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A Recyclable Catalytic System Based on a
Temperature-Responsive Catalyst**
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Shiro Ikegami*

In modern synthetic organic chemistry, the development of an
efficient reagent or catalyst recycling system is regarded as
one of the most important topics.'! A great deal of effort has
been invested in devising methodologies for this purpose.
Although various types of recyclable catalytic systems have
been explored by using solid reagents and catalysts, it is
difficult to retain or raise their activities relative to those of
their homogeneous counterparts. Recently, much attention
has been focused on the creation of catalytic systems that
exploit stimuli-responsive materials. The use of a biphasic
system comprising ionic liquids or fluorous solvents and an
organic solvent and that can be mixed by changing the
temperature is a potential strategy (Figure 1 A).*
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Figure 1. Simplified representation of thermomorphic catalysis. A) Use

of a biphasic system comprising ionic liquids or fluorous solvents and

an organic solvent. B) Use of a recyclable micellar-type reaction
system.
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Previously, we investigated the self-assembly of poly(N-
isopropylacrylamide)-based (PNIPAAm-based) polymer
ligands and an inorganic species.”! This process afforded a
networked supramolecular complex in which the polymers
are cross-linked by the inorganic species. The complex thus
obtained is insoluble in water and functions as an efficient
triphase catalyst. In contrast, PNIPAAm polymers intrinsi-
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cally have temperature-responsive behavior and have been
applied to various fields such as drug-delivery systems,
column-packing materials, and cell-culture substrates by
changing the temperature."* PNIPAAm polymers undergo
thermally reversible changes between water soluble and
insoluble states across a lower critical solution temperature
(LCST) from 30 to 40°C. Thus, the polymer chains of
NIPAAm are hydrated below the LCST and dehydrated
with aggregation above the LCST."! The efficient application
of soluble PNIPA Am-supported catalysts to biphasic systems
has already been reported by Bergbreiter et al.”

Colloidal aggregation, such as emulsions formed by
amphiphilic molecules in water, has been regarded as an
attractive reaction media.'"? This work focuses much atten-
tion on the use of the specific hydrophobic species formed by
PNIPAAm as a novel organic reaction media in water and
provides a recyclable micellar-type reaction system based on
PNIPA Am (Figure 1B). In many cases, the use of a recyclable
polymeric catalyst would be advantageous when isolating the
product from solution and when removing surfactants that
cause environmental pollution.

To design a new recyclable catalytic system from micellar-
type aggregates, a dye-labeled catalyst comprising a phos-
photungstic acid (H;PW,,0,), a PNIPAAm polymer, and a
Disperse Red moiety was synthesized (Scheme 1).°¢ Using
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Scheme 1. Design of thermomorphic polymer-supported PW;,0,0*~
complex 1.

this model catalyst 1a, we investigated the effect of temper-
ature on phase transformation in the presence of an organic
substrate and solvent. Although 1a was insoluble in most
solvents at room temperature, the formation of a stable
emulsion was observed in water at high temperature (Fig-
ure 2 A). Furthermore, an optical micrograph of the mixture
at 80°C showed the presence of hydrophobic beads in water,
while such species could not be observed at room temperature
(Figure 3). In contrast, 1a was insoluble in nonpolar solvents
such as toluene or octane and soluble in polar organic solvent
such as MeCN or fert-butyl alcohol at high temperature
(Figures 2B and C).

