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A Heterogeneous Silica-Supported Scandium/
Ionic Liquid Catalyst System for Organic
Reactions in Water**
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Organic reactions in water are of current interest in organic
synthesis.!! In addition to environmental and economical
advantages, unique reactivity and selectivity that are not
achieved in organic solvents are often observed in water, and
several interesting and useful reactions have been exploited
with water as the solvent. Lewis acids are frequently used to
accelerate organic transformations,” but the moisture sensi-
tivity of the majority of Lewis acids render them unsuitable
for use in aqueous solvent systems. To address this stability
issue, water-compatible Lewis acids have been developed,?
and several Lewis acid catalyzed reactions, including asym-
metric reactions, have been studied in aqueous media.”
However, many of these reactions proceed sluggishly in
pure water, presumably because most organic materials are
not soluble in the medium. We solved this problem by
generating hydrophobic reaction environments in water by
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utilizing Lewis acid-surfactant combined catalysts (LASCs)!
or styrene-based hydrophobic polymer-supported catalysts.’!
In these cases, however, substrate scope, catalysts loadings,
and recovery and reuse of catalysts are not yet satisfactory. In
the course of our investigations into the development of more
efficient catalysts in water, we reasoned that hydrophobic
ionic liquids (ILs) might interact with silica-supported metal
catalysts to create hydrophobic reaction environments in
water.”! Herein we describe a silica gel supported scandium
system with an ionic liquid, a novel heterogeneous catalyst
that works very efficiently in several carbon—carbon bond-
forming reactions in water.’l An asymmetric version of this
system involving a chiral scandium catalyst is also reported.

The silica gel supported scandium catalysts were prepared
according to a modified literature method (Scheme 1, Fig-
ure 1a).”) The scandium catalysts thus prepared were added
to a solution of ionic liquid in ethyl acetate, and the solvent
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Scheme 1. Preparation of silica gel supported Sc.

Figure 1. View of catalyst and reaction systems. a) Silica-Sc; b) silica-
Sc-IL; c) silica-Sc-IL, water, and substrates before mixing; d) mixture
from (c) during the reaction (after mixing).

was removed under reduced pressure to afford powdery and
free-flowing solid silica-Sc-IL (Figure 1b). Interestingly,
silica-Sc and silica-Sc-IL could not be differentiated by
sight. When substrates and water were added to silica-Sc-IL,
the phases did not mix (Figure 1c), but formed a colloidal
suspension upon stirring (Figure 1d).

Silica-Sc-IL (1) was first tested in Mukaiyama aldol
reactions. Several reaction conditions were examined in the
model reaction of benzaldehyde with 1-ethylthio-1-trimethyl-
siloxy-2-methyl-1-propene (2a) (Table 1). To our great
delight, the reaction took place smoothly in water, and the
best yields were obtained with 0.27 mmolg™' loading of
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Table 1: Mukaiyama reaction conditions with silica-Sc-IL.

OSiMes fﬂll(ce?oii y;) OH O
PRCHO + P Sgey vent PH SEt
solven

2a 15°C, 24 h
Entry  Catalyst Sc[mol%]  Solvent  IL® Yield [%]
1 1a 1.6 H,O [DBIm]SbFs 50
2 1b 3.4 H,0 [DBIm]SbF 81
3 1c 5.4 H,0 [DBIm]SbFs 97
4 1d 6.2 H,O [DBIm]SbF, 73
5kl - 0 H,0 [DBImM]SbF 0
6 1c 5.4 hexane [DBImM]SbFg 26
7 1c 5.4 Et,0 [DBIm]SbFs 22
8! 1c 5.4 - [DBIm]SbF, 25
9l 1c 5.4 H,0 - 31
10 1c 5.4 H,0 [DBIMINTf, 64
M 1c 5.4 H,0 [DBIm]PF, 76
12 1c 5.4 H,0 [BMIm]SbF, 54
134 1c 5.4 H,O [DBIm]SbFs 69

[a] Without catalyst; [b] without solvent; [c] without IL; [d] 15 wt% of IL
was used; [e] [DBIm]=1-butyl-3-decylimidazolium; [BMIm]=1-butyl-3-
methylimidazolium.

