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ABSTRACT

A new triphase catalyst has been developed. When an aqueous solution of HsPW:,04 (1) was added to a solution of the amphiphilic chain
copolymer 2, a new self-assembled and macroporous complex 3 was formed. This complex was effective as a catalyst in the epoxidation of
allylic alcohols. Even in the use of 2.7 x 107> mole equiv of the catalyst, the epoxidation with aqueous H,0, proceeded without organic
solvents to give the corresponding epoxy alcohols in high yields.

The development of green chemistry is a challenging goal Hence, we planned to develop a new and more effective

in recent organic chemistry. As Anastas and Warhave triphase catalyst. Our concept is as follows: A complexation

proposed for green chemistry, it is important to realize of a water-soluble inorganic reagent and an amphiphilic

reaction systems, in water solvent instead of an organic polymer could be used as substrates of the triphase catalyst.

solvent, to use safe reagents, to decrease hazardous inorganihen the inorganic reagent reacts with the amphiphilic

and organic waste, and to use a minimal amount of reusablepolymer in aqueous solution, they could form a self-

catalysts. assembled and networked suprapolymer contdl8gheme
One promising reaction system for achieving these goals 1), which would be insoluble. This amphiphilic complex

is the use of triphase catalygiy using triphase catalysts, could have affinity to both the organic substrates and the

the procedure can be simplified, providing an easier workup

and isolation of products and quantitative recovery of the _

catalyst. So far, cross-linked polystyrene resins and silica  Scheme 1. Hypothesis of Formation of the Networked

gel have been utilized as supports for immobilizing the Supramolecular Complex for a New Triphase Catalyst

catalysts. However, the reactivity of these catalysts is low;

therefore, larger amounts of the catalysts are required. In

addition, the use of an organic solvent is generally esséntial.

Therefore, improvement of triphase catalysts has been

investigated recentl§.

(1) Anastas, P. T.; Warner, J. Green Chemistry: Theory and Practice;
Oxford University Press: Oxford, 1998.
(2) Regen, S. LAngew. Chem., Int. Ed. Engl979,18, 421—-429.
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aqueous solution. It would be possible to use the complex
as a triphase catalyst without an organic solvent. Moreover,  gcheme 2. Preparation of the New Triphase Catalgst
the complex would possess pores that could be formed by Complexed of Phosphotungstic Acidl)(and the Amphiphilic
the self-assembly of the inorganic species and the amphiphilic Copolymer2
polymer. The surface area of the catalyst would be suf- o] o]
. . . AIBN (0.04 mol eq)
ficiently wide such that the substrates and reactants could HLN + HLNJ\ T BUOH. 75°C a8 1
be contacted on the catalyst efficiently. | H N MondGoaHonlBr | H T

In line with this hypothesis, we report here the synthetic 4 e2CrzHzs)Br 6 (12 mol eq)
development of a new triphase catalyst that consists of an 0
inorganic species and an amphiphilic chain copolymer. This o N™ " N*Meo(C1aHas)Br
new triphase catalyst was successfully applied to the epoxi- )\N : >1
dation of allylic alcohols in 30% aqueous®h without an ( H v
organic solvent at room temperature. 12 6 n

The new triphase catalyst with the struct@neas prepared o
as shown in Scheme 2. Phosphotungstic %&c{d) as an
inorganic species and poly(N-isopropylacrylamide)-derived )\
polyme# (2) as an amphiphilic polymer were used for the ( N !
preparation of3. In the structure of3, the quaternary 12f .
ammonium salts moiety o is cross-linked by trivalent 2
PW;2040°.

