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1. Introduction

In modern synthetic organic chemistry, the development
of efficient reagent or catalyst recycling systemsis regarded
as one of the most important topics.*~® The use of polymer
supports is one of the potential approaches for this purpose,
and the immobilization of reagents or catalysts on polymer
supports offers anumber of important advantages over their
traditional homogeneous counterparts.”~2° For example, their
separation from reaction products is easy and their potential-
ity for the consecutive recycling steps is accessible for a
green chemical process. In addition, the immobilization on
polymeric supports often causes the stabilization of sensitive
catalyst and provides the potential applicability to intelligent
materials. Despite these advantages, solid-phase catalyst is
commonly difficult to retain or raise the activities relative
to their homogeneous counterparts. Because of this significant
disadvantage, solid-phase reaction system diminishes its
synthetic utility in many cases.

In recent years, much attention has been focused on the
creation of reagent or catalyst recycling that exploits mul-
tifunctionalized materials via thermomorphic effect (Scheme
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1). The use of a biphasic reaction system employing ionic
liquids or fluorous solvents to hold efficient catalytic activity
is recognized as a potential strategy.*~ ™ The main concept
of these methods is to utilize the thermomorphic phase
behavior and distribution of catalysts in the solvent for
efficient recycling without loss of catalytic activity. The
popularity of these systems has significantly increased over
the past decade.

On the other hand, the use of functionalized polymers to
provide an effective reagent or catalyst recycling system has
gained attention as an efficient alternative that avoids the
use of expensiveionic liquids or fluorous solvents. Much of
the efforts in this area have been focused on the soluble
polymer catalysis based on the control of liquid/solid or
liquid/liquid catalysts separation since the pioneering work
of Bayer and Mutter in the early 1970s.”°-# By using such
catalysts, organic reactions can be carried out in a homoge-
neous manner and, thus,may have similar catalytic activity
and selectivity as the homogeneous parent system.

An organic reaction utilizing an amphiphilic molecule or
material in water offers several unforeseen reactivities or
selectivities because of the strong affinity between substrate
and catalyst based on the hydrophobic effect.5~% In addition,
the use of water is a better choice to carry out organic
reactions from the viewpoint of green synthesis because
water offers practical advantages over organic solvents: it is
cheap, readily available, nontoxic, and nonflammable. Al-
though various organic reactions are carried out in the
presence of an amphiphilic molecule such as surfactants, the
difficulties in separation of organic products at the end of
the reaction often diminish its utility, and subsequent clean
up of the dirty water containing surfactants and inorganic
agents could also be trouble. In contrast, the use of an
insoluble amphiphilic matrix such as a polymer gel has a
potentiality for efficient solid-phase catalysis and could open
up an innovative approach to the design of an efficient
catalyst recycling system.

As an extension of the chemistry of this functionalized
polymer catalysis, some exciting approaches to develop an
efficient reaction system based on the properties of the
polymer chain have appeared. The use of a novel reaction
medium provided by a functionalized polymer could bring
anew strategy in the design of reagent or catalyst recycling
systems. This article will provide an outline of the principle
of catalyst recycling via designer gels, mainly focused on
the functionalized poly-N-isopropylacrylamide-based poly-
mer and its applications in organic synthesis.
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2. Catalyst Recycling on Triphase System

2.1. Properties of PNIPAAm

Poly(N-isopropylacrylamide) (PNIPAAm)-based polymers
intrinsically show the characteristic temperature-responsive
intelligence and have been applied to various fields such as
drug-delivery systems, column packing materials, and cell
culture substrates by using external temperature changes.*®101
The PNIPAAmM polymers undergo thermally reversible
changes between water-soluble and -insoluble states across
alower critical solution temperature (LCST) from 30 to 40
°C.1%% Thus, the polymer chains of PNIPAAmM are hydrated
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below the LCST and dehydrated with aggregation above the
LCST. Severa efficient applications of soluble PNIPAAmM-
supported catalyst to biphasic systems have aready been
reported by Bergbreiter (Scheme 2). The advantages of these
applications are highlighted in their recent reviews.’’81-8
However, the applications of PNIPAAmM-based copolymer
catalyst in aqueous mediums are still limited.