scandium (1c¢; Table 1, entry 3). The reaction proceeded
sluggishly in hexane, ether, and also under solvent-free
conditions (Table 1, entries 6-8). These results clearly show
that the reaction progressed much faster in water than in
organic solvents or in the absence of solvent, and that the use
of water as a solvent is essential for the silica-Sc-IL-catalyzed
aldol reaction. Although the reaction also proceeded slug-
gishly without ionic liquid (Table 1, entry 9), moderate to
good yields were obtained by using other ionic liquids
(Table 1, entries 10-12). When half the amount of ionic
liquid was used, the reaction was accelerated relative to the
background level; however, the reaction was not complete
within 24 h (Table 1, entry 13). These experiments clearly
showed that silica-Sc-IL and ionic liquid formed a hydro-
phobic reaction environment in water. It should be noted that
water-labile reagents such as 2a can be used effectively in
water under the conditions, and that, to the best of our
knowledge, this is the first demonstration of the combination
of silica gel supported metal catalysts with ionic liquids to
create an efficient hydrophobic environment for organic
reactions in water.!"”

A range of other substrates were surveyed for Mukaiyama
aldol reactions with silica-Sc-IL 1¢ (Table 2). In all cases,
aldehydes reacted smoothly with silicon enolates in water to
afford the desired aldol adducts in high yields. The scandium
catalyst was reused at least three times with only a slight
decrease in yields (Table 2, entry 1). In a typical experimental
procedure,!! hexane was added to extract the product after
the reaction was completed. We carefully checked both the
water and organic phases for evidence of metal leaching.
Inductively coupled plasma (ICP) analysis revealed that 0.1 %
of the Sc (relative to the total Sc content) had leached into the
water phase, whereas no leaching into the organic phase was
detected.

We then tested Michael reactions of indole derivatives
with enones (Table 3). The reactions also proceeded smoothly
in water to afford the desired Michael adducts in high yields.
Turnover numbers as high as 4560 were obtained (Table 3,
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Table 2: Mukaiyama aldol reactions in water.

i silica-Sc-IL 1c (5.4 mol%)
’ 2 OSiMes [DBIM]SbFg (30 wt%, 12 mol%) oH 0
R'CHO + R~ R4 R R4
3 H,O, 15°C, 24 h FANN
R°R

2b: R?=CH,, R®=H, R*=Ph
2¢: R?=H, R®, R*= —~(CH,)s—

Entry R' Enolate Yield [%]

1 Ph 2a 97 (95%, 90®)
2 4-MeOCH, 2a 81

3 4-CICgH, 2a 90

4 (E)-PhCH=CH, 2a 87

5 PhCH,CH, 2a 64

61 Ph 2b 711

7 Ph 2c 84l

[a] Reused in the second run; [b] reused in the third run; [c] 50 wt % of IL
and 2a (0.75 mmol) were used at 20°C; [d] syn/anti=49:51; [e] syn/
anti = 60:40.

Table 3: Silica-Sc-IL-catalyzed Michael reactions of indoles.”

3 3 R* O
R silica-Sc-IL 1 R
- 0 [DBIm]SbF, ) RS
X
N R R“\)ths H,0, 30 °C NOR?
3r‘<“ 4 e
Entry Sc [mol %] 3Pl 4 t [h] Yield [%]
1 1a (1.6) 3a 4a 4 96
2 19(0.02) 3a 4a 12 93
3 1a (1.6) 3b 4a 4 92
4 1a (1.6) 3c 4a 4 88
5 1a (1.6) 3d 4a 4 87
6 1a (1.6) 3e 4a 4 74
7 1a (1.6) 3a 4b 4 89
8 1a (1.6) 3a 4c 4 88
9 e (7.0) 3a ad 20 70

[a] 50 wt%, 20 mol%,; [b]3a: indole; 3b: 5-bromoindole; 3c: 5-
methoxyindole; 3d: 1-methylindole; 3 e: 2-methylindole; [c] 4a: methyl
vinyl ketone; 4b: ethyl vinyl ketone; 4c: pheny propenyl ketone; 4d:
cyclopenten-2-one; [d] 1f: silica-Sc(OSO,CsF;;), (0.001 mmolg™).

entry 2). Other substrates were treated under standard
conditions, and in all cases the desired Michael adducts
were obtained in high yields.

We further investigated the applicability of the catalyst
system to other reactions in water. We selected a three-
component Mannich reaction of aldehydes, amines, and
silicon enolates, and an allylation reaction of a ketone with
tetraallyl tin (Scheme 2)."”! In all cases, the reactions pro-
ceeded smoothly in water to afford the desired products in
high yields. It is noted that silica-Sc-IL can be widely used as a
Lewis acid catalyst in several important carbon—carbon bond-
forming reactions in water.

