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1. Introduction

9]

“Green Chemistry” is spreading all over the world. Green
Chemistry (environment-friendly chemistry) is chemical
technology for eradication of environmental pollution by
changing from conventional processes to environmentally
friendly processes, which do not produce or use environ-
mental pollutants or dangerous substances, and also by
replacing conventional chemical products with environmen-
tally friendly or harmless ones. Furthermore, it is thought
that Green Chemistry is a paradigm shift of chemistry or a
basic technology for chemistry for the 21st century. For
continuous development of human beings, realization of
symbiosis in chemistry and the environment is the most
important subject in this century.

In promotion of Green Chemistry, synthetic organic
chemistry has played an important role, and it has changed
many synthetic processes to environmentally friendly ones.
The requirements for environmentally friendly processes are
(1) reduction of waste, (2) use of materials with low toxicity
toward the human body and environment with no production
of harmful materials, (3) reduction of assistant materials such
as solvents and separating agents, (4) use of starting materials
that can be renewable, (5) minimum energy consumption,
(6) development of catalytic reactions rather than stoichio-
metric reactions, etc.

In synthetic organic chemistry, one of the most direct ways
to satisfy these requirements is use of truly efficient catalytic
reactions. In stoichiometric reactions, large amounts of
activating agents are needed to drive desired reactions, and
moreover, after reactions are complete, a large amount of
waste forms along with the desired products. In catalytic
reactions, on the other hand, one catalyst molecule can react
with infinite starting materials in principle, and waste can
be reduced. Furthermore, since catalytic reactions reduce
activation energy, reactions can proceed at lower tempera-
tures in a short time, and thus, catalytic reactions can
contribute significantly to energy conservation.

While relatively simple organic compounds can be activat-
ing agents for catalytic reactions, most catalysts are bulk of
metal, metal oxide,?® and organometallic complexes,* which
are combined with inorganic and organic ligands. Many
highly active and selective metal catalysts have been
developed. In addition, solid catalysts, in which metal clusters
are immobilized onto carbon, alumina, inorganic materials,
etc., have been widely used especially in industrial produc-
tions. It can be said that these solid catalysts are suitable for
Green Chemistry in terms of effective use for limited natural
resources, because these catalysts can be separated from a
reaction mixture by simple filtration and can be recycled.
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However, a drawback is that reactivity of immobilized metal
catalysts is often lower than that of the corresponding original
catalysts. Moreover, in many cases, recovered catalysts have
lower reactivity than that of fresh catalysts, and in such cases
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Figure 1. Microencapsulation technique.

labor and energy consumption are needed for recycling
catalysts.

To address these issues, several groups have investigated
highly active immobilized metal catalysts,?>° which can be
recovered and reused without leaching of metals. In addition
to the above-mentioned materials, such as carbon and
alumina, synthetic polymers, silica, zeolite, clays, etc. have
been investigated as supports. In most cases, however,
tedious procedures are needed for preparation of complexes,
and low activity is observed compared with that of the
original catalysts. When the catalyst activity is evaluated,
turnover number (TON) and turnover frequency (TOF) of
the catalyst are often used as an index that shows how many
molecules of a starting material can be converted to a desired
product by one catalyst in total or per unit time. That is, the
catalyst that has higher TON and TOF is more efficient and
even more desirable from a viewpoint of Green Chemistry.

As a new method for immobilizing metal catalysts onto
polymers, the microencapsulation method was first intro-
duced in 1998.* Before that, microcapsules had been used
for coating and isolating substances until their activity is
needed. Their application to medicine and pharmacy was
extensively studied.’ The idea of the new method is to apply
the microencapsulation technique for immobilization of
catalysts onto polymers (Figure 1). That is, catalysts would
be physically enveloped by thin films of polymers (polysty-
rene derivatives in many cases) and at the same time
immobilized by interaction between s electrons of the
benzene rings of the polystyrenes, which are used as a
polymer backbone, and vacant orbitals of the catalysts (metal
compounds). The catalysts were new types of heterogeneous
catalysts and were named as “microencapsulated (MC)
catalysts”. Microcapsules in these catalysts are backbones
of immobilized catalysts such as cross-linked polymers and
inorganic materials such as silica gel and alumina, and thus
are completely different from conventional microcapsules
that are used for protection. After that, polymer incarcerated
(PI) catalysts, which are more robust against many solvents,
were developed based on the MC technique. In this review,
we describe such unprecedented polymer-supported catalysts
as MC catalysts and PI catalysts, which can create recover-
able, reusable, and highly active heterogeneous metal
catalysts for several organic reactions. While MC and PI
catalysts are heterogeneous catalysts, they are very different
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Scheme 1. Synthesis of 1,3,5-Triphenylpentane
0 Pd/C, H, e

Ph/W\Ph (79%) Ph/\)J\/\Ph

PhMgBr HO Ph H4PO,
THF Ph Ph (quant)
(92%)
Ph Pd/C, H, Ph

PhWPh (80%) Ph/\)\/\Ph

from conventional heterogeneous catalysts in many aspects.
Therefore, we describe more details of these catalysts in this
review, which may be a little bit different from other review
articles. On the other hand, we will not discuss other
immobilized catalysts in this review, which are treated in
detail in other contributions to this issue.

2. Polystyrene-Based Catalysts

2.1. Microencapsulated Scandium
Trifluoromethanesulfonate [MC Sc(OTf);]

Sc(OTf); is a new type of water-compatible Lewis acid,’
and many useful synthetic reactions using Sc(OTf); have
been developed.” Microencapsulated Sc(OTf); [MC
Sc(OTf);] was prepared as follows:* Polystyrene (1.000 g)
was dissolved in cyclohexane (20 mL) at 50—60 °C, and
powdered Sc(OTf); (0.200 g) was added to this solution as
a core. The mixture was stirred for 1 h at this temperature
and then slowly cooled to 0 °C. Coacervates were found to
envelop the solid core dispersed in the medium, and hexane
(30 mL) was added to harden the capsule walls. The mixture
was stirred at room temperature for 1 h, and the capsules
were washed with acetonitrile several times and dried at 50
°C. Judging from the recovered Sc(OTf); (0.080 g), 0.120 g
of Sc(OTf); was microencapsulated according to this pro-
cedure. The weight of the capsules, which contain acetoni-
trile, was 1.167 g. MC Sc(OTf); thus prepared can be stored
at room temperature for more than several months.

A scanning electron microscopy (SEM) micrograph and
scandium energy dispersive X-ray (EDX) map of MC
Sc(OTf); revealed that small capsules of MC Sc(OTf);
adhered to each other, probably due to the small size of the
core, and that Sc(OTf); was located all over the polymer
surface. The importance of the benzene rings of the
polystyrene in immobilizing Sc(OTf); was demonstrated by
control experiments using polybutadiene or polyethylene
instead of polystyrene. Whereas 43% of Sc(OTf); (where
100% is the amount of Sc(OTf); immobilized by polystyrene)
was bound using polybutadiene, no Sc(OTf); was observed
in the microcapsules prepared using polyethylene.?

4Sc NMR spectra of the monomeric Sc(OTf);, a mixture
of Sc(OTf); and 1,3,5-triphenylpentane, and MC Sc(OTf);
were measured. 1,3,5-Triphenylpentane was used as a
polystyrene analogue, which was synthesized from tran-
s,trans-dibenzylidenacetone according to Scheme 1. In the
presence of benzene rings, “*Sc NMR signals were shifted
downfield compared with those of monomeric Sc(OTf);
(Table 1). These results demonstrate that the interaction
between Sc(OTf); and the benzene rings of polystyrene is a
key to immobilizing Sc(OTf),.

Recently, experimental and theoretical studies of *’Sc
NMR interactions in solids were reported.® Several scandium
salts such as Sc(acac);, Sc(TMHD); Sc(NO,);+5H,0,
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Table 1. NMR Experiments*

sample 43Sc NMR peak

P shift data (ppm)
Sc(OTf); —182.2
Sc(OTf); + 1,3,5-triphenylpentane —168.4
MC Sc(OTf)3 —163.9

4ScCl; was used as an external standard (6 = 0) in CD;CN.

Scheme 2. Imino Aldol Reaction (Flow System)
Ph

el . OSiMe;  MCSc(OTh "NH O
Ph)J\H Ph CH;CN, rt, 3 h Ph Ph
Use? 1 2 3 4 5 6 7
Yield/% 9 9 8 8 8 8 9

@Recovered catalyst was used successively (Use 2,3,4....)

Scheme 3. Aza-Diels—Alder Reaction (Flow System)

H,
N‘Ph D MC Sc(OTf, 0
+ it bt “H
Ph CHyCN, 11, 4 h ( INiPh

H
1st use, 80% yield; 2nd use, 78% yield; 3rd use, 78% yield

Scheme 4. Cyanation Reaction (Flow System)

nFh . MC Sc(OTf) AN
)]\ + MeSCN @ ——MM —— » )\
Ph H CH3CN, rt, 4 h Ph CN

1st use, 77% vyield; 2nd use, 77% yield; 3rd use, 76% yield

Scheme 5. Allylation Reaction (Flow System)

Ph Ph
N” MC Sc(OTf)3 HN”
P~ Sn
Ph)J\H + (N4 CH4CN, 1t, 4 h Ph)\/\

1st use, 85% yield; 2nd use, 87% yield; 3rd use, 83% yield

Sc(OAc);, ScCl;+6H,0, ScCl;*THF, and ScCp; were ex-
amined. In this study, solid-state *Sc, '*C, and '°F NMR
experiments are also applied to characterize the structures
of microcrystalline Lewis acid catalyst Sc(OTf); (for which
the crystal structure is unknown) and noncrystalline and
polystyrene microencapsulated Sc(OTf)s.

MC Sc(OTf); was successfully used in several fundamental
and important Lewis acid-catalyzed carbon—carbon bond-
forming reactions. All reactions were carried out on a 0.5
mmol scale in acetonitrile or nitromethane using MC
Sc(OTf); containing ca. 0.120 g of Sc(OTf);. The reactions
could be carried out in both batch (using normal vessels)
and flow systems (using circulating columns). It was found
that MC Sc(OT¥); effectively activated aldimines. Imino aldol
(Scheme 2),’d aza-Diels—Alder (Scheme 3),’%° cyanation
(Scheme 4),”" and alkylation (Scheme 5)’¢ reactions of
aldimines proceeded smoothly using MC Sc(OTf); to afford
synthetically useful B-amino ester, tetrahydroquinoline,
a-aminonitrile, and homoallylic amine derivatives, respec-
tively, in high yields. Although it is well-known that most
Lewis acids are trapped and sometimes decomposed by basic
aldimines or products, MC Sc(OTf); effectively catalyzed
the reactions in all cases. One of the most remarkable and
exciting points is that the ability of MC Sc(OTf); to activate
aldimines was superior to that of monomeric Sc(OTf);, which
was shown by kinetic studies. The polymer catalyst was
recovered quantitatively by simple filtration and could be
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Scheme 6. Mannich-type Reaction (Flow System)

Ph.
OSiMe;  MC Sc(OTf), NH O

Ph CHiCN, rt, 3 h Ph)ﬁ)kph

1st use, 90% yield; 2nd use, 96% yield; 3rd use, 93% yield

PhCHO + PhNH, +

Scheme 7. Strecker Reaction (Flow System)

Ph
MC Sc(OT -

PhCHO + PhNH, + MesSiCN T(%, HN
HaeN ah o K

1st use, 70% yield; 2nd use, 71% yield; 3rd use, 75% yield

Scheme 8. Qinoline Synthesis (Flow System)

PhCHO + PhNH, + /z )
o)

1st use, 68% yield; 2nd use, 69% yield; 3rd use, 69% yield

MC Sc(OTh;,
CH4CN, 1t, 4 h

Scheme 9. Aldol Reaction (Batch System)
OSiMe; OH O

MC Sc(OTf),
Ph%OMe

CH3CN, 1t, 6 h
1st use, 92% yeld; 2nd use, 97% vyield; 3rd use, 95% yield

(0]

A \%\OMe

Ph” H

Scheme 10. Cyanation Reaction of Aldehyde (Batch System)

o) OH
dH + Me;SiCN O)\CN

1st use, 79% yield; 2nd use, 78% yield; 3rd use, 74% yield

MC Sc(OTf),
CH4CN, 1t, 2 h

Scheme 11. Allylation Reaction of Aldehyde (Batch System)
o) Sn MC Sc(OTf); OH

Z
)J\H ' <N4 CH;CN, rt, 3 h Ph)\/\

1st use, 92% yield; 2nd use, 91% yield; 3rd use, 90% yield

Ph

Scheme 12. Michael Reaction (Batch System)
o OSiMe;
+

ph)v\ Ph OMe
Ph O

o)
PhWOMe

1st use, 92% yield; 2nd use, 97% yield; 3rd use, 95% yield

MC Sc(OTf),
CH4CN, 1t, 6 h

reused. The activity of the recovered catalyst did not decrease
even after several uses.

MC Sc(OTf); has also been successfully used in three-
component reactions such as Mannich-type (Scheme 6),”
Strecker (Scheme 7),”" and quinoline-forming (Scheme 8)"
reactions, which provide efficient methods for the preparation
of biologically interesting compound libraries.!”

It was also found that MC Sc(OTf); could activate
carbonyl compounds such as aldehydes and o, 5-unsaturated
ketones. Aldol (Scheme 9),”' cyanation (Scheme 10), and
allylation (Scheme 11)’* of aldehydes proceeded smoothly
using MC Sc(OTf); to give the corresponding aldol, cyano-
hydride, and homoallylic alcohol derivatives in high yields.
Michael reaction of an a,f3-unsaturated ketone with a silyl
enol ether (Scheme 12)7 and a Diels—Alder reaction of an
oxazolidinone derivative with cyclopentadiene (Scheme 13)°
also proceeded smoothly using MC Sc(OTf);. Moreover, a
Friedel —Crafts acylation was performed to produce an
aromatic ketone in a good yield (Scheme 14).” Friedel—Crafts
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Scheme 13. Diels—Alder Reaction (Batch System)

o ©
MC Sc(OTf);
\)J\N)J\O v @ CHsCN, 1t, 3 h / i
N il
/ 0“ N0
/

1st use, 77% yield; 2nd use, 79% yield; 3rd use, 80% yield

Scheme 14. Friedel—Crafts Acylation (Batch System)

O
MC Sc(OT
Meo@ + ACZO &,
CH3NO,, LiCIO,
50°C,6h MeO

1st use, 76% yield; 2nd use, 76% yield; 3rd use, 81% yield

Table 2. Synthesis of TBS Ethers Using MC Sc(OTf);

)\/TBS/ MC Sc(OTf),

(1.4 equiv) (2 mol %)

ROH ROTBS

EtCN, rt, 0.25 h
ROH Yield (%)

Ph" " OH 98"
OH
O/\/\ 93 (59)°
Ac

Bno” > OH 92 (61)
820" " OH 95 (74)
MOMO.__~_~ o 85 (32)

“Isolated yields. °MC Sc(OTf); (0.5 mol %) and 1.2 equiv of
methallylsilane were used. The reaction was performed for 1 h.
¢ Numbers in parentheses are yields using monomeric Sc(OTf);.

alkylation and acylation reactions are fundamental and
important processes in organic synthesis as well as in
industrial chemistry.!! While the alkylation reaction proceeds
in the presence of a catalytic amount of Lewis acid, the
acylation reaction generally requires more than a stoichio-
metric amount of Lewis acid such as aluminum chloride
(AICl3), due to consumption of the Lewis acid by coordina-
tion to the products, aromatic ketones. It should be noted
that a catalytic amount of MC Sc(OTf); has high activity in
the Friedel—Crafts acylation and that MC Sc(OTf); can be
recovered easily by simple filtration and reused without
significant loss of activity.

MC Sc(OTf); was successfully used in other transforma-
tions. The reactions of alcohols with methallylsilanes pro-
ceeded smoothly in the presence of a catalytic amount of
MC Sc(OTf); to afford the corresponding alkyl silyl ethers
in high yields.'? Interestingly again, MC Sc(OTf); was more
effective than monomeric Sc(OTf); (Table 2). In the cases
of alcohols containing other functional groups such as
ketones, ethers, esters, and acetals, the reactions worked well
using MC Sc(OTf)s, and the yields of the corresponding zert-
butyldimethylsilyl (TBS) ethers were higher than those in
the case of using monomeric Sc(OTf);.

The synthesis of D,L-o-tocophenol using MC Sc(OTf); was
reported (Table 3).'* The acid-catalyzed a-tocophenol syn-
thesis consists of Friedel—Crafts reaction followed by a
cyclization reaction. It is known that alcohols and preferably
tertiary allylic alcohols like isophytol are easily dehydrated
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Table 3. Synthesis of D,L-o-Tocophenol Using MC Sc(OTf);

HO X
+
oH HO

MC Sc(OTf),
(0.3-0.5 mol %) HO
solvent
50-150 °C 0
solvent yield (%)*
toluene 52.3
toluene” 5.6
nitromethane 26.2
acetonitrile 1.4
propylene carbonate® 86.8
propylene carbonate®? 68.4

“Yield is based on isophytol, determined by GC analysis of the crude
product. °50 °C. °Two-phase system with heptane (1/1). 60 °C.

Table 4. MC Bi(OTf);-Catalyzed Allylation of Aldehydes

MC Bi(OTf),
o (100 mg) OH
+ /\/SnBu3
R)J\H CH3CN (5 mL), rt RJ\/\
. PhCO,H (1.0 equiv)
1 mmol (1.5 equiv)
Entry R-CHO Time (min) Yield (%)
MeQO
20 95
1 MGOQCHO (52 (95)2
MeO
20 90
2 OoN CHO (52 (95)2
3 MeQCHO 30 90
CHO
4 ©/\/ 40 80
“With Bi(OTf)s.

in the presence of acid.'* The advantages of this procedure
were high yield and selectivity, no waste, and mild reaction
conditions. While the best results were obtained in a polar
solvent such as propylene carbonate, the MC catalyst could
not be recovered. In polar solvents at a range of 50—100
°C, leaching of the metal was observed and catalytic activity
decreased even after one experiment.

2.2. Microencapsulated Bismuth
Trifluoromethanesulfonate [MC Bi(OTf);]

Microencapsulated bismuth trifluoromethanesulfonate [MC
Bi(OTf);] was prepared by using a standard microencapsu-
lation procedure.!> MC Bi(OTf); was used in allylation of
aldehydes (Table 4), Michael-type addition of aliphatic
amines to methyl acrylate (Table 5), acylation of alcohols
(Table 6), Baeyer—Villiger oxidation (Table 7), and aldol
reaction (Table 8).'>

In allylation reactions, as shown in Table 4, benzoic acid
acted as a rate-accelerating agent, and in the absence benzoic
acid, the activity of the Lewis acid was immediately
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Table 5. MC Bi(OTf);-Catalyzed Michael-type Addition of
Aliphatic Amines

MC Bi(OTf)3 R

-R OMe (50 mg) SR
. Z LN OMe
{ONH O+ L]
K Y CHCN (5mL), it R ~Y

R (6] S
1 mmol (2.0 equiv)
Entry  Amine Product &'ﬁ”l‘ne) \?L%d

E:NWOMe 0 9%

2 HN NH MeOJ\/\N N OMe 30 95
\_/ ~
0
3 0 NH N OMe 30 95
— o]
Et
4 EtNH Et,N\/\mOMe 0 95
iPr 0
5  iPrNH ,Pr/N\/\n/OMe 55 95
o)

Table 6. MC Bi(OTf);-Catalyzed Acetylation of Alcohols
MC Bi(OTf)3
R2 (50 mg) RZ O

R1J\OH CH4CN (5 mL), rt R1J\0)J\

Ac,0 (2.0 equiv)

2 mmol
Entry Alcohol Time (min) Yield (%)
1 R=H 30 90
R =Me 20 95
3 Ph™ "OH R =coPh 60 85

OH
4 /@A 20 90
Me
5 <:>—OH 50 80

Me OH
6 U 30 80
“iPr

7 CHg-(CH,)s-CH,OH 60 75

Table 7. MC Bi(OTf);-Catalyzed Baeyer— Villiger Oxidation”

Entry  Ketone Product Time (min)  Yield (%)?
o] o)
1 n=1 40 90
2 é 9 n=2 60 85
In Jn+1
o) o
3 é/ @\ 40 90
o]
o
LT
MeO MeO

¢ Reaction conditions: ketone (I mmol), m-CPBA (2 mmol), MC
Bi(OTf); (100 mg), CH;CN (5 mL). *Isolated yield.

restored.'® MC Bi(OTf); showed higher activity than MC
Sc(OTf); here and similar activity to homogeneous
Bi(OTf);.1”
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Table 8. MC Bi(OTf);-Catalyzed Aldol Reaction

MC Bi(OTf)
o) 0 (100 mg) OH O
+
TP N "t AN
1 mmol (5 mL)
Entry Aldehyde (Ar) Time (min) Yield (%)?
MeO
1 MeO@%— 40 90
MeO

“Isolated yield.

Table 9. MC Bi(OTf);-Catalyzed Methoxymethylation of
Alcohols and a Carboxylic Acid

MC Bi(OTf)
(100 mg,2.5mol %) R2R3

CH,CN (5 mL), 40°C  R'” 0" OMe

R2 R3 OMe
+

RSOH  oMe
1 mmol (8 equiv)

Entry Substrate Time (h) Yield (%)?

85 (83, 81, 80, 80)°

1 /©/\OH R=H 2.5
2 R R=Me 4 75
3 ©/LOH 3 88

“Isolated yield. ® Yields of first, second, third, and fourth cycles.

On the other hand, primary and secondary alcohols
underwent selective acetylation with heterogeneous MC
Bi(OTf); in the presence of aromatic alcohols. This selectivity
was not observed in the case using homogeneous Bi(OTf)s.

MC Bi(OTf); also catalyzes methoxylmethylation reactions
of alcohols and a carboxylic acid with dimethoxymethane
in acetonitrile under reflux conditions (Table 9).'® The
encapsulated catalyst exhibits a truly heterogeneous nature
throughout the reactions.

2.3. Microencapsulated Osumium Tetroxide [MC
0304]

2.3.1. Polystyrene-Based MC OsQ, [PS-MC OsO,]

Osmium tetroxide (OsQy,) is the most reliable reagent for
dihydroxylation of olefins to give the corresponding vicinal
diols.'® The reaction proceeds in the presence of a catalytic
amount of OsO, using a cooxidant such as metal chlorates,
hydrogen peroxide, tert-butyl hydroperoxide, potassium
ferricyanide, or most commonly, N-methylmorpholine N-
oxide (NMO). Although a number of substrates have been
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L.,
OH

Table 10. Effect of Solvents and Cooxidants

O‘ PS-MC 0sQ, (5 mol %)
solvent, cooxidant, rt, 12 h

solvent cooxidant yield (%)
H,0O—acetone (2/1) NMO 15
H,O0—tBuOH (1/1) NMO 20
H,0—acetone—CH;CN (1/1/1) NMO 84
H,0—acetone—CH;CN (1/1/1) Me;NO 57
H,0—acetone—CH;CN (1/1/1) H,0, 30
H,0—acetone—CH;CN (1/1/1) BuOOH 18
H,0—acetone—CH;CN (1/1/1) K;Fe(CN)g 0

successfully applied to this dihydroxylation, few fruitful
industrial applications have been accomplished, probably
because OsO, is highly toxic, expensive, and volatile and
cannot be recovered.

Immobilized osmium catalysts are expected to solve these
problems, and indeed such efforts have been made; however,
recovery and reuse of polymer catalysts has not been
satisfactory in almost all cases.!” The microencapsulation
technique was used for immobilizing OsO,.%° Styrene-based,
microencapsulated osmium tetraoxide (PS-MC OsQO,) was
easily prepared by the same procedure as that for the
preparation of MC Sc(OTf);. For example, 1 g of polystyrene
and 200 mg of OsO, were used, ca. 180 mg of OsO, was
immobilized, and unencapsulated OsO,4 was recovered from
the washings.

PS-MC OsO4 was first used in dihydroxylation of cyclo-
hexene, and several solvents and cooxidants were examined
(Table 10). All the reactions were carried out on a 10 mmol
scale using PS-MC OsO, containing ca. 0.12 g of OsOy (5
mol %) in a batch system. When a solvent such as
H,O—acetone or HO—tBuOH (which is used in typical
0s0y-catalyzed dihydroxylation) was used, lower yields were
obtained. The yield was, however, dramatically improved
when acetonitrile was added to the H,O—acetone solution.
Several cooxidants were examined, and while the reaction
was successfully carried out using NMO, moderate yield was
obtained using trimethylamine N-oxide, and much lower
yield was observed using hydrogen peroxide or potassium
ferricyanide.

Several examples of PS-MC OsQOy-catalyzed dihydroxy-
lations of olefins in the presence of NMO in
H,O—acetone—acetonitrile are summarized in Table 11.
Cyclic and acyclic exo as well as internal olefins worked
well under these conditions. Moreover, bulky olefins such
as 1-methylcyclohexene and 2-methyl-2-butene also reacted
smoothly in the presence of PS-MC OsO, to afford the
corresponding diols in high yields. The polymer catalyst was
recovered quantitatively by simple filtration and could be
reused several times without loss of activity (Table 12),
indicating that no OsO, was released from the polymer
catalyst during or after the reaction. This was first confirmed
by the qualitative analysis of OsO, using the iodometry. Since
the titration is very sensitive, the result indicated that no
contamination OsQy in the products occurred. A preliminary
kinetic study on the conversion of the starting olefin was
performed by using OsO4 and PS-MC OsO, in a model
dihydroxylation of cyclohexene using NMO as a cooxidant
(Table 13). It was found that the reaction proceeded slightly
faster using OsO, than using PS-MC OsO, (Figure 2). While
an 81% yield of the diol was obtained using OsO, for 3 h,
a 75% yield was obtained using PS-MC OsO, under the same
reaction conditions.
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Table 11. Dihydroxylation of Olefins Using PS-MC OsO4*

Olefin Product Yield (%)
. “NOH n=2;81
OH R = (CH,)3CH3; 89
A '
R HO\)\R R = (CHy),CHa; 68
OH
O/\ O)\/OH 83

OH

o g -
)\/\ HOQZH/\ 8

OH
/\l)\/ 74
OH

:_OH

SONIN
OH

OH
R

OH

NN

94
J

“ All reactions were carried out using PS-MC OsO; (5 mol %) and
NMO in H,O—acetone—CH;3CN (1/1/1) at room temperature for 6—48
h. 260 °C.

R = CHj; 63
R = (CHy)3CHg; 83°

Table 12. Recovery and Reuse of PS-MC OsO,4

O| PS-MC 0sO; (5 mol %) C[OH
H,O-acetone—CH;CN (1/1/1) OH
run

NMO, rt, 12 h
1 2 3 4 5

yield of product (%) 84 84 83 84 83
recovery of catalyst (%) quant quant quant quant quant

Table 13. Kinetic Study on the Conversion of the Starting

Olefin
O| 0s0, or PS-MC 0s0; (5 mol %) CEOH
H,O-acetone—-CH;CN (1/1/1) OH
NMO, 1t
time (min)
1 10 30 60 180
yield (0sO,) 11 79 78 78 81
yield (PS-MC 0sO,) 731 55 75

PS-MC OsO, was successfully applied to several total
syntheses.?! For example, in analogue syntheses and assess-
ment of biological potency of callystatin A, oxidative
cleavage of the olefin (1) using PS-MC OsO, followed by
NalO, treatment afforded hydroxyaldehyde 2 in 95% yield
(Scheme 15).22

In the synthesis of 2-acetoxypiperidines, the ene-carbamate
(3) was oxidized to give N-benzyloxycarbonyl-2,3-dihydrox-
ypiperidine (4) using OsO42'® In this dihydroxylation
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Figure 2. Kinetic study on dihydroxylation of cyclohexene.

