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A poly( N-isopropylacrylamide) (PNIPAAm) gel cross-linked with quaternized aminoalkyls was designed. A novel recyclable system based on
the external solvent-responsive oil-absorption/elution transition ability of the PNIPAAmM gel matrix was then developed.

The study of polymer gels and their response to the externalstudied polymer gel is based on padlsisopropylacrylamide
environment such as temperature, solvent, pH, etc. is of (PNIPAAmM)3 When un-cross-linked PNIPAAmM polymers
special interedtbecause of their potential as drug delivery are dissolved in an aqueous solution, the turbidity of the

systems, actuators, and separation deVicasfrequently
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solution varies due to dissolution and precipitation of the

polymer. When the polymer chains are cross-linked, the
conformational changes lead to macroscopic mechanical
change in the polymer network. Such a conformational

change in the polymer chain induces a swelling/deswelling
transition with the change in external solvent, which allows

control of the absorbency of organic substrates.

Utilization of the stimuli-responsive ability of intelligent
materials is an important strategy in the creation of efficient
reagent or catalyst recycling systefn&.Previously, the
utilization of the temperature-responsive nature of PNIPAAmM
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networked by the inorganic species in a catalyst recycling
system was achieve.Here, we describe the preparation
of a new cross-linked PNIPAAmM gel and application of its
solvent-responsive swelling/deswelling transition ability to

oil absorption

oil elution

design a new recyclable catalytic system. water dietfif others, e 1

Previously, un-cross-linked PNIPAAmM grafted with quat- @ Rl w
ernized aminoalkyl chains was synthesized in the preparation solvent ] E"zﬁ
process of a networked PNIPAAnrtungsten catalyst. b @

Scheme 1 shows the novel design of a cross-linked PNIPAAM

in water in diethyl ether

Figure 1. Schematic illustration of the oil absorption/elution
transition of PNIPAAmM gel Za).

Scheme 1
= i The resulting PNIPAAmM geRa showed an interesting
N + H + CyzH,5Br + Br(CH,), ,Br i X A
/]\ absorbency of organic materials responsive to the external
?E':?EH solvent (Figure 1 and Table 1). When 2-octanol dadvere
NMe, 75°,48 h
o I i e b | Table 1. Recovery of Qil via the Absorption/Elution Process
Rt o= S e y i
[¢) o] o) oil/resin recovery
F ﬁ; ?= sample resin oil (wt %) (%)
NH NH NH
/]\ A 2a 2-octanol (3) 200 95
B 2a 2-octanol (3) 400 97
® e ®0 C 2a 2-octanol (3) 800 96
MeN~ X MeoN X D 2a benzaldehyde (4) 400 93
CiHas)  GeHy) E 2a acetophenone (5) 400 94
i il s F  Amberlite IRA-900 2-octanol (3) 200 —b
- G Amberlyst A-26 2-octanol (3) 200 —b

aRecovery of oil from the ethereal phagedbsorption was not detected.

wannnnne = alkyl chain
® = guaternized ammonium

<M = PNIPAAM chain) 1a( =0.95, e 0.05; X= Br}jlaq NaOH
)

2a (1 =095, m=005; X= OH)=/"" 2 N

submerged in water, 2-octanol was absorbed lat(Figure

gel based on a modification of the previous synthesis. Cross-ZA and 2B). The hydrophobic graft chain and cross-linker

linked PNIPAAmM gel (&), which is cross-linked or grafted
with quaternized aminoalkyl chains, was prepared by radical

polymerization oiN-isopropyl acrylamide ani,N-dimethyl-
aminopropyl acrylamide with the addition of dibromodode-

cane and bromododecane via in situ formation of ammonium

salt. The insoluble polymer gé&h obtained was treated with
aqueous sodium hydroxide to afford PNIPAAmM gel with
hydroxide form2a (Scheme 1}°
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Figure 2. Photographs of a mixture of 2-octanol and water (A) in
the absence of a polymer; (B) in the presencéafand (C) in the
presence of Amberlite IRA-900. The oil phase was colored with
oil red O dye.

of 1aresult in this notable absorbency in water. Remarkably,
the retained oil was released by changing the external solvent
to diethyl ether. The recovery rate of 2-octanol in this process
was 97%. On the other hand, a similar absorbency was not
observed in the presence of commercially available poly-
styrene-divinylbenzene resin with a quaternized amine unit
(Figure 2C and Table 1, samples F and G).