Finally, a catalytic asymmetric version of this system was
tested with silica-Sc-IL and a chiral ligand (Scheme 3). In the
presence of silica-Sc-IL and chiral bipyridine 5, the silicon
enolate derived from propiophenone was treated with an
aqueous solution of formaldehyde in water."¥ Remarkably,
the reaction proceeded at 35°C to afford the desired
hydroxymethylated ketone in 47% yield and 49 % ee.l'”
Although the yield and the enantioselectivity were moderate,

Angew. Chem. 2006, 118, 7375-7378

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

OSiMe,

NH,
PhCHO + @ +
OMe ©:0Me
silica-Sc-IL 1b (7 mol%) NH O
[DBIM]SbF, (50 wt%, 41 mol%)

H,0, 30 °C, 23 h Ph
92%, synlanti = 58:42

Ph/\j)\ ' (/\isn

silica-Sc-IL 1e (7 mol%)

[HBIMIPF4(C,F), (50 wt%, 20 mol%) /\)&HA
Ph =

H,0, 40 °C, 20 h
94%

Scheme 2. Mannich (top) and allylation (bottom) reactions.
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Scheme 3. Catalytic asymmetric hydroxymethylation.

this is the first example of an enantioselective reaction with a
supported chiral scandium catalyst in water. Investigations
aimed at improving the yield and enantiomeric excess of the
reaction are now in progress.

In summary, we developed a novel heterogeneous scan-
dium catalyst system, which works well in several carbon-
carbon bond-forming reactions in water and has been applied
to a catalytic asymmetric reaction. It has been shown for the
first time that the combination of silica gel supported metal
catalysts with an ionic liquid creates a hydrophobic reaction
environment in water. This concept may be applicable to
other catalysts based, for example, on metal complexes, and
investigations along this line are underway.

Received: July 29, 2006
Published online: October 6, 2006

Keywords: heterogeneous catalysis - hydrophobic effect -
ionic liquids - Lewis acids - scandium

[1] a) Organic Synthesis in Water (Ed.: P. A. Grieco), Blackie A&P,
London, 1998; b) C.-J. Li, T.-H. Chan, Organic Reactions in
Aqueous, Media, Wiley, New York, 1997; c) U. M. Lindstroem,
Chem. Rev. 2002, 102, 2751-2772; d) C.-J. Li, Chem. Rev. 2005,
105, 3095 -3166.

a) Selectivities in Lewis Acid Promoted Reactions (Ed.: D.
Schinzer), Kluwer Academic Publishers, Dordrecht, 1989;
b) Lewis Acids in Organic Synthesis, (Ed.: H. Yamamoto),
Wiley-VCH, Weinheim, 2000.

a) S. Kobayashi, Chem. Lett. 1991, 2187 -2188; b) S. Kobayashi,
1. Hachiya, J. Org. Chem. 1994, 59, 3590-3596; c) S. Kobayashi,
S. Nagayama, T. Busujima, J. Am. Chem. Soc. 1998, 120, 8287 —
8288; d) S. Kobayashi, C. Ogawa, Chem. Eur. J. 2006, 12, 5954 —
5960.

2

—

[3

—_—

www.angewandte.de

Chemie

7377


http://www.angewandte.de

Zuschriften

[4] a) S. Kobayashi, K. Manabe, Acc. Chem. Res. 2002, 35,209 -217,
b) S. Kobayashi, K. Manabe, Chem. Eur. J. 2002, 8, 4094—-4101;
¢) S. Kobayashi, T. Ogino, H. Shimizu, S. Ishikawa, T. Hamada,
K. Manabe, Org. Lett. 2005, 7, 4729 -4731.

a) S. Kobayashi, T. Wakabayashi, Tetrahedron Lett. 1998, 39,

5389-5392; b) K. Manabe, Y. Mori, T. Wakabayashi, S.

Nagayama, S. Kobayashi, J. Am. Chem. Soc. 2000, 122, 7202 -

7207.

a) S. Nagayama, S. Kobayashi, Angew. Chem. 2000, 112, 578 -

581; Angew. Chem. Int. Ed. 2000, 39, 567-569; for other

supported scandium catalysts used in water, see: b) S. Kobaya-

shi, S. Nagayama, J. Org. Chem. 1996, 61, 22562257, c) H.-Y.

Tian, Y.-J. Chen, D. Wang, C.-C. Zeng, C.-J. Li, Tetrahedron Lett.

2000, 41, 2529-2532; d) M. T. Reetz, D. Giebel, Angew. Chem.