Scheme 15. Oxidative Cleavage of Olefin (1)*
X i, i Ox
OH OTBS OH OTBS
1 2

“ Reagents and conditions: (i) PS-MC OsOy (5 mol %), NMO (5.0 equiv),
H,O—acetone—CH;CN (1/1/1), rt, 7 d; (ii) NalO4 (5.0 equiv), Et,tO—H,O
(1/1), rt, 1.5 h (2 steps 95%).

Table 14. Dihydroxylation of Ene-carbamate (3)

(\/“ conditions qOH
N

\ N"oH
Cbz Cbz
3 4
conditions yield (%) cis/trans®
PS-MC OsOy (5 mol %), NMO, 79 100/0
H,0O—acetone—CH;CN (1/1/1)
K,0s504+2H,0 (1.7 mol %), K3Fe(CN)g, 73 80/20

K,CO;, tBuOH—H,0 (1/1)
@ Determined by 'H NMR.

procedure, PS-MC OsOy led to cis-diol without epimerization
at the 2-position, whereas epimerization occurred when
K,0s0,4:2H,0 was used (Table 14).

In addition, PS-MC OsO, was used for deprotection of
an allyl ether (Scheme 16).21¢ Deallylation of glycoside (5)
using PdCl, did not give furanodictine A but oxazoline as a
major product. On the other hand, treatment of 5 with
Wilkinson’s catalyst in 10% aqueous ethanol followed by
oxidative cleavage of I-propenyl glycoside with PS-MC
0s0; allowed completion of the synthesis of furanodictine
A.

Furthermore, PS-MC OsO4 was used in the first total
synthesis of (&)-linderol A (Scheme 17).2!¢ After Wittig
olefination of the ketone with methylenetriphenylphosphine,
dihydroxylation using a catalytic amount of PS-MC OsO,
in the presence of NMO afforded the corresponding diol as
a single isomer in quantitative yield.

New ceramide trafficking inhibitors, (1R,3R)-N-(3-hy-
droxy-1-hydroxymethyl-3-phenylpropyl)dodecanamide (HPA-
12) and a series of its analogues, were synthesized in
diastereomerically and enantiomerically pure forms, and the
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Scheme 16. Deprotection of Allyl Ether”

) ’
Roz%b..\o — . ROZ—HKE:O[/

0”4 “NHAc 0”4 “NHAc
R= COCHch(CH3)2 .
5 1]
R H
R O ,~OH
O 4 "NHAc

Furanodictine A
“Reagents and conditions: (i) RhCI(PPhs3); (20 mol %), DABCO (20
mol %), EtOH—H,0 (9/1), reflux, 2 h; (ii) PS-MC OsOy (5 mol %), NMO
(1.3 equiv), HO—acetone—CH;CN (1/1/1), rt, 9 h (2 steps 56%).

Scheme 17. The First Total Synthesis of (£)-Linderol A
OMe H OMe H
PS-MC OsO,
NMO, rt
MeO o’} (quanty MeO oI,
f po

H :
OMe

CHO

MeO OH

(z)-Linderol A

Scheme 18. Synthesis of 2-Hydroxy Analogues of HPA-12*

o)
/\/\/\/\/\)J\NH OH
HO_ _~
Ph
HPA-12
HN’BOC Boc. Boc.
N i NH OH NH OH
HO H - + H -
\/j| © ~"Ph O\/\‘/\Ph
Ph OH OH
6 A B
..... Cy4Has” "NH OH CyiHps” NH OH
1, 1 < < =
H : + H : :
O\/\;/Lph o\/Y\Ph
OH OH
(1S,2R,3S)-7 (18,28,3R)-7

“ Reagents and conditions: (i) PS-MC OsOy (5 mol %), NMO (1.4 equiv),
H,0—acetone—CH;CN (1/1/1), rt, 36 h (92%, A/B = 68/32); (ii) HCI,
MeOH, reflux; (iii) C;;H,3CO,CeHy(p-NO»), EtN, rt (2 steps 74% from A,
70% from B).

structure—activity relationship was investigated.?'® In this
work, dihydroxylation of olefin 6 was carried out using PS-
MC OsOyq to give triols, A and B, in good yields. These
diastereomers were separated by chromatography on silica
gel, and then they were converted to the desired (15,2R,35)-
and (15,25,3R)-7 in the same manner (Scheme 18).

Moreover, PS-MC OsO, was used in the structure deter-
mination of a novel long chain polyacetylene, lembehyne A
(Figure 3), which was isolated from an Indonesian marine
sponge of Haliclona sp.?
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(CHz)13CH3

Figure 3. Structure of lembehyne A.

2.3.2. Poly(acrylonitrile-co-butadiene-co-styrene)-
Based MC 0sO, [ABS-MC 0sO,]

Osmium-catalyzed asymmetric dihydroxylation of olefins
provides one of the most efficient methods for the preparation
of chiral diols. Although high yields and stereoselectivities
have been attained in many substrates, the high cost of
osmium and ligands, as well as the high toxicity of osmium
catalysts, which may contaminate products, have obstructed
its use in industry. Soluble and insoluble polymer-supported
ligands have been developed by several groups,”** but
complete recovery and reuse of the osmium have not yet
been accomplished.” Microencapsulated osmium tetroxide,
which first achieved complete recovery and reuse of the
osmium component in achiral oxidations, was then applied
to asymmetric catalysis after many trials; however, the yields
and selectivities as well as recovery of the catalyst were not
satisfactory.

Several polymer supports and preparative conditions were
examined, and finally the desired osmium catalyst for the
catalytic asymmetric dihydroxylation of olefins was prepared
using an acrylonitrile—butadiene—styrene (ABS) copolymer
and tetrahydrofuran according to a general procedure.?

ABS-based microencapsulated OsO4 (ABS-MC OsO,) was
first tested in achiral dihydroxylation of olefins. In the
presence of ABS-MC OsOy (5 mol %), styrene was treated
with  N-methylmorpholine  N-oxide  (NMO) in
H,0—acetone—acetonitrile (1/1/1). Although styrene was not
a good substrate in the dihydroxylation using PS-MC OsO,
because styrene dissolved PS-MC OsOy,, the desired product,
1-phenyl-1,2-ethanediol, was obtained in 93% yield using
ABS-MC 0Os0,. The catalyst was recovered quantitatively,
and the recovered catalyst was used in the second, third, and
fourth runs, and no significant loss of activity was observed
(93%, 90%, 87%, and 89% yields, respectively, and ABS-
MC 0Os0O, was recovered quantitatively in all cases). Several
other olefins were then examined, and the results are
summarized in Table 15. Various olefins including cyclic
and acyclic, terminal, and mono-, di-, tri-, and tetra-
substituted olefins worked well to give the corresponding
diols in high yields.

Encouraged by these promising results, asymmetric dihy-
droxylation of olefins was then performed according to the
Sharpless procedure.?’ trans-Methylstyrene was chosen as a
model, and several reaction conditions were examined. When
1,4-bis(9-O-dihydroquinidinyl)phthalazine [(DHQD),PHAL,
Figure 4] was used as a chiral source and trans-methylstyrene
was slowly added over 24 h to the mixture of ABS-MC
0s04, (DHQD),PHAL (5 mol % each), and NMO, the
desired diol was obtained in 88% yield with 84% ee. The
osmium catalyst was recovered quantitatively by simple
filtration, and the chiral ligand was also recovered by simple
acid/base extraction (>95% recovery). The recovered catalyst
and the chiral source were reused several times, and no
significant loss activity was observed even after the fifth use
(Table 16). Higher enantioselectivities were obtained in the
second, third, fourth, and fifth runs compared with the first
run. A clear explanation for these results was not made, but
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Table 15. Achiral Dihydroxylation of Olefins Using ABS-MC
OSO4“

Olefin Product Yield (%)
OH
PR OH 94
Ph
OH
PR NN

ph/\/K/OH 82

OH
Ph/& Ph></ ont et
OH
Ph X Ph 95
OH
Ph

< ,OH
87
L,
OH
Ph>$<OH 83b

O/\ O/K/OH 74
N e
OH 82
CsHqq CsHyi

OH

C4H
CaHg 740 C4Hg)\|/C4H9 77
OH
“ All reactions were carried out using ABS-MC OsOy4 (5 mol %)

and NMO in H,O—acetone—CH;CN (1/1/1) at room temperature for
12 h. ®Carried out at 60 °C.

Figure 4. (DHQD),PHAL.

Table 16. Reuse of ABS-MC 0sO,
ABS-MC 0sO, (5 mol %)

/ (DHQD),PHAL (5 mol %) HO: f
Ph/_ H,O-acetone—-CH5CN (1/1/1)  PH  OH
NMO, rt, slow addition (24 h)
run yield (%) ee (%) recovery
1 88 84 quant
2 75 95 quant
3 97 94 quant
4 81 96 quant
5 88 95 quant

“Recovery of ABS-MC OsOy; recovery of (DHQD),PHAL was
>95%.

the following control experiment and the standard Sharpless
conditions, which require an excess of a chiral ligand to
osmium, may suggest a solution. The control experiment was

Akiyama and Kobayashi

Table 17. Asymmetric Dihydroxylation Using ABS-MC OsO,

Olefin ABS-MC OsO,  Chiral Ligand Yield ee

/mol % /mol % 1% 1%

5 10 75 91

Ph X 25 5 90 92
1 2 97 867

/J\ 5 5 98 78
Ph

Ph
q 5 5 64 86
/K 5 5 0 60
CsHy4

Catg > Cato 25 5 85 63

Ph/Y 5 5 36 85

“ A 20 mmol scale experiment was performed.

Table 18. Study of Several Polymers
MC OsO4 (5 mol %)
(DHQD),PHAL (5 mol %) HO, OH

PH H,O—tBUOH (1/1) PH
KsFe(CN)g, Ko,CO5, 30°C, 5 h

yield (%) [ee (%), recovery (%)]

entry MC OsOq4 first second third
1 ABS 81 [94, 88] 8394, 74] 84193, 74]
2 PS? 4[—,97]
3 AS© 5([-,99]

@ ABS = poly(acrylonitrile-co-butadinene-co-styrene). * PS = poly-
styrene. °AS = poly(acrylonitrile-co-styrene).

oxidation of trans-methylstyrene, frans-methylstyrene was
slowly added over 24 h to a mixture of fresh ABS-MC OsO,
(5 mol %), (DHQD,)PHAL (10 mol %), and NMO, and the
desired diol was obtained in 91% ee.

This system was applied to other olefins, and the results
are summarized in Table 17. In most cases, the desired diols
were obtained in high yields with high enantiomeric excesses.
The yield and selectivities obtained are comparable to those
obtained using OsO,.

The asymmetric reaction was conducted in a 100 mmol
scale experiment. To a mixture of ABS-MC OsO; (1.0 mmol,
1.0 mol %), (DHQD),PHAL (2.0 mmol, 2.0 mol %), and
NMO (130 mmol) was slowly added trans-methylstyrene
(100 mmol) over 24 h. The desired diol was obtained in 91%
yield with 89% ee, and >95% of ABS-MC OsO, and the
chiral ligand was recovered.

2.3.3. Poly(4-phenoxyethoxymethylstyrene-co-
styrene)-Based MC OsO, [PEM-MC 0sQ,]

ABS-MC OsOy has achieved catalytic asymmetric dihy-
droxylation with complete recovery and reuse of the catalyst
without loss of activity. However, this reaction required a
slow addition of olefins and hence incured some problems
such as a relatively tedious procedure and difficulty using
insoluble substances. ABS-MC OsO,4 was applied to the
asymmetric dihydroxylation under Sharpless conditions: that
is, two-phase conditions with potassium hexacyanoferrate
[K3Fe(CN)g] as a cooxidant (Table 18). In the presence of
ABS-MC 0OsO, and (DHQD),PHAL (5 mol % each), styrene
was treated with K;Fe(CN)q (2.0 equiv) and potassium
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Figure 5. 'H swollen-resin magic angle spinning (SR-MAS) NMR
spectra of (a) ABS polymer and (b) ABS-MC OsO, (CDCl;). Blue

@ indicates the butadiene moiety.
/\/OR

O
8: R = Ph (PEM-polystyrene)

Scheme 19. Synthesis of PEM-MC OsOj4

NaO/\/OR
THF, 80 °C, 12 h
quant

9: R =Me
OsO, ;
PEM-polystyrene (8) 4 coacervation
1.000 g cyclohexane 200 mg
' 60°C
I Microencapsulated OsO,
MeOH 1) filtration = PEM-MC 0sO,
2) wash (MeOH) 119
3) drying 199

carbonate (2.0 equiv) in H,O—BuOH (1/1) for 5 h, and the
desired diol was obtained in 84% yield with 84% ee. The
recovered catalyst was reused three times, and no loss of
activity was observed (entry 1). However, it was revealed
that a small amount of OsO,4 was leached from the support.

"H NMR spectra of ABS-MC OsQy, using a swollen-resin
magic angle spinning (SR-MAS) NMR technique?® revealed
that the olefin moiety of the ABS polymer derived from the
butadiene monomer was oxidized by osmium tetroxide,
presumably during the microcapsule formation (Figure 5).
Other polymer supports such as polystyrene (PS) and
poly(acrylonitrile-co-styrene) (AS) were examined; however,
these polymers were not effective under the reaction condi-
tions. The diol moiety of the polymer support was assumed
to be very effective in two-phase dihydroxylation, probably
due to the hydrophilic property of the cooxidant. However,
leaching of OsOy occurred in ABS-MC OsO,, because this
polymer was too hydrophilic and a part of the polymer was
dissolved in the HO—rBuOH solution. On the other hand,
PS and AS are lipophilic and were difficult to react with the
cooxidant.

Based on these experiments and considerations, a new
polymer, phenoxyethoxymethyl-polystyrene (PEM-polysty-
rene, 8), was designed as shown in Scheme 19.2%3° This
polymer was readily synthesized from chloromethyl-
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Table 19. Effect of Linkers and Solvents
PEM-MC OsO, (5 mol %)
(DHQD),PHAL (5 mol %) HO: OH

Ph solvent PH
K3F€(CN)6, K2CO3, 30 OC, 5h

yield (%) (ee (%), recovery (%))

entry  solvent” first second third
1 A 77 (94, 94) 37 (80, 86) NR (—, 84)
2b A 93 (93, 93) 34 (90, 90) 3(—,83)
3 B 65 (92, 86) 4(—, 82)
4 C 80 (80, 74) trace (—, 61)
5 D 35 (77, quant) 56 (79, quant) 53 (79, quant)
6 D 44 (76, quant) 49 (78, 94) 60 (78, 90)
7¢ D 85 (78, quant) 66 (78, quant) 84 (78, quant)

“Solvent A, H,O—rBuOH (1/1); solvent B, H,O—iPrOH (1/1);
solvent C, H,O—THF (1/1); solvent D, HO—acetone (1/1). ? Polymer
9 was used instead of 8 (see Scheme 19). ¢ Cooxidant (2.0 equiv) and
base (2.0 equiv) were added at first, and then added again after 3 h.

polystyrene by etherification, and PEM-based microencap-
sulated OsO, was prepared according to a standard procedure.

PEM-MC OsO, thus prepared was first tested in asym-
metric oxidation of styrene using (DHQD),PHAL in
H,0O—alcohol solutions (Table 19, entries 1—3). Although
the desired products were obtained in good yields in the first
run, activity of the catalyst decreased significantly in the
second and third runs. In H,O—THF, the results were similar
to those in H,O—alcohol (entry 4). On the other hand, in
H,0—acetone, moderate chemical yields, good enantiomeric
excesses, and high recovery of the catalyst were obtained
(entry 5). Use of polymer 9 instead of 8 was not effective.
It seemed that the phenylether moiety of 8 was required for
good recovery. It is noted that the osmium catalyst was
recovered quantitatively by simple filtration and that no
leaching of the osmium from polymer support occurred.

In order to increase the chemical yields, separate addition
of the cooxidant and the base was tried, because it was
observed that the desired reaction stopped halfway (Table
12). When K;Fe(CN)g (2.0 equiv) and potassium carbonate
(2.0 equiv) were added at first, and they were added again
after three hours, the best result was obtained (entry 7).

This system was applied to other olefins, and the results
are summarized in Table 20. In most cases, the desired diols
were obtained in good yields with high enantiomeric
excesses. A wide variety of olefins were applicable in this
system, catalyst was recovered quantitatively by simple
filtration without significant loss of activity, and no leaching
of the osmium occurred.

Organic reactions in water without the use of any harmful
organic solvents are now of great interest in organic
synthesis, because water is a safe, economical, and environ-
mentally benign solvent.>! Recently, several surfactant-type
Lewis or Brgnsted acids were developed and used as catalysts
for carbon—carbon bond-forming reactions (the Mukaiyama
aldol reaction,* the Mannich-type reaction,* etc.**) in water.
In these reactions, hydrophobic emulsion particles or droplets,
which are essential for efficient catalysis, are formed in the
presence of small amounts of catalysts and hydrophobic
substrates.

In the PEM-MC OsQy-catalyzed reactions, it was assumed
that the reaction proceeded on the surface area of PEM-MC
050, and that the hydrophilic part of the PEM polymer acted
as a surfactant. It would be possible to conduct the reactions
in water without using any organic cosolvents.*> Dihydroxy-
lations of styrene were carried out in water using PEM-MC



604 Chemical Reviews, 2009, Vol. 109, No. 2

Table 20. Asymmetric Dihydroxylation of Olefins Using
PEM-MC OsOy4
PEM-MC OsO, (5 mol %)
R! R® (DHQD),PHAL (5 mol %) & R

R2 R* H,O-acetone (1/1) KsFe(CN)s  pg OH
KsFe(CN)g, Ko,CO3, 30°C  K,COs, 30°C
Entry Olefin Time (h) Yield (%) ee (%)
1 Ph/__ 342 85(80)7 78 (-82)
2 —/ 3+2 86 94
=
PH
3 >: 342 85 76
PH
4 /@ 5+4 85 95
Ph
5 e 3+2 41 91
—
CqHg
6b _/Ph 3+242+2¢ 66 >99
+24+2+
=
PH
7 e COE 34 51 >99

“(DHQ),PHAL (5 mol %) was used instead of (DHQD),PHAL.
® Methanesulfonamide (1.0 equiv) was added. ¢ One equivalent each of
K3Fe(CN)g and K,CO; was added four times.

Table 21. Effect of Several Types of Surfactants
PEM-MC OsOy, (5 mol %)
(DHQD),PHAL (5 mol %) OH
PR OH
surfactant (10 mol %), H,O Ph
KsFe(CN)g, KoCO3, 30 °C, 24 h

entry surfactant yield (%) ee (%) leaching (%)*
1 10 82 68 26.4

2 Span 20 77 54 8.0

3 Tween 20 quant 77 3.5

4 Triton WR-1339¢ 91 76 2.7

5 Triton CF-10¢ 84 76 7.4

6 Triton X-100 84 75 53

7 Triton X-405 68 75 1.6

80,86%, 83 74,734,73 18, 1.6¢, 1.5
86, 82,83 74,7675 nd¢, nd*, nd/
76,74°,76/  74,74°,70' nd, nd, nd’

8’ Triton X-405
obc Triton X-405
10°¢  Triton X-405¢

@ Surfactant (2 mg/mL) was used. ® The ligand was directry added.
¢The reaction mixture was neutralized by aqueoous H,SO4 (2 N) to
quench the reaction.  Triton X-405 (3 mol %) was used. ¢ Second run.
Third run. 9nd = not detected.

0504 (5 mol %), 4-methylmorpholine (NMM, 5 mol %) or
(DHQD),PHAL (5 mol %), K;Fe(CN)g, and K,CO; (3.0
equiv). In the NMM case, when the reaction time was 6 h,
the corresponding diol was obtained in low yield (45%),
which could be improved by prolonging the reaction time
from 6 to 24 h (65%). On the other hand, when
(DHQD),PHAL was used as a ligand, lower enantiomeric
excess was observed even when the osmium—ligand complex
was preprepared.

To improve the chemical yields and enantiomeric excesses
further, several kinds of additives were tested. As a result,
when a zwitterionic-type surfactant was added, the chemical
yield and enantioselectivity were improved dramatically
(Table 21, entry 1; see Figure 6 for structures of surfactants).
However, significant leaching of the osmium component was
observed by fluorescent X-ray analysis, presumably because
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Figure 6. Structures of surfactants.

the ammonium part of the surfactant strongly coordinated
to the osmium. Based on this consideration, nonionic
surfactants were examined. It was found that surfactants
containing poly(ethylene glycol) parts were more effective
and that Triton X-405 suppressed the leaching of the osmium
component effectively (entry 7). At this stage, it was also
observed that prepreparation of the osmium—ligand complex
was not required to improve the chemical yield and enan-
tiomeric excess. The ligand was then directly added to the
reaction mixture. The desired product was obtained in better
yield, and no deactivation of the catalyst was observed even
after the third use (entry 8). To suppress Os leaching
completely, the reaction mixture was neutralized with
aqueous H,SOy4 to convert the osmium species from osmat-
e(VIID) to osmium(VIII) entirely. As a result, no osmium
leaching occurred, and high yields and enantioselectivity
were retained during the reuse of the catalyst (entry 9). It
was also found that the reaction proceeded smoothly even
using only 3 mol % Triton X-405 (entry 10).

This system was applied to other olefins, and the results
are summarized in Table 22. In most cases, the desired
products were obtained in good yields using water as the
sole solvent. It should be noted that the reaction system did
not require the addition of excess amounts of the cooxidant
and the base separately and that the catalyst was separated
from the reaction mixture easily by simple filtration without
leaching of the osmium component.

2.3.4. Cross-Linked Polystyrene-Based Osmium Catalyst
[PSresin-MC Os]

A novel microencapsulated osmium catalyst using cross-
linked polystyrene was developed.’® The concept of this
method may go beyond that of microencapsulation, because
polymers are usually dissolved in appropriate solvents
according to a standard microencapsulation technique (Scheme
20). The catalyst was successfully used in asymmetric
dihydroxylation in water (Scheme 21) and was recovered
quantitatively by simple filtration and reused several times
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Table 22. Asymmetric Dihydroxylation of Olefins Using Water
As a Solvent
PEM-MC OsOy (5 mol %)?

R! RS (DHQD),PHAL (5 mol %) R?J, _>R3R4
R2 R4 Triton® X-405 (3 mol %), H,0 HO  OH
K3Fe(CN)g, K,CO3, 30 °C, 24 h
Entry Olefin Yield (%) ee (%)°
1 PR 76 74

N
2 /©/\ 68 89
MeO
3¢ /& 85 80
Ph

4 PR 76 92
5 PO~ 79 55
6 PR YN 76 669

“Leaching of the osmium component was not observed in each
reaction. °Enantiomeric excesses were determined by chiral HPLC
analysis. ° Triton X-405 (5 mol %) was used. ? The ee value obtained
from 'H NMR analysis of the di-MTPA ester of the corresponding
1,2-diol.

Scheme 20. Preparation of the Polystyrene-Resin
Microencapsulated Osmium Catalyst

0Os0O, (200 mg) MeOH
THF, 65 °C, 24 h  pseudocoacervation

Polystyrene-resin

xly = 99/1 i

(50-200 mesh) y 1) filtration ?;ﬁ:&?éﬁﬁ:ed

1.00g 2) washing (MeOH)  pgesin-MC Os]
3) drying 1179

Scheme 21. Asymmetric Dihydroxylation of Olefin Using
PSresin-MC Os

PSresin-MC Os (5 mol %)
/@ (DHQD),PHAL (5 mol %) Phl'/’Q
HO
Ph gy 0
Triton®™ X-405 (10 mol %) OH

KsFe(CN)g, Ko,CO3, 30°C, 24h  86% yield (94% ee)
without loss of activity. The shape of the catalyst was
maintained even after several uses. Moreover, no leaching
of the Os component was detected.

2.3.5. Polysulfone-Based Microencapsulated Osumium
Tetroxide [Polysulfone-MC OsO,]

Another recoverable and reusable microencapsulated os-
mium tetroxide catalyst derived from polysulfone was
reported (Figure 7).%’

This catalyst could be used in asymmetric dihydroxylation
of olefins without the need of slow addition of the olefin in
high yields with excellent enantio- and diastereoselectivities
(Table 23). After completion of the reaction, the catalyst
could be recovered by simple filtration.

e 2
GO
Me (6]

Figure 7. Polysulfone.
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Table 23. Asymmetric Dihydroxylation of Olefins Using
Polysulfone-MC OsO4
polysulfone-MC OsO,

R1>2< R3 (DHQD),PHAL (5 mol %) BB,
R2 R* HQO—acetonin—c()D’H[?CN (171/1) HO OH
Olefin Time (min)  Yield (%)?  ee (%)’
ph PN 30 94 96
Lﬁ (R=Bn) 25 92 99
0
RO "'o)< (R=Bz) 25 90 99
pp Xy~ COE 25 86 92
SN 25 89 90

@ 30 92 89

“@Isolated yield after column chromatography. ® Enantiomeric ex-
cesses were determined by chiral HPLC analysis.

Table 24. Reuse of MC VO(acac), in the Epoxidation of
Geraniol and Determination of Metal Leaching

MC VO(acac), (3.6 mol %) 0
OH TBHP (1.3 equiv) OH

hexane, rt, 2.5 h

run yield of epoxide (%) metal leaching
1 93 0.097%
2 84 550 ppm
3 83 275 ppm
4 81 118 ppm
5¢ 5

“Using 0.1 mol % of VO(acac), in the place of MC VO(acac),

2.4. Microencapsulated VO(acac), [MC VO(acac),]

Microencapsulated VO(acac), [MC VO(acac),] was pre-
pared using a standard protocol.*® The MC VO(acac), can
be stored in air at room temperature for several months
without loss of activity. To test the MC VO(acac), as a
catalyst for epoxidation reactions, the fert-butyl hydroper-
oxide (TBHP) mediated epoxidation of geraniol was inves-
tigated (Table 24). It was found that acetonitrile, toluene,
and diethyl ether led to low yields of the product and
pronounced metal leaching. However, somewhat surprisingly,
at room temperature a 93% yield of the product was obtained
in hexane. The aliphatic hydrocarbons are not effective as
solvents for oxidation reactions catalyzed by the original
VO(acac),. Furthermore, it is noteworthy that these results
are obtained at room temperature, while elevated temperature
is often used in the case of epoxidation using VO(acac), or
other supported oxyvanadium complexes in other solvents
such as benzene. Therefore, the activity of VO(acac), is
totally changed by encapsulation. Being able to perform the
reaction in hexane has significant advantages over the use
of benzene or chlorocarbons in terms of ease of use,
environmental impact, and toxicity. The MC VO(acac), was
reusable without significant loss of activity after the fourth
use. The leaching of the metal in each run was determined
by ICP analysis and found to decrease from 0.097% in the
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Table 25. MC VO(acac),/TBHP Epoxidation of Allylic Alcohols

R OH MC VO(acac), (3.6 mol %) R _OH
TBHP (1.3 equiv) (0]
1 3 1 3
R R hexane, rt R R
R2 R?
Allylic Alcohol Time (h)  Yield of Epoxide (%)  dr®

OH
W 25 93
OH
\K\/ 5 90
Ph \)\/OH 8 87

OH

15 96

o SNA~-OH 5 84

/" Loy 5 55

OH
13 81 >98/<2b
OH
14 57 60/40°
N
OH

22 70 72/25¢

=
@ Determined by 'H NMR. ° The cis/trans ratio. ° The erythro/threo
ratio.

first run down to 118 ppm in the fourth run. To evaluate the
contribution derived from small quantities of VO(acac),
released during the reactions, the epoxidation of geraniol was
conducted under the same reaction conditions using 0.1 mol
% of VO(acac), in place of MC VO(acac),. After the same
reaction time, the epoxide was formed in only 5% yield. This
proves that the high catalytic activity came from MC
VO(acac),.

This system was applied to other olefins, and the results
are summarized in Table 25. The reactivity was dependent
on the nucleophilic character of the double bonds and steric
factors.