NaNO; aq
48 h

o H/\/\N*Mez(cmst)Nos')

HaPWi2040 (1) 2 —

(3) () Bunin, B. A.The Combinatorial IndexAcademic Press: San Ho0, 1t

Diego, 1998. (bReactions on Polymers; Moore, J. A. Ed.; Redel: Boston, (aqueous solution) (aqueous solution)
1973. (c) Solid-Phase Synthesis; Blossey, E. C., Neckers, D. C., Eds.; (3 mol eq)
Dowden, Hutchinson and Ross: Stroudsburg, PA, 1975. o
(4) Recent selected examples for improvement on surfactant-supported AN 3.
catalysts: (a) Manabe, K.; Mori, Y.; Wakabayashi, T.; Nagayama, S.; /]\ o+ H N+Me2(c12H25)>PW12O40
Kobayashi, SJ. Am. Chem. So@000,122, 7202—7207. On microencap-
sulated catalysts: (b) Kobayashi, S.; Endo, M.; Nagayamé,An. Chem.
S0c.1999,121, 11229-11230. On the catalyst immobilized on a polystyrene-
poly(ethylene glycol)-grafted polymer resin: (c) Shibatomi, K.; Nakahashi,
T.; Uozumi, Y. Synlett2000, 1643—1645. (d) Uozumi, Y.; Watanabe, T. 3 (white precipitate)
J. Org. Chem1999,64, 6921—-6923. For a PEG-supported phase transfer
catalyst: (e) Annuziata, R.; Benaglia, M.; Cinquini, M.; Cozzi, F.; Tocco,
G. Org. Lett.2000,2, 1737—1379. For reviews: (f) Totten, G. E.; Clinton, ; ; _
N. A.; Matlock, P. L.J. Macromol. Sci., Re Macromol. Chem. Phy4998, . Copolymer 2 Was ea5|ly. synthe3|zed fromd and N .
C38, 77-142. (g) Desikan, S.; Doraiswamy, L. kad. Eng. Chem. Res isopropylacrylamideX). A mixture of4 and 12 mole equiv

1995,34, 3524—3537. f 5 was copolymerized in the presence of 0.04 mol iv
(5) For reviews on supramolecular complex: (a) Lehn, JSMpramo- of 5 was copolyme ed e presence of 0.0 ole equ

lecular ChemistryVCH: Verlagsgesellschaft, 1995. (b) Whitesides, G. M.; Of AIBN in t-BUOH for 2 days to give the polyme§ in
Mathias, J. P.; Seto, C. Bciencel991,254, 1312—1319. Self-assembly  86% yield_ The polymeﬁ was converted into the nitrate

3

of colloidal gold and a polymer: (c) Boal, A. K.; llhan, F.; DeRouchey, J. . . 9

E.; Thum-Albrecht, T.; Russell, T. P.; Rotello, V. Miature 2000,404, DY @n addition of 20 mole equiv of aqueous NaNO 6.

746—748. Self-assembly of complementary random copolymers: (d) Complex 3 was prepared on the basis of the synthetic
) Yy

Muthukumar, M.; Ober, C. K.; Thomas, E. Bciencel997,277, 1225— protocol of Ishii’s [7'[—C5H5N(CH2)15CH3]3PW12040 complex‘?f

1232. (e) llhan, F.; Galow, T. H.; Gray, M.; Clavier, G.; Rotello, V. 8. . .
Am. Chem. S0@000,122, 5895—5896. On the dendrimer cross-linked by WWhen an agqueous solution {608 mg in 116 mL of HO)

Sc(OTf) for excellent insoluble Lewis-acidic catalyst: (f) Reetz, M. T.;  was added to an aqueous solution of 3 mole equi &34

Giebel, D.Angew. Chem., Int. EQ200Q 39, 2498-2501. On excellent .
biphenolate catalysts cross-linked by aluminum in an organic solvent: mg in 33 mL HZO) at room temperature, the compourlds

(9) Saito, S.; Murase, M.; Yamamoto, Bynlett1999, 57-58. (h) Arai, and2 self-assembled to give the white insoluble precipitate
1'2;6';“’ Q--S.; Zheng, X.-F.; Pu, L.; Sasai, Brg. Let. 2000,2, 4261~ 3 simultaneously. After being stirred for 7 days at the same
(6) (a) Ogata, Y.: Sawaki, Y. I®rganic Syntheses by Oxidation with ~ temperature, the precipitate was filtered on a glass filter (pore

