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Highly efficient Suzuki-Miyaura coupling of aryl halides with
arylboronic acid was realized in 50% aqueous ethanol at room
temperature employing Pd(OAc), immobilized in diethylami-
nopropylated (NDEAP) alumina pores with the aid of
[bmim]PF,, which enabled recycle use up to five times in 95%
average yield and turnover number of two million.

The Suzuki-Miyaura reaction is one of the most powerful cross
coupling reactions not only for various biaryls but also for
arylolefinic compounds.! Owing to wide applicability towards a
variety of substrates, the reaction has been applied to process
chemistry, in which more mild, and efficient protocols are desired.
In designing such protocols, room-temperature ionic liquids have
played important roles as a liquid support,® which gives stability
and recyclability to the catalyst.* In order to improve the cost and
handling of the catalyst in recycle use, the catalyst supported by an
ionic liquid was further supported on a porous solid such as silica
or molecular sieves.” The present paper describes highly efficient
Suzuki-Miyaura reaction in 50% ethanol catalysed by immobilized
Pd(OAc), on reversed phase alumina with the aid of an ionic liquid
(Pd-SILC) (Scheme 1).
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Scheme 1  Suzuki-Miyaura reaction catalyzed by immobilized Pd
catalyst on reversed phase alumina.
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Immobilization of Pd(OAc), on amorphous silica or alumina
with the aid of an ionic liquid was carried out in the same manner
as described previously. Since the choice of solvent was very
important, we focused initially on the effect of solvent in the
coupling reaction of p-bromoacetophenone with phenylboronic
acid, and the results of investigations are shown in Table 1. In
entries 1-5 and 8-10, a large amount of p-bromoacetophenone
was recovered. However, we happened to find that the reaction
occurred essentially instantaneously in 50% aqueous ethanol® as
shown in entries 11 and 12, in which the ethanol : water ratio was
critical for rapid reaction. A larger amount of ethanol slowed
down the reaction (entries 7, 13 and 14). On the other hand, a
higher water content caused separation of the ionic liquid layer
from the alumina (entry 15).

Since the reaction of p-bromoacetophenone with phenylboronic
acid was so promising in 50% aqueous ethanol, the reaction of
p-bromoanisole was employed as a probe to tune further reaction
conditions.

An optimum support for Pd(OAc), was investigated in 50%
aqueous ethanol and the results are shown in Table 2. Silica
grafted octyltrimethoxysilane did not immobilize Pd(OAc), even
with ionic liquid.>*” Thus, surfaces of silica and alumina were
grafted with amino groups, and their capability as reversed phase

Table 1 Solvent effect in the reaction of p-bromoacetophenone with
phenylboronic acid

Entry” Solvent Time/min Yield” (%)
1</ Et,O 100 0
2¢ CH5CN 90 43
3¢ DMF 90 55
4¢ AcOEt 90 61
5¢ Acetone 90 67
6/ PEG 180 100
7/ EtOH 90 100
8¢ THF-H,0O (1: 1) 180 38
99 PEG-H,O (1: 1) 180 43
10%¢ -BuOH-H,O0 (1 : 1) 180 55
11¢ EtOH-H,O0 (1 : 1) <1 100
12¢ EtOH-H,0 (1: 1) <1 100
13¢ EtOH-H,0 (3 : 1) 180 77
14¢ EtOH-H,0 (22 : 1) 180 53
159" EtOH-H,O (1 : 3) 10 —

“ Reaction was carried out at room temperature with two
equivalents of potassium carbonate employing 0.05 equivalents of
Pd(OAc), immobilized on solid support with the aid of [bmim]PFg.
b Yield is for isolated pure product and based on
p-bromoacetophenone. ¢ 0.25-0.3 mmol of Pd/g of SiO, was used as
catalyst. 0.02-0.025 mmol of Pd/g of Al,O; was used as catalyst.
€0.25-0.3 mmol of Pd/g of ALO; was used as catalyst. / Pd was
reduced before the reaction by refluxing in n-hexane. ¢ Reaction was
carried out at 50 °C. " Leaching of ionic liquid layer occurred.
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Table 2 Examination of optimum support for Pd(OAc), in the
reaction of p-bromoanisole and phenylboronic acid