2.5. Microencapsulated Methylrhenium Trioxide
[MC MTO]

Novel heterogeneous methylrhenium trioxide (MTO) was
prepared using poly(4-vinylpyridine) (PVP), poly(4-vinylpy-
ridine-N-oxide) (PVPN), and polystyrene (PS) as polymeric
supports.* These catalysts can be used for epoxidation of
olefins using H,O, as an oxygen atom donor (Scheme 22).3%-
Furthermore, the catalyst activity was maintained for at least
five recycling experiments.

These catalysts were applied to the selective oxidation of
phenol and anisole derivatives to quinines.*®¢ In this
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Scheme 22. Microencapusurated MTO Catalyzed
Epoxidation of Olefins

PVP/MTO or PS/MTO catalysts
o + OH
CH,Cl, or CH,Cl,/CH3N HO

H,0, or UHP, 25 °C

Table 26. Stability of Poly(4-vinylpyridine)/MTO Catalyst*

OH o)
Bu Catalyst s
CysHat H,0,, EtOH, 45 °C CysHat
o)
conversion (%)"
catalyst run 1 run 2 run 3 run 4 run 5

PVP-25%/MTO  75(98) 76 (93) 71(97) 75(96) 76 (97)
PVPN-2%/MTO 62 (96) 65(91) 63(93) 60(98) 61 (96)

“Unless otherwise specified, all the reactions were performed in
ethanol (5 mL) at 45 °C with H,O, (35% aqueous solution) using a
catalyst loading factor of 1.0. ® Values of the benzoquinone yields are
given in parentheses and are normalized to 100% of conversion.

Scheme 23. Oxidation of Triphenylmethane

H MC MTO o}
PhAT:Eh H,0,, solvent Ph)J\ Ph
Scheme 24. Oxidation of Secondary Alcohols”
OH MC MTO o

Ph” "R H,0,, solvent Ph)J\R

“R = Ph or Me.

Scheme 25. Oxidation of Adamantane

MC MTO
H OH

H,0,, solvent

oxidation, PVP/MTO and PVPN/MTO catalysts were stable
enough to perform at least five recycling experiments with
similar conversions and selectivities (Table 26).

Microencapsulated MTO was also shown to act as an
efficient and selective catalyst for oxy-functionalization of
C—H bonds in representative hydrocarbon derivatives (lead-
ing to the corresponding alcohols or ketones) using H,O, as
an oxidant (Schemes 23—25).%%

2.6. Microencapsulated Cu(acac), [MC Cu(acac),]

MC Cu(acac), was successfully prepared from Cu(acac),
and polystyrene and used in the aziridination of olefins.*%
Aziridination of styrene was conducted using different nitrene
donors such as chloramines-T, bromamine-T and PhI=NTs,
and the leaching of the metal in these nitrene donors was
determined by atomic absorption spectrometry (Table 27).
The results confirmed that PhI=NTs was the best nitrene
donor for MC Cu(acac),.

A variety of alkenes were examined for this MC Cu(acac),-
catalyzed aziridination using PAN=NTs. As shown in Table
28, the desired aziridines were obtained in good yields using
both aromatic and aliphatic olefins.

In order to confirm that this process was truly heteroge-
neous, the catalyst was removed after the reaction by
filtration, fresh aliquots of reactants were added to the filtrate,
and no product formation was observed. Furthermore, the
recovered catalyst could be reused for several cycles with
consistent activity (Table 29).
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Table 27. Aziridination of Styrene Using Various Nitrene
Donors
MC Cu(acac), (5.6 mol %)
nitorene donor (1 equiv)

N-Ts
PR CH4CN, 25 °C Ph
(5 equiv)
nitrene donor time (h) yield (%)" Cu leaching (wt %)
PhI=NTs 1 92 0.025
chloramine-T 6 36 16.56
bromamine-T 6 45 10.28

“Isolated yield.

Table 28. MC Cu(acac),-Catalyzed Aziridination of Alkenes”

Alkene Time (h) Yield (%)?
PR X 1 92, 90°
859 95¢
A (R'=Me) 1 85
R (R'=0Ac) 15 76
1 82
Ph
2= 80
R2 (R*=Me) 2
Ph N (R2=Ph) 25 74

2 88

P,
R? (R3=H) 2 52
(R3=Ph) 15 70

NN 3 45

“Unless otherwise specified, reaction conditions were CH;CN, 25
°C, alkene/PhI=NTs = 5:1. “Isolated yield of aziridine based on
PhI=NTs. ° With used catalyst. ¢ Styrene/PhI=NTs = 1:1 molar ratio.
¢ With 10 mol % of Cu(acac),.

These catalysts were also applied to sulfimidation of
sulfides using PhI=NTs as a nitrene donor (Table 30).4%

While complete conversion was observed in the reaction
using the recovered catalyst, there was absolutely no conver-
sion in the reaction using the filtrate. After the reaction, the
filtrate was analyzed for leaching of copper metal using
atomic absorption spectrometer. The result indicated leaching
of 0.49% of Cu in MC Cu(acac), during the reaction.
Furthermore, the recovered catalyst was reused several times
with consistent activity.

Asymmetric sulfimidation using 4,4’-disubstituted bis(ox-

azolines) 11a and 11b as chiral ligands was also examined
(Table 31).

11b: R=Ph

OMO
S/N N\) 11a:R = tBu
R R

2.7. Microencapsulated Palladium [MC Pd]

While palladium catalysts find widespread utility in a
variety of transformations in organic synthesis,*! these are
expensive and air-sensitive and cannot be recovered in many
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Table 29. Recovery and Reuse of MC Cu(acac),
MC Cu(acac), (5.6 mol %)
PhI=NTs (1 equiv)

N-Ts
Ph CHiCN,25°C, 1h  pp N
(5 equiv)
cycle no. 1 2 3 4 5
isolated yield (%) 92 92 92 90 90

Table 30. MC Cu(acac),-Catalyzed Sulfimidation of Sulfides
MC Cu(acac), (5.6 mol %)  _
S PhI=NTs (1 equiv) NHTs

R'RZ - "CH,CN (3mL), 25°C, time R1"S“Re
1 mmol
Sulfide Time (h) Yield (%)?
s R=H 1 86, 85°
/©/ “Me Br 2 75
cl 3 78
R Me 1 88

0 S

Me S Ve 0.33 92

“Isolated yield of aziridine based on PhI=NTs. ® With used catalyst.

Table 31. Asymmetic Sulfimidation of Sulfides Using MC
Cu(acac),

MC Cu(acac), (4—6 mol %) _
chiral ligand (9-11 mol %) NHTs
+

.S, S
R™""Me  PhI=NTs (1 equiv), CHsCN 3 mL), it R"““Me
0.5 mmol

) A Ratio of Isolated
Sulfide tigand igandicu  Vield (%) €€ (%)’
11a 2 84 12
S\Me  11b 2 86 23
2 86> 20b
Me 1 85 18

Siye b 2 84 9
1 84 5
s.
/©/ Me  41p 2 72 5
Br

“Values were determined by chiral HPLC analysis. ® With a reused
catalyst.

cases. Immobilized palladium catalysts have been expected
to solve these problems, and several polymer-supported
palladium catalysts have been developed for allylic substi-
tution,*>*37 ¢t oligomerization,*?*** decarboxylation,**
hydrogenation,*"* isomerization,* telomerization,*” Suzuki
coupling, 4 the Mizoroki—Heck reaction,&43¢4 e(c, In
these cases, however, recovery and reuse of the polymer
catalysts have not necessarily been satisfactory. Palladium
catalyst was successfully immobilized onto a polymer using
the microencapsulation technique.>

Preparation of the microencapsulated palladium (MC Pd)
was performed according to a standard procedure. First,
polystyrene (1.000 g) was dissolved in cyclohexane (20 mL)
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Table 32. Effect of the Amounts of Triphenylphosphine
MC Pd(PPhy)

COzMe Ph COzMe
_~_OCOMe +ph— _ PPy
CO,Me CHZCN, 1t 12 h CO,Me
12 13
MC Pd(PPhs) PPh, yield (%) (recovery (%))
(mol %) (mol %) first second third
5 0 0
5 5 97 (quant) 75 (quant) 57 (quant)
20 0 0
20 10 94 (quant) 61 (99) 30 (99)
20 20 83 (quant) 90 (quant) 84 (quant)”
20 40 92 (quant) 81 (99) 77 (quant)
20 60 69 (95) 58 (98) 65 (99)

“Fourth, 94 (quant); fifth, 83 (quant).

at 40 °C, and tetrakis(triphenylphosphine)palladium(0) [Pd-
(PPh3)4, 0.200 g] was added to this solution as a core.
Pd(PPh;), was dissolved completely. The mixture was stirred
for 1 h at this temperature. The color of the mixture changed
from brown to black at this stage. The mixture was slowly
cooled to 0 °C, and coacervates (phase separation) were
found to envelop the core dispersed in the medium, and
hexane (30 mL) was added to harden the capsule walls. The
mixture was left to stand at room temperature for 12 h, and
the catalyst capsules were then washed with acetonitrile
several times and dried at room temperature for 24 h. From
the washings, it was found that 3 equiv of triphenylphosphine
(PPh;) was recovered and 1 equiv of PPh; remained in the
catalyst capsules. >'P SR-MAS NMR spectra of the catalyst
capsules showed only one peak of PPh; coordinating to the
palladium. From these results, it was assumed that the
catalyst was encapsulated as Pd(PPh;) [microencapsulated
Pd(PPhs)].

Microencapsulated Pd(PPh;) [MC Pd(PPhs3)] thus prepared
was first used in the allylation reaction of allyl methyl
carbonate (12) with dimethyl phenylmalonate (13). When
12 was combined with 13 in the presence of 20 mol % MC
Pd(PPh;3), the reaction did not proceed at all. However, it
was found that the reaction proceeded smoothly after adding
PPh; (external ligand). The effect of the amounts of PPh;
was examined, and the results are shown in Table 32. The
best results were obtained when 20 mol % of PPhs was used.
It should be noted that the palladium catalyst was recovered
quantitatively and reused and that the high activity of the
catalyst was maintained even after the fifth use.

Several examples of the MC Pd(PPhj)-catalyzed allylation
reactions of C-nucleophiles with allylic carbonates are
summarized in Table 33. Malonates and f3-ketoesters smoothly
reacted under these conditions to afford the corresponding
allylation adducts in high yields. While the reaction of ethyl
acetoacetate with (E)-cinnamyl methyl carbonate (15) gave
a mixture of E/Z stereoisomers (E/Z = 64/36), only E isomers
were obtained in the reactions of 13 with 15 and (Z)-
carbonate 16. The recovery was quantitative in all cases, and
the recovered catalyst could be reused.

MC Pd(PPh;) was successfully used in other reactions.
Allyl acetate reacted with dimethyl phenylmalonate in the
presence of MC Pd(PPh;), PPh;, N,O-bis(trimethylsilyl)ac-
etamide (BSA), and a catalytic amount of potassium acetate
to afford the corresponding adduct in 90% yield (Scheme
26). In addition, Suzuki coupling reactions! of boronic acids
with aryl bromides were found to proceed smoothly in the
presence of MC Pd(PPh;) to afford the corresponding adducts
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Table 33. Allylic Substitution Using MC Pd(PPh;)*

Allylic A Yield
Entry carbgnate Nucleophile Product (%)
Ph CO,Me
1 12 13 X 83
CO,Me
Q Q
0
2 12 }_éij EOQC 86
EtO
o o CO,Et
s )grmoa A w0
0

4 )\/ocozEt 13 69

CO,Me
11
ph CO,Me
5 Ph._~_0COMe 13 Ph._~_X 92b
CO,Me
15
COE
6 15

M Ph M( 79°
OFt I

J/\/OCOZMe CO,Me
7 13 /\/ 640
AcO 16 AcO CO,Me
“ All reactions were carried out using MC Pd(PPhs) (20 mol %) and

PPh; (20 mol %) in CH;CN at room temperature for 12 h. *E/Z =
>099/<1. *E/Z = 64/36.

Scheme 26. Allylic Substitution of Allyl Acetate with 13¢

MC };g(r:?Phy Ph CO,Me
/\/OAC + 13 3
CO,Me
(3.0 equiv)
90% Yield

“ Reagents and conditions: MC Pd(PPhs) (20 mol %), PPhs (20 mol %),
BSA (3.0 equiv), KOAc (0.10 equiv), CH;CN, reflux, 12 h.

Scheme 27. Suzuki Coupling”

B(OH), *+ Br—@— e — Ph
©_ 2 89%

Q D

Orsomn 50

76%

—@e
Tm
@

“ Reagents and conditions: MC Pd(PPh;) (20 mol %), P(o-Tol); (20 mol
%), K5PO, (2.0 equiv), CH3CN, reflux, 6 h.

in high yields (Scheme 27). 2-Bromothiophene also worked
well. In these reactions, the best results were obtained by
using tri-o-tolylphosphine [P(o-Tol);] as an external ligand.
A catalytic asymmetric allylation reaction was also success-
fully carried out using MC Pd(PPh;) and a chiral ligand
(Scheme 28). The reaction of 1,3-diphenyl-2-propen-1-yl
ethyl carbonate (1.0 equiv) with dimethyl malonate (3.0
equiv) was performed in the presence of MC Pd(PPh;) (20
mol %), 2-(o-diphenylphosphinophenyl)-(4R)-isopropylox-
azoline (20 mol %),? BSA (3.0 equiv), and potassium acetate
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Scheme 28. Asymmetric Allylic Substitution®

0
N e,
iPF

MC Pd(PPhy) ~ MeO,C._ CO,Me

OCO,Et CO,Me
+ :
PR Y Ph CO,Me 87%(83%ee) o ~pp

“ Reagents and conditions: MC Pd(PPhs) (20 mol %), chiral ligand (20
mol %), BSA (3.0 equiv), KOAc (0.10 equiv), CH;CN, reflux, 12 h.

Scheme 29. Synthesis of NCPS-PPhs/Pd

A XN
AIBN x y
+
toluene, 85 °C, 20 h

PPh, PPh,
NCPS-PPh,

xly =117

1) Pd(OAc),, THF, 50 °C, 4 h
2) preipitation with hexane

NCPS-PPh; NCPS-PPhy/Pd
3) filtration and washing with MeOH [0.20 mmol/g]
Table 34. Synthesis of Biaryl Compounds
NCPS-PPha/Pd
(0.5 mol %)
Ar'-X + Ar-B(OH), Ar'—Ar2
Cs,COg, iPrOH, 70°C, 1 h
isolated
entry Ar'—X Ar? yield (%)

1 Ph—I Ph— 90

2 Ph—I 4-MCO_C6H4_ 98

3 Ph—I 3,4-(MeO),—Ce¢H;— 86

4 Ph—I 2-Me—CgHs— 83

5 Ph—I 2,6-Me,—C¢Hz— 12

6 4-MeO—CgH,—1 Ph— 88

7 4-MeO—CgH,—1 4-MeO—CeHy— 97

8 4-MeO—CgH,—1 2-Me—C¢Hy— 85

9 4-MeO—CgH,—Br Ph— 74
10 4-MeOC—C¢Hy—1 Ph— 83
11 4-MCOC_C(,H4_I 4-MCO_C6H4_ 73
12 4-MeOC—CeHy—1 2-Me—C¢Hy— 87

13 4-MeOC—CeH,—Br Ph— 85

14 4-MeOC—CeH,—Br 4-MeO—C¢Hy— 97
15 3-N02_C(,H4_I Ph_ 78
16 S-NOZ_C(,H4_I 4-MCO_C6H4_ 78
17 3-NO,—C¢Hy—1 2-Me—C¢Hy— 80
18 Ph—I Ph— 89¢

“Reaction was performed in refluxing H,O overnight with 0.005
mol % catalyst.

(0.10 equiv) under reflux conditions in acetonitrile. The
allylation adduct was obtained in 87% yield with 83% ee.

For the structure of MC Pd(PPh;), 18-electron Pd(0) that
is coordinated by PPh; and the benzene ring(s) of polystyrene
was assumed. After addition of an external ligand, 14- or
16-electron Pd(0) would be formed and the catalytic reaction
would proceed. The coordination of the external ligand to
Pd(0) was confirmed by 3'P SR-MAS NMR analysis, which
revealed that the recovered catalyst in Suzuki coupling
reactions contained P(o-Tol)s.

Non-cross-linked polystyrene supported triphenylphos-
phine (NCPS-PPh;) microencapsulated palladium was de-
veloped (Scheme 29) and used as a heterogeneous catalyst
in Suzuki—Miyaura coupling reactions without external
addition of phosphine ligand (Table 34).%3

Generally, approximately 95—97% of the catalyst could
be recovered for reuse at the end of each reaction, presumably
due to the small reaction scale. In a large scale experiment,
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Table 35. Synthesis of Biaryl Compounds
NCPS-PPh;/Pd

(0.5 mol %)
Ph-X + Ph-B(OH),
Cs,CO;, iPrOH-H,0 (11/1)
70°C,3h
cycle isolated yield (%) Pd leaching (%)*
no substrate 0.0186
1 91 0.2137
2 83 0.1097
3 79 0.0644
4 73 0.0055
5 66 0.1375

“ Amount of initial palladium found in the reaction mixture, as
determined by ICP-MS analysis.

Scheme 30. Preparation of Monomeric Catalysts 18

|
Ru PR, (1.0 eq.) K >—cost
// _— = |

05 < \/ Gl CHuClyrt, 1h Ru_
\Tu/ quant cl / PR3
cl
z N
E0,c—__> 18a:R=Ph
17 18b:R = Cy

the catalyst could be recovered and reused with only minimal
palladium leaching (Table 35).

2.8. Microencapsulated Methathesis Catalyst

Arene—ruthenium complexes are very useful precatalysts
for several organic reactions such as transfer hydrogenation,>*
Diels—Alder reaction,> olefin cyclopropanation,®® enol for-
mate formation,” cyclization of dienylalkyne,’® olefin me-
tathesis,” etc. While the catalysts prepared from the
arene—ruthenium complexes are air- and moisture-sensitive
and expensive and cannot be recovered in many cases,
immobilized catalysts are expected to solve these problems.
Although several polymer-supported ruthenium complexes
have been reported,® these involve problems such as tedious
procedures for the preparation of the complexes, low activity
compared with the original catalysts, and difficulty applying
the catalysts to other reactions. Therefore, development of
more versatile polymer-supported ruthenium complexes is
strongly demanded.

A new type of polymer-supported ruthenium catalyst was
developed based on the microencapsulated technique. How-
ever, the preparation method is a little different from that of
other MC catalysts. The idea is to utilize the benzene rings
of polystyrene as ligands to immobilize arene—metal com-
plexes. It has been known that arene-displacement reactions
at Ru(1l) are often sluggish.®! Thus, [Ru(#°-CsHsCO,Et)Cl,],
(17) was carefully chosen as the starting material, because
it was reported that an intramolecular arene exchange
proceeded in good yield using 17 instead of [Ru(#5-p-
cymene)Cl,],.%? Dimer 17 was easily prepared according to
the literature procedure,®> and treatment of 17 with
triphenylphosphine or tricyclohexylphosphine gave [Ru(#°-
C¢HsCO,Et)Cl,], (18a, R = Ph; 18b, R = Cy) quantitatively
(Scheme 30).

Preparation of the polymer-supported arene—ruthenium
complexes using 18 was successfully performed based on a
procedure that was similar in part to that of preparation of
microcapsules (Scheme 31).% Polystyrene (5.00 g) was
dissolved in cyclohexane (100 mL) at 65 °C, and 18a (0.20
g) was added to this solution. Complex 18a was not
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Scheme 31. Synthesis of Polymer-Supported
Arene—RuClL,(PR3) (19)°

Polystyrene 19a:R=Ph X
19b:R=Cy CI PR3

“ Reagents and conditions: (i) cyclohexane, 65 °C, 1 h; (ii) 18a or 18b,
120 °C, 24 h, then 65 °C, 1 h, then 0 °C.

Ph
Figure 8. Activated ruthenium catalyst 21a.

dissolved, and a suspension was obtained. The mixture was
stirred at 120 °C for 24 h and then at 65 °C for 1 h. The
reaction was monitored by TLC. Complex 18a disappeared,
and ethyl benzoate appeared. The mixture was slowly cooled
to 0 °C. Coacervation (phase separation) occurred to envelop
the core dispersed in the medium to form catalyst capsules,
and hexane (100 mL) was added to harden the capsule walls.
The mixture was left to stand at room temperature for 12 h,
and the catalysts were then washed with acetonitrile several
times and dried at room temperature for 24 h to give
polymer-supported ruthenium complex 19a. The procedure
for the preparation of 19b is similar to that of 19a. The
structure of 19 was confirmed by NMR analysis. The *'P
SR-MAS NMR spectra of the catalysts were measured, and
only one peak of PR3 (19a, R = Ph, 6 = 25.7; 19b, R =
Cy, 0 = 28.5) coordinating to the ruthenium was observed.
[Ru(77%-p-cymene)(PPh;)Cl,] was prepared, and 3'P NMR of
this complex was measured (60 = 23.1). [Ru(y%p-
cymene)(PCy3)Cl,] was reported in literature (6 = 26.0).5%
From these results, it was concluded that the catalyst was
supported as arene—RuCIly(PR;) (polymer-supported
arene—RuCl,(PR3) [19, PS-RuCl,(PR3)]). This is the first
example of a polymer-supported ruthenium catalyst in which
the benzene rings of the polymer coordinated to the
ruthenium to immobilize the catalyst onto the polymer.
PS-RuCl,(PR3) (19) was first used in the ring-closing olefin
metathesis (RCM). A polymer-supported cationic ruthenium
allenylidene complex according to the Dixneuf and Fiirstner
method was prepared.’®®® Thus, PS-RuCl,(PPh;) (19a),
tricyclohexylphosphine (PCys), 1,1-diphenyl-2-propynol (20),
and sodium hexafluorophosphate (NaPF¢) were mixed in
several solvents, and the mixture was stirred for 1 h under
reflux conditions. Signals of the >'P SR-MAS NMR spectra
of the activated ruthenium catalyst (21a, Figure 8) thus
prepared were observed at 50.8 and —144.0 ppm. *'P NMR
of monomeric ruthenium complex was already measured [*'P
NMR (CDCl3): 58.8 (PCys3), —140.8 (PFs7)].5*%* Catalyst
21a was then tested in RCM of N,N-diallyl-p-toluenesulfona-
mide (22) in hexane (Table 36). It was found that the choice
of solvents was crucial. While the desired product was
obtained in good yield in the first run in iPrOH—hexane (1:
1), the activity of the catalyst decreased significantly in the
second and third runs (entry 2). On the other hand, the yield
of the desired product was very low in iPrOH (entry 1). In
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Table 36. Effect of Solvents in the Preparation of the Active
Catalyst

Ph
PCys, NaPFg, :—QPh 20

OH i
19a filtration 21a
solvent, reflux, 1 h

T

N 21a (20 mol %) N

hexane, reflux, 12 h § 7

)/ k | —
22

yield (%) (recovery (%))
entry solvent first second third
1 iPrOH 8 (quant) 9 (quant)

2 iPrOH-hexane (1/1) 78 (quant) 48 (quant) 16 (quant)
3 iPrOH-hexane (1/10) 42 (quant) 69 (quant) 71 (quant)
4 iPrOH-hexane (1/10)* 49 (98) 72 (quant) 77 (quant)

“Compound 19b was used instead of 19a.

Table 37. Reactivation Conditions of the Catalyst

I 21a (20 mol %)?® Ts
)/ \I\ hexane, reflux, 12 h \_/
22
yield (%)
entry method conditions first second third
1 A PCys, 20, reflux, 1 h 40 72 77
2 B PCys;, NaPF, 20, rt, 12 h 63 56 49
3 C PCys, 20, reflux, 69 73 85
1 h then NaPF, rt, 12 h _
4¢ C 75 81 98/ 88
564 C 71 85 88 88
6%¢ C 97 18 12 88
78 80

“Catalyst 2la was reactivated under methods A—C in
iPrOH—hexane (1/10). °Recovery of the catalysts was quantitative.
¢Hexane—toluene (10/1) was used as a solvent in RCM. ¢ 10 mol % of
21a was used. ¢5 mol % of 21a was used. 'Fourth, 83% (recovery
quant); fifth, 82% (recovery quant); sixth, 89% (recovery quant);
seventh, 92%  (recovery quant). 9[(p-Cymene)RuCl(PCys3)-
(=C=C=CPh,)]|[PFs]” was used instead of 21a.

iPrOH—hexane (1/10), moderate chemical yields were
obtained. The activity of the catalyst was maintained even
after the third use (entries 3 and 4). In all reactions, no
leaching of ruthenium metal were confirmed by fluorescence
X-ray analysis.

In order to increase the chemical yields, reactivation
conditions of the recovered catalysts in RCM were next
examined (Table 37). After careful investigation, the best
results were obtained when a mixture of the recovered
catalyst, PCy;, and 20 was stirred for 1 h under reflux
conditions and, after addition of NaPF, further stirred for
12 h at rt (method C). Several other examples of the PS Ru-
catalyzed ring-closing metathesis of olefins were then tested,
and the results are summarized in Table 38. Six-membered
rings as well as five-membered rings were smoothly formed
under these conditions, while sterically hindered diethyl
diallylmalonate was less reactive (entry 4). It should be noted
that recovery of the catalyst was quantitative in all cases
and that the recovered catalyst could be reused without loss
of activity. In addition, the structure of the recovered catalyst
was confirmed by 3'P SR-MAS NMR analysis. Signals were
observed at 50.8 and —144.0 ppm, which were completely
consist with those of the original catalyst 18a.

PS-RuCl,(PPh;) (19a) was successfully used in other
reactions. Acetophenone was reduced smoothly in the
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Table 38. Ring-Closing Olefin Metathesis Using 21a“

Enrty Substrate Product Yield (%)
CO,Me =
! \/\NJ\/\ N~ COo,Me %
Ts Ts
Z
9 O 9
Ts N
Ts
\/\N/\/\/\ b
3 Ts TsN 57
4

// CO,Et |E><C02Et
72
y CO,Et CO,Et
Ph —
5 66
o) o]
6 ¥ s/\/ \\&/NTS 82

“All reactions were carried out using 21a (20 mol %) in
hexane—toluene (10/1) under reflux conditions for 12 h. ® Reaction was
carried out for 24 h.

Scheme 32. Hydrogenation of Acetophenone Using 19a

Q OH
19a (20 mol %), PPh3 (20 mol %)
K,CO3 (0.5 equiv), iPrOH, reflux, 12 h
87% yield

Scheme 33. Cyclization of Dienylalkyne Using 19a

Z
Z 19a (20 mol %), PPh3 (20 mol %)
NH4PFg (20 mol %)
= hexane—toluene (10/1), reflux, 20 h
/ o4
(0]
23 68% yield

presence of 19a to afford the corresponding alcohol in high
yield (Scheme 32). In addition, 19a catalyzed cyclization of
dienylalkyne (23) in good yield (Scheme 33).

A saturated N-heterocyclic carbene metathesis catalyst, 24,
was also immobilized using the microencapsulation technique
(Figure 9).% The resulting material was tested in the ring-
closing metathesis using a standard substrate, N,N-diallyl-
tosylamide. After some experiments, H;O—MeOH (4/1) was
shown to be the best solvent. The microencapsulated catalyst
could be recycled and retained significant activity over fourth
cycles (Scheme 34). However, in the first run, 540 ppm

Figure 9. N-Heterocyclic carbene catalyst 24.

Scheme 34. Ring-Closing Metathesis Using MC Metathesis
Catalyst 24

Ts MC metathesis catalyst 24 Ts
N (2.4 mol %) N
)/ k

H,O-MeOH (4/1), 50 °C, 1.5 h \ /
22

1st use (92%); 2nd use (71%); 3rd use (52%); 4th use (40%)
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Asymmetric cyclopropanation

Jl .
Ph g O-Ru cat.

—_—_—

* s

PH  CO,Et
Ny CO,E 2

Figure 10. Microencapsulation of pybox—Ru chiral catalyst.

ruthenium was detected in the metathesis product as a result
of leaching from the polymer.

