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ABSTRACT
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An oxygen-promoted ligand-free Suzuki coupling reaction catalyzed by in situ generated palladium nanoparticles in PEG-400 under aerobic
conditions has been demonstrated. The reaction was highly efficient for coupling aryl chlorides with phenylboronic acid in short times under
mild conditions.

The palladium-catalyzed Suzuki coupling reaction of aryl under aerobic conditions by using a ligand-free or air-stable
halides with arylboronic acids is one of the most important ligand systeni. However, these aerobic systems showed
and powerful tools to form biaryls and has been extensively moderate to high activity only for the coupling of aryl iodides
used in the synthesis of pharmaceuticals, herbicides, naturabr/and bromides with arylboronic acids but low activity for
products, and advanced materials. aryl chlorides®

Generally, the palladium-catalyzed Suzuki coupling reac-  Slaughter et al. demonstrated that Suzuki reactions cata-
tion is performed under an inert atmosphere because thelyzed over a palladium Chugaev carbene complex exhibited
catalytic species are sensitive to oxygen or moisture. higher activity in nitrogen than in aff. However, Corma et
Attempts have also been made to carry out Suzuki reactionsal. observed a positive effect of air on the Suzuki reaction

of 4-bromoacetophenone arwdtolylboronic acid using a
(1) () Miyaura, N.; Suzuki, AChem. Rev1995,95, 2457. (b) Suzuki, PEG-anchored carbapalladacycle cataly$he influence of

A. J. Organomet. Chen1999,576, 147. (c) Wolfe, J. P.; Singer, R. A the air on the Suzuki coupling reaction has not been full
Yang, B. H.; Buchwald, S. LJ. Am. Chem. Sod999, 121, 9550. (d) piing y

Negishi, E.Handbook of Organopalladium Chemistry for Organic Synthesis  investigated. Therefore, developing an efficient and ligand-
Wiley-Interscience: New York, 2002; p 249. free reaction system for Suzuki coupling of aryl chloride

(2) (a) Dahan, A.; Portnoy, Ml. Am. Chem. So2007,129, 5860. (b) ; i ; ; ;
Bilingsley, K.: Buchwald, S. LJ. Am. Chem. So@007, 129, 3358, (c) under aerobic conditions is of great interest for chemists and

Fleckenstein, C. A.; Plenio, HChem.—Eur. J2007,13, 2701. (d) Li, J.

H.; Li, J. L.; Wang, D. P.; Pi, S. F.; Xie, Y. X.; Zhang, M. B.; Hu, X. C. (3) (@) Deng, C. L.; Guo, S. M.; Xie, Y. X.; Li, J. HEur. J. Org. Chem.

J. Org. Chem2007,72, 2053. (e) Navarro, O.; Kelly, R. A., lll; Nolan, S. 2007, 1457. (b) Kostas, I. D.; Steele, B. R.; Terzis, A.; Amosova, S. V.;
P.J. Am. Chem. So€003,125, 16194. (f) Littke, A. F.; Fu, G. CAngew. Martynov, A. V.; Makhaeva, N. AEur. J. Inorg. Chem2006, 2642. (c)
Chem., Int. Ed2002,41, 4176. (g) Nam, T. S.; Phan, M. S.; Christopher, Luo, Q.; Eibauer, S.; Reiser, Q. Mol. Catal. A: Chem2007,268, 65.

W. J. Adw. Synth. Catal2006,348, 609. (h) Stirmer, RAngew. Chem., (d) Moncada, A. |.; Khan, M. A.; Slaughter, L. M.etrahedron Lett2005,

Int. Ed.1999,38, 3307. (i) Botella, L.; Najera, GAngew. Chem., Int. Ed. 46, 1399. (e) Kostas, I. D.; Andreadaki, F. J.; Kovala-Demertzi, D.; Prentjas,
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producers. Recently, polyethylene glycol (PEG) as a green ||| | R NN

and easily available solvent has been widely used in the
Suzuki reactiorf9* PEG enables the reduction of Pd(ll) to
Pd(0), and its hydroxyl groups are oxidized into aldehyde
groups; which makes it possible to prepare palladium
nanoparticles easily in PEG in the absence of normally
adopted reducing agefitsuch as hydrazine, hydrogen,
sodium borohydride, etc. To our knowledge, no reactions
catalyzed by the in situ generated palladium nanoparticles
in PEG have been reported.

