combined organic
phase was evaporated under reduced pressure. The residue
was purified on a SiO, column to afford the desired product.
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