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ABSTRACT

Immobilization of a palladium catalyst with use of new phosphinated polymers was carried out utilizing the polymer incarcerated (PI) method.

This phosphinated PI Pd catalyst showed excellent activity in Suzuki

—Miyaura couplings without addition of external phosphine ligands. No

leaching of Pd was observed in this reaction, and the catalyst was recovered quantitatively by simple filtration and reused several times

without loss of activity.

Palladium-catalyzed SuzukMiyaura coupling of organobo-
rons with aryl or vinyl halides is known as one of the most
useful carbor-carbon bond-forming reactiodsSince the
first report in 1981 (Pd(PRJ, as a catalyst},the reaction

(1) For reviews, see: (a) Miyaura, N.; Suzuki, Bhem. Re21995,95,
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has been widely used not only in academic laboratories but
also in industry. Recently heterogeneous catalysts for Su-
zuki—Miyaura coupling have been the focus of much

attention®# In general, heterogeneous catalysts have advan-
tages in recovery and reuse, but exhibit lower catalytic
activity compared to homogeneous catalysts. Although

(3) For recent reviews, see: (a) de Miguel, Y.RChem. SocRerkin
Trans. 12000, 4213. (b) Shuttleworth, S. J.; Allin, S. M.; Wilson, R. D;
Nasturica, D.Synthesi000, 1035. (c) Loch, J. A.; Crabtree, R. Plure
Appl. Chem2001,73, 119. (d) Corain, B.; Kralik, MJ. Mol. Catal. A
Chem.2001,173, 99. (e) Bergbreiter, D. ECurr. Opin. Drug Disceery
Dev. 2001,4, 736. (f) Bellina, F.; Carpita, A.; Rossi, Bynthesi2004,
2419. (g) Uozumi, Y.Top. Curr. Chem2004,242, 77.

(4) Recently, a highly active hydroxyapatite-supported Pd(Il) catalyst
has been reported. Mori, K.; Yamaguchi, K.; Hara, T.; Mizugaki, T.; Ebitani,
K.; Kaneda, K.J. Am. Chem. So@002,124, 11572.



additives such as phosphines and amines enhance th (i NNNNNGEGEGEGEGEEEEEEEEEEEEEEE

catalytic activity or selectivity in heterogeneous systéfs,

leaching of Pd during or after reaction is often observed due o 1aq "2 "k,  coacervation cross-linking
to those additives THF, rt hexane 1) filtration no solvent

) . 2) wash (hexane) 120°C,2h

Recently, we have reported the polymer incarcerated (PI) dsic 3)dry
. ™ . . . 1
method for immobilization of palladium catalysts into - 2 — Pl Pd 2a-g
1) filtration Et3N, toluene 1) filtration
polystyrene-based polyme¥8.The heterogeneous PI pal- 2) vash (THF) 2)wash (THF)
3)dry

ladium catalysts are highly active for hydrogenation and
carbon—carbon bond-forming reactions. These catalysts are

.08
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OH
recovered quantitatively by simple filtration and can be
reused several times without loss of activity. For example, w 077 | 010
PI Pd-catalyzed SuzukiMiyaura couplings proceed in high
ligand such as tris(o-methoxyphenyl)phosphine without 4, ;- 80 1442)
leaching of palladiuni? In this case, however, the phosphine 12&;% 21ZeA1) O Ao
of the phosphine ligand is necessary in every recycling use.
In this paper, we describe new PI Pd catalysts using polymer E SN N
of adding external phosphine ligands, and their applications e
to Suzuki—Miyaura couplings. O}
Pl Pd2a—g were prepared from Pd(PBhand copolymer J;OH Phyp
linking of polymer chains) as reported previously (Figure 5\0&3 o o0
1). Since some phosphines were oxidized to the correspond- 1g (not reduced with HSICly)
HSICl; reduction gave phosphinated PI Pd. It was revealed
from 3P SR-MAS NMR analysfsthat the phosphine oxides  Figure 1. Preparation of phosphinated Pl Rd—f and nonphos-

yields in the presence of an externally added phosphine PPh, 1d PPh,
ligand is lost during filtration of the catalyst, and addition ? o JOH

supports which contain the diphenylphosphino group instead é

la—g by the PI method (microencapsulation and cross-

ing phosphine oxides during the preparation of the catalyst, o™

on the copolymer were completely reduced to the corre- Phinated Pl P@gincarcerated Pd with copolymers.