In this paper, we report a ligand-free Suzuki coupling
reaction catalyzed by the in situ generated palladium nano-

Table 2. Control Experiments of Suzuki Coupling of
2-Bromo-m-xylene with Phenylboronic Acid in Different
Conditions by Palladium Nanoparticles in PEG-300

entry conditions time isolated yield (%)
1 air 50 min 91
2 Og 50 min 93
Ns 6.5h 926

a8 Reaction conditions (not optimized): 2-bromoxylene (0.5 mmol),
phenylboronic acid (0.75 mmol), Pd(OAQ)L mol %), KxCOsz (1 mmol),
PEG (4 g), rt. The reactions were monitored by GCPEG-400 was
degassed.

particles in PEG-400 under aerobic conditions. A very simple
and highly efficient approach for Suzuki coupling of aryl

chlorides with phenylboronic acid, the TOF was reached up
to 196 ! (Table 1, entry 9). Furthermore, the results showed

Table 1. Suzuki Coupling Reactions of Aryl Halides with
Phenylboronic Acid in PEG-400 under Different Conditidns

R = Ph—B(OH), Ro—=
W W
entry R X  conditions time yield (%)?
la 2-Me, 6-Me  Br air 50 min 91
1b 2-Me, 6-Me  Br Ny 6.5h 92¢
2a 4-CF3 Cl air 2h 96
2b 4-CF3 Cl Ng 2h 40¢
3a 4-COMe Cl air 2h 97
3b 4-COMe Cl No 2h 54¢
4a 2-CN Cl air 5h 90
4b 2-CN Cl N, 5h 60°¢
5a 2-NOg Cl air 1.5h 96
5b 2-NOg Cl Ny 4h 88¢
6 H Cl air 3h 91
7 3-MeO Cl air 3h 82
8 4-NOs Cl air 20 min 964
9 4-NOg Cl air 1h 98¢

@ Reaction conditions (not optimized): aryl halides (0.5 mmol), phenyl
boronic acid (0.75 mmol), Pd(OA£)2 mol %) (1 mol % for entries la
and 1b), kCO; (1 mmol), PEG (4 g), 45C (rt for entries 1a and 1b). The

preparing palladium nanoparticles in morertha h at 80

°C in PEG with an average molecular weight range from
600 to 4000 g/mol for a Heck reactiérReetz and Wester-
mann generated in situ nanosized palladium colloids, which
needed an induction period of about 1 Rhis means in our
case the formation of the palladium nanoparticles was much
faster, which is supposed to be due to the reduction of
phenylboronic acid.

(@)

(b)

Figure 1. TEM micrographs showing the in situ generated
palladium nanoparticles in PEG-400: (a) 5 min after reaction in
air, (b) 75 min after reaction in air, and (c) 75 min after reaction in
nitrogen. Reaction conditions: 4-chlorobenzotrifluoride (0.5 mmol),
phenyl boronic acid (0.75 mmol), Pd(AcQR2 mol %), K;COs (1
mmol), PEG-400 (4 g), rt.

reactions were monitored by GElsolated yields¢ PEG-400 was degassed.
d 1-Chloro-4-nitrobenzene (10 mmol), phenyl boronic acid (15 mmol),
Pd(OAc) (2 mol %), KxCOs (20 mmol), PEG (50 g), rtt Pd(OAc) (0.5
mol %). Other conditions were the same as entry 8.

that this approach was oxygen-promoted (Tables 1 and 2).
The first challenge was to generate palladium nanoparticles
in situ under aerobic conditions in PEG-400 without ad-
ditional ligands, reductants, and stabilizers. The transmission
electron microscopy (TEM) micrograph showed that pal-
ladium nanoparticles with an average size of ca. 1.5 nm were
formed within 5 min at room temperature or even at a lower
temperature accompanying the Suzuki coupling reaction
(Figure 1a). Whereas Zhang et al. reported a procedure for

(4) (a) Li, J. H.; Liu, W. J.; Xie, Y. X.J. Org. Chem2005,70, 5409.
(b) Liu, L.; Zhang, Y. H.; Wang, Y. GJ. Org. Chem2005,70, 6122. (c)
Yin, L.; Zhang, Z. H.; Wang, Y. MTetrahedron2006,62, 935. (d) Li, J.
H.; Hu, X. C.; Liang, Y.; Xie, Y. X.Tetrahedron2006,62, 31.

(5) Luo, C. C.; Zhang, Y. H.; Wang, Y. Gl. Mol. Catal. A: Chem.
2005,229, 7.