Table 4 Coupling of a variety of aryl halides with phenylboronic
acids

Entry” Support Yield” (%) Entry’  Aryl halide and arylboronic acid ~ Time/min  Yield” (%)
1 Polyimino-SiO, 3 1 R =p-Ac, X =Br,R' = H 1 100
2 Ethylenediamino-SiO, 24 2 R =p-NO,, X =Br, R" = H 60 92
3 NDEAP-SiO,* 64 3 R =p-MeO, X =Br, R" = H 180 83
4 NDEAP-ALO; 83 4 R =p-Me, X = Br, R" = H 100 61
5 [bmim]PFs-NDEAP-SiO, 83 5 R = p-Ac, X = Br, R’ = p-MeO 15 98
6 [bmim]PF¢-NDEAP-ALO; 83 6 R = p-Ac, X = Br, R' = p-Ac 10 96
7 [bmim]NTf,-NDEAP-AL,O3 75 7 R=p-Ac, X=1L R'=H 40 97
“ Reaction was carried out at room temperature for 3 h in EtOH- 8 R=p-MeO,X=L R =H 15 78
H,O (1 : 1); Pd loading was 0.29 mmol g~ '. ® Yield is for isolated 9 R =p-Cl, X = Br, R" = I:I 30 93
pure product and based on p-bromoanisole. ¢ NDEAP = 10 R =p-EtO,C, X = Br, R, =H 240 100
N,N-diethylaminopropylated 1 i R = p'HOZC,’ ,X =Br,R'=H 130 84
12¢ 3-Bromopyridine, R" = H 30 92

solid supports was examined. In entries 1 and 2, Pd(OAc), was
not reduced to Pd(0) and thus a large amount of p-bromoanisole
was recovered. While Pd(OAc), immobilized on N,N-diethyl-
aminopropylated alumina or silica with or without [bmim]PFg
gave the best results (entries 4-6), immobilization with the aid of
an ionic liquid was desirable especially to inhibit leaching of
Pd(OAc), in recycle use.’” Among solid supports, alumina was
preferable due to its stability towards aqueous basic reaction
conditions (entries 5 and 6). [Bmim]PFs was superior to
[bmim]NTf, (entries 6 and 7).

de Vries and Reetz reported that low Pd loading (0.01-0.1
mol%) was more effective for homogeneous catalytic reaction,
since aggregation of Pd nanoparticles into less reactive clusters
could be prevented.® Actually, Pd(OAc), at low concentration in
silica pores exhibited higher reactivity in our previous Mizoroki—
Heck reaction in water.> To this end, an immobilized catalyst of
low concentration (0.020-0.025 mmol g ! of alumina) was used
for further reactions. Actually, leaching of Pd(OAc), was observed
in the reaction of higher loading catalyst (0.25-0.3 mmol g ') in
aqueous ethanol.

The other parameter is the choice of a base. After screening
several different bases, it was found that the reaction was
dependent on base, among which two equivalents of potassium
carbonate was optimum as shown in Table 3, entry 6. The
efficiency of potassium carbonate is yet to be discussed.

Based on the optimized reaction conditions (Table 3, entry 6),
the Suzuki-Miyaura coupling of a variety of aryl halides with
arylboronic acid was investigated and the results are shown in
Table 4. Aryl halides having both electron withdrawing
and donating substituents provided the coupling products in

Table 3 Effect of base in the reaction of p-bromoanisole and
phenylboronic acid

Entry” Base Amount (equiv.) Yield? (%)
1 Na,COs 2 39
2 K;PO, 2 46
3 Cs,CO;3 2 58
4¢ DBU 1 77
5 K,CO; 1 37
6 K,CO; 2 83
7 K,CO; 3 40

“ Reaction was carried out at room temperature for 3 h in EtOH-
H,O (1 : 1). Pd loading on [bmim]PFs—NDEAP-AL,O3 was 0.020—
0.025 mmol g '. ? Yield is for isolated pure product and based on
p-bromoanisole. ¢ Leaching of ionic liquid layer occurred.