2.2. PNIPAAm-Gel in Water

T CHz—CH—
NH

L dn
Poly-N-isopropylacrylamidg
(PNIPAAMY

The study of polymer gels and their responses to external
environment such as temperature, solvent, or pH, etc. are of
special interest because of their potentials as drug-delivery
systems, actuators, and separation devices. Frequently studied
polymer gels are based on PNIPAAmM. The uncross-linked
PNIPAAmM polymers are dissolved in an agueous solution,
and the turbidity of the solution varies due to dissolution
and precipitation of the polymer. When the polymer chains
are cross-linked, the conformational changes lead to mac-
roscopic mechanical change of the polymer network. Such
conformational change of the polymer chain induces swell-
ing/deswelling transition with the change of external solvent,
which could cause the control of absorbency of organic
substrates. In many cases, the utility of cross-linked PNIPAAmM
polymers could be found in water.
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Table 1. Organic Solvent-Free Claisen—Schmidt Reaction

entry catalyst yield (%)
1 (none) 8
2 1 89
3 1 (second use) 88
4 1 (third use) 90
5 1 (fourth use) 88
6 1 (fifth use) 89
7 Amberlite IRA-900 6
8 Amberlyst A-26 35

PNIPAAmM-gel with a structure in which the PNIPAAmM
main chain was cross-linked or grafted on quaternized
aminoalkyl chain (1) could control the absorbency of organic
substrates due to external solvent changes.’> When 1 and
2-octanol were submerged in water, 2-octanol was absorbed
into 1, while the retained oil was thoroughly released by
changing the external solvent to diethyl ether. Application
of this unique ability to the design of anew recyclable system
brought an efficient organic reaction in water. In the
1-catalyzed Claisen—Schmidt reaction of benzaldehyde and
acetophenone (Scheme 3), higher catalytic activity was
exerted relative to the quaternary ammonium hydroxide resin
of commercially available polystyrene divinylbenzene (Table
1). Additionally, the product is easily isolated by the use of
aminima amount of diethyl ether, and the recovered 1 can
be used for consecutive reactions without any significant loss
of catalytic efficacy (Scheme 4). High catalytic activity with
the simplicity of the recycling steps would be advantageous
because a common organic reaction using amphiphilic
molecules in water often requires excess amounts of organic
solvent or causes many troubles when isolating product from
solution. Moreover, similar efficiency could be found in the
1-catalyzed nitrile Aldol reaction and epoxidation of o,(-
enones (Scheme 5).

2.3. Organic Solvent-Free Triphase Oxidation
Catalysis

The use of an amphiphatic solid-phase catalyst under an
aqueous—organic biphase system or an aqueous system could
bring highly reactive catalyst recycle systems. For example,
polystyrene—paly(ethylene glycol) (PS—PEG) has been often
used for catalyst support and gpplied to organic reaction in water
because they construct effective catalytic siteswith high affinity
to both hydrophobic and hydrophilic reagents.®-*> On the
other hand, an assembled complex (2) of a noncross-linked
copolymer of PNIPAAmM with an ammonium ion and phos-
photungstic acid (HsPW1,0y0), which is insoluble in water,
works as an efficient oxidation catalyst under organic solvent-
free conditions, such as in water.116-118

When a series of epoxidations of severa alylic acohols
with hydrogen peroxide was performed in the presence of
2, hydrophaobic substrates were converted to the correspond-
ing epoxides in high yields under an organic solvent-free
triphasic system, and recovered 2 can be used for consecutive
reactions (Scheme 6).116118 |n the presence of 2.7 x 10°°
mol equiv of 2, the reaction of phytol with 2 mol equiv of
30% ag. H,O, resulted in the corresponding epoxy &l cohol
in 94% vyield, and Turn of Number (TON) of 2 was
approximately 35 000 (Scheme 7). In addition, this system
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is effective for oxidation of secondary amines (Scheme 8).
In the presence of 2, oxidation of dibenzylamine derivatives
with hydrogen peroxide resulted in the corresponding ni-
trones in good yields. 1118