The results mentioned above prompted us to develop a
new reaction system based on the thermomorphic catalyst 1b
for the oxidation of primary and secondary alcohols with
hydrogen peroxide.''! In the oxidation of 1-phenyl-1-prop-
anol in water, the thermoregulated formation of a stable
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Table 1: Solvent effect on the oxidation of 1-phenyl-1-propanol (2a)
catalyzed by 1b.
oH 1b, 30% aq H,0; (3.0 equiv) )‘L/
Ph solvent (1 ), 90°C or reflux (2 h) Ph
2a 3a
Entry  Solvent  ¢(1b)[mol%]  Yield [%]?  Reaction system
1 H,0 0.0 <1 -
2 H,0 0.5 92 emulsion
3 H,0"! 0.1 92 emulsion
Figure 2. Photographs of a mixture of 1a and 1-phenyl-1-propanol at 4 toluene 0.5 10 heterogeneous
80°C: A) in water; B) in toluene; C) in tBuOH. 5 n-CH;g 05 18 heterogeneous
6 C,H,Cl, 0.5 12 heterogeneous
7 tBuOH 0.5 35 homogeneous
PN g1 O A O 1 104 8 CH,CN 0.5 34 homogeneous
o T o aid nl & A v
BNy ?'_, o« " ;: o e Tt [a] Yield of isolated products. [b] 10% aq H,0, (1.5 equiv).
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Figure 3. Optical micrograph of a mixture of 1a and 1-phenyl-1-propa- | J.!
nol in water at 80°C. : FE
Figure 4. Photograph of recovered 1b.
emulsion was detected at 90°C and higher activity was
observed. In contrast, the oxidation hardly proceeded in the "
absence of catalyst (Table 1, entries 1 and 2). Furthermore, P 1b (0.1 mol%), 10% aq H20 (1.5 equiv) HOK/
the oxidation proceeded smoothly even when only 0.1 mol % P 90°C (6 h) P
of 1b was present (entry 3). Recovery of catalyst was very 2a 3a
easy; 1b precipitated on cooling and cleanly separated from 1d after 1 0% 2 0 9% N
the reaction mixture after the addition of diethyl ether yield after 1stuse: 92 % 2nd use: 92 % ; 3rd use: 90 %
(Figure 4). The *'P NMR spectrum of recovered 1b was  Scheme 2. Oxidation of 1-phenyl-1-propanol by recycled 1b.
unchanged relative to that of 1b before the
reaction and no other species was evi-
[11,12]
dent. Moreover, rec.overed .lb Co_llld Table 2: Oxidation of primary and secondary alcohols catalyzed by 1b.
also be used for consecutive reactions with- . g o —
out any significant loss of catalytic efficacy Entry  Substrate Product ;e(;f’w?q H,0, Vield [%]
(Scho.sme 2): The reactllon was also carried (Tstuse)  (2nd use)  (3rd use)
out in various organic solvents (Table 1, on
entries 4-7). However, no significant activ- 5 Q
) . . 1 I 15 92 89 90
ity was observed in each case. It is note- Ph 2b Ph
worthy that this catalytic system based on
. . . 2[b] OH tBu (0] tBu 1.5 88 87 87
micellar-type aggregates in water is more 2 3¢ .
effective than homogeneous systems."?! oH o
Having obtained these results, we 3 Ph ph. I 15 93 93 89
extended our catalytic system to the oxida- 2 3d
. S OH
tion of other alcohols. Oxidation of the 0
41 NN O 1.5 92 88 90
secondary alcohols 2b-e afforded the cor- 5 2g 5 3e
responding ketones 3b-e in good yields o}
dat 2 X
(Table 2). However, the oxidation of the 59 PR OH P OH 3.0 89 90 87
primary alcohols, 2 f and 2 g, with 3.0 equiv- o 4a
alents of hydrogen peroxide afforded selec- PR >""0oH PPN
. . . . d
tively the corresponding carboxylic acids 4a 6 2g Ph OH 3.0 84 80 81
4b

and 4b.
In summary, we have designed a unique
and facile recyclable reaction system based
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[a] Yield of isolated products. [b] 1b (0.1 mol %), 90°C (6 h). [c] 1b (0.2 mol%), 90°C (6 h). [d]1b
(0.4 mol %), 90°C (8 h).
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on a thermomorphic catalyst comprising PNIPAAm. Forma-
tion of a stable emulsion, derived from hydrophobic PNI-
PAAm at high temperature, raises the catalytic activity in the
oxidation of alcohols with hydrogen peroxide. Moreover, the
catalyst is easily recovered and reused. The results described
herein highlight the potential use of PNIPA Am in the field of
organic synthesis. Further investigation into the catalytic
properties of temperature-responsive catalysts are currently
in progress.