(5) For reviews, see: (a) Bailey, D. C.; Langer, S.Ghem. Rev1981,
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I. F. J.; Jacobs, P. A., Ed€hiral Catalyst Immobilization and Recycling; by transmission electron microscopic (TEM). Judging from
Wiley-VCH: Weinheim, Germany, 2000. (h) Fan, Q.-H.; Li, Y.-M.; Chan, if i i

A S C.Chem. Rev2002 102 3385. the magnified TEM image of PI Pab (Figure 2), small Pd
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Jang, S.-BTetrahedron Lett1997,38, 1793. (c) Fenger, I.; Drian, C. L.
Tetrahedron Lett1998,39, 4287. (d) Uozumi, Y.; Danjo, H.; Hayashi, T.
J. Org. Chem1999,64, 3384. (e) Zecca, M.; Fisera, R.; Palma, G.; Lora,
S.; Hronec, M.; Kralik, M.Chem. Eur. J2000,6, 1980. (f) Li, Y.; Hong,

X. M.; Collard, D. M.; Ei-Sayed, M. AOrg. Lett.200Q 2, 2385. (g) Parrish,
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L. K.; Crooks, R. M.J. Am. Chem. So@001,123, 6840. (i) Mubofu, E.
B.; Clark, J. H.; Macquarrie, D. &reen Chem2001, 3, 23. (j) Cammidge,
A. N.; Baines, N. J.; Bellingham, R. KChem. Commur2001,2588. (k)
Gordon, R. S.; Holmes, A. BChem. Commur2002, 640. () Jansson, A.
M.; Grati, M.; Halkes, K. M.; Meldal, M.Org. Lett. 2002, 4, 27. (m)
Yamada, Y. M. A,; Takeda, K.; Takahashi, H.; IkegamiJSOrg. Chem.
2003,68, 7733. (n) Nakai, Y.; Uozumi, YOrg. Lett.2005,7, 291.

(7) Polymer incarcerated catalysts: (a) Akiyama, R.; Kobayashi, S.
Am. Chem. So2003,125, 3412. (b) Okamoto, K.; Akiyama, R.; Kobayashi,
S.J. Org. Chem?2004,69, 2871. (c) Okamoto, K.; Akiyama, R.; Yoshida,
H.; Yoshida, T.; Kobayashi, SI. Am. Chem. So2005, 127, 2125. (d)
Okamoto, K.; Akiyama, R.; Kobayashi, 8rg. Lett. 2004,6, 1987. (e)
Kobayashi, S.; Miyamura, H.; Akiyama, R.; Ishida, J.Am. Chem. Soc.
2005,127, 9251. _ Figure 2. TEM image of Pl P2b.

(8) Microencapsulated catalysts: (a) Kobayashi, S.; NagayanjaAsn.
Chem. S0c1998,120, 2985. (b) Nagayama, S.; Endo, M.; Kobayashi, S.
J. Org. Chem1998,63, 6094. (c) Kobayashi, S.; Endo, M.; Nagayama, S
J. Am. Chem. S0999,121, 11229. (d) Kobayashi, S.; Ishida, T.; Akiyama, . .
R.Org. Lett.2001, 3, 2649. (e) Akiyama, R.; Kobayashi, Sngew. Chem. clusters were dispersed on the polymer support without

Int. Ed. 2001,40, 3469. (f) Akiyama, R.; Kobayashi, &ngew. Chem.,  formation of large Pd clusters (TEM detection lirsitca. 1

Int. Ed. 2002,41, 2602. : :
(9) Kobayashi, S.; Akiyama, R.; Furuta, T.: Moriwaki, Miolecules nm). Formation of extremely small Pd clusters might be due