2000, 712, 2614-2617; Angew. Chem. Int. Ed. 2000, 39, 2498 —

2501; e) W. Gu, W.-J. Zhou, D. L. Gin, Chem. Mater. 2001, 13,

1949-1951; f) T. Kawabata, T. Mizugaki, K. Ebitani, K. Kaneda,

J. Am. Chem. Soc. 2003, 125, 10486-10487; g) S. limura, K.

Manabe, S. Kobayashi, Tetrahedron 2004, 60, 7673 -7678.

Reviews of ILs and recent works on ILs related to materials

chemistry: a) T. Welton, Chem. Rev. 1999, 99, 2071-2084;

b) J. D. Holbrey, K. R. Seddon, Clean Prod. Process 1999, I,

223-236; c) P. Wasserscheid, W. Keim, Angew. Chem. 2000, 112,

3926-3945; Angew. Chem. Int. Ed. 2000, 39, 3772-3789; d) R.

Sheldon, Chem. Commun. 2001, 2399 -2407; e) J. Dupont, R. F.

de Souza, P. A. Z. Suarez, Chem. Rev. 2002, 102, 3667 -3692;

f) C. Gordon, Appl. Catal. A 2001, 222, 101-117; g) M.

Antonietti, D. Kuang, B. Smarsly, Y. Zhou, Angew. Chem.

2004, 116, 5096-5100; Angew. Chem. Int. Ed. 2004, 43, 4988 —

4992;h) B. S. Lee, Y. S. Chi, J. K. Lee, I. S. Choi, C. E. Song, S. K.

Namgoong, S. Lee, J. Am. Chem. Soc. 2004, 126, 480—-481;

i) J.N. A. C. Lopes, A. A. H. Padua, J. Phys. Chem. B 2006, 110,

3330-3335.

Scandium Lewis acids are often used in organic synthesis. See:

a) S. Kobayashi, Eur. J. Org. Chem. 1999, 15-27; b) S. Kobaya-

shi, M. Sugiura, H. Kitagawa, W. W.-L. Lam, Chem. Rev. 2002,

102, 2227-2302.

[9] a) C. W. Jones, K. Tsuji, M. E. Davis, Nature 1998, 393, 52—-54;
b) B. Sow, S. Hamoudi, H. Zahedi-Niaki, S. Kaliaguine, Micro-
porous Mesoporous Mater. 2005, 79, 129-136.

[10] Although supported ionic liquid catalysis has been investigated
recently, there are no examples of the combination of silica-
supported metal catalysts with ionic liquids. It is reported that
silica gel supported ionic liquids and additional nonsupported
ionic liquids form ionic-liquid phases on the surface of silica gel
owing to interactions between supported and nonsupported
ionic liquids. See a) C. P. Mehnert, R. A. Cook, N. C. Dispen-
ziere, M. Afeworki, J. Am. Chem. Soc. 2002, 124,12932-12933;
b) A. Riisager, R. Fehrmann, S. Flicker, R. van Hal, M.
Haumann, P. Wasserscheid, Angew. Chem. 2005, 117, 826-830;
Angew. Chem. Int. Ed. 2005, 44, 815-819; c) H. Hagiwara, Y.
Sugawara, T. Hoshib, T. Suzukib, T. Chem. Commun. 2005,
2942 -2944; d) M. Gruttadauria, S. Riela, C. Aprile, P. L. Meo, F.
Anna, R. Noto, Adv. Synth. Catal. 2006, 348, 82-92; ¢) C. P.
Mehnert, Chem. Eur. J. 2005, 11, 50-56.

[11] See the Supporting Information.

[12] Other examples are shown in the Supporting Information.

[13] a) C. Bolm, M. Zehnder, D. Bur, Angew. Chem. 1990, 102, 206 —
208; Angew. Chem. Int. Ed. Engl. 1990, 29, 205-207; b) C. Bolm,
M. Ewald, M. Felder, G. Schlingloff, Chem. Ber. 1992, 125,1169 -
1190.

[14] S.Ishikawa, T. Hamada, K. Manabe, S. Kobayashi, J. Am. Chem.
Soc. 2004, 126, 12236-12237.

[15] The product was obtained in 28 % yield with 66 % ee under the
following conditions: 4 (6.5 mol %), [HBIm|NTf, (50 wt%, 20
mol %), Silica-Sc-IL (0.24 mmolg™', 5 mol %), H,0, 35°C, 24 h.

5

—_

[6

—_

[7

—

8

=

7378 www.angewandte.de © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2006, 118, 7375-7378


http://www.angewandte.de