Metal Compounds; Mijs, W. J., De Jonge, C. R. H. |, Eds.; Plenum Press: gjze 26-30um), washed with water, and freeze-dried to give
New York, 1986; pp 839876. Noyori and co-workers reported organic

solvent- and halide-free excellent homogeneous oxidation with aqueous 3 1N 95% yield. (870 mg) as white Iumps. The compl@x
H,0; catalyzed by reusable M&/O4 agueous solution in the presence of ~was insoluble in HO and normal organic solvents such as

[CH3(n-CgH17)sN]JHSOs. (b) Sato, K.; Aoki, M.; Noyori, RSciencel998, i
281, 1646-1647. Other selected examples on tungsten-catalyzed oxidations, MeOH, EtOH,i-PrOH, AcOEt, MeCO, CHCl,, EtO, and

see: (c) Venturello, C.; Gambaro, NI..Org. Chem1991, 56, 5924-5931. hexane.

(d) Venturello, C.; Gambaro, MSynthesis989, 295—297. (e) Bortolini,

0.; Conte, V.; Di Furia, F.; Modena, G. Org. Chem1986,51, 2661— (8) Bergbreiter and co-workers reported excellent homogeneous catalysts
2663. (f) Ishii, Y.; Yamawaki, K.; Ura, T.; Yamada, H.; Yoshida, T.; Ogawa, prepared from poly{-isopropylacrylamide) copolymers as soluble and
M. J. Org. Chem1988,53, 3587—3593. thermoresponsive polymers: (a) Bergbreiter, DCBtal. Today1998,42,

(7) For recent attempts to improve the drawbacks on polymer-supported 389—397. (b) Bergbreiter, D. E.; Liu, Y.-S.; Osburn, P.J..Am. Chem.
tungsten catalysts, see: (a) Villa, A. L.; Sels, B. F.; de Vos, D. E.; Jacobs, Soc.1998,120, 4250—4251. (c) Bergbreiter, D. E.; Case, B. L.; Liu, Y.-
P. A.J. Org. Chem1999,64, 7267—7270. (b) Hoegaerts, D.; Sels, B. F.; S.; Caraway, J. WMacromolecules1998,31, 6053—6062. Examples on

de Vos, D. E.; Verpoort, F.; Jacobs, P. @atal. Today2000, 60, 209— polymer-protected nanoparticles: (d) Chen, C.-W.; AkashiPblym. Ad.

218. (c) Gelbard, G.; Breton, F.; Quenard, M. Sherrington, DJ.QViol. Technol.1999,10, 127—133. (e) Chen, C.-W.; Chen, M.-Q.; Serizawa, T.;
Catal. A: Chem2000,153, 718. (d) Sakamoto, T.; Pac, Cetrahedron Akashi, M. Chem. Commuril998, 831—-832.

Lett. 2000,41, 10009—10012. (e) Briot, E.; Piguemal, J.-Y.; Vennat, M.; (9) Jacobs and co-workers reported the Amberlite IRA-900-supported
Brégeault, J.-M.; Chottard, G.; Manoli, J.-M. Mater. Chem2000, 10, Venturello catalyst converted into NOwas effective for the enhancement
953-958. (f) Ichihara, JTetrahedron Lett2001,42, 695—697. of selectivity of epoxidation. See ref 7a.
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With the insoluble comple$ in hand, the epoxidation of
allylic alcohols in aqueous #D, at room temperature was

was effectivel! When the reaction of geraniolr¢) was
carried out in the presence of 5:010~* mole equiv of3

examined under the triphase conditions. When the epoxida-and 6.0 x 1072 mole equiv of 0.04 M aqueous pyridine

tion of farnesol {a) with 2 mole equiv of 30% aqueous6,

solution at room temperature for 15 h, the desired 2,3-

without an organic solvent was carried out in the presence epoxygeraniol8c was afforded in 80% yield. Under the

of 5.0 x 10~* mole equiv of3 at room temperature for 13

reaction conditions, the C(6)7) double bond was also

h, we were pleased to find that the pure 2,3-epoxy alcohol intact. The reaction of 2-cyclohexylidene-etharit), which