Microencapsulated chiral pybox—Ru catalysts were also
reported (Figure 10).% In the cyclopropanation reaction, these
catalysts allow 60—68% yields with enantioselectivities in
the range 75—85% ee. The catalyst is soluble in a reaction
solvent and is re-encapsulated at the end of the reaction.

3. Polymer Incarcerated Catalysts

3.1. Polymer Incarcerated Palladium [Pl Pd]

A microencapsulation technique for binding catalysts to
polymers has been reviewed. Utilizing this technique,
unprecedented polymer-supported catalysts, microencapsu-
lated Lewis acids, oxidants, and transition metal complexes
have been prepared. The catalysts thus prepared have been
demonstrated to be effective in many useful organic reac-
tions. In all cases, the catalysts were recovered quantitatively
by simple filtration and reused without significant loss of
activity. This new technique will be applicable to the
preparation of many other polymer-supported catalysts and
reagents. On the other hand, some problems exist in these
catalysts. In the microencapsulation method, it is necessary
to dissolve the polymer support in an organic solvent.
Therefore, it was found that the resulting microencapsulated
catalysts were dissolved or swelled in some cases, and
leaching of metals from supports occurred.

To address these issues, a new method for immobilizing
metal catalysts onto polymers, “the polymer incarcerated (PI)
method”, was developed.®’” This term was inspired by the
elegant work of Cram® on carcerands, hemicarcerands, and
their complexes (Figure 11).

In the PI method, a catalyst is first microencapsulated.
Namely, a polymer is dissolved in an appropriate solvent,
and a catalyst is added to this polymer. After cooling,
microcapsules formed are washed and dried to afford a
microencapsulated catalyst. It has already been shown that
the catalyst locates not only inside the capsules but also on
the surface or close to the surface of the capsules. The
microcapsules formed are then cross-linked to afford the
desired catalyst.

First, palladium was chosen as a transition metal to be
immobilized. Based on this idea, epoxide-containing co-
polymers (25a—c), which were prepared by radical polym-
erization of styrene, 4-vinylbenzyl glycidyl ether, and
methacrylic acid or alcohol (26 or 27) were prepared (Figure
12). Copolymer (25a—c) was dissolved in THF at room
temperature, and Pd(PPhs), was added to this solution as a
core. After hexane was added, coacervates were found to
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Figure 11. Polymer incarcerated catalysts.
Pd(PPh3), ~ 1)filtration
100 mg  coacervation 2) washing (hexane)
Copolymer -
(25a-c)  THF, 1t hexane  3) drying
1.00g 1) filtration
no solvent 2) washing (THF) Pl Pd
120 °C, 2 h 3) drying (28a—c)

Me
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xlylz = 60/28/12 © xlylz = 82/10/8 O/W
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xlylz = 9046 07 X7

0] 27

Figure 12. Preparation of polymer incarcerated (PI) Pd (28a—c)
from copolymers 25a—c.

envelop the core dispersed in the medium. The mixture was
left to stand at room temperature to form microcapsules
containing Pd. After filtration, washing, and drying, the
catalyst capsules were then stirred at 120 °C for 2 h to afford
polymer incarcerated palladium (PI Pd). During this prepara-
tion, 4 equiv of PPh; was recovered from the washings, and
no PPh; was observed in PI Pd measured by *'P SR-MAS
NMR and X-ray photoelectron spectroscocy (XPS) analyses.
From these results, it was assumed that phosphine-free Pd(0)
was formed by using the PI method. It should be noted that
normally unstable ligand-free Pd(0) was readily prepared and
could be stored at room temperature in air.

PI Pd (28a—c) thus prepared were first used in hydrogena-
tion. While several homogeneous catalysts have been used
in reduction reactions, heterogeneous catalysts have often
been employed in many synthetic stages in laboratories as
well as industry.®” Although Pd/C is one of the most popular
heterogeneous catalysts, leaching of Pd and ignition are
known to be serious problems especially when reduction is
performed in large-scale experiments. PI Pd was tested in
hydrogenation of benzalacetone, and the results are shown
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Table 39. Hydrogenation of Benzalacetone Using PI Pd*
"Pd" (5 mol %)

O H, (1 atm) O OH
+
Ph X THF, rt, 1 h Ph/\)K Ph/\)\
29 30
yield (%)“
“Pd” first second third fourth fifth

PI Pd 28a® 81
PI Pd 28b” 93 80 88 82 87
PI Pd 28¢” 85 80 87 91 90
5% Pd/C 91
Pd(PPhj), 0

“Unless otherwise noted, the hydrogenation of olefin (0.5 mmol)
was carried out in the presence of PI Pd (5 mol %) in THF (5 mL) and
an atmosphere of hydrogen (1 atm) for 1 h. Catalysts 28b and 28¢
were recovered and reused after simple filtration and drying. ® No peaks
of palladium metal were observed in XRF analysis. ©29/30 = 95/5.

in Table 39. Among the PI Pd ctatlysts tested, 28c gave the
best results (entries 1—3).”° The reduction was completed
within 1 h in THF under ordinary pressure, and it should be
noted that the catalyst was recovered quantitatively by simple
filtration and that the same yields were obtained even after
the fifth use. Moreover, it was confirmed by fluorescence
X-ray analysis that no leaching of Pd from the catalyst
occurred. The activity of PI Pd was comparable to that of
5% Pd/C (entry 4), but no ignition occurred using PI Pd. It
is also noteworthy that PI Pd was much more active than
the original catalyst, Pd(PPh;),. The reaction did not proceed
at all using Pd(PPh;), under the same reaction conditions
(entry 5). Furthermore, it was revealed that the reduction
also proceeded smoothly using <0.1 mol % of PI Pd.

Reduction of other substrates using PI Pd 28c was
surveyed, and in all cases, the reactions proceeded smoothly
to afford the desired products in high yields (Table 40).

PI Pd catalysts 28a—c were then applied to allylic
substitution reactions, a representative carbon—carbon bond-
forming reaction.”' The reaction of allyl methyl carbonate
(12) with dimethyl phenylmalonate (13) was chosen as a
model, and several reaction conditions were examined (Table
41). It was found that the allylation reaction proceeded in
the presence of PI Pd (5 mol %) and PPh; (5 mol %) in
THF under reflux conditions. While 28a gave lower yields,
the activity of 28b and 28c was high, and the desired
allylation adducts were obtained in excellent yields. The
catalysts were recovered by simple filtration and reused
several times. In the case of 28b, however, leaching of
palladium from 28b occurred in the fourth and the fifth use.
On the other hand, no leaching of palladium was observed
in the reactions using 28c even after the fifth use, and the
reactions proceeded smoothly to afford the desired adducts
in high yields in all cases.

Several examples of allylic substitution reactions using the
PI Pd 28c are summarized in Table 42. Malonates and
p-ketoesters smoothly reacted under these conditions to
afford the corresponding allylation products in high yields.
Moreover, PI Pd 28¢ was successfully applied to carbon—oxygen
bond-forming reactions. Namely, phenol or naphthol deriva-
tives smoothly reacted with 12 to afford the corresponding
allyl phenyl or allyl naphthyl ethers in high yields. It should
be noted that 4-nitrophenol also worked well to produce allyl
4-nitrophenyl ether quantitatively. It was already reported
that the reactivity of phenol or naphthol derivatives having
electron-withdrawing groups such as a nitro group decreased
significantly even using very reactive homogeneous pal-
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Table 40. Hydrogenation of Other Examples Using PI Pd 28¢*
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Table 42. Allylation Reaction Using PI Pd 28c¢*

Olefin Product
(o
T

O/\/

Yield (%)?

O =
NN

93
o

Ph—=——Ph Ph~ph quant

Ph—// \—\Ph ph/\/\/Ph quant
CO,M CO,M

Ph 2Me Ph 2Me o5
NHCOPh NHCOPh

639e

HO

“Unless otherwise noted, the hydrogenation of olefin (0.5 mmol)
was carried out in the presence of PI Pd 28¢ (5 mol %) in THF (5 mL)
and an atmosphere of hydrogen (1 atm) for 1 h. ?Isolated yield.
°Determined by gas chromatography. ¢Reaction was carried out in
dichloromethane (5 mL) for 24 h. ¢ Determined by '"H NMR.

Table 41. Allylation Reaction of Allyl Methyl Carbonate (12)
with Dimethyl Phenylmalonate (13)
PI Pd (5 mol %)

COzMe  pph; (5 mol %) Ph_ CO.Me
~_0CO;Me +ph— — = "L

CO,Me THF, reflux CO,Me

12 13
yield (%)

PI Pd time (h) first second third fourth fifth
28a 12 54 82 974
28b 12 quant 85 90 954 824
28b 2 96 97 100
28¢ 12 95 100 94 94 71
28¢ 2 88 94 98 87 98

“ A small amount of leaching of Pd was observed.

ladium systems. In this reaction, it was exciting to demon-
strate that PI Pd 28c was more reactive than the homogeneous
Pd catalysts.

Moreover, PI Pd is also a highly efficient reusable catalyst
for Suzuki—Miyaura coupling.” Various coupling reactions
proceeded smoothly by using PI Pd 28¢ (Tables 43 and 44).
PI Pd was recovered by simple filtration and reused several
times without loss of activity, and no leaching of the
palladium was detected under optimized conditions. It is
noted that the activity of PI Pd is even higher than that of
homogeneous palladium catalysts. A characteristic feature
of PI Pd as an immobilized catalyst is that the activity of
the catalyst is remarkably improved by changing the external
phosphine ligands.

The minimum amount of the catalyst that could be used
to mediate several coupling reactions was evaluated (Table
45). Reactions that use very small amounts of the catalyst
also afforded the desired coupling products with high

Allylic carbonate  Nucleophile Product Yield (%)
Ph CO,Me
)\/ocozEt 13 o4
CO,Me
o o CO,Et
Ph _~_0CO;Me PhM{ 51
MOEt
()
o} )
12 Q MeO,C 94
Z
MeO
OH x"No

-
OH o
=z
OH o

s T T e
O,N O,N =

“ All reactions were carried out using PI Pd 28¢ (5 mol %) and PPh;
(5 mol %) in tetrahydrofulran under reflux for 2 h.

Table 43. PI Pd-Catalyzed Suzuki—Miyaura Coupling of
Various Substrates®

Yield Leaching
(%)° of Pd (%)°¢

2 Br QB(OH)Z 83 nd

3 M—Br @B(OH)Z 97 nd
4 Meo—©—| @—B(OH)Z 89 nd

5 NC\>—Br @B(OH)Z 88 nd
OH
o o Oruom o

“Reaction conditions: 1.0 equiv of aryl halide, 1.5 equiv of boronic
acid, 2.0 equiv of K;PO4, 5 mol % of PI Pd 28¢ (0.15 mmol/g), 5 mol
% of P(0-MeOPh);, toluene—H,0 (4/1), reflux, 2 h. ?Isolated yield.
¢Measured by XRF analysis. nd = not detected (<0.94%).

Entry Aryl Halide Boronic Acid

turnover numbers (TONs). The maximum TON reached
53 600 (entry 5).

PI Pd was applied to the preparation of acridone deriva-
tives.”® Acridone analogues are promising antiviral agents’*
as well as fluorescent labels” in biodiagnostics. In the field
of antitumor binding agents, acridones are important precur-
sors for the creation of acridine derivatives with potential
anticancer activity.’® Acridones are usually prepared by
Ullmann condensation of anilines with 2-bromobenzoic acids
to give N-phenyl anthranilic acids, which undergo ring
closure with sulfuric acid.”” However, this method requires
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Table 44. PI Pd-Catalyzed Suzuki—Miyaura Coupling of
Various Substrates”

Yield Leaching

Boronic Acid (%) of Pd (%)°

Entry Aryl Halide

B(OH), 86 nd

o
N

Z
w

¢
G0 0.QE

B(OH), 92 nd

B(OH), quant nd

B(OH), 99 nd

B(OH), 98 nd

B(OH), 75 nd

Q

B(OH), 92 nd

6 @Br MeO

@
O

“Reaction conditions: 1.0 equiv of aryl halide, 1.5 equiv of boronic
acid, 2.0 equiv of K3PO,, 5 mol % of PI Pd 28c (0.15 mmol/g), 5 mol

% of P(o-MeOPh);, toluene-H,O (4/1), reflux, 2 h. °Isolated yield.
¢Measured by XRF analysis. nd = not detected (<0.94%).

Table 45. The Minimum Amount of the Catalyst*

Aryl Boronic PIPd Time Yield

Enty  Bromide Acd  (mol%) (h) (%) 'ON

1 Br 5 2 quant 20
2 B(OH), 0.1 2 quant 1000
30 0.01 24 quant 10000
4 0.002 72 80 40080
5  OMe 0.001 72 54 53600
6 5 2 88(949 19
7 Br B(OH), 0.1 8 85(909 900
8 ©/ 001 72 73 7330
9 0.005 72 52 10430
10 0.001 72 10 10000

Br
16 B(OH):2 (o1 72 68 6780
17 0.002 72 49 9800
1g MeO 0.001 72 11 11000

“Reaction conditions: 1.0 equiv of aryl bromide, 1.5 equiv of boronic
acid, 2.0 equiv of K3PO,, 5 mol % of PI Pd 28c (0.15 mmol/g), 5 mol
% of P(0-MeOPh);, toluene—H,O (4/1), reflux, 2 h. ®Isolated yield.
¢GC yield.

harsh conditions and suffers from tedious workup and
purification.

Synthetic scheme of acridone derivatives 37 using polymer-
supported catalysts is shown in Scheme 35. The initial step
involves the formation of N-phenyl anthranilic acid ester 34
according to the Pd-catalyzed amination.’”®

First, the effect of solvents and bases was examined in
the model reaction of methyl 2-bromobenzate (31a) with
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Scheme 35. Procedure for the Synthesis of Acridone
Derivatives

HON Pl Pd 28¢ (5 mol %)
O: 2 \O Ligand 33 (5 mol %)
tquene—H O—-EtOH (4/2/1
COzMe KoCOy3 90 °C, e
H Amberlite® IRA 400
| XN \@ __ (OH-form) C{ \O
& X dloxane—HZO (2/1)
R! CO,Me” R? 90 °C R! co2 R2
34
Lewis Acid 36 (20 mol %)
(1.1 equiv) H
Fsc)LO)LC Fs PLNFN
CH3NO,, LiCIO, (6 M) L A b
55°C, 24 h R R?
370
NMe,
OOl
36
cHex—R tBu—R [0.49 mmol/g]
33a CHex 33b tBu

Table 46. Effect of Reaction Conditions in PI Pd-Catalyzed
Amination

Pl Pd 28¢ (5 mol % H

©: \@ Ligand 33a (5 mol %) @(NO
COzMe solvent base COME
34aa
time yield leaching
entry solvent base (h) %)*  of Pd (%)"
1 toluene K5PO, 18 46 76
2 toluene—H,O (4/1) K;PO, 18 78 7
3 toluene—H,0 (4/1) K,CO; 12 34 nd
4 toluene—H,O—EtOH  K;POy4 12 78 2
(4/2/1)
5 toluene—H,O—EtOH K,CO; 24 79 nd
(4/72/1)

“Isolated yield. ® Determined by XRF analysis; nd = not detected.

aniline (32a) in the presence of PI Pd 28c and ligand 33a’
(Table 46). It was found that serious palladium leaching
occurred when toluene was used as a solvent (entry 1);
however, the addition of water and ethanol remarkably
suppressed the leaching of palladium and showed higher
catalytic activity (entries 2—5). Furthermore, the use of
K,COj5 rather than KsPO,4 as a base was more effective to
suppress the leaching (entry 5).

To confirm the catalytic activity of PI Pd 28c¢ in the
amination of aryl halides, substrate generality of aryl halides
and amines was briefly surveyed (Table 47). Both aryl
iodides and aryl bromides gave the desired products in good
yields without leaching of palladium (entries 1—5). Further-
more, aryl chloride also gave the aminated product in
moderate yield without leaching of palladium (entry 3). In
the case of secondary amines such as morpholine, however,
aminated products were obtained in lower yields, and
leaching of Pd was observed under the same reaction
conditions (entries 6 and 7).

Palladium-catalyzed hydrogenation is frequently used not
only in laboratories but also in industry. While immobilized
palladium catalysts, such as Pd/C and Pd/Al,O;, have been
often employed, leaching of the palladium from the supports,
moderate yields of recovery, contamination of the palladium
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Table 47. PI Pd-Catalyzed Amination
X PI Pd 28¢ (5 mol % R?

A H Ligand 33c (5 mol %) N. 3
|/ + N X R
R RZR3  toluene—H,0-EtOH (4/2/1 | //
R KoCOj5 (1.5 équiv), 90°C, 24 h _”
31 32 R 34
(1.3 equiv)
Entry  Aryl Halide Amine Yield  Leaching

(%)?  of Pd (%)>°

X=Br 68 nd
X= 93 nd
X=Cl 64 nd

4 R=CN 80 nd

5 R‘@’Br H2N© R=CO,Me 88 nd
Q VAR

6 >_©7| HN O 43 21
s

0
7 }—@—& HN O 24 1
MeO N/
26¢
ﬂ \G/\O)‘H
O —— . PIPd39
38

“Isolated yield. ® Determined by XRF analysis. °nd = not detected.
xlylz = 90/4/6
xlylz = 88/7/5 O

WN =
O
x

T

)

b

(o}
ok
g O ——» PIPd28¢c
benzyl ether

3

phenethyl ether

° O'é\/o)}H
\D/\/O\/Q
X 40 27
Figure 13. Preparation of more resistant PI Pd 39.

to products, and poisoning by sulfur are sometimes serious
problems, especially in the manufacture of pharmaceuticals.

It was revealed that PI Pd 28¢ derived from polymer 25¢
consisting of phosphine-free palladium(0) effectively cata-
lyzed hydrogenation of olefins in THF under atmospheric
pressure. Moreover, the catalyst was recovered completely
by simple filtration and could be reused several times without
loss of activity. On the other hand, it was assumed that the
benzyl ether moieties of PI Pd 28¢ would be cleaved in the
hydrogenation under harsh conditions such as high hydrogen
pressure and high temperature.

A new copolymer 38 for more resistant PI Pd 39, which
has no benzylic ether moiety, was designed.® Copolymer
38 was synthesized by radical copolymerization of styrene,
epoxide monomer 40, and tetra(ethylene glycol) monomer
27 (Figure 13). PI Pd 39 was prepared from Pd(PPh;), and
polymer 38 according to the method for the preparation of
28c.

Chemical Reviews, 2009, Vol. 109, No. 2 615

Table 48. Hydrogenation of Several Substrates Using PI Pd 39“

Product

J\>< quant
Ph Ph
OMe
1 /\/@[ quant
OMe

Substrate Time (h) Yield (%)

Ph OH
Ph— 1 ~N 93
PhOBn 18 PhOH 89P
Ph._~_-0Bn 5 Ph._~_OH 98
BnO 0.__OPh Ho O.__OPh
. ., 72 - . 87
BnO' ‘OBn HO ‘OH
OBn OH
PhNO, 18 PhNH, 93P
X
| 24 @fj quant
= N
N H

@ All reactions were carried out using 5 mol % PI Pd 39 in THF
under atmospheric hydrogen pressures at room temperature. The
leaching of the palladium to the reaction mixture was measured by
XRF analysis. No peaks of palladium were detected in any entry.
®Determined by GC analysis.

Scheme 36. Hydrogenation for Antidiabetic Agent Using PI
Pd 39

o]
Bt
| _ S NH
N 0 X
o]
PIPd 39 (34 mol %)
H, (1 atm) NN
_ | s NH
THF, it, 24 h N o ~
o]

Pioglitazone (42)
quant

Several substrates were hydrogenated using PI Pd 39, and
the results are summarized in Table 48. In addition to normal
C—C double and triple bonds, benzyl ethers, nitrobenzene,
and quinoline were easily hydrogenated under atmospheric
pressure at room temperature.

PI Pd 39 was also applied to the reduction of less reactive
substrate 41, which is an intermediate for the synthesis of
an antidiabetic agent, pioglitazone (42). This agent is
expected to effectively ameliorate the abnormal glucose and
lipid metabolism associated with non-insulin-dependent
diabetes mellitus or obesity.?! It is known that the yields of
the hydrogenation of 41 using conventional catalysts are not
satisfactory, probably because this substrate has catalytic-
poison nitrogen and sulfur moieties in the molecule. The
hydrogenation of 41 using PI Pd 39 under atmospheric
pressure proceeded smoothly to afford 42 quantitatively
(Scheme 36). No contamination of the palladium was
detected by X-ray fluorescence (XRF) analysis, and PI Pd
39 could be recovered and reused.

On the other hand, 2-methoxynaphthalene was hydroge-
nated under 70 atm of hydrogen pressure at 50 °C (Table
49). PI Pd 39 was successfully recovered and reused even
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Table 49. Reuse of PI Pd 39 under Harsh Conditions

Sy
Y

Pl Pd 39 (5 mol %)
H, (70 atm)

EtOH, 50 °C, 18 h OMe
44
entry yield (%)" ratio of 43/44¢ recovery of 39 (%)
1 100 73/27 quant
2 100 74126 quant
3 100 74126 quant
4 99 74126 quant
5 100 74/26 quant

“ All reactions were carried out using 5 mol % PI Pd 39 in THF
under atmospheric H, pressure at rt. The leaching of the palladium to
the reaction mixture was measured by XRF analysis. No peaks of
palladium were detected in any entry. °Isolated yield. ¢ Determined by
GC analysis.
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Scheme 38. Praparation of Phosphinated PI Pd 46

ST

xlylziw = 77/10/5/8

o-PPh3

Pd(PPh3)s Phosphlnated
microencapsulation  cross- I/nkmg P' Pd 46
reduction

Table 50. Phosphinated PI Pd-Catalyzed Suzuki—Miyaura
Coupling of Various Substrates without External Phosphine
Ligand”

Scheme 37. Hydrogenation of Benzothiophene Using PI Pd
39

PI Pd 39 (5 mol %)

\ H, (100 atm)
IS EtOH-ACOH (6/1), 140 °C, 24 h IS

92% yield

under high hydrogen pressure at elevated temperature without
loss of activity, and leaching of the palladium was not
detected by XRF analysis in all runs.

Furthermore, a remarkable result was obtained in the
hydrogenation of benzothiophene. In the petrochemical
industry, the hydrotreatment of petroleum feedstocks is
conducted in refineries, and sulfur compounds are converted
to hydrocarbons and H,S via a hydrodesulfurization (HDS)
process. Among the sulfur compounds, thiophenes are quite
abundant and benzothiophene is among the most difficult to
degrade.®® The HDS process is typically performed at high
hydrogen pressures (>200 atm) and temperatures (300—450
°C) in the presence of sulfided metal-based catalysts such
as nickel- and cobalt-promoted MoS, and WS, supported
on alumina, and benzothiophene is hydrogenated to dihy-
drobenzothiophene during the HDS process.® It is noted that
the hydrogenation of benzothiophene using PI Pd 39 under
milder conditions compared with HDS conditions proceeded
in excellent yield without leaching of the palladium (Scheme
37).% The excellent activity of PI Pd 39 is possibly due to
the highly dispersed palladium in the polymer, and the
surrounding benzene rings of the polymer may protect the
palladium from poisoning by sulfur.

PI Pd-catalyzed Suzuki—Miyaura couplings proceed in
high yields in the presence of an externally added phosphine
ligand such as tris(o-methoxyphenyl)phosphine without
leaching of palladium.” In this case, however, the phosphine
ligand is lost during filtration of the catalyst, and addition
of the phosphine ligand is necessary in every recycling use.
New PI Pd catalysts using polymer supports that contain the
diphenylphosphino group instead of adding external phos-
phine ligands were investigated (Scheme 38) and were
applied to Suzuki—Miyaura couplings (Table 50).%

In the reactions using both electron-rich and electron-
deficient aryl halides, the corresponding biaryl coupling
products were obtained in high yields without any leaching
of the palladium. Furthermore, PI Pd was recovered by
simple filtration and could be reused several times (Table

Yield Leaching
(%)?  of Pd (%)°

@ @—B(OH)Z 9% nd

Entry Aryl Halide Boronic Acid

3 %—@—Br <;>~|3(0H)2 quant nd
4 eO—@—Br @—B(OH)Z 84 nd
Br
5 B(OH), 94 nd
Br
6 QB(OH)z 85 nd
7 NC @B(OH)Z 85 nd
8 HO d—B(OH)Z 92 nd

“Reaction conditions: 1.0 equiv of aryl halide, 1.5 equiv of boronic
acid, 1.5 equiv of K5POy, 3 mol % PI Pd 46 (0.36 mmol/g, P/Pd =
2.1), toluene/H,O (4/1), reflux, 4 h. °Isolated yield. ¢ Determined by
XRF analysis; nd = not detected (<0.94%).

Table 51. Recovery and Reuse of Phosphinated PI Pd 46

0
>_©7‘3r PIPd46(5mol%) O
> >—Ph
+ KyPOy,, tolune/H,0 (4/1)

PhB(OH), reflux, 4 h
run 1 2 3 4 5
yield of product” (%) quant quant 98 99 quant
leaching of Pd” (%) nd nd nd nd nd

“Isolated yield. ® Determined by XRF analysis; nd = not detected
(<0.94%).

51). Even after the fifth use, the same yields were obtained.
It was confirmed by XRF analysis that no leaching of Pd
from the catalysts occurred in all cases.
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Scheme 39. Phosphinated PI Pd-Catalyzed
Semi-hydrogenation

PIPd 46 (5 mol %)

o H, (1 atm)
MeO,C——CO,Me -
THF, rt, 30 min
I _/COZMe COM
N + + ~LL2Ve
MeO,C  CO,M 2 MeO,C
02 2VY€ Meo,C 2
75% yield trace 13% yield

Scheme 40. Preparation of PI Pd 48 from Copolymer 47

s % 5* gﬁ”"%
’\Eg O/W 47

wixlylz = 71/13/10/6

Pd(PPh3), coacervation

CH,Clp, it MeOH

PI Pd
1) filtered No solvent 1) filtered 48

2) washed 120 °C, 2 h 2) washed
(MeOH) (THF)
3) dried 3) dried

The possibility that the phosphines in the polymer support
might act as a poisoning agent of the metal, realizing both
chemoselective hydrogenation and suppression of metal
leaching, was also considered. Thus, we investigated the
chemoselective semihydrogenation of alkynes using phos-
phinated PI Pd catalysts prepared from polymer supports
possessing diphenylphosphino groups as potential poisoning
agents of palladium was investigated.®’

After several examinations, it was found that phosphinated
PI Pd 46 served as an effective catalyst for the selective
semihydrogenation of alkynes without the addition of
poisoning agents and without strict control of H, consump-
tion (Scheme 39).

Amidocarbonylation has a great potential for the synthesis
of N-acylamino acids due to a wide substrate scope and from
an atom economical point of view. N-Acyl-a-amino acids
are formed in one step from the reaction of an aldehyde, an
amide, and carbon monoxide in the presence of a transition
metal.®® Cobalt catalysts were first discovered in early
1970s,% while Pd catalysts were recently disclosed.” Cata-
lytic activities of rhodium, iridium, and ruthenium complexes
in this amidocarbonylation were also reported.’’ Moreover,
the first example of platinum-catalyzed amidocarbonylation
has been reported.””> Among these transition metals, the most
active metal so far is Pd, and TON reaches 60 000 in certain
cases, although Pd catalysts are expensive and air-sensitive
and cannot be recovered in many cases. To solve these
problems, several polymer-supported Pd catalysts have been
developed; however, recovery and reuse of polymer catalysts
has not been satisfactory.