4006

It was worth noting that the system possessed excellent
catalytic activity for coupling aryl chlorides or unactivated
aryl bromides with phenylboronic acid using low catalyst
loadings in short times under mild conditions (Table 1, entries
2a, 3a, 4a, and 5a). Excitingly, the reactions performed in
open air were much quicker than those in nitrogen (Table

(6) (@) Choudary, B. M.; Madhi, S.; Chowdari, N. S.; Kantam, M. L.;
Sreedhar, B.J. Am. Chem. So0c2002, 124, 14127. (b) Dams, M,
Drijkoningen, L.; Vos, D.; De Jacobs, Ehem. Commur2002, 1062. (c)
Pittelkow, M.; Moth-Poulsen, K.; Boas, U.; Christensen, JLBngmuir
2003 19, 7682. (d) Kogan, V.; Aizenshtat, Z.; Popovitz-Biro, R.; Neumann,
R. Org. Lett.2002,4, 3529. (e) Radha, N.; Mostafa, A. E.5.Am. Chem.
S0c.2003,125, 8340. (f) Calo, V.; Nacci, A.; Monopoli, A.; Montingelli,
F. J. Org. Chem2005, 70, 6040. (g) Axel, H.; Raphaél, S.; Denis, B.;
Jaafar, G.; Jacques, Bppl. Organomet. Chen2005,19, 1239. (h) Cho,
J. K;; Najman, R.; Dean, T. W.; Ichihara, O.; Muller, C.; Bradley, M.
Am. Chem. Soc2006, 128, 6276. (i) Thathagar, M. B.; Beckers, J;
Rothenberrg, 1. Am. Chem. So2002,124, 11858. (j) llla, O.; Rodriguez-
Garcia, C.; Acosta-Silva, C.; Favier, I.; Picurelli, D.; Oliva, A.; Gobmez,
M.; Branchadell, V.; Ortlia, R. M. Organometallic007,26, 3306.

(7) Reetz, M. T.; Westermann, Bngew. Chem., Int. EQ000,39, 165.
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1). These results were consistent with what Corma et al. nanoparticles could adsorb molecular oxygen on their
reported®? To investigate the essence of the effect of the air surfaces in the presence of pure oxygen or air (Figure 2).
on the Suzuki reaction, control experiments have been
designed by performing the coupling reaction of 2-bromo-
m-xylene with phenylboronic acid in air, oxygen, and

nitrogen, respectively (Table 2). Obviously, the reactions
carried out in air and oxygen had the same highly efficient
catalytic activity. The substrates in both open air and pure

O‘Q ArX

Pd(II

oxygen systems were consumed in 50 min, which was PEG-CHO
analyzed by GC (Table 2, entries 1 and 2), whereas it took Main catalytic cycle
6.5 h to complete the couplings i, Table 2, entry 3). PEG-OH Nanopartlcles of

Thus, it could be concluded that it was the oxygen that Pd(o) - 15m

promoted the Suzuki coupling reaction. Pd(Il) Pd(O) PEG Pd<0
In principle, the catalytic activity in nanocatalysis is o .

determined by the size of nanoparticles. The smaller the b °

nanoparticle is, the more effective the catalytic activity. We Nanopartices of Pd(0) ca. 1.5 m

further prepared in situ the palladium nanoparticles in both ¢ Figure 2. Proposed mechanism of an oxygen-promoted ligand-
air and nitrogen when the Suzuki reactions were carried outfree Suzuki coupling reaction catalyzed by the in situ generated

for 75 min. The average sizes of the palladium nanoparticlespalladium nanoparticles under aerobic conditions in PEG-400.
prepared in this manner were characterized by TEM,
respectively (Figure 1b,c). The TEM micrographs showed
that the average diameters of palladium nanopatrticles of ca
1.5 nm in air were smaller than those of ca. 3.0 nm in
nitrogen. Different sizes of the palladium nanoparticles could
be the reason why the reaction took place much faster in
open air than in nitrogen. Moreover, it could be seen clearly
that there were partially aggregated particles in the micro-
graph of the in situ generated palladium nanoparticles in
nitrogen (Figure 1c). However, the system of the in situ
generated palladium nanoparticles in PEG-400 in air was
stable for months; no palladium black was observed.

As a result, the oxygen-adsorbed palladium nanoparticles
‘were more stable against aggregation and maintained high
catalytic activity.

In conclusion, a simple and highly efficient oxygen-
promoted ligand-free protocol for Suzuki coupling of aryl
chlorides with phenylboronic acid catalyzed by the in situ
generated palladium nanoparticles in PEG-400 under aerobic
conditions has been demonstrated. In addition, the PEG-400
played versatile roles: green reactive medium, reductant, and
stabilizer. Further applications of the system in other coupling
transformations are under investigation in our laboratory.

In 2000, Sheldon et &lreported a zerovalent palladium
peroxide intermediate in aerobic oxidation of alcohol.
Recently, Amatore et dlisolated a peroxo complex;t-
O,)Pd(PPHh), in the homocoupling of arylboronic acids.
These reports prompted us to suppose that palladium
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