“ Reaction was carried out under the optimized reaction conditions
as described in ref. 9 employing low loading Pd catalyst (0.020—
0.025 mmol g~ 1. ? Yield is for isolated pure product and based on
aryl halide. Purity of the product was determined by NMR
spectroscopy. ¢ Reaction was carried out under microwave heating at
75 °C.

satisfactory yields (entries 1-4). The electronic nature of the
arylboronic acid also did not affect the efficiency of the reaction
(entries 5 and 6).

The catalyst was re-used up to five times in 95% average yield,
though catalytic activity gradually was lost during recycle use
(Table 5).

Table 5 Recycle of the catalyst in the reaction of p-bromoacetophe-
none and phenylboronic acid

Entry Time/min Yield” (%)
1 <1 100
2 2 90
3 15 92
4 45 96
5 60 97

“Yield is for isolated pure product and based on
p-bromoacetophenone.

High efficiency of the present catalytic system was exemplified
by a remarkably high turnover number of 2 million and high
turnover frequency of 30 thousand (Table 6, entry 5).!° For each
reaction, a new flask was employed to avoid the possibility of
Suzuki-Miyaura reaction catalyzed by Pd contamination.''

Table 6 Performance of the catalyst in the reaction of p-bromoace-
tophenone and phenylboronic acid”

Entry  Catalyst (eq.) Time Yield (%) TON TOF/h ™!

1 4 x 103 5min 100 250 3 x 10°
2 5% 1074 30 min 100 2 x 10° 4 x 10°
3 5% 1073 30 min 100 2 x 100 4 x 10*
4 5x10°° 11 h 100 2 x 10° 2 x 10*
5 5% 1077 70 h 98 2 x 10° 3 x 10*

“ A new reaction vessel was employed for each run.

In summary, we have developed highly efficient Suzuki-
Miyaura coupling of aryl halides with arylboronic acids in 50%
aqueous ethanol employing Pd(OAc), immobilized in NDEAP-
alumina pores with the aid of an ionic liquid, [bmim]PFs. The
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reaction proceeded without a phosphine ligand at room tempera-
ture in a short period of time. The immobilized catalyst was re-
used up to five times in 95% average yield. The highest turnover
number of two million exemplified high efficiency of the protocol.

This work was partially supported by Grant-in-Aid for
Scientific Research on Priority Areas (17073007 for H. H. and
T. H.) from The Ministry of Education, Culture, Sports, Science
and Technology (MEXT).

Notes and references

1 Recent review: (@) N. Miyaura and A. Suzuki, Chem. Rev., 1995, 95,
2457; (b) J. Hassan, M. Se’vignon, C. Gozzi, E. Schulz and M. Lemaire,
Chem. Rev., 2002, 102, 1359; (¢) N. Miyaura, Top. Curr. Chem., 2002,
11; (d) S. Kotha, K. Lahiri and D. Kashinath, Tetrahedron, 2002, 58,
9633.

2 A. M. Rouhi, Chem. Eng. News, 2004, 82, 49.

(@) T. Welton, Chem. Rev., 1999, 99, 2071; (b) lonic Liquids: Industrial

Applications to Green Chemistry, ed. R. D. Rogers and K. R. Seddon,

ACS Symposium Series 818, American Chemical Society, Washington,

DC, 2002; (¢) H. Olivier-Bourbigou and L. J. Magna, Mol. Catal. A:

Chem., 2002, 182-183, 419; (d) Ionic Liquids in Synthesis, ed.

P. Wasserscheid and T. Welton, Wiley-VCH, Weinheim, 2003; (¢)

Green Industrial Applications of lonic Liquids, ed. R. D. Rogers and

K. R. Seddon, Kluwer, Dordrecht, 2003; (f) lonic Liquids in Organic

Synthesis, ed. S. V. Malhotra, ACS Symposium Series 950, American

Chemical Society, American Chemical Society, Washington, DC,

2007.