8a was obtained in 84% isolated yield (Scheme 3). In this

Scheme 3. Epoxidation of Various Allylic Alcohols with 30%
Hydrogen Peroxide Catalyzed by Insoluble Tungsten-
Amphiphilic Copolymer-Assembled Triphase Catalg3t

R® . R
Rl oH 3 (5.0x10"* mol eq) R1\<¢\/OH
= 30% H50, agq, rt Fe)
R2 R
7 8
o . oLl
a N X OH 8a. 84%
o b
8b: 96%
b /l\/\)\/\/k/\/kl/\OH °
(0]
- anorbe
c W\OH 8c: 80%
? OH
d 8d: 83%0°
0] b,c
e /\)v 196%™
Ph OH 8e: 96%
0 bd
f Ph/<l/\OH 8f: quant”
g /{Cl)/\ 8g: quant®®
CgH17 OH !
8h: 73%57

(threo:erythro=91:9)

aReaction conditions: allylic alcohols (2.52 mmol), 30% aqueous
H,0; (5.05 mmol) and3 (1.26 umol) at room temperature unless
otherwise specified.Isolated yield¢ Pyridine (0.0151 mmol; 0.378
mL aq soln) was added @ prior to used Pyridine (0.242 mmol;
0.378 mL ag soln) was added2d5.05:mol) prior to use® Pyridine
(0.0604 mmol; 0.378 mL aq soln) was adde®t®.05umol) prior
to use.f Pyridine (0.0604 mmol; 0.378 mL aq soln) was added to
3 prior to use. The diastereomeric ratio 8 was determined by
IH NMR analysis; see: Iseki, Y.; Kudo, M.; Mori, A.; Inoue, &.
Org. Chem.1992,57, 6329—6331.

reaction, C(6)-(7) and C(10)-(11) alkenes iryawere intact
under the oxidation conditions. Also, the epoxidation of
phytol (7b), which is an allylic alcohol with a hydrophobic
long chain (C20), proceeded efficiently. A 25-mL flask

possessed an exocyclic allylic alcohol, proceeded for 12 h
to give 8d in 83% vyield. Moreover, when the reaction of
(E)-3-methyl-5-phenyl-pent-2-en-1-of€) was carried out
in the presence of 5.& 10~* mole equiv of3 and 6.0x
102 mole equiv of aqueous pyridine solution at room
temperature for 13 h, the desired epoxy alcoBelwas
afforded in 96% yield. With disubstituted allylic alcohols,
the reaction of E)-2-undecen-1-ol4{g) gave8g in quantita-
tive yield. Furthermore, when the diasteroselective epoxi-
dation of 2-methyl-2-octen-4-ol7f) was carried out, the
threo-selective epoxy alcoh8h was obtained in 73% yield
(threo/erythro91:9).

It was possible to decrease the amount of catdly3the
reaction of7b with 2 mole equiv of 30% aqueous,8, in
the presence of 2.% 1075 mole equiv (27 ppm) of3 at
room temperature proceeded to gi8b in 94% vyield
(Scheme 4). The turnover number (TON) of the cataBst

Scheme 4 Epoxidation Catalyzed by 2.¥ 10°°> Mole Equiv
(27 ppm) of Triphase Cataly&, and the Epoxidation Promoted
by Recovered Triphase Catalyst

3 (2.7x10'5 mol eq)
30% H202 aqg,

8h

94%: TON 3.5x10%

3 (5.0x10'4 mol eq)
(reuse)
30% H202 aqg, rt

7b

8b

1st use: 96%
2nd use: 93%
3rd use: 97%

was approximately 35000, while that of tungsten catalysts
supported by polystyrene beads or silica gel was a few
hundred’ That is, turnover efficiency o8 was hundreds of
times higher than that of other polymer-supported tungsten
catalysts.