After several investigations, the PI Pd 48 derived from
polymer 47 was found to be the best (Scheme 40).”* Several
examples of PI Pd-catalyzed amidocarbonylation using PI
Pd 48 (1 mol %), BnEt;NBr (35 mol %), and H,SO, (10
mol %) are summarized in Table 52. In most cases, the
desired N-acyl-a-amino acids were obtained in moderate to
high yields. It is noted that aromatic aldehydes, as well as
several types of aliphatic aldehydes, could be applicable to
this reaction, though reaction conditions were not optimized
yet.
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Table 52. PI Pd-Catalyzed Amidocarbonylation

Pl Pd 482 (1 mol %
BnEt;NBr (35 mol %)

o] o] H,SO, (10mol %)~ HOC O
JJ\ * J\ - 1J\ 2
R “H H,N” “R2  CO (60 atm), dioxane R H R
(1.5 equiv) 120 °C, 15 h
entry R! R? yield (%)"
1 c-Hex Me quant (96)¢
2 c-Hex (CHy)sMe 75¢
3 c-Hex Ph 20¢
4 c-Hex NHMe 20¢
5 PhCH,CH, Me 49¢f
6 i-Pr Me 67
7 t-Bu Me 55
8 Ph Me 78
9 p-CF3C6H4 Me 468
10 p-MeOC6H4 Me 38
11 a-Naph Me 58¢
12 b-Naph Me 44"

“Unless otherwise noted, the loading level of the palladium was
1.04 mmol/g. °Isolated yields. °Yield was determined by HPLC
analysis. ? The loading level of the palladium was 0.820 mmol/g. ¢ The
product was identified as 49.

(0]
¥ o

"The reaction mixture was stirred at rt for 6 h before introducing CO.
9The loading level of the palladium was 0.629 mmol/g. " The reaction
was performed for 24 h.

3.2. Polymer-Micelle Incarcerated (PMI) Palladium

Colloidal metal particles and metal clusters have attracted
much interest because of their unique properties and potential
applicability to microelectronics,” chemical sensing,”” data
storage,” catalysts,”” etc. While smaller nanosized structure
is desired in these fields, formation of nanoclusters neces-
sarily requires stabilization to prevent aggregation, which
would eradicate most of their desirable advantages compared
with bulk materials of identical composition. Recently, a
number of stabilizing methods have been developed for
controlled formation of Pd nanoclusters.”® A standard strategy
involves the use of weakly coordinated metals such as
Pd(OAc), and PdCl,, which are complexes of a soft acid
and a hard base as starting materials. More stable complexes
with softer bases of stabilizing agents (e.g., surfactants,
functionalized polymers, dendrimers, or micelles of block
copolymers) are then used to load the metals. Finally, the
desired metal colloids are prepared by subsequent chemical
reactions, typically reduction.”” The Pd nanoclusters thus
prepared range in diameter from 1 to 40 or 50 nm. Among
several preparation methods, the use of micelles of am-
phiphilic polymers to stabilize Pd clusters seems promising.
The formation of nanometer-sized Pd colloids in an am-
phiphilic block copolymer, polystyrene-b-poly(4-vinylpyri-
dine), was reported.'” Pd(OAc), was used as a precursor,
which was first coordinated by a nitrogen atom of the
polymer employed and then reduced to form the desired
colloidal Pd. Several reducing agents were examined, which
revealed that the size and the catalytic activity of the Pd
colloids were influenced by the choice of reducing agents.'®
It is also known that the stability of the polymer micelles
and micellization behavior are influenced by several other
factors, including concentration, temperature, and chemical
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structure of the polymer, and that various morphologies, such
as spherical, rods, vesicles, and lamellae micelles, can be
formed.'"!

While the PI Pd 28c showed high catalytic activity in
hydrogenation,®’ allylation,®” and Suzuki—Miyaura coupling
reactions,”? the structure of the Pd clusters was not well
regulated. An idea was that, if stable polymer micelles could
be formed, smaller-sized, well-organized Pd(0) clusters could
be generated.

Although copolymer 25¢ has an amphiphilic nature, it is
hard to form clear micelles because hydrophilic epoxy
branches are attached to the hydrophobic benzene rings.
Therefore, a new copolymer 50,'°2 which was expected to
form clearer and more stable micelles by phase separation
between the benzene rings and the epoxy or tetra(ethylene
glycol) (TEG) moieties across the polymer backbone, was
designed. Copolymer 50 was also expected to be able to
adopt several micelle morphologies upon cross-linking
between the epoxy and the alcohol moieties of the polymer
side chains.

Copolymer 50 (500 mg) thus prepared and Pd(PPh;), (500
mg, 0.43 mmol) were then dissolved in dichloromethane
(DCM, 10 mL), and tert-amyl alcohol (tAmOH) (50 mL)
was slowly added to this solution. After being stirred for
8 h at room temperature, the mixture was observed by
transmission electron microscopic (TEM) analysis. Very clear
spherical micelles were formed, and the diameters of the
micelles were 200—500 nm. On the other hand, micelles
prepared from copolymer 25¢ and Pd(PPhs), using the
identical procedure are not spherical. The different behavior
of these polymers is thought to be due to the structural
differences along the polymer backbone as mentioned
previously.

Since the TEM image of 51b prepared in the MeOH/DCM
solvent system did not reveal a recognizable Pd cluster
(presumably too small, TEM detection limit 1 nm), the
structure was examined by X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS). The XANES spectrum of 51b shows a
similar feature to that of metallic Pd, which is characterized
by two prominent peaks. This shows that S1b has similar
coordination symmetry to the Pd metal of face-centered cubic
(fce) structure. The spectrum of 51b is clearly different from
that of PdO. Note that the characteristic feature of the fcc
metal in the spectrum of 51b seems a little weak, suggesting
that the Pd metal species in the catalyst would have a Pd
metal fcc structure of very short-range order, suggesting that
very small Pd metal particles were formed in the polymer
support.

To clarify the local structure around the Pd atoms of 51b,
nonlinear curve-fitting analyses of the Fourier-filtered EX-
AFS of the first and the second shells, corresponding to
Pd—C (or Pd—0) and Pd—Pd shells, were conducted by a
least-squares method.

As a result, we revealed the formation of stable, subna-
nometer Pd clusters contained within micelles produced from
random copolymers using a novel method (Figure 14). To
the best of our knowledge, the Pd clusters formed in this
work are the smallest reported to date (average cluster
diameter ~ 0.7 nm).

It was found that the networked Pd micelles 51b catalyzed
the hydrogenation of quinoline to afford 1,2,3,4-tetrahydro-
quinoline quantitatively under hydrogen at atmospheric
pressure and room temperature (Scheme 41). According to
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Figure 14. Polymer-micelle incarcerated palladium.

Scheme 41. Hydrogenation of Quinoline

PMI Pd 51b (5 mol %)
©\/j
P
N
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H

Table 53. Heck Reaction Using Pd-Containing Micelles—the
Effect of Polymer and Solvent System

Pd Catalyst (5 mol %
Ph—I + /\COZEt yst( ‘)

K,CO3 (2 equiv)
NMP, 120 °C, 24 h

Pd solvent yield of Pd leaching
catalyst* system” cinnamate (%)° (ppm)?
28c hexane/THF 87 78.7
28¢ MeOH/DCM 80 71.8
S5la hexane/THF 88 92.0
51b MeOH/DCM 93 nd

“The loading of Pd was determind by XRF analysis after decom-
position. 28¢ = 0.81 mmol/g; 28¢” = 0.67 mmol/g; 51a = 0.65 mmol/
g; 51b = 0.62 mmol/g. ? Solvents for micellization. The ratio of poor
solvent to good solvent was 3 to 1. In all cases, micelles have networked
structure, and diameter of micelles was 20—50 nm. Both results were
determined by TEM observation. °Isolated yield. ¢ The concentration
of leached Pd was measured by XRF analysis; nd = not detected (<5

ppm).

the kinetic profile of the reduction, it is noted that no
induction period was observed. These results and the previous
XAFS data would suggest the presence of Pd(0) in 51b.

Catalytic activities of the Pd micelles were examined in
the Heck reaction of iodobenzene with ethyl acrylate;'** the
results are summarized in Table 53. When PI Pd (from
copolymer 25c¢) prepared in either solvent system (hexane/
THF (28¢) or MeOH/DCM (28¢”)) was used, the same level
of leaching of the Pd to the reaction mixture was observed.
In both 28¢ and 28¢’, Pd coordinated with the benzene rings
of the polymers was thought to exist both inside and outside
of the structure. On the other hand, while the networked Pd-
polymer micelles 51b did not show any leaching at all, the
micelles S1a showed significant leaching of Pd. These results
indicate that Pd was located in the hydrophobic part of the
micelles (inside for 51b and outside for 51a).

On the other hand, the micelles containing Pd could be
fixed on several supports such as a glass surface, a hydroxy-
lated resin 52, or an aminated resin 53 (Figure 15), which
would be also used as catalysts. To a solution of the Pd-
polymer micelles in the tfAmOH/DCM system, a glass,
hydroxylated resin 52, or aminated resin 53 was added, and
the mixtures were allowed to stand overnight to allow
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Figure 15. Hydroxylated resin 52 and aminated resin 53.

Table 54. Heck Reaction Using Various Pd-Containing Micelles
Pd Catalyst
(0.001 mol %)

K,COj3 (2 equiv)
NMP, 120 °C, 24 h

Ph—I + /\COZEt Xy COE

Pd solvent  observed diameter of  yield TON¢
catalyst® system”  structure’  micelles’ (nm)  (%)?
28¢c A networked 20—50 52 52300
51b B networked 20—50 83 82500
57 C sphere 200—500 81 81400
58¢ C broken” 19 19400
55 C sphere 200—500 78 78200
56 C sphere, rod’ 100—500 65 64500
5% Pd/IC 31 30800

“The loading of Pd was determind by XRF analysis after decom-
position. 28¢ = 0.81 mmol/g; 51b = 0.62 mmol/g; 57 = 0.81 mmol/g;
58 = 1.73 mmol/g; 55 = 0.009 mmol/g; 56 = 0.037 mmol/g. ® Solvents
for micellization. The ratio of solvents was 3 to 1 for hexane/THF (A)
and MeOH/DCM (B) and 5 to 1 for tAmOH/DCM (C). ¢ Determined
by TEM observation. ?Isolated yield. ¢ TON denotes turnover number.
fSealed tube was used for cross-linking. ¢ MW irradiation was used
for cross-linking. " The micelles were disrupted, and 1—5 nm sized Pd
clusters were observed. 'Cross-linked sphere or rod micelles were
observed.

precipitation of the micelles onto the supports. The supports
with the micelles were washed with MeOH and then dried
and heated at 120 °C for 2 h. After being washed with THF,
spherical micelles were observed on the glass (54) and the
hydroxylated resin (55). It was assumed that the immobiliza-
tion of the micelles onto the supports by binding the epoxides
to silanols on the glass or the alcohols on the resin and cross-
linking of the polymer side chains occurred by heating at
120 °C at the same time. In the case of the aminated resin,
the micelle morphology partially changed to a rodlike
structure (56). Since the epoxides of polymer 50 would react
with the amine moieties on the resin before cross-linking of
the polymer side chains, the morphology might be partially
changed. Subsequent heating at 120 °C led to the morphol-
ogies of the micelles being fixed by the cross-linking of the
polymer side chains. Conversely, the aggregates of the
micelles of polymer 50 without Pd on a glass did not form
micelles, but rather a membrane was observed. This result
also suggests that the micelles were stabilized by interaction
between Pd and the polymer.

Catalytic activities of the various micelles were compared
in the Heck reaction (Table 54). While PI Pd 28c and the
disrupted micelles 58 obtained by MW irradiation gave lower
yields, all of the other cross-linked Pd micelles exhibited
considerably high catalytic activities; the catalytic turnover
numbers (TONs) were greater than 60 000. 5% Pd/C gave
lower yield and TON. It is noteworthy that despite the
considerable difference in the shapes of the various micelles,
the catalytic activities were almost the same. This indicates
that the surface area of the catalyst construct hardly affects
the catalytic activity. Remarkably high catalytic activity was
observed using low loading of micelle catalyst 58L, which
was prepared according to the same procedure as that for
58 except for the amount of the resin (a 5-fold increase of
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Table 55. Minimized Catalyst and Reuse

Pd Catalyst 56L
Ph—I + 2 CO,Et Y ph Xy COE
KoCOj3 (2 equiv)
NMP, 120 °C, 24 h
Pd catalyst yield of
56L (mol %)“ cinnamate (%)" TON“
0.001 93 93 400
0.001¢ 90 90 000
0.0003 85 284 660

“ Catalyst 56L. was prepared by the same procedure for 56 except
for the amount of resin 52 (5-fold increase). The loading of palladium
in 56L. was determined by XRF analysis after decomposition: 0.8 xmol/
¢. PIsolated yield. ° TON denotes turnover number. ¢ Recovered catalyst
from entry 1 was used.

resin 54 was used as a support) and the TON was over
280 000 (Table 55). Moreover, catalyst S8L could be reused
without significant loss of activity at 0.001 mol %.

Although leaching of Pd to the reaction mixture was not
detected by fluorescence X-ray (XRF) analysis in this system,
the detection limit (5 ppm) was not sufficient to deny the
possibility that a very small amount of leached Pd catalyzed
the reaction. The catalytic activity of the filtrate was then
carefully checked. After the coupling reaction of iodobenzene
(50 mmol) with ethyl acrylate (75 mmol) in the presence of
0.01 mol % 51b and potassium carbonate (100 mmol) in
N-methyl-2-pyrrolidinone (NMP, 50 mL), the catalyst was
removed by simple filtration. To the filtrate were added
iodobenzene (50 mmol), ethyl acrylate (75 mmol), and
potassium carbonate (100 mmol) again, and the mixture was
further stirred for 24 h at 120 °C. No additional formation
of the Heck product was observed, thus indicating that no
Pd leaching occurred. A kinetic study and a hot leaching
test were also conducted. The kinetic profile shows a short
induction period, and it is noted that a similar kinetic profile
was observed in the Heck reaction using Pd(OAc),. The
reaction did not proceed at all after hot filtration (hot leaching
test)!% of the catalyst. These results suggest that an active
Pd species for the Heck reaction may be produced in the
initial stages of the reaction and that the active species may
exist not in a solution but inside the support.

Further evidence that no Pd leaching occurred was
garnered from experiments based on the “three-phase tests”!%
consisting of anchoring one of the substrates onto a solid
support in addition to using the solid catalyst. If an active
species is really heterogeneous, transformation should be
hardly observed for the anchored substrate. Wang resin-
bound aryl iodide was prepared and was then employed in
Heck reactions with ethyl acrylate in the presence of 51b,
5% Pd/C, or Pd(PPh;), (Table 56). While Pd(PPh;), gave
the Heck adduct in 48% yield after cleavage from the
support, the adducts were obtained in only 2% and 10%
yields using 51b and Pd/C, respectively. Although a very
small amount of Pd might exist in the solution when 51b
was used in this “three-phase test” (which promoted the Heck
reaction to afford the adduct in 2% yield), the result of the
hot leaching test mentioned above indicates that no active
species exists in the solution. These results suggest that most
of the active Pd species was held inside the micelles and
that catalytic turnover predominantly took place there too.

3.3. Polymer Incarcerated Ruthenium Catalyst

The polymer incarcerated method was applied to ruthe-
nium catalysts; dichlorotris(triphenylphosphine)ruthenium
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Table 56. Three-Phase Test

|
Pd Catalyst (0.01 equiv)
o + 2 Co,Et -
O K,CO3 (2 equiv)
(0]

NMP, 120 °C, 24 h
TFA-CH,Cl,

o COEt
HO
t1h

0

entry Pd catalyst yield of cinnamate (%)”
1 51b¢ 2
2 5% Pd/C 10
3 Pd(PPhs)4 48

“The loading of palladium was 0.62 mmol/g. ® Determined by 'H
NMR analysis.

Table 57. Effect of Solvents and Additives

PI-Ru 60
\M:O\OH solvent, NMO (2 equiv), 30 °C, 2 h Wo
PIRu yield® (%) [leaching” (%)]
entry  (mol %) solvent first second third
1 15 toluene 33 [nd] 28 [nd] 19 [nd]
2 15 THF 31 [nd] 27[2.4] 31 [nd]
3 15 DMF 57 [6.8] 50 [nd] 48 [nd]
4 15 CH;CN 41 [nd] 48 [nd] 42 [nd]
5 15 CH,Cl, 48 [nd] 45 [nd] 56 [nd]
6 15 acetone 61 [nd] 70 [nd] 73 [nd]
7 5 acetone 64 [nd] 72 [nd] 65 [nd]
8¢ 5 acetone quant [nd] 96 [nd] 92 [nd]

“Yields were determined by GC analysis. ° Leachings were measured
by XRF analysis; nd = not detected. ‘MS 4 A (500 mg/mmol) was
used.

[RuCl,(PPhs);] was chosen as a starting catalyst'”” because
it was thought that the three PPh; groups of RuCl,(PPh;);
would be eliminated during immobilization to create a more
Lewis acidic, less hindered active catalyst. Epoxide-contain-
ing copolymer 25¢ was dissolved in THF at room temper-
ature, and RuCl,(PPh3); was added to this solution. Hexane
was then added to form microcapsules, which were filtered,
washed, and dried. The microcapsules were next heated at
120 °C for 3.5 h to afford polymer incarcerated Ru (PI Ru
59).!% PI Ru 59 was preliminarily oxidized using 5 equiv
of N-methylmorpholine-N-oxide (NMO) in acetone—2-
propanol (1/9) at room temperature for 12 h before being
subjected to oxidation reactions.

PI Ru 60 thus prepared was initially examined in the
oxidation of dodecanol using NMO as a co-oxidant in a batch
system (Table 57). Several solvents were tested, and it was
found that the oxidation proceeded smoothly in acetone to
afford dodecanal in good yield using 15 mol % of PI Ru at
30 °C for 2 h (entry 6). The catalyst was recovered
quantitatively by simple filtration and reused three times
without loss of activity. In addition, no leaching of Ru was
detected by fluorescence X-ray (XRF) analysis. When the
catalyst loading was reduced to 5 mol %, similar results were
obtained. Finally, the yield was dramatically improved by
adding molecular sieves (MS) 4 A (entry 8). Molecular sieves
would remove water that is generated during the oxidation
and would prevent deactivation of the catalyst as well as
further oxidation of the aldehyde to the corresponding
carboxylic acid.

Under the optimized conditions, several alcohols were
oxidized, and the results are summarized in Table 58. Primary
and secondary, aliphatic and aromatic, and even allylic
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Table 58. PI Ru-Catalyzed Oxidation of Various Substrates”
OH PI-Ru 60 (5 mol %) [0}

R1J\R2 acetone, NMO (2 equiv), MS 4A, 30°C, 2 h R1J\R2

Entry Substrate Yield® (%)
1 n-dodecanol quant (84%)°
2 cyclohexanol 94
3 benzyl alcohol 99
4 sec-phenethyl alcohol 93
5¢ 3-phenyl-1-propanol 80
6 w
OH %
7 cinnamy!l alcohol 85
8 C7H13\|/\/\OH 79f
OH
OH
N
Boc
10 2-thiophenemethanol 98
11° \)\/ 779(81% ee]
tBu-...O. OH ;
12h ’SI 669 [91% ee]
Ph Ph
13 849[97% ee]

“MS 4 A (500 mg/mmol) was used. The leaching of Ru to the
reaction mixture was measured by XRF and ICP analyses. No peaks
for Ru were detected in any entry (<0.5 ppm). ® Yields were determined
by GC analysis. ° RuCl,(PPh;); (5 mol %) was used instead of PI Ru.
Isolated yield. ® The reaction was performed for 0.5 h. ' The product
is shown in parentheses. Y An 86% yield using PI Ru (1 mol %) for
4 h; an 89% yield using PI Ru (0.5 mol %) for 15 h. "TPAP (5 mol %)
in acetonitrile was used instead of PI Ru. 'Enantiomeric excess of the
product was determined by chiral HPLC analysis.

alcohols were oxidized smoothly in the presence of PI Ru
60 to afford the corresponding carbonyl compounds in high
yields (entries 1—7). It should be noted that the yields were
better than those using the parent metal source, RuCly(PPh;);.
Heterocyclic alcohols also worked well (entries 9 and 10),
and a 1,4-dihydroxy compound gave the corresponding
lactone directly (entry 8). For optically active aldehydes
having a stereogenic center at the 2-position, it is well-known
that partial racemization occurs during oxidation and that a
racemic aldehyde is formed in many cases. Indeed, when
optically pure alcohol (>99% ee) was oxidized using
RuCl,(PPh3);, the corresponding aldehyde was obtained in
77% yield with 81% ee (entry 11). While a somewhat better
result was obtained using tetra-n-propylammonium perru-
thenate (TPAP)'% (66% yield, 91% ee, entry 12), PI Ru 60
was excellent so that the desired aldehyde was obtained in
84% yield with almost no racemization (97% ee, entry 13).
We assume that the polymer serves to reduce the basicity of
the reaction mixture to prevent the partial racemization of
the aldehyde.

For the use of PI Ru in other oxidation reactions, the
oxidation of sulfides and an acetylene derivative was briefly
examined (Scheme 42). In the presence of PI Ru 60 (5 mol
%) and MS 4 A, thioanisole was treated with NMO in
acetonitrile at room temperature for 15 h to afford methyl
phenyl sulfoxide in 76% yield. On the other hand, methyl
phenyl sulfone was obtained in high yield using (diacetoxy-
iodo)benzene [PhI(OAc),] as a co-oxidant. Thus, thioanisole
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Scheme 42. PI Ru Catalyzed Oxidation of Other Substrates
PI-Ru 60 (5 mol %)

_S. 1
Ph™ - Me NMO (3 equiv), MS4A  Ph”>“Me
CH4CN, t, 15 h .
76% yield
s PI-Ru 60 (5 mol %) O\\S/,O
™ Me NMO (3 equiv), MS4A  Ph” " Me
CH,CN, rt, 15 h _
96% yield
PI-Ru 60 (5 mol %)
ph S ph s
PhI(OAC), (3 equiv) Ph”>>Ph
acetone—H,0 (10/1) .
rt, 15 min 99% yield
o)
PI-Ru 60 (5 mol %)
Ph—=—Ph ph)S( Ph
PhI(OAc), (3 equiv)
acetone-H,0 (10/1) 0
rt, 15 min 78% yield

was treated with PhI(OAc), in the presence of PI Ru 60 (5
mol %) in acetone—water (10/1) at room temperature for
15 min to afford methyl phenyl sulfone in 96% yield.
Diphenyl sulfide gave diphenyl sulfone in 99% yield under
the same reaction conditions. The system was also used for
the oxidation of diphenylacetylene, and benzyl was obtained
in good yield under mild reaction conditions. It is noted that,
in all cases, the Ru catalyst was recovered by simple filtration
and reused without loss of activity. Moreover, no leaching
of Ru was observed in all cases.

PI Ru was then applied to a flow system. Flow systems
are now very important not only in industry but also in high-
throughput organic synthesis related to combinatorial library
generation.!' Whereas many immobilized catalysts have
been developed, those that can be applied to flow systems
are limited. Our flow system was set up as shown in Figure
16. PI Ru 60 and MgSO, were placed into a column, and an
acetone solution of an alcohol and NMO was passed through
the column. Under the conditions shown in the scheme, the
substrate mixture came in contact with the catalyst in the
column for approximately 20 min. After passing through the
column, the alcohol was converted to the aldehyde almost
quantitatively (Table 59). It is noted that high conversions
and yields were maintained even after 8 h of continuous flow
and that no leaching of Ru was observed. Applications to
large-scale synthesis as well as combinatorial chemistry using
this flow system are underway.

The structure of PI Ru was investigated. In the initial plan,
the three PPh; groups of RuCl,(PPh;); would be eliminated
during immobilization to create a more active catalyst. For

o}

0, e 1, O

Ph OH rt, ca. 20 min
e %, ;
(8eq.) hlgh conversion and yleld
NMO with acetone
benzyl alcohol pump
with acetone | . product
Pl Ru 60
Ar atomosphere with :%’
(=) MgSO,

Figure 16. PI Ru catalyzed oxidation using flow system.
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Table 59. Results of PI Ru Catalyzed Oxidation Using a Flow
System?

time (h) conversion (%)? yield (%)"
0—1.05 >99 94
1.05—2.10 >99 92
2.10—3.15 >99 87
3.15—4.20 >99 >99
4.20—5.25 99 95
5.25—6.30 98 88
6.30—7.35 96 89
7.35—8.40 94 92

“Benzyl alcohol (1.99 mg/mL) and 6.94 mg/mL NMO acetone
solution were passed through a column containing 40.3 mg of PI Ru
(loading level is 0.312 mmol/g) with MgSO,. Flow rate was 0.08 mL/
min. ® Conversion and yield was calculated based on the total starting
material as an average of 1.05 h.

Table 60. Solvent Effects in Microencapsulation of Sc(OTf);
microencapsulation

Sc(OTf); coacervation 1) filtration cross-linking

solvent, it poor solvent 2) washing (henxane) no solvent

3) drying 120°C, 2 h
1) washing (toluene, CH,Cl,)
Pl or PMI Sc(OTf)3
2) drying
Sc loading
entry solvent poor solvent (mmol/g)
1 toluene hexane 0.191
2 THF—cHex (1/3) hexane 0.185
3 CH,Cl, MeOH not loaded

the activity of the newly created immobilized catalyst (PI
Ru 60), higher activity of PI Ru 60 compared with that of
RuCl,(PPh;); was demonstrated in several cases. Elemental
analyses of PI Ru 60 support our working hypothesis. The
Ru catalyst was analyzed just after microencapsulation
(before cross-linking), PI Ru before activation (PI Ru 59),
and PI Ru after activation (PI Ru 60). In all cases, the same
levels of Ru loadings were observed, and 2 equiv of chlorine
to Ru was detected. More importantly, almost all of the PPh;
was removed during the preparation of PI Ru 60. Analyses
by EXAFS also support this structure.

3.4. Polymer-Micelle Incarcerated Scandium
Trifluoromethanesulfonate [PMI Sc(OTf);] and
Ruthenium Catalyst [PMI Ru]

In microencapsulated Sc(OTf); [MC Sc(OTf);] (section
2.1), catalytic activity, scope of reaction, solvent, and catalyst
loadings are still unsatisfactory. The polymer incarcerated
method to immobilization of Sc(OTf); was investigated.

Several reaction conditions for the preparation of polymer-
supported Sc(OTf); based on the PI method were investi-
gated.!'! It was found that choice of solvents at the stage of
microencapsulation was key to the preparation (Table 60).
While toluene—hexane and THF—cyclohexane—hexane were
efficient for immobilizing Sc(OTf); (entries 1 and 2), the
catalyst was not loaded at all in microencapsulation before
cross-linking using CH,Cl,—MeOH, which was efficient for
immobilization of Pd (entry 3).!!?> These results suggest that
Sc(OTf); may locate in hydrophilic parts of random copoly-
mer 50.!°2113 Tt is noted that the PI method can also be
successfully used for the preparation of immobilized
Sc(OTf);. Moreover, interesting information was obtained
by transmission electron microscopic (TEM) analysis of the
polymer solutions. Although random aggregation of copoly-
mer 50—Sc(OTf); was observed in toluene, spherical micelles



622 Chemical Reviews, 2009, Vol. 109, No. 2

Table 61. Comparison of Catalytic Activity of PI Sc(OTf); and
PMI Sc(OTY); in Mukaiyama Aldol Reaction

; Sc catalyst
o OSiMes 5 mol %) H* OH O
Ph)J\H \%\OMe solvent, rt. 3 h Ph%OMe
yield (%) Sc leaching®

entry solvent Sc catalyst  first second third (%)

1 CH3;CN  PI Sc(OTf); 85 87 85 nd

2 toluene  PI Sc(OTf); 70 64 71 nd

3 CH)Cl, PISc(OTf), 83 83 83 nd

4  CH)Cl, PISc(OTf); 94¢ nd

5 CH)Cl, PMISc(OTf); 92¢ 96 94 nd

“Corrected yield. Half of the crude compound was used for ICP
analysis. ® Determined by XRF analysis [nd = not detected in all runs
(<2.2%)]. °Determined by ICP analysis after the first use (ND <
0.05%).