2.4. Organic Solvent-Free Triphase Palladium
Catalysis

Similarly, the palladium-type assembled complex of non-
cross-linked copolymer of PNIPAAmM with a phosphine
palladium dichloride (3), which isinsoluble in water, worked
as an efficient catalyst under an organic solvent-free triphasic
system.}%120 |t efficiently catalyzed the heterogeneous
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Suzuki—Miyaura reaction of aryl and alkenyl halides,ben-
zylic chlorides with arylboronic and alkenylboronic acids,
and alkyl-9-Borabicyclononanes (Scheme 9). Although the
reaction takes 96 h to reach completion and required an
excess of boronic acid, it should be noted that the highest
turnover number TON of 3 reached up to 1 250 000 in use
of 3 (8 x 107" mol %). Additionally, 3 showed outstanding
stability in any reaction media such as water or agueous or
anhydrous organic solvents and was reused 10 times without
loss of activity. Further tuning of 3 to the highly cross-linking
mode provided an efficient recyclable solid-phase catalyst
(4) for heterogeneous Mizoroki—Heck reaction in water

lkegami and Hamamoto

(Scheme 10).12%122 The methodology of the reaction in
toluene as a solvent was demonstrated more effectively,
resulted in high TON (1150 000) of 4 (8 x 10~" mol %:
tetraethylammonium (TEA), toluene, 100 °C, 96 h),and could
be applied to the synthesis of resveratrol.

2.5. Organic—Aqueous Triphase Oxidation

Pd species
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(main chain)
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Catalysis

In contrast to the organic solvent-free triphase catalysis
system, the organic solvent—aqueous triphase catalysis
system is also attractive to construct a green chemical
process. The utilization of the PNIPAAmM complex with
tungsten species 2 for the oxidation of benzilic amines under
the toluene—aqueous hydrogen peroxide triphase catalysis
system provided an efficient direct transformation to carbo-
nyls (Scheme 11).12 The catalyst could be recovered by
simple filtration and reused without significant loss of
activity. Although the reactivity of 2 on the homogeneous
system was also examined by using a polar organic solvent
such as MeCN or tert-butyl alcohol, sightly lower yields
were attributabl e to the production of undesired side products
and excess amounts of organic solvents were required for
the extractive workup process.

3. Catalyst Recycling via Thermomorphic Effect

3.1. Thermomorphic Property of PNIPAAm
Polymer Gel

Because of their characteristic temperature-responsive
intelligence, PNIPAAm polymers and polymer gels could
cause drastic mode transfer at several temperatures. For
example, the PNIPAAm complex with tungsten species 2
displays the specific transitions owing to temperature
changes.'?#1%5 When 2 is used together with water and the
organic substrates, it is insoluble in both phases at room
temperature. On heating the organic substrates, they gradually
soak into 2 and the absorption completes at around 60 °C,
while excess heating to more than 70 °C tends to induce the
generation of emulsion species.
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3.2. Thermoregulated Micelle-Emulsion System

A micellar-type system utilizing switchable catalyst based
on the characteristic temperature-responsive intelligence of
2 exerted high performances for catalyst recycling with
efficient activity as summarized in Scheme 12.1% In the
hydrogen peroxide oxidation of 1-phenyl-1-propanol in
water, the thermoregulated formation of a stable emulsion
was detected at 90 °C and higher activity was observed. The
catalyst was precipitated on cooling and cleanly separated
from the reaction mixture after the addition of diethyl ether.
The recovered 2 was reused for consecutive reactions without
significant loss of catalytic efficacy. Although the reactivity
of 2 on a homogeneous system was also examined by using
various organic solvents such as t-BuOH and CH3CN, no
significant activity was observed in each case and excess
amounts of organic solvents were required for the extractive

based on micellar-type aggregates in water is more effective
than homogeneous systems in both catalytic activity and
recyclability (Table 2). In addition, the oxidation using this
condition works well for a range of secondary and primary
alcohols to yield the corresponding ketones and carboxylic
acids, respectively.