4 (a) C. J. Mathews, P. J. Smith and T. Welton, Chem. Commun., 2000,
1249; (b) R. Rajagopal, D. V. Jarikote and K. V. Srinivasan, Chem.
Commun., 2002, 616; (c) J. D. Revell and A. Ganesan, Org. Lett., 2002,
4, 3071; (d) J. McNulty, A. Capretta, J. Wilson, J. Dyck, G. Adjaben
and A. Robertson, Chem. Commun., 2002, 1986; (¢) F. McLachlan,
C. J. Mathews, P. J. Smith and T. Welton, Organometallics, 2003, 22,
5350; (f) W. Miao and T. H. Chan, Org. Lett., 2003, 5, 5003; (g) S. Liu,
T. Fukuyama, M. Sato and 1. Ryu, Synlerz, 2004, 1814; (h) B. Xin,

(5]

10

11

Y. Zhang, L. Liu and Y. Wang, Synlett, 2005, 3083; (i) J.-C. Xiao and
J. M. Shreeve, J. Org. Chem., 2005, 70, 3072; (j) H.-T. Wong, C. J. Pink,
F. C. Ferreira, C. Frederico and A. G. Livingston, Green Chem., 2006,
8, 373.

(a) C. P. Mehnert, E. J. Mozeleski and R. A. Cook, Chem. Commun.,
2002, 3010; (b) A. Riisager, P. Wasserscheid, R. van Hal and
R. Fehrmann, J. Catal, 2003, 219, 452; (¢) J. Huang, T. Jiang,
H. Gao, B. Han, Z. Liu, W. Wu, Y. Chang and G. Zhao, Angew.
Chem., Int. Ed., 2004, 43, 1397; (d) H. Hagiwara, Y. Sugawara, K. Isobe,
T. Hoshi and T. Suzuki, Org. Lett., 2004, 6, 2325; (e) H. Hagiwara,
Y. Sugawara, T. Hoshi and T. Suzuki, Chem. Conunun., 2005, 2942; (f)
A. Riisager, R. Fehrmann, S. Flicker, R. van Hal, M. Hanmann and
P. Wasserscheid, Angew. Chem., Int. Ed., 2005, 44, 815; (g)
C. P. Mehnert, Chem. Eur. J., 2005, 11, 50.

(@) G. Marck, A. Villiger and R. Buchecker, Tetrahedron Lett., 1994, 35,
3277; (b) L. Liu, Y. Zhang and B. Xin, J. Org. Chem., 2006, 71, 3994; (c)
G. Zhang, Synthesis, 2005, 537; (d) R. K. Arvela, N. E. Leadbeater and
M. J. Collins, Jr., Tetrahedron, 2005, 61, 9349; (e¢) F. Chanthavong and
N. E. Leadbeater, Tetrahedron Lett., 2006, 47, 1909.

K. M. L. Daku, R. F. Newton, S. P. Pearce, J. Vile and J. M. J.
Williams, Tetrahedron Lett., 2003, 44, 5095.

(@) A. H. M. de Vries, J. M. C. A. Mulders, J. H. M. Mommers,
H. J. W. Henderickx and J. G. de Vries, Org. Lett., 2003, 5, 3285; (b)
M. T. Reetz and J. G. de Vries, Chem. Commun., 2004, 1559.

Typical experimental procedure: To a stirred solution of p-bromoaceto-
phenone (98 mg, 0.49 mmol), phenylboronic acid (101 mg, 0.83 mmol),
and K,COs (139 mg, 1 mmol) in ethanol (1 mL) and water (1 mL) was
added [bmim]PFs-NDEAP-alumina (896 mg, Pd: 0.024 mmol). After
stirring for 1 min, the product was triturated with ethyl acetate several
times. The combined organic layers were evaporated to dryness and the
residue was purified by column chromatography (CH,Cl,—#-hexane =
3 : 10) to provide bisaryl product (96 mg, 100%).

(@) J-H. Li, X.-D. Zhang and Y.-X. Xie, Synlett, 2005, 1897; (b)
D. N. Korolev and N. A. Bumagin, Tetrahedron Lett., 2005, 46, 5751;
(¢) K. Kaneda, K. Ebitani, T. Mizugaki and K. Mori, Bull. Chem. Soc.
Jpn., 2006, 79, 981.

R. K. Arvela, N. E. Leadbeater, M. S. Sangi, V. A. Williams,
P. Granados and R. D. Singer, J. Org. Chem., 2005, 70, 161.

w2

2840 | Chem. Commun., 2007, 2838-2840

This journal is © The Royal Society of Chemistry 2007


http://dx.doi.org/10.1039/B704098A