Experimental Section

General procedure for the catalytic reaction: A mixture of 1b (80 mg,
0.01 mmol) and 2 (10 mmol) in 10 % aq H,O, (4.5 mL, 15 mmol) was
heated to 90°C and stirred for 6 h. After the reaction mixture had
been allowed to cool to room temperature, Et,O (2.5-5 mL) was
added and this mixture stirred for 5-10 min. The organic and aqueous
phases were removed, and recovered 1b was washed with ether and
distilled water, which were then added to the aqueous phase. The
aqueous phase was extracted three times with Et,O and the combined
organic extracts were washed with brine. The organic phase was then
dried over MgSO, and concentrated under reduced pressure. The
residual crude reaction mixture was purified by silica-gel column
chromatography to give the pure products of 3. Recovered 1b was
dried under vacuum for 12 h and reused for subsequent catalytic
experiments.

Received: February 16, 2005
Revised: May 2, 2005
Published online: June 21, 2005

Keywords: green chemistry - micelles - oxidation - polymers -
supported catalysts

[1] a)J. A. Gladysz, Pure Appl. Chem. 2001, 73, 1319-1324; b) U.
Kragl, T. Dwars, Biotechnology 2001, 19, 442-449; c)J. A.
Gladysz, Chem. Rev. 2002, 102, 3215-3216; d) D.J. Cole-
Hamilton, Science 2003, 299, 1702 -1706.

[2] a) D. P. Curran, Angew. Chem. 1998, 110, 1230-1255; Angew.

Chem. Int. Ed. 1998, 37, 1174-1196; b) 1. T. Hovéth, Acc. Chem.

Res. 1998, 31, 641-650; c) J. A. Gladysz, D. P. Curran, Tetrahe-

dron 2002, 58, 3823-3825; d) C. C. Tzschucke, C. Market, W.

Bannwarth, S. Roller, A. Hebel, R. Haag, Angew. Chem. 2002,

114, 4136-4173; Angew. Chem. Int. Ed. 2002, 41, 3964 —4000.

a) Y. Wang, J. Jiang, R. Zhang, X. Liu, Z. Jin, J. Mol. Catal. A

2000, /57, 111-115; b) K. Ishihara, K. Kondo, H. Yamamoto,

Synlett 2001, 1371 -1374; ¢) M. Wende, R. Meier, J. A. Gladysz,

J. Am. Chem. Soc. 2001, 123, 11490-11491; d) J. N. Xiang, A.

Orita, J. Otera, Adv. Synth. Catal. 2002, 344, 84-90; e¢) K.

Ishihara, A. Hasegawa, H. Yamamoto, Synlett 2002, 1299 - 1301;

f) M. Wende, J. A. Gladysz, J. Am. Chem. Soc. 2003, 125, 5861 —

5872.

a) X. Zuwei, Z. Ning, S. Yu, K. Li, Science 2001, 292, 1139 - 1141,

b) V. K. Dioumaev, R. M. Bullock, Nature 2003, 424, 530-533.

[5] a) Y. M. A. Yamada, M. Ichinohe, H. Takahashi, S. lkegami,
Org. Lett. 2001, 3, 1837-1840; b) Y. M. A. Yamada, K. Takeda,
H. Takahashi, S. Ikegami, Org. Lett. 2002, 4, 3371-3374;
¢) Y. M. A. Yamada, K. Takeda, H. Takahashi, S. Ikegami, J.
Org. Chem. 2003, 68, 7733-7741; d) Y.M. A. Yamada, H.
Tabata, M. Ichinohe, H. Takahashi, S. Ikegami, Tetrahedron
2004, 60, 4087 —4096.

[6] H. G. Schild, Prog. Polym. Sci. 1992, 17, 163 —249.

[7] M. Heskins, J. E. Guillet, J. Macromol. Sci. Chem. 1968, 2, 1441 -
1455.