3.3. Thermoregulated Gel-Phase System

The use of the temporally formed specific hydrophobic
PNIPAAmM gel phase holding the flexible solid state as a
specific organic reaction medium provided also the efficient
thermomorphic catalysis systems in water (Scheme 13).1%
In the 2-catalyzed oxidative cyclization with hydrogen
peroxide in water, the absorption of organic materialsin the
catalyst phase was similarly detected at 60 °C, and higher
reactivity owing to the hydrophobic effect was observed. The
organic materials retained in gel were released by cooling
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the reaction mixture, and the organic/aqueous/solid phases
were cleanly separated after the addition of diethyl ether.
The recovered 2 could be used for subsequent reactions
without any significant loss of catalytic efficacy. The
comparison of reactivities on oxidation with conventional
tungsten systems showed specific acceleration at higher
temperature (60 °C) with generation of the adsorption of the
substrate into the PNIPAAm gel phase, whereas undesired
further oxidation products were detected with additional
heating (70 °C), attributable to the subsequent partial
formation of emulsion species (Figure 1). Thus, higher
catalytic activity exerted over other versatile tungsten systems
with the advantage of easy catalyst recycling was noteworthy.
In addition, this system was applicable to the oxidative
cyclization of several open-chain precursors noteworthy (see
Table 3).

A similar thermomorphic catalyst, the PNIPAAmM complex
with ruthenium substituting polyoxometalate 5, showed the

ToU
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=
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9
50
0
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Figure 1.

Table 3. Oxidative Cyclization of Pent-4-en-1-ol Catalyzed by 2

entry solvent yield (%)
1 H,O 83
2 H,O 87 (second use)
3 HO 88 (third use)
4 t-BuOH 48
5 CH;CN 25
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thermoregulated absorption of organic substrates at 60 °C
and provided an efficient recyclable catalyst in agueous
medium again.*?’ In 5-catalyzed benzylic oxidation of
xanthene with tert-butylhydroxy peroxide (TBHP), the
reaction proceeds efficiently to give xanthone (Scheme 14).
The catalyst could be easily recovered and reused for
subsequent reactions. Additionally, this system is applicable
for oxidative dehydrogenation of tetrahydroquinoline.

In a modification of this concept, the aerobic oxidation

~CH,~CHj{ CHo=CHE—
c=0 c=0

NH NH

(SiRu(HZO)W11O359_)

.
(C12H25)NMe;

m

system via a thermomorphic catalysis system was designed
utilizing cross-linked PNIPAAmM-gel immobilized ruthenium
catalyst (6) (Scheme 15).124128129 Gimijlar to 2, the absorption
of organic materials in the catalyst phase was detected by
heating the reaction mixture where the ail-containing polymer
gel is more rigid in comparison with polymer complex 2
and could keep a gel form at 90 °C. In 6-catalyzed aerobic
oxidation of primary alcohols, high activity was exerted and
the corresponding carboxylic acids were obtained in good
yields. The catalyst was easily separated from the reaction
mixture after cooling, and the recovered catalyst could also
be used for consecutive reactions without any significant loss
of catalytic efficacy. The reusability of this catalyst for 10
cycles was still excellent. In addition, this system is also
applicable for oxidative coupling reaction of naphthols with
molecular oxygen in water (Scheme 16). Again, this ther-
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Table 4. Aerobic Oxidation of 4-Methylbenzyl Alcohol in Water

entry catalyst yield (%)
1 6 94
2 6 (second use) 96
3 6 (third use) 91
4 6 (fourth use) 95
5 6 (fifth use) 96
6 6 (10th use) 92
7 TPAP? 41
8 PSP° 56

aTPAP (n-Pr;NTRuO,7). PSP (polymer-supported perruthenate:
Amberlyst 26 and RuO,").

momorphic system brought a remarkable acceleration of the
reactivity and an ease of catalyst recycling by using the
catalyst intelligence (Table 4).

In this context, polyethylene glycol (PEG)-containing
PNIPAAmM immobilized perruthenate catalyst 7 was suc-
cessfully used in the aerobic oxidation of acoholsin organic
medium.'?® PEG-PNIPAAmM Ru catalyst 7 exhibited efficient
catalytic activity in the oxidation of 4-methylbenzyl acohoal,
though PEG-free-PNIPAAmM Ru catalyst diminished their
catalytic activity. Investigation of the effects of water
presence in the oxidation process indicated that the hydro-
philic PEG component on 7 somehow plays an important
role in the removal of water generated during the course of
the oxidation from the catalytic site in an identical phase
among a hydrophobic PNIPAAm gel environment at high
temperature. In addition, the holding water would be released
after cooling due to the loss of hydrophobicity on the
PNIPAAmM chain. The catalyst could be recovered by simple
filtration and reused without significant loss of activity
(Scheme 17).