Table 62. Substrate Scope for Mukaiyama Aldol Reaction
OSiMe, P! or PMI Sc(OTf)

JCJ)\ - (5 mol %) H* OH O
% 1

R H L CH,Cly, 1t, 3 h R e Y
entry catalyst R! R> R} Y  yield (%)
1 PI 4-Me-Ph Me Me OMe 90
2 PI 2-Me-Ph Me Me OMe 93
3 PI 4-CI-Ph Me Me OMe 93
4 PI PhCH,CH, Me Me OMe 70
5 PI 2-furyl Me Me OMe 75
6 PMI 2-furyl Me Me OMe 85
7 PI 2-thienyl Me Me OMe 93

8 PI Ph H Me SEt 80°
9 PI Ph H H SEt 83
10 PI Ph Me H Ph 70¢
11 PMI Ph Me H Ph 78¢
12 Sc(OTf); Ph Me H Ph 50¢
13 PMI Ph Me H Ph 74
14 MC Sc(OTf); Ph Me H Ph 57¢

“Reaction conditions: catalyst (5 mol %) in CH;CN at rt for 3 h.
bRatio syn/anti = 35/65. °Ratio syn/anti = 58/42. Ratio syn/anti =
60/40. ¢ Ratio syn/anti = 56/44. 'Ratio syn/anti = 50/50. 9 Ratio syn/
anti = 47/53.

were formed in THF—cyclohexane, and Sc(OTf); seemed
to be encapsulated into these spherical micelles. These
different shapes are ascribed to the polarity of the solvents.
To distinguish these catalysts, the former was named polymer
incarcerated Sc(OTf); [PI Sc(OTf);] and the latter polymer-
micelle incarcerated Sc(OTf); [PMI Sc(OTf);].

PI Sc(OTf); and PMI Sc(OTf); were first used in the
Mukaiyama aldol reaction”''* to compare their catalytic
activity (Table 61). PI Sc(OTf); worked well in several
solvents, and the desired product was obtained in good yields
(entries 1—3). Moreover, it was confirmed by XRF and ICP
analyses that no leaching of Sc occurred. On the other hand,
PMI Sc(OTf); was found to be more effective (entry 5).

Other substrates were tested, and in all cases, PMI
Sc(OTf); had higher catalytic activity than PI Sc(OTf);
(Table 62). The higher activity of PMI Sc(OTf); compared
with that of PI Sc(OTf); may be ascribed to the larger
catalytic surface area in PMI Sc(OTf); by formation of
spherical micelles. Moreover, PMI Sc(OTf); showed higher
activity than MC Sc(OTf);. It is noted that these catalysts
were recovered quantitatively by simple filtration and that
the same yields were obtained even after the third use.

PMI Sc(OTf); was successfully used as a catalyst in other
reactions, such as Mannich-type’® and Michael reactions''
(Tables 63 and 64). Although it is well-known that most
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Table 63. Mannich-type Reaction Using PMI Sc(OTf);

X - PMI Sc(OTf, X.

JNL . Rz\#\fS'M% (5 mol %) NH O
R'"H Y CHLCN, 1t R! Y

R3 (1.5 equiv) R? RS

entry R! X R> R Y  yield (%)

1 Ph Ph Me Me OMe 96"
2 2-thienyl Ph Me Me SEt 97
3 PhCH,CH, NHBz Me Me OMe 80
4 BtO.C NHBz Me Me OMe 73
5 Ph Ph H H Ph 80

@ With 5 mol % of PMI Sc(OTf);. ® Corrected yield. Half of the crude
compound was used for ICP analysis. No Sc leaching was observed
(ND < 0.05%); second use, 99%; third use, 97%.

Table 64. Michael Reaction Using PMI Sc(OTf);

Time Yield

Acceptor Product (h) (%)

Entry  Donor
O

0
Z
1 /ﬁ]/ COMe 4 gobc
o
5 CoEt AN 9
© CO4E
o
~Apn

o}
(0] (0]
E
(0]
%Ph 6
o o
“Reaction conditions: PMI Sc(OTf); (5 mol %), acceptor (2.0 equiv)
in CH;CN at room temperature. ? Corrected yield. Half of the crude

compound was used for ICP analysis. No Sc leaching was observed
(ND < 0.05%). °Second use, 94%; third use, 92%.

92
81
o O

Lewis acids are trapped and sometimes decomposed by basic
compounds, PMI Sc(OTf); was effective for the activation
of imines to form amines, and no Sc leaching was observed
(Table 63). PMI Sc(OTf); was also available for the reaction
of less reactive acylhydrazones!! (entries 3 and 4). More-
over, it was confirmed that PMI Sc(OTf); was an effective
catalyst for Michael reactions (Table 64), one of the powerful
methods for the synthesis of 1,5-dioxo units. In the presence
of 5 mol % PMI Sc(OTf)s, the desired Michael reactions
proceeded smoothly,!"” and again, no Sc leaching was
observed. It is noted that the highest catalytic activity in terms
of TON (>7500) has been attained in the Michael reaction.

The polymer-micelle incarcerated (PMI) method was
applied to immobilized ruthenium catalyst for the oxidation
of alcohols and sulfides (Figure 17).!'® In this study, it was
found that choice of micelle-forming conditions and polymer
structures played a key role in obtaining higher catalytic
activities.

P;MI Ru and P,MI Ru were first used in the oxidation of
a sulfide to compare their catalytic activities. When PI Ru,
P;MI Ru, and P,MI Ru were used as the catalysts, reactions
proceeded smoothly in an acetone—water cosolvent system
in the presence of 2.2 equiv of iodobenzene diacetate
[PhI(OAc),] to afford the desired sulfone in high yields.

In the presence of 0.5 mol % of each catalyst, the reaction
was complete within 220 min in the case of PI Ru and 70
and 120 min in the cases P;MI Ru and P,MI Ru, respectively.
All the catalysts could be recovered and reused several times
by simple filtration and washing (Table 65). It is noted that
no leaching of ruthenium was observed by fluorescence X-ray
(XRF) analysis. In the cases of PI Ru and P,MI Ru, longer
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RuCl,(PPhg);  microencapsulation cross-linking

25¢ P4MI-Ru
THF-cHex (1/3) hexane 120°C,35h
i, 24 h
RuCl,(PPh3);  microencapsulation cross-linking
PoMI-Ru
THF—cHex (1/3) hexane 120°C,3.5h
t,24 h
E X [E ‘6/\] o)H
E x/y/z 79/15/6
ES\/\ g\ g/\o}H
x/y/z 91/5/4

Figure 17. Preparation of polymer-micelle incarcerated (PMI) Ru
from copolymers 25¢ and 50.

Table 65. Oxidation of a Sulfide Using PI Ru and PMI Ru
Cat. (1 mol %)

N

PN _S.
Ph™ " "Me PhI(OAc), (2.2 equiv), acetone—-H,0 (10/1), t Ph™ Me
yield” (%) [time (h)]”

entry  catalyst first second third fourth
1 PI Ru quant [2.0] 98 [2.5] 80[2.5] 94[2.5]
2 PMIRu quant[0.5] 87[0.5] 97[0.5] 99][0.5]
3 P,MIRu 96 [0.5] 96 [1.0] 89[1.1] quant[1.3]

“Isolated yield. No peaks of ruthenium were observed by XRF
analysis (<1.1%). ®*Time until sulfoxide was completely consumed
(confirmed by TLC).

reaction times were needed for reactions to get to completion
in the second use, while in the case of P;MI Ru, the reactivity
was completely maintained for at least four uses. The higher
activity of P{MI Ru and P,MI Ru compared with the PI Ru
could be ascribed to the formation of stable micelle mor-
phologies with a large surface area. Although P,MI Ru has
a larger surface area than P{MI Ru, P;MI Ru has a higher
catalytic activity in the oxidation of sulfides. This could be
explained by the quantity of hydrophilic parts in the polymers
(21% hydrophilic parts in 25¢ vs 9% in 50). As described
above, ruthenium is mainly located in the hydrophilic parts
of the polymer, which are at the outer layer of micelles when
a THF(—cyclohexane)/hexane microencapsulation system is
employed. In the slower second step, oxidation of a sulfoxide
to a sulfone, the hydrophilic sulfoxide and PhI(OAc), might
be located at a hydrophilic catalytic site. On the other hand,
the generated sulfone and iodobenzene, which are relatively
hydrophobic, might be easily eliminated from the catalytic
site to the outer layer. Therefore, in PyMI Ru derived from
25¢ containing more hydrophilic parts, there are more
ruthenium metal species located in the hydrophilic parts than
in P,MI Ru, and the catalytic turn-over frequency is also
higher.

Under these conditions, aromatic (even with electron-
withdrawing groups), aliphatic, and cyclic sulfides were
smoothly oxidized in the presence of either P;MI Ru or P,MI
Ru to afford the desired products in high yields (Table 66).

P,MI Ru and P,MI Ru were used in the oxidation of
alcohols in the presence of 2 equiv of N-methylmorpholine-
N-oxide (NMO). PI Ru, P{MI Ru, and P,MI Ru were

Chemical Reviews, 2009, Vol. 109, No. 2 623

Table 66. Oxidation of Sulfides
P4MI Ru or P,MI Ru (1 mol %) o 0

N

S, s’
R R? phi(OAc), (2.2 equiv), acetone—H,0 (10/1), t R'" R?

P,MI Ru P,MI Ru
Tiem (h)  Yield (%)? Tiem (h) Yield (%)

Entry  Substrate

1 S e 05 quant 05 96"
_S.
2 Ph™"Ph 2 98 0.75 99
4-clPh S M
3 A e 2 9 0.5 99
nBu/s\nBu
4 S 2 quant® 2 quant®

5 <_7 2 quant® 2 quant®

“Isolated yield. No peaks of ruthenium were observed by XRF
analysis (<1.1%). ? Quantitative yield, using 0.1 mol % of P,MI Ru
for 11 h. °Determined by GC.

Table 67. Oxidation of an Alcohol Using PI Ru and PMI Ru

Cat. (1 mol %) H
ey
Ph™ "OH NMO (2 equiv), acetone-hexane(1/1), rt, MS 4A ph/go
ent catalyst MS 4 A time yield
y (mol %) (0.5 g/mmol) (h) (%)*
1 PIRu (1) - 2.5 47
2 P,MI Ru (1) - 2.5 51
3 PIRu (1) + 2.5 59
4 P;MI Ru (1) + 2.5 75
5 P,MI Ru (1) + 2.5 93
6 P,MI Ru (2) + 2.5 93"
7 P,MI Ru (0.3) + 24 91

“ Determined by GC. No peaks of ruthenium were observed by XRF
analysis. ? Second, 85% for 7.5 h; third, 85% for 7.5 h.

preliminarily treated with20equivof NMOin an acetone—isopropyl
alcohol (iPrOH) (1/9) solvent at room temperature for 12 h
before application to the oxidation reactions. Both PI Ru and
P,MI Ru did not work well in the oxidation of benzyl alcohol
without MS 4 A (Table 67, entries 1, 2). When 0.5 g/mmol
of MS 4 A were added to the reaction mixture, P,MI Ru
worked well to afford benzaldehyde in high yield (entry 5).
In the cases of PI Ru and P;MI Ru, the desired product was
obtained in moderate yields (entries 3, 4). P,MI Ru could
be reused several times after recovery by simple filtration
and washing, although after second use 7.5 h was needed to
complete the reaction. Lower catalyst loading of P,MI Ru
also produced the product in high yield, albeit with prolonged
reaction time (entry 7). That P,MI Ru was the best catalyst
for oxidation of alcohols was thought to be due to the greater
surface area as well as hydrophilicity of the polymers that
determined the reactivities in the case of oxidation of sulfides.

Under these conditions, the substrate scope was surveyed
using P;MI Ru and P,MI Ru (Table 68). In most cases, high
to excellent yields were obtained in the oxidation of both
primary and secondary alcohols. Moreover, no ruthenium
leaching was observed in all cases.

3.5. Polymer Incarcerated Palladium Derived from
Palladium(ll)

Tetrakistriphenylphosphine palladium(0) [Pd(PPh3)4] was
successfully immobilized by the polymer incarcerated method
to form phosphine-free polymer-incarcerated Pd(0) (PI Pd).
Although it was thought that a ligand exchange from
phosphine to copolymers would be the key to successful
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Table 68. Oxidation of Alchols
OH P+MI Ru or P,MI Ru (x mol %) 0]

N A

R "R2 Phl(OAc), (2.2 equiv), acetone-H,0 (10/1), it R1” ~R2

P4MI Ru P,MI Ru
Tiem (h)  Yield (%)% Tiem(h) Yield (%)?

Entry Substrate

1 Ph/\OH 25 75 25 93

2 mo*‘ 12 66 25 67
3 @\/OH 25(12) 74 (83) 25 81
s

4 4 12 73 12 82
Ph)\
OH
5 12 50 12(12%) 4583
5
6 QOH 12 65 12(12% 60 (859)

“ Determined by GC. No peaks of ruthenium were observed by XRF
analysis. ? Catalyst at 2 mol % was used.

Scheme 43. Two Strategies for the Polymer Incarcerated
Method

Ligand Exchange Reduction

PdO)Ly —MMM
Ok copolymer m
Previous strategy

Pd(I1)X,
copolymer
New strategy

Pd(NO3), 1) filtration
NaOAc (2 eq.) coacervation 2) washing (hexane)

THF,65C, 3 h hexane  3)drying

cross-linking 1) filtration

no solvent  2) washing PIPd 61

120°C,2h (THF, water, CH,Cl,)
3) drying

Scheme 44. Heck Reaction Using PI Pd 61

Pl Pd 61
(0.5 mol %)

Ph—I + 20,k P X COE

K,CO3 (2 equiv)
NMP, 120°C, 2 h

1st use, 94% yield; 2nd use, 90% yield; 3rd use, 93% yield

immobilization (Scheme 43), four triphenylphosphine moi-
eties were lost during the preparation. It was expected that
PI Pd could be alternatively prepared from inexpensive Pd(II)
salts under suitable reduction conditions (Scheme 43, new
strategy).'!® After several investigations, a new practical
immobilization method of Pd was achieved.

PI Pd thus prepared showed high catalytic activity in the
Mizoroki—Heck reaction (Scheme 44) and the Suzuki—Miyaura
coupling with a range of substrates including an aryl chloride
(Table 69). In all cases, the Pd catalyst was recovered
quantitatively without leaching and reused several times
without significant loss of activity.

3.6. Polymer Incarcerated Platinum [Pl Pt]

Hydrosilylation of alkenes and alkynes not only is an
important industrial process but also provides very useful
synthetic tools in laboratories.'?® While metal catalysts based
on Rh and Mn are known in this process,'?"!?> Pt complexes
are the catalyst of choice since Speier’s pioneering discov-
ery.'”® Indeed, Pt catalysts work well with alkyl and
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Table 69. PI Pd 61-Catalyzed Suzuki—Miyaura Coupling of
Various Substrates®

Yield Leaching

Boronic Acid (%) of Pd (%)°

Entry Aryl Halide

B(OH), quant nd

2 MeOQBr QB(OH)Z % nd

B(OH), quant nd

0
4 d—sr >—©—B(OH)Z 97 nd
@B(OH)Z quant nd

6 @Br MeO@B(OH)Z 92 nd

7 B(OH), 92 nd

7
¢

“Reaction conditions: 1.0 equiv of aryl halide, 1.5 equiv of boronic
acid, 1.0 equiv of K;PO,, 5 mol % of PI Pd 61 (0.44 mmol/g), 5 mol
% of P(0-MeOPh);, toluene—H,O (4/1), reflux, 2 h. ®Isolated yield.
°Measured by XRF analysis; nd = not detected (<0.94%). K;PO,
(2.0 equiv) was used. ©2-(Dicyclohexylphosphino)biphenyl was used
as a ligand. Reaction time was 6 h.

Scheme 45. Preparation of PI Pt from Pt(PPhs),

ES“ ok
25¢ 5

y
xlylz = 83/11/6 0/\3

Pt(PPh3)s  coacervation

THF, rt hexane
1) filtration
2) washing (hexane) 1) filtration
- - PI Pt 62
3) drying no solvent 2) washing (THF)

120°C,2h 3)drying

alkoxysilanes as well as chlorosilanes without deactivation.
On the other hand, immobilization of Pt catalysts on either
inorganic or organic supports has been investigated.'?*~126

Whereas some active heterogeneous Pt catalysts have been
developed, their activity and selectivity are often decreased
with repeated use, presumably because most Pt catalysts
currently used are sensitive to air oxidation. To address this
issue, Pt catalysts have been immobilized on polymer-
supported phosphines, amines, etc.; however, applicability
of these catalysts is limited due to the presence of ligands.'?*1%

The immobilization of a platinum catalyst was investigated
by using the polymer incarcerated (PI) method.'?’ PI Pt was
prepared from copolymer 25¢ and Pt(PPhs), (Scheme 45).
A solution of 25¢ and Pt(PPh;), in THF was coacervated by
addition of hexane (microencapsulation). The resulting
precipitate was washed, dried, and heated (cross-linked) to
give PI Pt 62.

It was revealed by elemental analysis that the P atom
remained in PI Pt (P/Pt = 0.88), while it was reported that
PI Pd prepared from 25¢ and Pd(PPh;); contained no
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Scheme 46. PI Pt-Catalyzed Hydrosilylation of
4-Phenyl-1-butene

2 en PI Pt62 (1 mol %) H

M. OSIM H,0-hexane (2/1) RSS'\)\/\ph
1vie. 1vie: o .
(2.(§eq.) : 40°C,17h R3=Me,0SiMe3

1st-5th: quant

Table 70. Comparison of Catalytic Activity

2 "Pt" (1 mol %) H
HSiMe,0SiMe HaO-hexane (2/1) RSSI\)\/\Ph
(Z.OZGqUiV) 8 40 C’ 0.5h R3=MeZOSiMe3

additive yield (%)*

entry “Pt” (1 mol %) [leaching (%)"]

1 PI Pt 62 99 [nd]

2 Pt/C 99

3 Pt(PPh;), 7

4 PtO, 87

5 PI Pt 62 PPh; 0

6 PI Pt 62 Ph;P=0 quant

“Determined by 'H NMR analysis using durene as an internal
standard. ® Measured by XRF analysis; nd = not detected (<2.6%).

phosphine. Although it was difficult to remove the P
component from PI Pt 62 completely, this PI Pt was applied
to hydrosilylation.'?® Initially, hydrosilylation of 4-phenyl-
1-butene with pentamethyldisiloxane in several solvents was
tested using PI Pt 62. It was found that leaching of Pt was
observed when THF or H,O was used as the sole solvent,
while hexane suppressed the leaching to afford hydrosilylated
product in high yield. However, reactivity was decreased
significantly in the second run. On the other hand, the
reaction in hexane—H,O (1/2) proceeded quantitatively
without leaching of Pt, and the catalyst was recovered by
simple filtration quantitatively and could be reused five times
without loss of activity (Scheme 46).

The catalytic activity of PI Pt 62 was compared with that
of common heterogeneous or homogeneous catalysts. The
effect of additives on reactivity was also investigated (Table
70). The reaction was found to proceed using PI Pt even
within 30 min (entry 1). Pt/C, which was known to be an
effective catalyst for hydrosilylation of alkyne, showed
almost the same activity, whereas the reaction did not
proceed well when Pt(PPh;),'?° was used as a catalyst (entries
2 and 3). In addition, PtO,, which was recently found to be
an effective catalyst for hydrosilylation,'*® gave an inferior
result under the conditions (entry 4). While addition of PPh;
to PI Pt completely suppressed the reaction, triphenylphos-
phine oxide (Ph;P=0) did not affect the reactivity (entries
5 and 6). These results also support that the P atom in PI Pt
62 remains as Ph;P=0.

The substrate scope of PI Pt 62 catalyzed hydrosilylation
is shown in Table 71. The reactions proceeded smoothly to
afford the desired products in good to high yields in all cases.

PI Pt 62 also can be used in hydrogenation of olefin.
Hydrogenation of benzalacetone (65) was conducted smoothly
to afford reduced products 64 and 65 in high yield, and
recovery and reuse of the catalyst were attained without loss
of activity even after the fifth use (Table 72). No leaching
of Pt was detected by XRF analysis in all runs.

PI Pt catalysts were conveniently prepared from
PtCl,(COD) or H,PtCly*6H,0O and styrene copolymers via
reduction of the Pt sources, coacervation, and cross-linking.'*!

The preparation of PI Pt was first examined using
PtCI,(COD) and copolymer 50 according to PI method by
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Table 71. PI Pt 62-Catalyzed Hydrosilylation of Various
Substrates®

Time Yield
Entry Substrate ) Product % )b
oM H
o 2N 5 R OMe g
o 7
(e}
H SR,
OBn
2 Ph—— / 17 >:<; quant
Ph OBn
H  SiR,
3¢ Ph—=——Ph 1 quant
Ph Ph
R3Si
4 U 17 j\>< 81
Ph Ph Ph Ph
5 |L 17 ,L SR 83
Ph” \/\ Ph” NN ]

n-C5H11 H n-C5H11 H
6¢ n-CsHyy———H 16 + 82
H SiRs RgSI H

83 : 7

@ All reactions were carried out with pentamethyldisiloxane (2 equiv)
using 1 mol % of 62 (the loading level of platinum = 0.768 mmol/g)
in hexane—H,O (2/1) under Ar at 40 °C. The leaching of platinum
was measured by XRF and ICP analyses. No peaks of the platinum
were detected in any entry. ® Determined by '"H NMR analysis using
durene as an internal standard. ° Triethoxysilane (2 equiv) was used.
Isolated yield.

Table 72. PI Pt-Catalyzed Hydrogenation of Benzalacetone
PI Pt 622 (5 mol %)

o H, (1atm) o OH
NN T THE R 2h SN N
63 64 65
run yield (%)" ratio of 64/65
1 quant 95/5
2 quant 95/5
3 quant 94/6
4 quant 94/6
5 quant 94/6

“ All reactions were carried out using 5 mol% of 62 (the loading
level of platinum = 0.768 mmol/g) in THF under atmospheric H,
pressure at rt. The leaching of platinum was measured by XRF and
ICP analysis. No peaks of platinum were detected in any entry.
®Determined by 'H NMR analysis using durene as an internal standard.

using THF and hexane as solvents (Table 73). As reducing
agents, hydrogen and hydrazine afforded no immobilized
platinum clusters, because the reduction of PtCl,(COD) was
too fast and platinum metal precipitated immediately (entries
1 and 2). In the case of sodium borohydride, no cross-linking
proceeded after the coacervation with hexane (entry 3). As
a reducing agent, silanes were tried next and triethylsilane
gave a satisfactory result to afford the desired PI Pt (entry
5). In this catalyst, the cluster size of Pt was less than 1 nm
by transmission electron microscopy (TEM) analysis. How-
ever, this procedure was not reproducible presumably due
to poor solubility of PtCl,(COD) in THF. In fact, when the
solvent was changed to dichloromethane, which dissolved
PtCI,(COD) well, PI Pt 66 was obtained reproducibly (entry
6). The Pt loading value of this PI Pt determined by
fluorescence X-ray analysis (XRF) was 0.142 mmol/g.
Hydrogen hexachloroplatinate hexahydrate (H,PtCls*6H,0)
was also found to be a good platinum source of the PI Pt 67
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Table 73. Preparation of PI Pt from Pt Salts and Copolymer 50

o\/& O~

X y z

O}H

1) Pt source (0.20 mmol/g polymer)
reducing agent (10 eq.), THF

2) coacervation with hexane
3) cross-linking at 120 °C, 2 h

Pl Pt
xlylz = 89/7/4 50 (200 mg)

Pl Pt yield (mg)/

Entry Pt Source Reducing Agent Loading (mmol/g)
1 PtCl,(COD) H, 04
2 PtCl,(COD) NH,NH, 02
3 PtCl,(COD) NaBH, ob
4 PtCl,(COD) HSi(OEt); 218/Not determined®
59 PtCl,(COD) HSiEty 162/0.193 (78%)

6° PICI,(COD)  HSiEt,
7 H2PtC|G'6H20 HSIE‘3

1997 (66) 0.142 (71%)
1439 (67)/0.286 (quant)

@ Pt metal precipitated. ® No cross-linking proceeded. ¢ Huge clusters
were obtained. ¢ Not reproducible. ¢ Dichloromethane and methanol were
used as solvents. /Clusters of less than 1 nm size were observed by
TEM analysis. 9 Clusters of 2—3 nm size were observed.

Table 74. Hydrogenation of Nitrobenzene Catalyzed by PI

Catalysts

Pl Catalyst (1 mol %)

H, (1 atm)
O
THF, rt

quant
entry Pt source time (h) leaching (%)“
1 PI Pt 66 from PtCl,(COD) 1 b
2 PI Pt 62 from Pt(PPh;), 6 19
3 PI Pd 28¢ 3 b

“Measured by XRF analysis. °Not detected (<2%).

(entry 7). PI Pt 67 with a higher loading level (0.286 mmol/
g) was prepared from H,PtClg*6H,O and triethylsilane by a
similar procedure. In this case, THF and hexane were used
as solvents and the cluster size of this PI Pt observed by
TEM was 2—3 nm.

The reactivity of the PI Pt catalysts prepared was tested
by hydrogenation of nitrobenzene in THF under atmospheric
pressure of hydrogen (Table 74). As expected, with 1 mol
% of the PI Pt catalyst prepared from PtCl,(COD), the
reaction completed within 1 h to give aniline quantitatively,
and no leaching of Pt from the catalyst was observed by
XRF analysis. By contrast, 6 h was required to finish the
same hydrogenation with the PI Pt prepared from Pt(PPhs),
and 19% leaching of the platinum was observed. For
comparison, PI Pd was also applied to this reaction. Reactiv-
ity of the PI Pd was moderate to complete the hydrogenation
in 3 h. It should be noted that the PI Pt from PtCl,(COD)
gave higher activity than the PI Pt prepared from Pt(PPh;),.
In addition, the PI Pt from PtCl,(COD) could be reused at
least 5 times repeatedly for the reaction without loss of
activity and no Pt leaching was observed in each run. It
should be also mentioned that the cluster size of the PI Pt
did not change after five runs.

Next the PI Pt catalyst was applied to the hydrogenation
of various alkenes and alkynes and selective reduction with
PI Pt catalyst was also tried by using multifunctionalized
substrates (Table 75).
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Table 75. Selective Hydrogenation Catalyzed by PI Pt’

Entry Substrate Product (yield/%)
Ph——=
1 "oBn P >"0Bn (quant)

2 \O—Br Et@Br (95)

. 0. O e
cl NO, cl NH,
] /N
“ ULy /N*;Q @f\gb
Br- H (95)

¢ The reaction was conducted in methanol—THF (1/1) under 5 atm
pressure of hydrogen with 5 mol % PI Pt 67. No leaching of Pt was
observed by ICP analysis (<0.06%). ° In all entries, reaction time was
1 h. In all entries except entry 4, the reactions were performed in THF
at room temperature under atmospheric pressure of hydrogen with 1
mol % of PI Pt 66. No leaching of Pt was observed by XRF analysis
(<2%).

3.7. Polymer Incarcerated Catalysts for Oxidation
Using Molecular Oxygen

The selective oxidation of alcohols is one of the most
important transformations in organic synthesis.'3> While
several metal-based oxidizing reagents have been developed,
these reagents usually require stoichiometric amounts of
metal oxidants, and thus a large amount of waste is formed.
In this respect, the oxidation of alcohols using molecular
oxygen catalyzed by reusable heterogeneous catalysts is ideal
from an environmental and atom-economical point of view.!*?
Although the hydroxyapatite (HAP)-bound RuHAP'* and
PdHAP,'® as well as Ru/Al,0;,13¢ Au/CeO,,"*” and Au—Pd/
Ti0,,'® are excellent catalysts for the aerobic oxidation of
alcohols, they work only at high temperatures or under
solvent-free conditions in most cases. Oxidation reactions
at room temperature in appropriate solvents are necessary
for alcohols such as those with high melting points or low
stability at high temperatures, but examples of these room-
temperature reactions are very limited.'** Moreover, satisfac-
tory results were obtained in only limited cases when
catalysts were reused.'** Therefore, the development of
reusable catalysts for the liquid-phase aerobic oxidation of
alcohols under mild conditions, especially at room temper-
ature, is an attractive and challenging subject in both organic
synthesis and green chemistry.