[3

[

(4

—_

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

[8] a) Y. H. Bae, T. Okano, S. W. Kim, J. Polym. Sci., Part B: Polym.
Phys. 1990, 28, 923-936; b) G. Chen, A.S. Hoffman, Nature
1995, 373, 49-52; ¢) H. Kanazawa, K. Yamamoto, Y. Matsush-
ima, N. Takai, A. Kikuchi, Y. Sakurai, T. Okano, Anal. Chem.
1996, 68, 100-105; d) B. Jeong, Y. H. Bae, D. S. Lee, S. W. Kim,
Nature 1997, 388, 860-862; e) Z. Hu, Y. Chen, C. Wang, Y.
Zheng, Y. Li, Nature 1998, 393, 149-152; f) T.G. Park,
Biomaterials 1999, 20, 517-521; g) D. Umeno, M. Maeda,
Chem. Lett. 1999, 28, 381-382; h) S. Juodkazis, N. Mukai, R.
Wakaki, A. Yamaguchi, S. Matsuo, H. Misawa, Nature 2000, 408,
178-181; i) H. Ichikawa, Y. Fukumori, J. Controlled Release
2000, 63,107 -119; ) T. Ito, T. Hioki, T. Yamaguchi, T. Shinbo, S.
Nakao, S. Kimura, J. Am. Chem. Soc. 2002, 124, 7840 —7846.
Selected lead references: a) D. E. Bergbreiter, B. L. Case, Y.-S.
Liu, J. W. Caraway, Macromolecules 1998, 31, 6053-6062;
b) D. E. Bergbreiter, P. L. Osburn, A. Wilson, E. M. Sink, J.
Am. Chem. Soc. 2000, 122, 9058 -9064; c) D. E. Bergbreiter, R.
Hughes, J. Besinaiz, C. Li, P. L. Osburn, J. Am. Chem. Soc. 2003,
125, 8244 -8249.

[10] a) M.-J. Schwuger, K. Stickdorn, R. Schomicker, Chem. Rev.
1995, 95, 849 -864; b) S. Tascioglu, Tetrahedron 1996, 52,11113 -
11152; ¢) C.-J. Li, T.-H. Chan, Organic Reactions in Aqueous
Media, Wiley, New York, 1997; d) Organic Synthesis in Water
(Ed.: P. A. Grieco), Blackie Academic and Professional,
London, 1998; ¢) U. M. Lindstrom, Chem. Rev. 2002, 102,
2751-2772; f) S. Kobayashi, K. Manabe, Acc. Chem. Res. 2002,
35, 209-217.

[11] a) C. Venturello, R. D’Aloisio, J. C. T. Bart, M. Ricci, J. Mol.
Catal. 1985, 32, 107-110; b) Y. Ishii, K. Yamawaki, T. Ura, H.
Yamada, T. Yoshida, M. Ogawa, J. Org. Chem. 1988, 53, 3591 -
3593; ¢) C. Venturello, G. Mario, J. Org. Chem. 1991, 56, 5924 —
5931; d) C. Aubry, G. Chottard, N. Platzer, J. M. Bregeault, R.
Thouvenot, F. Chauveau, C. Huet, H. Ledon, Inorg. Chem. 1991,
30, 4409-4415; e) R. Neumann, A. K. Khenkin, J. Org. Chem.
1994, 59, 7577-7579; f) L. Salles, C. Aubry, R. Thouvenot, F.
Robert, C. D. Morin, G. Chottard, H. Ledon, Y. Jeannin, J.-M.
Brégeault, Inorg. Chem. 1994, 33, 871-878; g) D. C. Duncan,
R. C. Chambers, E. Hecht, C. L. Hill, J. Am. Chem. Soc. 1995,
117, 681-691; h) D. Sloboda-Rozner, P. Witte, P. L. Alsters, R.
Neumann, Adv. Synth. Catal. 2004, 346, 339 —345; i) L. Plault, A.
Hauseler, S. Nlate, D. Astruc, J. Ruiz, S. Gatard, R. Neumann,
Angew. Chem. 2004, 116, 2984 -2988; Angew. Chem. Int. Ed.
2004, 43, 2924 -2928.

[12] The absence of the dye-labeled polymer unit of 1a in both
organic and aqueous phases after oxidation catalyzed by 1a
indicates that tungsten leaching is negligible. Furthermore, the
recovered aqueous phase did not show any catalytic activities for
the oxidation of alcohols in the presence of surfactant and
hydrogen peroxide.

[13] The oxidation of alcohol in water was not accelerated by the
presence of (Bu,N);[PW,0,]: Yields =9 % (in H,0), <5% (in
toluene), 55% (in tBuOH); conditions: catalyst 0.5 mol %,
solvent 1M, H,0, 1.5 equiv, 90°C, 2 h.

[9

—

Angew. Chem. 2005, 117, 4612 —4614


http://www.angewandte.de