Ru species
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(main chain)
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4. lonic Polymer-Gel Catalysis

lonic liquids have attracted growing interest as alternatives
to replace volatile organic solvents in catalysis. Their ionic
natures with nonvolatility and thermal stability make them
highly suitable for various transition metal catalysis.*0—8
However, traditional ionic liquid mediated reaction systems
require large amounts of expensiveionic liquid, which makes
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them unattractive under economical consideration. In addi-
tion, the high viscosity of ionic liquids can induce a mass
transfer limitation if the chemical reaction is fast. Severa
approaches to provide supported ionic liquid catalysts, which
combine the advantages of ionic liquids with those of
heterogeneous support materials, were investigated as an
extension of ionic catalysis chemistry. The frequently used
supports for this purpose are modified silica gel, and this
methodology is one effective strategy for heterogenization
of homogeneous ionic liquid catalysis system to date, 130132

The concept of a PNIPAAm-based thermomorphic ca-
talysis system was further extended to ionic heterogeneous
reactions. lonic polymer supported palladium 8 prepared
from cross-linked PNIPAAmM-gel and palladium acetate
works as an attractive catalyst for the Mizoroki—Heck
reaction in water (Scheme 18, Table 5).% In the 8-catalyzed
reaction of iodobenzene with butyl acrylate, the reaction
proceeded at an inner ionic polymer gel phase owing to the
absorption of organic materials by heating. Thus, significant
enhancement of catalyst activity and stability was detected
relative to PNIPAAmM-gel Pd catalyst with low ionic matrix
content. The catalyst was easily separated from the reaction
mixture after cooling, and the recovered catalyst could also
be used for consecutive reactions without loss of catalytic

Scheme 18
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Scheme 19
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Table 5. Mizoroki—Heck Reaction of odobenzene with Butyl
Acrylate in Water

entry catalyst? yield (%)
1 8 97
2 8 (second use) 90
3 8 (third use) 93
4 8 (fourth use) 96
5 8 (fifth use) 92
6 PNIPAAmM-Pd® 23
7 Pd (OAC), 25

20.5 mol %. ? PNIPAAmM-Pd: PNIPAAm-gel Pd catalyst with low
ionic matrix content.

efficacy. In addition, this system is also applicable for
Suzuki—Miyaura coupling and copper-free Sonogahira cou-
pling in water (Scheme 19).

5. Catalyst Preparation

cross-linked PNIPAAm-chain-lonic unit -Pd catalyst

b
H CH,~CHGCHy~CH),—{ CH,~CH)—
?:O ?‘_—O ?‘_-O
NH NH _N

~-] [F’d(OAc}z l
(C12Hzs)NMe, 0=C

1000

PNIPAAmM-based catalysts described in this article were
prepared in two ways mainly. Polymer complex type
catalysts (such as 2—5) were prepared by a self-assembly
process of inorganic species with a noncross-linked PNIPAAmM
chain, which is synthesized by radical polymerization of
N-isopropylacrylamide and the corresponding monomers
(ionic acrylamide or diphenylstyrylphosphine) using Azo-
bisisobutyronitrile (AIBN) as an initiator (Scheme 20) 116418-12
On the other hand, PNIPAAmM-gel immobilized type catalysts
(such as 6, 8) were prepared by the treatment of inorganic
species and cross-linked PNIPAAmM-gel, which is synthesized
by radical polymerization of N-isopropylacrylamide and the
corresponding monomers in the presence of a cross-linking
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Scheme 20
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agent (Scheme 21).102127.128.133 Formation of the ammonium
salt derived from N-(N,N-dimethylaminopropyl)acrylamide
and alkyl halide was achieved in situ during the polymeri-
zation process.

6. Polymer-Gel Related Advanced Catalysis

Recent progress in the heterogeneous catalysis brought
various efficient advanced catalysts. Utility of polymer gels
could often be found in the design of those catalysis systems.
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Scheme 22
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The leading examples are cited in the catalytic system based
on nanoparticle chemistry, imprinted polymer chemistry, and
polymer-supported ionic liquid synthesis.