Online 1998, 2, 35. to a stabilization effect of the polymer.
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Pl Pd 2a—g were initially examined in the coupling
reaction of 2-bromotoluen@g) with phenylboronic acid4g) Table 2. Phosphinated Pl Pd-Catalyzed Suzuki—Miyaura

without addition of any phosphine ligand (Table 1). Coupling of Various Substrates without External Phosphine
Ligand®
entry arylhalide boronic acid yield® (%) E(?:h"i/ng of
Table 1. Catalytic Activity of Phosphinated PI Pd S
B B(OH
' (©OF) 1 d—Br <j>—13(0H)2 9 nd
) - () gem -0
.
K3POy, toluene/H,0O (4/1) o)
3a 4a reflux, 4 h 5aa 2 >—®78r @B(OH)Z quant. nd
catalyst yield® leaching of
entry (P/Pd)* (%) Pd¢ (%) 3 ‘Bu@—Br @B(OH)Z quant. nd
1 P1 Pd 2a (0.58) 81 nd
2 PI1 Pd 2b (2.1) 96 nd
3 P1 Pd 2¢ (6.2) 93 nd 4 MGOOBF QB(OH>2 8 nd
4 P1Pd 2d (1.8) 64 nd
5 P1Pd 2Ze (1.2) 73 nd ; Br @B(OH) o .
6 Pl Pd 2f (2.1) 70 nd 2 "
7 P1 Pd 2g (0) 9 nd

2]

Br
8d P1 Pd 2g (0) 19 nd
; O Oreon =
aThe ratio of the diphenylphosphino groups in the polymer to Pd atoms.
b Isolated yield.° Determined by XRF analysis. rrd not detected€0.94%).
d Adding 3 mol % of PPhas a ligand.
NC Br B(OH), 85 nd
The structure of the polymer supports was found to HOOBr @B(OH)Z 92 nd
influence the catalytic activity. PI P&a—c which were

prepared from the same type of polymer supporiiasc aReaction conditions: 1.0 equiv of aryl halide, 1.5 equiv of boronic

were mor ffectiv han her | riv from acid, 1.5 equiv of KPQ,, 3 mol % of Pl Pd2b (0.36 mmol/g, P/Pd 2.1),
ere more effective than other catalysts derived fro toluene/HO (4/1), reflux, 4 h. Workup conditions: the reaction mixture

polymer 1d—f. As for the amount of phosphine in the \as diluted with hexane, and the catalyst was filtered off and then extracted
catalyst, the best result was obtained when the ratio of thewith EtOAc and brine® Isolated yield ¢ Determined by XRF analysis. nd

diphenylphosphino groups in the polymer to Pd atoms was ~ "°t detected (<0.94%).
ca. 2:1, and the coupling compouiéa was obtained in
96% yield. In contrast to phosphinated Pl Pd—f, non- Furthermore, Pl Pd was recovered by simple filtration and
phosphinated PI Pag did not allow high catalytic activity  could be reused several times (Table 3). Even after the fifth
even when triphenylphosphine was added as an external

ligand. Leaching of the palladium was measured by fluo-
rescence X-ray (XRF) analysis after removal of the catalyst; tapje 3. Recovery and Reuse of Phosphinated PI Pd
no leaching was detected in all cases. Furthermore, we also

~

2]

confirmed that no leaching of Pd occurred during the reaction B(OH):

by using the hot filtration methdd© (see the Supporting N PIPd2b (S mol%)

Information). This result indicates that small palladium 3 K3POy, toluene/H,0 (4/1)

clusters could be strongly coordinated by bothshelectrons o 4a  reflux. 4h 5ba

of benzene rings and phosphines on the polymer support.

The role of the phosphines in the polymer support seems to run

be very important in this.reactiop: suppressing the I_egching first  second  third fourth  fifth

of palladium as well as increasing the catalytic activity by

acting as ligands. yield‘{ quant  quant  98% 99%  quant
leaching of Pd® nd nd nd nd nd

Several examples of Pl Pd-catalyzed SuztMiyaura
Coup”ngs of ary| halides with ary|b0r0nic acids are sum- alsolated yield? Determined by XRF analysis. neé not detected
marized in Table 2. In the reactions using both electron-rich (<0.94%).
and electron-deficient aryl halides, the corresponding biaryl

coupling products were obtained in high yields without any yse, the same levels of yields were obtained. It was confirmed
leaching of the palladium. by XRF analysis that no leaching of Pd from the catalysts

(10) (a) Choudary, B. M.; Madhi, S.; Chowdari, N. S.; Kantam, M. L occurred in all cases.
a) Choudary, B. M.; Madhi, S.; Chowdari, N. S.; Kantam, M. L.; .
Sreedhar, BJ. Am. Chem. So2002 124 14127. (b) Djakovitch, L.; Rollet, In summary, we have developed new Pl Pd using

P. Adv. Synth. Catal2004,346, 1782. phosphinated polymers, which showed high catalytic activity
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