Stability of gold nanoclusters was studied, and polymer
68, which contained alcohol and epoxide moieties in higher
molar ratio, was selected. The polymer-incarcerated gold
nanocluster catalysts (PI Au) were first prepared as shown
in Scheme 47.'40 The solution of (AuCIPPh;) in a small
amount of THF was slowly added to a mixture of polymer
68 and NaBH, in THF at room temperature. The color of
the solution immediately turned wine red. Hexane was then
added to form microcapsules, which were filtered, washed,
and dried under vacuum. The microcapsules were next heated
at 150 °C for 5 h to cross-link the side chains and then
washed with THF and water to afford PI Au (69) as a deep-
purple solid. Small gold nanoclusters (around 1 nm) were
observed by TEM analysis, and elemental analysis showed
no contamination from phosphorus.

PI Au nanoclusters 69a thus prepared were used for the
aerobic oxidation of (%)-1-phenylethanol. The reaction
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Scheme 47. Preparation of PI Au

xlylz = 28/34/38
+ NaBH,
coacervation
(’\/O)H
THF  AuCIPPh; hexane

cross-linking 1) filtration

no solvent  2) washing (THF, H,0O) Gé:uo 06-0.08 mmol/g

150°C,5h 4)crush 69b: 0.10 mmol/g
3) drying 69c¢: 0.16 mmol/g

Table 76. Oxidation of (+)-1-Phenylethanol Using the PI Au
Nanoclusters*
OH PI Au cat. (x mol %) o}

Ph” “Me KyCOj (3 equiv), rt, gas (1 atm), solvent ph)J\Me

entry PIAu x solvent time (h) gas yield (%)”
1 69a 3 CH,CCIl,/H,0O (1/1) 24 0, >99
2 69a 3 toluene/H,0O (1/1) 24 0, 98
3 69a 3 BTF/H,O (1/1) 24 O, 99
4 69b 3 BTF/H,O (1/1) 24 O, 72
5 69¢ 3 BTF/H,O (1/1) 24 O, 85
6 69a 1 BTF/H,O (1/1) 3 O, 74
7 70 1 BTF/H,O (1/1) 3 O, 96
8 70 1 BTF/H,O (1/1) 3 O, 18¢
9 70 1 BTF/H,O (1/1) 5 O, >99
10 70 1 BTF/H,O (1/1) 5 air 88

¢ Reaction conditions: substrate (0.5 mmol), solvent (6 mL), rt, 1
atm; BTF = benzotrifluoride. ® Determined by GC analysis. °Base-
free conditions.

Scheme 48. Preparation of PI Au 70
coacervation cross-linking

68 + NaBH; —
diglyme AuCIPPhg Et,0 no solvent
150°C,5h
1) filtration PIA
- u

2) washing (CH,Cl,, H,O)  no solvent »
4) crush 150 °C. 5 h 70: 0.06—0.08 mmol/g
3) drying

proceeded in a dichloromethane/water solvent mixture at
room temperature and under oxygen at atmospheric condi-
tions in the presence of 71la (3 mol %) and potassium
carbonate to afford acetophenone quantitatively (Table 76,
entry 1). The reaction also proceeded smoothly in toluene/
water and benzotrifluoride/water solvent mixtures (entries 2
and 3). It is notable that in all cases no metal leaching was
detected by inductively coupled plasma (ICP) analysis
(<0.04%). Examination of the relationship between the
reactivities and the loadings of the gold catalysts revealed
that use of a lower loading gave higher activity, which could
be rationalized by the fact that a lower catalyst loading
contained smaller clusters (compare entries 3—5). Further-
more, it was found that a slight modification of the
preparation method of the PI Au nanoclusters (Scheme 48)
greatly increased their catalytic activity (entries 6 and 7). It
was proven that the reaction was promoted by a base and
that the reaction did not proceed at all in the absence of water
or base (entry 8). The nanoclusters 70 thus prepared were
highly active, and the oxidation reaction reached completion
when a catalyst loading of only 1 mol % was used (entry
9). The nanoclusters 70 showed high reactivity even when
the reaction was carried out in air rather than under oxygen
(entry 10).
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Table 77. Recovery and Reuse of PI Au 70
OH Pl Au 70 (1 mol %) O
ph)\Me KoCOs (3 equiv), it, O, (1 atm), BTF/H,O (1/1) ph)LMe

Use/Yield (%)
Entry Time(h) 1st 2nd 3rd  4th 5th  6th  7th

1 24 >99 >99 94 98¢  >99 92  >907
2 12 >99 >997 >997 >997 >99% 997 >Q9ab

“The recovered catalyst was heated at 150 °C for 5 h without solvent
in air before use. °Eighth, >99%; ninth, 99%, tenth, >99%.

Table 78. Oxidation of Various Alcohols Catalyzed by PI Au 70
OH Pl Au 70 (x mol %) JOJ\

L

R “R2 base (3 equiv), rt, O, (1 atm), solvent R “R2
Time  Yield?
X
Entry Substrate Base  Solvent ) (%)
OH
1 )\ 1 KyCO3 AP 5 >99
Ph™ "Me
OH
)\ 1 K,CO3 A 5 >99
4-MeOCGH5 Me
OH
3 1 KyCO3 A 5 91
4-CICGH5)\Me
OH
4 P 1 KyCOs4 A 5 >99
2-naphthyl Me
5 I 1 Ky,CO A 30 95
2003
Ph/\)\Me
6 cylopentanol 1 KOH A 30 >99
7 Ph/\/\OH 1 K,CO3 A 12 64
8 Ph” Y OH 1 Csy,COg BC 15 79
9 t-naphthyl” SOH 2 KpCOs A 5 78
OH
10 PY 3 KyCO4 A 24 >99
2-pyridyl Me
OH
11 1 KyCO3 A 24 94

2-thiophenyl Me

“Determined by GC analysis. ® Solvent A, BTF/H,O (1/1); solvent
B, diglyme.

The catalyst was recovered by simple filtration and reused
without significant loss of activity (Table 77). The recovered
catalyst could be heated at 150 °C for 5 h to facilitate its
reuse.

Several alcohols were then oxidized in an oxygen or air
atmosphere in the presence of 1—3 mol % of 70, and results
were summarized in Table 78. The PI Au catalyst 70 could
also be used for the aerobic oxidation of alcohols under
solvent- and base-free conditions.

Next, PI Au 70 was also used in aerobic oxidation of
hydroquinones to quinones.'*! PI Au was used in the aerobic
oxidation of methylhydroquinone (72a) to toluquinone (72d)
under atmospheric oxygen (Table 79).

Several hydroquinone derivatives and catechols were
oxidized by PI Au under atmospheric oxygen or air (Tables
80 and 81). Hydroquinone (71a) was oxidized smoothly to
give 1,4-quinone in good yield even in the presence of 0.5
mol % of the catalyst or under atmospheric air (entries 1
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Table 79. Aerobic Oxidation of Methylhydroquinone (72a) to Toluquinone (72d) in the presence of PI Au 70 (1 mol %) under O,

Me Me
Pl Au 70 (x mol %)
HO OH o}
O, (1 atm), solvent
72a 72d
entry solvent (mL/mmol substrate) T(°C) t (h) conversion (%) selectivity (%)®,° yield (%)*

1 BTF (4.0) It 12 12 25 3
2 BTF (4.0)/H,0 (4.0) It 12 73 51 37
3 toluene (4.0)/H,0O (4.0) t 12 82 29 24
4 CH,Cl, (4.0)/H,0O (4.0) rt 12 85 24 20
5 CH,Cl, (7.6)/H,0 (0.4) rt 5.5 98 96 94
6 CH,Cl, (7.6)/H,0 (0.4) It 5.5 >99 93 93
7 CH,Cl, (22.8)/H,0 (1.2) It 1 >99 >99 >99
8 CH,Cl, (22.8)/H,0 (1.2) It 1 >99 >99 >99
9 CH,Cl, (4.0)/H,0 (4.0) 0 6 88 67 57
10 CH,CI, (7.6)/H,0 (0.4) 0 6 91 91 83
11 CH,CL, (8.0) 0 6 13 >99 13
12 CHCl; (7.6)/H,0 (0.4) It 1 98 >99 98

“Determined by GC analysis. ° Selectivity = yield of 72d/conversion. ¢ Atmospheric

reaction mixture was observed by ICP analysis.

air was used instead of O,. No leaching of Au to the

Table 80. PI Au-Catalyzed Oxidation of Hydroquinones and
Catechols (1)

v Rﬁ -C
m Rﬁiﬁ 0

Pl Au 70 (x mol %)

i, O, (1 atm)
CHCly (CDCI3)/H20
Substrate CH(D)Cl3/H,0 t Yield
Entry /Product Substrate (mL/mmol substratr) X () (%)2
1 47.6/0.4 05 1 86°
71a/71d HOOOH
47.6/0.4 1 2  g4bc
Me
3 72a/72d HOOOH 20.0/1.0 025 3 >99°
OMe
4  73a/73d HOOOH 22.4/1.6 11 >99°
tBu
5 T74a/74d HOGOH 22.4/1.6 05 25 98
Me Me
6 75a/75d HOGOH 22.411.6 05 1 928
“Isolated yield. ?Yield was determined by GC analysis. ° Atmo-

spheric air was used instead of O,.

and 2). Hydroquinones with alkyl substituents 72—76a were
also oxidized to afford the corresponding quinone derivatives
in excellent yields (entries 3—7). Phenylhydroquinone (77a)
and naphthoquinone (78c) were also converted to the
oxidized products under the same conditions (entries 8 and
9). While oxidation of electron-poor bromohydroquinone
(79a) was slow, the reaction was accelerated by addition of
a base, affording bromoquinone in moderate yield (entry 10).
Oxidation of catechols 80b and 81b was also accelerated
by a base, providing the corresponding o-quinones in high
yields (entries 11 and 12). It should be noted that in most
cases analytically pure products were obtained in excellent
yields by simple phase separation without further purification.

Table 81. PI Au-Catalyzed Oxidation of Hydroquinones and
Catechols (2)

A geslss
ﬁ Rz<if -

Pl Au 70 (x mol %)

i, O, (1 atm)
CHCl; (CDCl3)/H,0

Substrate CH(D)Cl4/H,0 t Yield
Bt proquct  SUPSI  (miymmol substrat) X (h) (%)2
Me Me
7  76a/76d HO OH 22.4/16 05 1 93°
Me Me
Ph
8 77a/77d HOOOH 22.4/1.6 05 65 98°
OH
9  78c/78f 224116 05 3 972
OH
Br
10 79a/79d HoO—OH 47.2/0.4 1 3 58
NaHCO, (1 equiv)
11 80b/80e /@: 23.2/1.6 1 23 769
OH K,COs3 (0.1 equiv)
12 81b/81e 22.4/16 1 28 962
KZCO3 (0.1 equiv)

“Isolated yield. ° Yield was determined by GC analysis. ¢ Yield was
determined by '"H NMR spectroscopy using an internal standard. CDCl;
was used as a solvent.

Although the extensive mechanistic study has not yet
been conducted, a possible mechanism of aerobic oxida-
tion of hydroquinones catalyzed by PI Au is shown in
Figure 18.

More recently, a novel polystyrene—silica gel-supported
gold(III) catalyst (MC Au(IIl) on SiO,) has been devel-
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Figure 18. Assumed mechanism.
? ]x [ ]y [ ]z
w/\ (e) O%\/o):i

O copolymer 68 + SiO,
- Oy
N
NH,

lNaAuCI,,
H
Figure 19. Novel gold(IIT) polymer-supported catalyst for indole
library synthesis.

MC Au on SiO, (2 mol %)

hexane, rt

oped and successfully applied to indole library synthesis
(Figure 19).'*? Initially, polymer-incarcerated (PI) Au(III)
was prepare from copolymer 68 and sodium tetrachloroau-
rate(IIl) via coacervation in THF—hexane and cross-linking
by heating according to the standard method. Unexpectedly,
this potential catalyst had no activity toward the reaction for
the conversion of alkynyl aniline to the indole. Several
investigations revealed that MC Au(IIl) on SiO, afforded
the best result in terms of the yield, gold leaching, and
reusability.

While PI Au 70 has high activity for oxidation at room
temperature, a drawback is that basic conditions are needed.
Under basic conditions, the selective oxidation of primary
alcohols to aldehydes is difficult. In light of recent reports
where several groups have demonstrated that doping a
secondary metal component into metal catalysts is advanta-
geous for the activity and selectivity of various reactions,
combinations of gold and second metals were investigated
(Scheme 49)'I33,1437I45

The PI bimetallic clusters were then tested for catalytic
activity in the aerobic oxidation of alcohols.'*® When
palladium and platinum were used as dopants, the desired
ketone was obtained quantitatively (Table 82, entries 1 and
2). It is noted that the oxidation proceeded smoothly at room
temperature in the absence of base. Nickel and iridium were
also promising dopants, while the catalyst prepared with
silver showed no activity (entries 3—7). Remarkably, the
catalysts prepared from pure gold metal required addition
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Scheme 49. Preparation of PI Metal Catalysts
coacervation
NaBH,/diglyme T Et,0

washing

(E,0)
Metal 1 + Metal 2

cross-linking

Pl Metal Catalyst
no solvent washing no solvent
150 °C (CH,Cl,, H,0) 170°C

Table 82. Activity of PI Metal Catalysts
OH Pl Metal (1 mol %) (0]

Ph/]\Me rt, Oy, H,O-BTF (1/1), additive (3 equiv) ph)J\ Me
yield (%)

entry metal 1 metal 2 ratio additive 12h 3h

1 AuCIPPh;* Pd(OAc), 1/1 >99 72

2 AuCIPPh;* Na,PtClg 1/1 >99 95

3 AuCIPPh;* Ni(OAc), 1/1 720

4 AuCIPPh;* NiCl,(PPhs), 1/1 72b

5 AuCIPPh;  Ni(PPh;), 1/1 57"

6 AuCIPPh;* AgOCOPh 1/1 0°

7 AuCIPPh;*  HIr(PPhs); 1/1 51°

8 AuCIPPh;" None KzCOz >99 95

9 AuCIPPh;* None 49 18

10 Pd(OAc), None K,CO;4 0

11 Pd(OAc), None 0

12 Pd(OAc), None K,COs 11

13 Na,PtClg None 5 1

14 AuCIPPh;*  Na,PtClg 4/1 74

15 AuCIPPh;* Na,PtClg 2/1 82

16 AuCIPPh;* Na,PtClg 172 88

@ Catalyst loading based on Au. ®Reaction time was 24 h.

Table 83. Substrate Scope of PI Pt/Au Catalyzed Aerobic
Oxidation of Alcohols

OH Pl Pt/Au (x mol %)@ o
R “R2 rt, Oy, H,O-BTF (1/1), th R1J\R2
entry product X time (h) yield (%)"

1 acetophenone 1 5 >99

benzaldehyde 1 5 93
3 p-tolualdehyde 1 5 88
4 o-tolualdehyde 1 5 84
5 p-anisaldehyde 1 5 90
6 p-chlorobenzaldehyde 2 5 86
7 2-acetonaphthaldehyde 1 18 >99
8 1-naphthaldehyde 1 18 93
9 cinnamaldehyde 1 36 94
10 4-phenyl-2-butanone 3 72 >99
11 2-butanone 1 8 67
12 cyclopentanone 2 115 90
13 2-acetylthiophene 2 96 94
14 2-acetylpyridine 1.5 48 80

“ Catalyst loading based on Au. Ratio of Pt to Au is 1:1. ® Determined
by GC analysis.

of a base for high productivity (entries 8 and 9), while the
catalysts prepared from either Pd or Pt metal showed little
or no activity regardless of the presence of the base (entries
10—13). The ratio of gold to platinum was varied (entries
14—16), which revealed that a 1:1 mixture provided the most
active catalyst.

With the optimized conditions in hand, several alcohols
were then oxidized under atmospheric oxygen in the presence
of 1—3 mol % of the PI Pt/Au catalyst. Aromatic secondary
alcohols were oxidized smoothly to afford the corresponding
ketones quantitatively (Table 83, entries 1 and 7). Although
aliphatic ketones had relatively low reactivity, the desired
ketones were also obtained in high yields by prolonging the
reaction time (entries 10—12). It has been well documented
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Scheme 50. Aerobic Oxidation of Alcohols in Water Open to
Air at Room Temperature

OH Pl Pt/Au (3 mol %) o
Ph” “Me rt, Air, H,0, 12 h Ph)J\Me
>99% yield
OH PI Pt/Au (3 mol %) o
Ph Me t, Air, H,0, 12 h Ph Me
87% yield

Scheme 51. Preparation of PI CB—Au

X y z
1) CB (68/CB 1:1 w/w)
2) NaBH, (4 equiv) in diglyme
3) AuCIPPhj in diglyme
— o of~OJH 0°Ctort, 3h
(o]
68

+ diglyme

xlylz = 26/38/36

coacervation Cross-linking 1) filtration
PI/CB-Au

Et,O no solvent 2) washing (CH,Cl,) -
150 °C, 3h 4)crush 0.25-0.60 mmol/g

3) drying

that the oxidation of primary alcohols to carboxylic acids
readily occurs under traditional methodologies. However,
aromatic and allylic primary alcohols, which had both
electron-donating and electron-withdrawing groups, were
oxidized smoothly under the same conditions as those of
secondary alcohols to afford the corresponding aldehydes
in excellent yields without formation of carboxylic acids
(entries 2—6, 8 and 9). Alcohols including heteroatoms such
as sulfur and nitrogen, which are known to strongly
coordinate to gold nanoparticles, could also be oxidized
smoothly to give the desired ketones in high yields (entries
13 and 14).

Furthermore, it was found that the aerobic oxidations
also proceeded smoothly in water without organic sol-
vents under air (Scheme 50). Notably, this is the first
example of aerobic oxidation of alcohols at room tem-
perature under base-free conditions in water using het-
erogeneous catalysts.

The recovery and reuse of the developed PI Pt/Au catalyst
was examined. It was found that the activity of the catalyst
was maintained by treatment of the recovered catalyst with
hydrogen under heating conditions. It should be noted that
this recovery method enabled us to reuse the catalyst at least
six times without loss of activity.

Novel polymer-incarcerated, carbon-stabilized gold nano-
clusters were also developed for the aerobic oxidation of
alcohols (Scheme 51).'47 The inclusion of carbon black (CB)
in the composition of the catalyst, together with an am-
phiphilic copolymer, enhances the stability of gold nano-
clusters probably via synergistic 7—s interactions among
the three components, which enables an increase of the metal
loading amount up to 0.60 mmol/g. Secondary alcohols could
be oxidized smoothly to afford analytically pure products in
excellent yields after simple phase separation without further
purification. The catalyst could be recovered and reused
several times without significant loss of activity or metal
leaching in the reaction medium.

While various alkyl-substituted hydroquinones were
smoothly oxidized, reactions with EWG-substituted hydro-
quinones in the presence of PI Au 70 either did not proceed
or proceeded slowly with the aid of an added base. After
further investigations, polymer-incarcerated platinum nano-

Akiyama and Kobayashi

Scheme 52. Preparation of PI Pt 82

coacervation cross-linking

68 + NaBH, —
diglyme Na,PtClg6H,0 Et,0 no solvent
150 °C
1) filtration
2) washing (CH,Clp, H,0)  no solvent ' "t82
4) grinding 170°C
3) drying

Table 84. PI Pt-Catalyzed Aerobic Oxidation of Hydroquinones

R1 RZ R1 Rz
Pl Pt 82 (x mol %)
HO OH o [e)
rt, O, (1 atm)
Rt R CHCls (CDCl3)/H,0 Ré RS
s@ts8 Amount of PI Pt 83189b  Yield
BNy product  Product (mol %) (h) (%)
Br
1 83a/83b 1 0.5 80°
o= »=0
Cl
2 84a/84b o:@:o 05 7 93°
Cl
3 85a/85b OGO 1 3 994
Cl
cc
4 >>:<< 1 3 992
o o
5 86a/86b 05 3 90b
cc
FRF
6 87a/87b O%:?:O 1 3 659
F F
CO,Me
7 88a/88b C 2 3 92¢
o (¢]
COMe
d b
8 89a/89b o o 2 6 88

“Yield determined by GC (internal standard, anisole), standard curve
method. ° Yield of isolated product. ° Yield was determined by '"H NMR
analysis (internal standard, acetophenone).

clusters (PI Pt 82) prepared following the same procedure
for PI Au 70 were developed (Scheme 52).'* In this catalytic
system, a wide range of hydroquinone and catechol deriva-
tives, including tetrachlorohydroquinone, are smoothly oxi-
dized under ambient conditions with low catalyst loading
(Table 84).

A polymer-incarcerated ruthenium (PI Ru 90) catalyst for
the oxidation of alcohols with molecular oxygen has been
developed. The catalyst was prepared from a polystyrene-based
copolymer with ruthenium chloride hydrate as the metal source
(Scheme 53).1%%* The choice of ruthenium species was
important to obtain high catalytic activity as well as for the
suppression of leaching of ruthenium. In the presence of 5
mol % PI Ru 90 and 15 mol % 2,2,6,6-tetramethylpiperidine
N-oxyl (TEMPO), alcohols were oxidized using molecular
oxygen at atmospheric pressure to afford the corresponding
aldehydes or ketones in good to excellent yields (Table 85).
The catalyst could be recovered and reused at least ten times
without loss of activity (Table 86). Furthermore, a novel
organic-inorganic hybrid ruthenium (HB Ru) catalyst for the
oxidation of alcohols with molecular oxygen has been
developed.'*® In the presence of HB Ru corresponding to 5
mol % loading of ruthenium, the alcohols were oxidized with
molecular oxygen or air at atmospheric pressure without any
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Scheme 53. Preparation of PI Ru 90 from RuCl;-rnH,0

X

25¢
wlylz = 8411214 o/\\—/ RuClz*nH,0 cyclohexane coacervation
THF, rt t, 24 h hexane

1) filtration
NaOH aq. 2) washing  cross-linking

i, 19 h 3) drying

PI Ru 90

no solvent
120°C,4h

additives to afford the corresponding aldehydes or ketones
in good to excellent yields.

3.8. Application of the Polymer Incarcerated
Method to a Microreactor

Multiphase catalytic reactions have played important roles
not only in the research laboratory but also in the chemical
and pharmaceutical industries.'* They are classified accord-
ingtothe phasesinvolved, such as gas—liquid, gas—liquid—liquid,
or gas—liquid—solid reactions. Although numerous mul-
tiphase catalytic reactions are known and many are used in
industry, these reactions are still difficult to conduct when
compared with homogeneous reactions because the efficiency
of interaction and mass transfer between different phases is
extremely low, and thus in most cases the reaction rates are
slow. In general, to accelerate multiphase catalytic reactions,
some treatment producing high interfacial area between the
two or three reacting phases, for example, vigorous stirring
or additional equipment, is needed, and the development of
more effective, simple devices that can produce such a high
interfacial area between different phases is a much sought-
after goal.

To achieve truly efficient multiphase catalytic reactions,
a new device, which has a very small channel (nano- to
micrometer in width and depth and centimeter to meter in
length) in a glass plate, was developed.'>' A similar device,
the so-called “microchannel reactor”, is used mainly in the
field of analytical chemistry.!>> The device has a very large
specific interfacial area per unit volume. In concrete figures,
this area rises to 10 000—50 000 m?*m?, as opposed to only
100 m*m? for the case of conventional reactors used in
chemical processes.'* A solid catalyst was immobilized on
the wall of the microchannel, and then liquid and gas
materials were flowed into the channel. Provided that the
flow is well controlled, it should be possible to pass the gas
through the center of the channel, and the liquid along the
inner surface of the channel at a particular gas pressure
(Figure 20).">* In this system, truly efficient gas—liquid—solid
reactions might occur, because effective interaction of the
three phases is expected due to the extremely large interfacial
areas and the short path required for molecular diffusion in
the very narrow channel space.

To put the above idea into practice, hydrogenation
catalyzed by palladium as a model gas—liquid—solid reaction
was demonstrated.'>

An active Pd catalyst was immobilized on the wall of the
glass channel. Although there have been several reports
concerning immobilization of metals on a glass wall,'
lowered reactivity and leaching of the metals during reactions
are sometimes serious problems. To address the issue, a
microchannel reactor having a channel 200 #m in width, 100
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um in depth, and 45 cm in length was selected. First, amine
groups were introduced onto the surface of the glass channel
to form 92 (Figure 21). Microencapsulated palladium (91),
prepared from Pd(PPh;), and copolymer 50 in dichloromethane—#-
amyl alcohol, was used as the Pd source. A colloidal solution
of the MC Pd 91 was passed through the microchannel to
form 93, which was heated at 150 °C for 5 h. During the
heating, cross-linking of the polymer occurred, and the
desired Pd-immobilized microchannel was successfully
prepared.

Hydrogenation was conducted, and the reactions proceeded
smoothly to afford the desired products quantitatively within
2 min for a variety of substrates (Table 87). The system could
also be applied to deprotection reactions.

Superecritical carbon dioxide (scCO,) was used in hydro-
genation reactions in microchannel reactors to increase
productivity of the reaction in each channel.’”” scCO, has
attracted much interest as an ideal solvent because of its
abundance, low cost, and nontoxicity. While scCO, has a
liquid-like aspect, allowing dissolution of many organic
compounds, it has also a gas-like aspect, retaining very high
miscibility with other gases including hydrogen. Therefore,
scCO, provides a quite effective environment for heteroge-
neous reactions using gas materials, and a variety of
examples of hydrogenation reactions in scCO, have been
reported.

The overall system for hydrogenation reactions using
scCO, is shown in Figure 22. A cell that was durable under
high pressure and into which substrates were injected was
connected with a 200 mL autoclave, used to make scCO,
containing dissolved hydrogen. The pressure inside the
channel was controlled by a back-pressure regulator, which
was positioned at the end of the microchannel reactor. A
typical experimental method for conducting the reaction
was as follows: first, the substrate was supplied into the
cell, which was kept at 50 °C. Hydrogen and CO, were
entered successively into the autoclave kept at 50 °C,
where scCO, containing dissolved hydrogen was prepared.
Finally, this fluid was transferred via the cell into the
channel, kept at ca. 60 °C, where the dissolved substrate
was converted to the desired product. During the reaction,
CO, was supplied continuously at a constant flow rate,
and the product was collected at the exit of the back-
pressure regulator.

Under the conditions, a variety of substrates were con-
verted to the desired products in nearly quantitative yields
(Table 88). Surprisingly, the reaction time (mean residence
time of the substrate inside the channel) was estimated to
be less than I s in each case, and a quite efficient
hydrogenation system has been achieved.