The reaction utilizing an amphiphilic molecule based on
the hydrophobic effect in water is an attractive alternative
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to achieve an organic solvent-free reaction, although the || AR

difficulty in the removal of surfactants often diminishes its
utility. -3 Therefore, the use of a recyclable polymeric agent
would be advantageous. Because the specific PNIPAAmM gel
phase in water appears to be an interesting reaction medium
utilization of cross-linked PNIPAAmM gel in a new recyclable
system utilizing the external solvent-dependent absorption
and elution process was examined (Figure 3).

@INE ==
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gel-phase reaction
in diethyl ether

substrate [solvent ] water
I substrate exchange] |\_diethyl
ether

( catalyst )
product

in water

Table 2. Organic Solvent-Free Claisetschmidt Reaction
catalyst (5 mol %)

Ph)?\H Ph CH; 10 %-agNaOH
4 5 nt,2h
P X" “pn andor o Ph
6 7

yield (%)*
entry catalyst 6 7
1 (none) 8 18
2 2a 89 (<5%)
3 2a (2nd use) 88 (<5%)
4 2a (3rd use) 90 (<5%)
5 2a (4th use) 88 (<5b)
6 2a (5th use) 89 (<5%)
7 2b(=1,m=0) 88 (<5%)
8 2¢(l=0,m=1) 66 8
9 Amberlite IRA-900 5 21
10 Amberlyst A-26 35 29

aYield of isolated product? In gas chromatographic &1 NMR analysis.

Figure 3. Simplified representation of a novel recyclable catalytic
system utilizing2a.

In the 2a-catalyzed ClaisenSchmidt reaction of benzal-
dehyde ¢) and acetophenon®)( a similar initial absorption
of organic materials occurs in watEAfter replacement of
the solution with diethyl ether, chalcof)(was obtained in

The catalyst is easily recovered and can be used for
consecutive reactions without any significant loss of catalytic
efficacy (Table 2, entries -36). A typical experimental
procedure is as follows: A mixture of benzaldehyde (2
mmol), acetophenone (2 mmol), a@d (0.17 g, 0.1 mmol)
in 10% aqueous NaOH (2 mL) was stirred for 2 h. After
removal of the aqueous phase and washing with distilled

good yield from the ethereal phase and no extraction ProcesSyater, diethyl ether (4 mL) was added to the gel and stirred

was needed (Table 2, entry 2). Alternatively, the un-cross-
linked PNIPAAM catalys2b showed similar reactivity, but
this method required extraction with a large amount of diethyl
ether becaus2b was soluble in an aqueous solution (Table
2, entry 7). In contrast, cross-linked PNIPAAmM gel without
a graft-quaternized aminoalkyl chaftt showed poor ab-
sorbency and moderate catalytic activity. It should be noted
that the catalytic activity oRa was much greater than that
of the quaternary ammonium resin of commercially available
polystyrene-divinylbenzene (Table 2, entries 9 and 10),
indicating that the novel hydrophobic effect of PNIPAAmM

for 20 min. Recovere@a, which was filtered and washed
with diethyl ether (2 mLx 3), was reused for subsequent
catalytic experiments. The ethereal phase was dried over
MgSQ,. Purification of the residue on column chromatog-
raphy with silica gel gave chalcon.

The applications of the present system to other reactions
were also successful. Similar efficiency was also observed
in the nitrile aldol reaction and epoxidation @f3-enones?
and the desired products were obtained in good yields
(Scheme 2).

gel due to the absorption of organic substrates is responsibl_

for the activity of2ain water.
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In conclusion, we have designed a novel cross-linked
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substrates due to external solvent changes. In the developSport, Science, and Technology, Japan. We thank Ms. J.
ment of a new recyclable reaction system, the unique Shimode and Ms. A. Tonoki (Teikyo University) for
absorbency resulted in an enhancement of catalyst reactivity,performing spectroscopic measurements.

simple isolation of organic products, and easy catalyst

recycling. The results described herein highlight the potential

use of PNIPAAmM in the field of organic synthesis. More Supporting Information Available: Experimental pro-
detailed investigations into the physical propertie®@&nd  cedure for the synthesis of cross-linked PNIPAAm gel and
efforts to extend this system to other types of reactions are characterization data. This material is available free of charge
currently ongoing. via the Internet at http://pubs.acs.org.
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