Moreover,3 was effective as a reusable catalyst as shown
in Scheme 4. When the reaction @ and 2 mole equiv of

equipped with a magnetic stirring bar was charged with 2.52 30% H0; in the presence of 5.& 10~* mole equiv of3

mmol of 7b, 5.05 mmol of 30% aqueous.8,, and 1.26
umol of 3. After the mixture was stirred vigorously at room
temperature for 7 h, AcCOEt (D and CHCI; can be used)
was added, an® was filtered. The organic layer was
separated, washed with saturated aqueouSJ9g, dried in
vacuo, and purified by flash column chromatography to give
the epoxy alcohoBb in 96% isolated yield® Since some

epoxides were sensitive to the acid-catalyzed hydrolytic

was carried out for 12 h at room temperature, the product
8b was given in 96% vyield. In the presence of the recovered
catalyst, the second reaction ®fwith H,O, proceeded for
12 h at room temperature to gidb in 93% vyield. Again,

(10) When the reaction ofb with aqueous KO, was carried out in the
presence of 4.0« 10~* mole equiv of (BuN)sPW;2040 in place of3, 8b
was not obtained.

(11) It was reported that pH control in aqueous media was important

cleavage, an addition of a trace amount of aqueous pyridinefor tungsten-catalyzed epoxidation; see refs 6d,e and 7b.
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Figure 1. Scanning electron micrographs (SEM) 8f (left)
1000x, scale bax 10 um; (right) 12000<, scale bar= 500 nm.

the recovered catalyst was reusable; that is, the third reactiony, presence of only 2.% 10°5

afforded8b in 97% yield.

To obtain further information on the structure of the
catalyst, we analyzed by several spectroscopic measure-
ments. One complex unit &22H,0 corresponds to formula
CoreHs6aN420101PWi2; calculated % of elementary analysis
was C 39.8, H 6.3, N 7.1; found % was C 39.6, H 6.6, N
7.2 The infrared spectrum & exhibited strong vibrations
at 1080 (P=0), 978 (W=0), 897, and 818 chwhile that
of 1 exhibited them at 1080, 982, 893 and 808 énirhe

result suggests the structure of the phosphotungstic acid unit

of 3 was similar to that ofl.

A scanning electron microscope (SEM) study was also
performed (Figure 1). The compouBdvas treated with gold
vapor by the sputter-coating method. We were pleased to
find that the complex3 had macropores, whose diameter

(12) It is natural for complexd to possess 224D in one complex unit,
becausen in 1-nHO is ca. 46-60 (purchased from Wako Pure Chemical
Industries, Ltd., Japan) and complete evaporation of water 8aould
be difficult.

1840

was about 1—10um (Figure 1 left), and hundreds a
nanometer or less (Figure 1 right). These facts mean that
the surface area and the reactive sites of an amphiphilic
complex of3 are extensive. Therefore, the substrates and
reagents could infiltrate into the amphiphilic compl8x
effectively. The existence of macropores should be one
reason why 2.7x 105 mole equiv of 3 could work
efficiently as a triphase catalyst, althougtwas insoluble

in solvent. Further investigations as to whetBés not only

a macroporous complex but also a mesoporous complex and
whether2 is cross-linked by PWO,s*~ are currently in
progress.

In conclusion, we have developed a new triphase catalyst
prepared from the self-assembly of an aqueous solution of
an inorganic species and an amphiphilic polymer. Even in
mole equiv (27 ppm) of the
triphase catalyst without an organic solvent, the epoxidation
of an allylic alcohol with aqueous @, gave the desired
epoxy alcohol in excellent yield. Again, the catalyst was
easily prepared and purified, and it was insoluble, recover-
able, and reusable. Moreover, it was a macroporous complex.
Since this new triphase catalyst exhibited great potentiality,
applications to other reactions involving asymmetric syn-
thesis are currently being studied.
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