Nanoparticle catalysts have attracted attention in recent
years because of their unique properties.’®~1%" They often
classified into “ semiheterogeneous catalyst” by means of the
frontier catalyst between homogeneous and heterogeneous.
Progress has been made in the efficiency and selectivity of
reactions and recovery of the catalysts. Usualy, metallic
nanoparticles are kinetically unstable with respect to ag-
glomeration to the bulk metal and must, therefore, be
stabilized by additives (Scheme 22). Polymer is a suitable
stabilizer of metallic nanoparticles and makes it possible to
use metallic nanoparticles as versatile reusable catalysts. The
frequently used polymer for nanoparticles stabilization is
poly(N-vinyl-2-pyrrolidone) (PVP).2% Akashi reported the
use of PNIPAAmM or polystyrene microspheres having
PNIPAAmM branches on their surfaces for the stabilization
of several nanoparticles such as Pt colloids, Au/Pt bimetallic
colloids, and Ag colloids.**¥~1%? The temperature-dependent
property of the PNIPAAm chain affected the stability of the
nanoparticles, and the catalytic activities are controlled by
temperature. In addition, another PNIPAAmM polymer related

Scheme 23
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Scheme 24
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composite was reported by Li.** PNIPAAm networks
modified Au nanoparticles for nanocomposite entrapment
was investigated. The synthesized Au nanoparticles—
copolymer hybrids possess clearly thermosensitive properties
and exhibit “inspire” and “expire” water behavior in response
to temperature changes in aqueous solution. An application
of polyacrylamide type gel for palladium nanocluster cata-
lyzed reaction was reported by Corain 44145

Molecularly imprinted polymers (MIPs) are intelligent
polymer gels and are well-established as molecular recogni-
tion materials but are now being increasingly considered for
enzyme-like catalysis.**6~152 Generally, MIPs are synthesized
from functional monomers using radical polymerization or
polycondensation. Molecular imprinting allows for producing
a memory of the transition state of a catalytic reaction by
polymerization and subsequent removal of the template
(Scheme 23). A sharp-selective reaction space provides a
molecule similar to that of the catalytic transition state.
Though the frequently used polymer in thisfield is functional
polymethacrylic acid cross-linked with divinylbenzene or
ethylene glycol bis-methacrylate, polyacrylamide type poly-
mer gels could also be usable. The synthesis and hydrolytic
catalytic characterization of imprinted acrylamide based on
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microgels incorporating arginine and tyrosine derivatives as
additional functional monomers is reported by Resmini.!>
A novel type of peroxidase-like imprinted nanogels incor-
porating hemin, acrylamide, and 4-vinylpyridine as functiona
monomers was prepared by Li.***1% The thus-obtained MIP
showed greater catalytic activity in the oxidation reaction
of homovanilic acid under agueous conditions due to the high
absorption potentiality toward substrate.
Polymer-supported ionic liquid is often used for the
heterogenization of ionic liquids.***~*2 The frequently used
polymericionic liquid is polystyrene having imidazolium salt
branches (Scheme 24).156-160 Attractive catalytic activities
were found in such as a nucleophilic substitution reaction
including fluorination and Mizoroki—Heck reaction. A
polymeric ionic medium, polyionic gel, was also utilized for
metal scavenging and catalysis by Wagner (Scheme 25).161162

7. Conclusion

As this review shows, the use of designer polymer-gel
catalysts based on the functionalized PNIPAAm could bring
a new strategy in the design of catalyst recycling systems.
Various types of organic reaction systems were provided and
many utilities could be found relative to common systems.
Recent development and the evolution of polymer-gel
chemistry would promise the creation of more excellent
catalysts at present and even in the near future. Furthermore,
this strategy must be contributive to not only the scientific
development along “Green Chemistry” but also in the
industrial production involving asymmetric synthesis.

8. Abbreviations for Catalysts

1: PAGCL-OH

2: PAG-PW (PWAA, abbreviation used in published papers)

3: PAGPPS-PACL (PdAS, abbreviation used in published

apers)

: PAGPPS(V)-PdCI (PdAS-V, abbreviation used in
published papers)

: PAG-S\WRu

: PAGTCI-Ru

: PAGPEG-Ru

: IPAGPCL-PdAC

I

0 ~N O O
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