A practical and highly productive system for hydrogena-
tion reactions utilizing capillary column reactors was also
developed. The system occupies less space than ordinary
batch systems, is low cost and easy to handle, and shows
feasibility toward large-scale chemical synthesis (Figure
23).!38 Palladium-containing micelles were immobilized onto
the inner surface of the capillaries. Nine palladium-im-
mobilized capillaries were assembled and connected to a
T-shaped connector, and hydrogen and a substrate solution
were fed to capillaries via the connector. Hydrogenation of
1-phenyl-1-cyclohexene proceeded smoothly to give phe-
nylcyclohexane in quantitative yield (Scheme 54). The
capillaries themselves occupy only ca. 0.4 mL and a high
space—time yield has been achieved (124.3 mg/17 min/0.4
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Table 85. Oxidation of Various Alcohols Catalyzed by PI Ru 90*

Akiyama and Kobayashi

0, (0.1 MPa)
PI R0 90 (5 mol %)
TEMPO (15 mol %)

Substrate Product
1,2-dichloroethane
80 °C, time

entry substrate time (h) conversion (%)" yield (%)" leaching (%)“
1 benzyl alcohol 2.5 >99 96 <0.018
24 benzyl alcohol 25 57 49 1.19
3 4-methoxybenzyl alcohol 3 >99 96 [95]¢ <0.017
4 4-methylbenzyl alcohol 3 >99 99 <0.017
5 2-methylbenzyl alcohol 3 >99 97 0.048
6 4-chlorobenzyl alcohol 5 >99 97 0.68

(7 (>99) %94) (<0.027)
7 cinnamyl alcohol 5 >99 94 0.72

(6) (>99) 1) (0.20)
8 1-naphthalenemethanol 8 >99 96 0.22

(7 (>99) (98) (<0.046)
9 furfuryl alcohol 11 >99 91 0.22

21 >99 90 <0.046
10 2-thiophenemethanol 5 >99 94 <0.017
1 1-decanol (6) 92) (70) (0.44)
12¢ (%)-1-phenethanol 21 (>99) (92) (0.16)
13/¢ 2-adamantanol (28) (>99) (93) (0.10)

“Unless otherwise stated, the reactions were carried out under atmospheric pressure of O, in 0.2 mmol of alcohol. The values shown in parentheses
were based on the reactions in the presence of 100 mol % of K,COs. ® Determined by GC analysis. ¢ Determined by ICP analysis. ¢PI Ru 59 was
used instead of PI Ru 90. ¢ Isolated yield is shown in square brackets. The reaction was carried out on a 1.0 mmol scale of the alcohol for 4 h. 'Ten
mole percent PI Ru 90 and 30 mol % TEMPO were used. 9In chlorobenzene at 100 °C.

Table 86. Recovery and Reuse of PI Ru Catalyst

0, (0.1 MPa)
MeO MeO

Pl Ru 90 (5 mol %)
TEMPO (15 mol %)

1,2-dichloroethane

80 °C, time
0.8 mmol
un time conversion yield leaching
(h) (%) (%) (%)
first 4 >99 98 0.40
second 6.5 >99 98 0.33
third 10 >99 97 0.47
fourth 10 >99 97 0.068
fifth 10 >99 97 0.049
sixth 10 >99 97 <0.031
seventh 10 >99 98 <0.034
eighth 24 >99 97 0.066
ninth 16 >99 97 0.038
tenth 12 >99 97 <0.036

“Loading 0.376 mmol/g. ® Determined by GC analysis. ° Determined
by ICP analysis.

mL). In addition, leaching of palladium was not detected by
ICP analysis after reactions.

4. Polyurea-Encapsulated Catalyst (EnCat)
4.1. Polyurea-Encapsulated Palladium [Pd EnCat]

Another microencapsulation technology has been devel-
oped that allows effective recovery and reuse of transition
metal catalysts.

Microcapsules can be prepared by an in situ interfacial
polymerization approach,'® which involves dispersing an
organic phase containing polyfunctional monomers or oli-
gomers (along with the material to be encapsulated) into an
aqueous phase containing a mixture of emulsifiers and
protective colloid stabilizers. This resulting oil-in-water
emulsion undergoes in situ interfacial polymerization with
the monomers/oligomers reacting spontaneously at the phase
interface to form microcapsule walls. The permeability and

Pd-Immoblized Microchannel Reactor

Substrate in THF
(0.1 mol/L, 0.1 mL/h) S0,
——> H,(Gas)

W

Solid Catalyst Liquid (Substrate, Solvent)

Hexane

Figure 20. Experimental hydrogenation system using a microreactor.

size of these microcapsules and the coordinating properties
of the polymer matrix may be tuned by varying the nature
of monomers/oligomers, other reagents, and conditions used
in the encapsulation procedure. Efficient entrapment of
transition-metal based catalysts requires the design of systems
possessing ligating functionality in order to retain the metal
species. These systems should be physically robust and
chemically inert to reaction conditions while also being cost-
effective. Polyurea microcapsules'® were found to be suitable
by virtue of their chemical structure—a backbone of urea
functionality—that could ligate and thus retain catalytically
active metal species.

The scope and utility of Pd(OAc), encapsulated in polyurea
was investigated in a range of synthetically significant
applications. Using a laboratory overhead stirrer fitted with
a 50 mm rotary blade, a solution containing polymethylene
polyphenylene diisocyanate (SUPRASEC 5025, average
functionality of 2.7) and Pd(OAc), in dichloroethane was
dispersed at 800 rpm for 1 min into an aqueous solution of
sodium lignosulfonate (Reax 100M), poly(vinyl alcohol)
(Goshenol GL03) and the polyoxypropylene polyoxyethylene
ether of butyl alcohol (TergitolXD). This resulted in an oil-
in-water microemulsion with particle size range of 20—250
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58 g

OH OH
xlylz = 91/5/4 50
HO 91
—OH  (Et0);8i” ™"NH —O
$i0, —OH ()3—3 Sioz—O-Si/\/\NH2—>
_on  MeOH,rt 15h o’ slow addition
92 rt
wall of microchannel
s0 —o s|/\/\ _ G 10%C _ pd.immobilized
2 cross-hnkmg microchannel

Figure 21. Immobilization of the Pd catalyst on the microchannel.

Table 87. Hydrogenation Using the Pd-Immobilized
Microchannel”

Entry Substrate Product

(0]

Ph/\)J\

1b

$

9

CY

Ph Ph)\>< Ph

Ph
7\ Ph
5 Ph—/ \—Ph Ph/\/\/
6° Ph—=—ph Ph~pn
7 OH AN
ph——/ Ph OH
Ph Ph
; J J
od PR >"0Bn Ph" >"0OH
Ph Ph
10° " NHCbz ~" NH,
4 At
o) o)

12¢

OB
13f oh—/ n Ph" > ""0H

4 Unless otherwise noted, the reaction conditions were 1 mL/min
H, in THF at room temperature for 2 min, and yields were quantitative
(side products are noted) as determined by '"H NMR. ? Three percent
4-phenyl-2-butanol was obtained. °Isolated yield was 97%. 9Ethanol
was used as a solvent. Flow rate of the substrate was 0.05 mL/hr. The
reaction was conducted at ca. 50 °C. Actual residence time was <1
min. ¢ The reaction was conducted at ca. 50 °C. 'Conditions were H,
(2 mL/min) and 1,2-dichloroethane at ca. 50 °C.

um, which was gently shaken for 16 h. The wall-forming
reaction (Scheme 55) is initiated when some of the peripheral
isocyanate groups are hydrolyzed at the oil—water interface
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Pd-Immoblized Microchannel Reactor

HPLC
pump

CO,
x mL/min

Back Pressure Regulator H
(z MPa) 2
Auto-
clave
(200 mL)

Cell

(Substrate)

1) Apply the substrate into the cell

2) Close valve B and introduce H,
into the autoclave (y atm)

3) Introduce CO, into the autoclave
and make scCO,

4) Open valve A, B and C and let the
mixture flow into channel under the
constant pressure (x mL/min., z MPa)

Figure 22. System for hydrogenation reactions.

Table 88. Hydrogenation Using the Pd-Immobilized
Microchannel”
Pd-Immobilized microchannel reactor
H, (x = 9 atm)

Substrate Product
(0.20 mmol)  scCO, (z = 9 MPa), lig. CO, : y = 1.0 mL/min
ca. 50 °C (channel : ca. 60 °C), 2 h
Entry Substrate Product Yield® (%)
1 A X A X as
Ph Ph Ph Ph
O O
2 96
Atptor M
s OEt s OFEt
P~ OH OH
3 . /\Mg quant
4 OH AN 91
Ph—=— Ph OH
(0] O .
5 92
Ph/\)J\ Ph/\)]\
OBn
6 Ph——=—/ Ph” " 0H 91

“Isolated yield. NMR yield.

Pd-immobilized

Hf Sus
(Controlled by .
_capillary column

mass-flow controller) l T-shaped

i.d. 200 um, 40 cm
/ connector / gyrface is protected
/ by polymer (each)

§j
in sonent |

(Controlled by

mass-flow controller) Product

Teflon tube
id. 170 um

Figure 23. The system for the hydrogenation reaction using one
Pd-immobilized capillary.

to form amines, which in turn react with other unhydrolyzed
isocyanates to form a urea-linked polymeric coating resulting
in insoluble and permeable polyurea microcapsules with a
particle size ranging between 20—250 um (average size 150
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Scheme 54. Hydrogenation Reaction Using Assembled Pd-

Immobilized Capillaries
O/ Ph

Ph Pd-Immobilized capillaries (9 lines)
quant (124.3 mg)

Hy (9 mL/min)
THF, rt, 17 min

Scheme 55. Schematic Representation of the Polyurea

Wall-Forming Reaction Occurring at the Oil—Water

Interface

H H

oil NCO H,0 N‘COZH —-CO, NH, /N>:O
particle I
NCO NCO NCO ”

Table 89. Cross-Coupling Reactions Using Pd EnCat

Rl/= — _R? Rl /= — _R?
@B@”VBF \7 NP
entry R! R? yield (%)"

1 p-OMe p-OMe 87
2 p-OMe p-F 89
3 p-OMe p-NO, 91
4 0-OMe 0-OMe 71
5 p-Ac p-OMe 84
6 p-Ac p-F 90
7 p-Ac p-NO, 97
8 H p-OMe 94
9 H p-F 93
10 H p-NO, 97

“Pd EnCat (5 mol %), toluene—H,O—EtOH (4/2/1), K,CO3, 80 °C,
6—12 h. *Based on isolated yield.

Table 90. Carbonylation Reactions Using Pd EnCat

X | x CO,nBu
| |
R/Q/ R/YQ/

entry transformation” yield (%)
1 R=Me, Y=C 89
2 R=0Me, Y=C 99
3 R=COMe, Y =C 95
4 no R, Y=N 93

“Pd EnCat (3 mol %), CO, nBuOH, Et;N, 90 °C.

um). The microcapsules were filtered and washed several
times with deionized water and a range of organic solvents
and dried. According to X-ray fluorescence (XRF) and
inductively coupled plasma (ICP) analysis, the average
palladium content in these polyurea microcapsules (Pd
EnCat) was found to be 0.4 mmol/g.

These microcapsules were tested for catalytic activity in
Suzuki-type reactions involving the cross-coupling of aryl
boronic acids with aryl bromides (Table 89).'%! The micro-
capsules were recovered by a simple filtration and reused
four times without significant loss in activity, and subsequent
ICP analysis of the crude product (obtained by filtration,
concentration, and drying) detected palladium levels (w/w)
at 13 ppm corresponding to 0.2% leaching of the original
Pd content of the capsules.

Pd EnCat could also be applied to other reactions such as
carbonylation reactions (Table 90), Heck reactions (Table
91) and Stille couplings (Table 92).'6?

In carbonylation, ICP analysis of the crude reaction
mixture of entry 1 in Table 90 (after filtration and drying)
indicated 79 ppm Pd (wt/wt), corresponding to 1% leaching
of the original Pd content of the capsules.

Akiyama and Kobayashi

Table 91. Heck Reactions Using Pd EnCat

X X A \/R2
| + R2 |
R1INA X R1’©/\

transformation”
entry  method R! X Y R? yield (%)
1 i NO, Br C CO,nBu 91
2 i NO, Br C Ph 93
3 i 1 N CO,nBu 98
4 i OMe Br C CO,nBu 25
5 ii H Br C CO,nBu 99
6 ii OMe Br C CO,nBu 99
7 ii F Br C CO,nBu 75
8 ii NO, Br C CO,nBu 95
9 il NO, Cl C CO,nBu 58

“Reagents and conditions: method i, Pd EnCat (2.5 mol %), IPA,
nBuyNOAc, 90 °C; method ii, scCO,, Pd EnCat (0.4 mol %),
nBuy,NOAc, 100 °C.

Table 92. Stille Reactions Using Pd EnCat

\ X N Ph
| | + MesSnPh |
- transformation® -
entry method X R yield (%)
1 i Br p-NO, 99
2 i Br p-OMe 88
3 i Br p-F 82
4 i Br 0-OMe 74
5 ii Br H 50
6 ii Br p-OMe 45
7 ii Br p-NO, >34
8 ii Cl p-NO, 50

“Reagents and conditions: method i, Pd EnCat (2.5 mol %),
IPA—toluene (1/1), nBuyNOAc, 90 °C; method ii, scCO,, Pd EnCat
(0.4 mol %), 100 °C.

Treatment of 1-bromo-4-nitrobenzene with n-butyl acrylate
in isopropyl alcohol in the presence of Pd EnCat (2.5 mol
%) and nBuy,NOACc afforded the requisite unsaturated ester
in 91% yield (Table 91, entry 1). A range of substrates was
treated under the same conditions to yield the products in
good yields (entries 2—4). However, the reaction with
4-bromoanisole was less successful, yielding only 25% of
the desired product. Under these conditions, the crude
reaction mixture contained 60 ppm Pd, a loss of 2.8% of
the original Pd content of the capsules.

Heck reactions were carried out in scCO; (entries 5—9).
Under these conditions, yields were generally higher than
those in IPA despite a lower catalyst loading.

The utility of Pd EnCat in scCO; is further demonstrated
by similar Stille reactions (Table 92, entries 5—8). In these
cases, however, yields are generally lower than those
observed in conventional solvents.

Polyurea microcapsules containing palladium acetate (Pd
EnCat) were also applied to hydrogenation reactions.'®* Pd
EnCat was prereduced under H, (50 bar) for two days, and
hydrogenations were then carried out with this reduced
catalyst. The reactions were performed on a 1 mmol scale
(with respect to substrate) using 5 mol % of prereduced Pd
EnCat under an atmosphere of H, maintained by an inflated
balloon or under higher pressure using an autoclave. The
studies carried out revealed that these Pd microcapsules are
effective in the hydrogenations of alkenes, alkynes, and imine
and nitro functionalities (Table 93).
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Table 93. Hydrogenations using Pd EnCat

Entry Substrate Product Method?  Time (h)?

O »

2 Ph X ph " A 3

3 Ph@ Ph—O A 60
OH OH A

4 18

5 Ph—=—Ph ph PN AP 18

6 Me@NOZ Me@NHz A 18
o o) 5

7 3

Ph/\)J\ F>h/\)K

8 Ph/\/COZEt Ph/\/COZEt B 5

9 Ph/\/COZH Ph/\/COZH B 3

10 Ph/\/CN Ph/\/CN B 5

1 prSy-Ph Ph/\”’Ph ce 18

o

12 ON;\
13 Br@N

14 P YN0 N ppr o0 T C 18
(0] (0]
15 Ph/\o)kr}l/\/ Ph/\OJ\N/\/ A 4e
Me Me

¢ Conditions: method A, Pd EnCat (5 mol %), EtOH, rt, H, (balloon);
method B, Pd EnCat (5 mol %), EtOH—MeCN (1/1), 60 °C, H,
(balloon); method C, Pd EnCat (5 mol %), EtOH, rt, H, (50 bar).
bBtOH—-MeCN (1/1) was used as solvent. MeCN was used as solvent.
9Complete conversion to products was observed by GC or LCMS.
¢93% Yield plus 7% cleavage prouct.

Table 94. Recycling Experiment
)OL Pd°EnCat (10 mol %) OH

Me HCO,H (0.8 mmol), Et;N (0.8 mmol) Ph)\Me

Ph
0.016 mmol EtOAc (200 plL), 24 °C
run first second third fourth fifth
yield (%) 99 98 98 97 %6
time (h) 21 22 24 2% 28

Transfer hydrogenation was also carried out by using
formic acid and triethylamine.!** After several investiga-
tions, it was found that better performance in terms of
reactivity and stability of the polyurea-encapsulated Pd(0)
(Pd° EnCat) prepared from Pd EnCat was achieved by using
HCOOH and EtN in the molar ratio of 1:1 (instead
of 5:2 used conventionally for other catalysts). The stability
of the catalyst was further improved by adding ethyl acetate.

The efficiency and stability of the newly established
catalytic system was examined in detail with acetophenone
as a substrate. Reduction proceeds to completion giving
excellent isolated yields through five successive recycle
runs (Table 94). Interestingly, no traces of methylene
compounds from further hydrogenolysis or products from
the over-reduction of the aromatic ring were detected by
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Scheme 56. Transfer Hydrogenation of Propiophenone
] 10% Pd/C (10 mol %) OH

Ph/U\/ HCO,H (0.8 mmol), Et;N (0.8 mmol)  PH
0.016 mmol BtOAC (200 L), 24°C, 22 h 86%Yield

staring material
14% recovery

Table 95. Reduction of Aromatic Ketones Using Pd’ EnCat/
HCO,H/Et;N*

Entry Ketone

Reduced product Time (h) Yield (%)

o OH

1 21 99
Ph/U\Me Ph/kMe

OH

Ph/l\/ 22 97

0 HO
3 >—< >—< 36 20
PH PH

OH
@—( 48 95
Me

o) OH

9 F3C\©)‘\CF3 F3C\©/kc|:3 48 94
0 OH

10 ¢ N 7N\ 18 99
—N Me —N Me
0 OH

1 NN NN 18 99
— Me — Me

@ Reagents and conditions: Pd° EnCat (10 mol %), EtOAc (200 uL),
HCO,H (0.8 mmol), Et;N (0.8 mmol), ketone (0.016 mmol), 24 °C.
Catalyst was reused for 5 times.

either NMR or GC. A clear advantage of this catalyst over
Pd/C was also noticed when propiophenone was reduced
using 10% Pd/C under otherwise identical conditions
(Scheme 56).

The newly prepared catalyst (Pd’ EnCat) is clearly more
reactive than Pd/C with higher conversion within the same
reaction time (Table 95).

A variety of benzylic epoxides were subjected to the same
hydrogenolysis conditions, and good yields of the homoben-
zylic alcohol were consistently obtained (Table 96).'9

The regioselective reduction of terminal epoxides is a
particularly attractive synthetic route to substituted alcohols
due to the recent advances in the area of catalytic epoxidation
of terminal olefins. To further expand the scope of this
catalytic system, epoxyalkane substrates were investigated.
The hydrogenolysis of 3-phenylepoxypropane was very slow
under transfer hydrogenation conditions. However, a very
encouraging result was obtained by using the same catalyst
(preformed by the reduction with HCO,H) under conven-
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Table 96. Pd” EnCat-Catalyzed Hydrogenolysis of Benzylic
Epoxides”

Entry Substrate Product Time (h) Yield (%)
O OH
1 h/\/ 4 84
3 M F’h 3 90
Ph" @ € Me
0 Ph o
Ph 5 99
P /\(Ph
0 OH
5 A\ Ph Y 5 93
PR Ph Ph
H
o Ph/\[o
6 ph” L on OH 5 95
o
OH
7 Ph/ﬂ/\OH P 3 93
Ve Mé “—OH
/<?ﬂ,c025t OH
8 Ph Ph 13 92
CO,Et
eO Me
o o <UCOEt  ppo N OH 24 94
CO,Et
o)
Ph Me 6

(o}

10 0 OH .6 87
PhA‘)J\Me OH

OH
11 7 84
Ph/Q ph LT

O

@ Reagents and conditions: Pd° EnCat (5 mol %), HCO,H (4 equiv),
Et;N (4 equiv), EtOAc, 23 °C.

Scheme 57. Hydrogenolysis of 3-Phenylepoxypropane
o  Pd%EnCat (5 mol %)

Ph + Ph~_OH
~< H, (40 atm), MeOH Ph\)\
23°C, 19 h 5 ‘ ]

Isol. yield: 85%

tional hydrogenation conditions (Pd® EnCat/H,/methanol),
suggesting that the application of this catalytic system may
be extended to a wider range of epoxides (Scheme 57).

The catalyst was further applied to microwave-assisted
Suzuki coupling reactions.!®® The catalyst system is
highly efficient when used in conjunction with microwave
heating, showing enhanced reactivity and a prolonged
lifetime. A small library of biaryl compounds has been
generated in a relatively short period of time by this
approach. Furthermore, the yields and product purities were
dramatically improved when simultaneous cooling was
employed as microwave energy was supplied to the reaction
system (Table 97).

Finally, a practical protocol for performing Suzuki
coupling reactions was developed. A combination of
polymer-supported reagents afforded biaryls in excellent
yields and purities without the need for purification, either

Akiyama and Kobayashi

Table 97. Sequential Processing of Multiple Substrates in Flow*

Yield (%) [Purity (%)°]

Bach? Flow®

Entry  Boronic acid Halide

Br

1 PhB(OH), 88[>98]  90[>98]

Q

MeOC

84[82]  87[>98]

N
O; /E
o
()
x
N
tg

94[64]  94[>98]

w

2
o
=z
N

=

o

Oiz

@

002Me

94[54]  92[92]

N
FE
o
=z
N
@] w
2 =
[

70[40] 88 [94]

[¢,]

=
®

[¢)

=z

N
@] w
g g
@

OTf
100 [30] 97 [91]

()]

OE /E
o
()
I
N

5

o)

O 2

72[26]  76[>98]

~
Z\(I)
=
o
T
g
=z
O 2
@

82[23]  89[>98]

[o+]
ﬂ
s
o
o
I
g
(@]
N
Q
o

MeO B(OH), B
9 92 [16] 94 [91]
MeO MeO
OMe
- B(OH) B
10 || | 81[<10] 95[82]
N/ _N

“Reagents and conditions: halide (1 equiv), boronic acid (1 equiv),
Bu,NOACc (2 equiv) in EtOH, Pd EnCat, EtOH, microwave irradiation.
bIsolated yield. ¢ Purity measured by LC-MS and 'H NMR spectroscopy.
9120 °C, 10 min. ¢ Flow rate 0.1 mL/min, 50 W with external cooling.

Scheme 58. Polymer-Assisted Solution-Phase (PASP)
Approach

Pd EnCat
+

Me—@—B(OH)Z

DMF, Et;N, H,0

MG—Q—B(OH)Z A or MW

by aqueous workup or by column chromatography (Scheme
58). More recently, the PdA1qEn hybrid catalyst was
developed, in which palladium nanoparticles were stabi-
lized and encapsulated in combination of polyurea and
an ionic liquid (Aliquat 336). This novel composite
material is used as a recyclable and robust catalyst in
hydrogenation reaction.'®’
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Table 98. Dihydroxylations of Olefins Using Os EnCat*

Entry Olefin Product Yield (%)?
_/Ph HO  Ph
1 = )—( 80
OH
_/Ph HO  Ph
2 — }—{ 84
Ph Ph  OH
OH
3 >: >L\ 90
Ph PR OH
C4Hg HO  C4Hq
4 ~ 84
C4Hg C4Hg OH
HO
5 /:< >—<OH 83
Ph Ph
Ph Phon
G NG G
OH
CO,Me HO  CO,Me
7 ~ ham 85
PH PR OH
OH

8 BnO

5
g

/\MJ\/OH 73
3

“Reagents and conditions: Os EnCat (5 mol %), NMO, acetone—H,O
(10/1), rt, 12—24 h. ®Based on isolated yields.

Table 99. Recycling Experment with Os EnCat”

Run Olefin Product Yield (%)°

_/Ph HO  Ph

1 = pam 74
OH
_/Ph HO  Ph

2 = }—{ 86
Ph PR OH

OH

3 >: >L\ 88

PH PR OH
C4Hg HO  CuHq

4 ~ = 83

C4Hg C4Hy OH

OH
SolEr
OH
“Reagents and conditions: Os EnCat (5 mol %), NMO, acetone—H,0O
(10/1), 1t, 12—24 h. ®Based on isolated yields.

4.2. Polyurea-Encapsulated Osmium Tetroxide
[Os EnCat]

Immobilization of osmium tetroxide was also investigated
in a polyurea matrix using an in situ interfacial polymeri-
zation approach.!®® These microcapsules (Os EnCat) have
been effectively used in the dihydroxylation of olefins (Table
98).

The microcapsules were recovered by simple filtration and
reused five times, showing no significant loss of activity.
(Table 99).

Osmium tetroxide is used as a catalyst for the generation
of carbonyl compounds from olefins by oxidative cleavage
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Table 100. Oxidative Cleavage of Olefins Using Os EnCat*

R! R® Os EnCat™ o
R2 NalO4 R1 JJ\ R2
entry R! R? R3 yield (%)
1 n-CgHys H H 66" (100)°
2 Ph H H 92°
3 Ph H Me 79
4 H Ph Ph 99
5 Ph H Ph 98°
6 Ph H CO,Me 95°
7 n—Cf,H]; H i’l-Cf,H] 3 55b ( lOO)L
8 Ph Ph H 99°

“Reagents and conditions: Os EnCat (2 mol %), NalO, (3 equiv),
THF—H,O (2/1), rt, 1—8 h. ?Isolated and identified as the phenyl
hydrazone. ¢GC yield. Isolated yield of the alcohol formed upon
treatment of crude product with PhMgBr.

MeO g
MeO
OMe
l OH OH
MeO : MeO ™~ OMe
=z —— 0
Meom MeO j@\/
OMe OMe MeO ZaN

(78,8S)-polysphorin
Figure 24. Synthesis of the antimalarial natural product polysphorin.

of the formed glycols using sodium periodate (NalOy).
This has also been carried out using Os EnCat. Treatment
of a range of olefins with Os EnCat (2 mol %) and NalO,
(3 equiv) in THF—H,0 (2/1) gave the required carbonyl
compounds in good yields (Table 100). Os EnCat was
easily recovered by simple filtration and reused several
times.

Asymmetric dihydroxylation using Os EnCat was inves-
tigated for development of a general asymmetric route to
both enantiomers of polysphorin (Figure 24).'%

Optimization studies using Os EnCat with trans-3-meth-
ylstyrene showed that the best yield and ee were obtained
using 5 mol % of the catalyst in THF—water. Eight substrates
were screened successfully under the optimized conditions
(Table 101).

Experiments were also conducted with trans-f-meth-
ylstyrene to test catalyst recycling, and the reactions
proceeded in near quantitative yields with no drop of ee’s
over the first three runs. However, in the fourth cycle,
the yield dropped dramatically to 19%, indicating that the
recycling of the Os EnCat was not consistently reproduc-
ible for the asymmetric application. Similar observations
were encountered while conducting experiments using
(DHQD),PHAL and NMO in acetone—water (10/1) sol-
vent system.

5. Conclusion and Perspective

New types of polymer-supported catalysts, microencap-
sulated and related catalysts, have been discussed.'” The
catalysts were developed based on the microencapsulation
technique for binding catalysts to polymers utilizing physical
envelopment by polymer backbones and interaction between
7 electrons of benzene rings of the polystyrenes used as
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Table 101. Asymmetric Dihydroxylations Using Os EnCat*

Olefin Yield (%, isolated) ee (%)°

Ph X" 97-99 94
Ph

ot e
P PN 88 >99
CoHy N Ceflo o7 90
PR XX 9 82
Ph/\‘/ " o
Ph/\/cone 94 >99
PhOL~ 83 51

“Reagents and conditions: Os EnCat (5 mol %), (DHQD),PHAL (5
mol %), MeSO,NH; (1 equiv), KsFe(CN)g (3 equiv), K,CO; (3 equiv),
THF—H,0 (1/1), rt, 24—48 h. ®Determined by 'H NMR analysis of
the bis-Mosher ester.

polymer backbones and vacant orbitals. The catalysts thus
prepared are effective in many useful organic reactions. In
most cases, the catalysts are recovered quantitatively by
simple filtration and reused without loss of activity. The
catalysts have comparable activities to homogeneous catalysts
in many cases, and sometimes even higher activities.

While many catalysts have been immobilized by using
these new techniques, mechanistic aspects, including im-
mobilization and catalytic activity, have not been clarified
yet. On the other hand, applications of these catalysts to flow
systems are promising, and some industrial trials have already
started. It is expected that many other catalysts can be
immobilized using these techniques and that these catalysts
can contribute to environmentally benign and powerful high-
throughput organic synthesis.

6. Note Added after Print Publication

During the publication of this manuscript, the Publisher
inadvertently published Figure 16 as both Figure 16 and
Figure 19. The electronic version of this paper has been
updated to reflect the correct figures.
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