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ABSTRACT

o
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Emulsion polymerization was examined as a novel route for the synthesis of core/shell superparamagnetic nanoparticles consisting of a
highly crystalline p-Fe203 core and a very thin polymeric shell wall. These nanoparticles were used as soluble supports for immobilizing Pd
catalysts to promote Suzuki cross-coupling reactions. Recovery of catalysts was facilely achieved by applying a permanent magnet externally.
Isolated catalysts were reused for new rounds of reactions without significant loss of their catalytic activity.

Recycling of homogeneous catalysts is a task of greatand synthetic difficulties in transferring standard solution-
economic and environmental importance in chemical and phase reactions to the solid phases.

pharmaceutical industries, especially when expensive and/ During recent years, development of novel soluble ma-
or toxic heavy metal complexes are employashmobiliza- trixes for supporting solution-phase organic reactions has
tion of homogeneous catalysts on various insoluble supports,received a great deal of research attentidiany of the
especially porous materials with high surface areas, is usuallyaforementioned problems associated with heterogeneous
the method of choice since the immobilized catalysts can insoluble matrixes can be addressed by adopting a soluble
be facilely recovered via a simple filtration process after support. JandaJélperfluorinated tags,ROMP gels® and
reactions. However, a substantial decrease in activity andother types of synthetic soluble polymétsave been well
selectivity of the immobilized catalysts is frequently observed explored for immobilizing catalysts, reagents, and scavengers.
due to the heterogeneous nature of these support materials .
in reaction media. The loaded catalysts also encounter otherBaﬁ]?v\f;’rrth’SW? F{gﬁgptsre‘ﬁzvk‘)’zl A(\a) HT;:ST';‘i]k;éw(.:bﬁé}n'.\”'?:t‘.egalc';
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By replacing insoluble resins with these soluble scaffolds, consisting of a magnetic iron oxide core surrounded by a
the solution-phase reaction conditions will be reinstated. After layer of lightly cross-linked polymeric shell wall. The organic
reactions, a second solvent is usually introduced for the polymer shells stabilize nanoparticles by preventing aggrega-
selective precipitation of matrixes out of the reaction mixtures tion of inorganic cores and offer a platform for immobiliza-
(JandaJel and ROMP gels) or for the extraction of the tion of catalysts. For the solubility of nanoparticles in organic
scaffolds into the orthogonal liquid phase (perfluorinated media, shell walls are usually thin (~nm) and the shell
tags). Although tremendous progress has been made in thipolymers are preferred to have low molecular weightson
area, there is still a need to develop new types of soluble oxide cores will respond to a magnetic field but retain no
supports, especially those that can be widely employed in magnetization properties when the field is removed. The lack
chemical and pharmaceutical industries. The large-scaleof magnetic remanence prevents nanoparticles from forming
introduction of a second solvent in an industrial process can magnetized clumps in the reaction media. In addition,
potentially increase the costs and generate more wasteunusually high magnetization moments of “super’paramag-
leading to environmental concerns. netic materials allow the use of low-field magnets to
Nanoparticles have emerged as alternative soluble matrixesfficiently concentrate magnetic nanopatrticles. In this paper,
for supporting homogeneous organic reactibrignis is we would like to report our preliminary studies demonstrating
because when the size of the support materials is decreasethe feasibility of using this new class of materials for
to the nanometer scale, the surface area of nanoparticles willsupporting homogeneous catalysts. The Pd catalysts im-
increase dramatically. As a consequence, nanoparticle supmobilized on magnetic core/shell nanoparticles can be
ports could have higher catalyst loading capacity than many facilely recovered by using an external permanent magnet
conventional support matrixes, leading to the improved that is readily available at a low cost from many commercial
catalytic activity of the nanoparticle-supported catalysts. In vendors.
addition, catalysts are usually immobilized on the surface  The core/shell iron oxide/polymer nanocrystals used for
of nanoclusters. Reactants in solution have easy access tgmmobilizing Pd catalysts were synthesized via a novel

the active sites on the surface of nanoparticles, avoiding theemulsion polymerization approach (Scheméligorous
problems encountered in many heterogeneous support ma-

trixes where a great portion of catalysts are present dee
inside the matrix backbones and reactants have the limite
access to the catalytic sites. Among many nanomaterials,
monolayer-protected Au nanoclusters (Au MPCs) have

Scheme 1. Emulsion Polymerization Synthesis of Core/Shell
Iron Oxide/Polymer Nanocrystéls

received particular research attention due to their stability ? g

and solubility in organic solvents. Recent studies have %, § ﬂﬁ“ Qh%g 0
confirmed the high catalytic activity of Au MPC-supported | @MM. styrene/DVE @ ff,i,m.
catalysts$® However, facile isolation and recycling of nano- P VBC/AIBN ] g polymer
particle supports from reaction media have remained a g % ¢ Fezoa“i

challenge. Additional laboratory work is usually required for

the judicious selection of addition of a second solvent to 3§m 1-Fe,0; nanocrystals protected with a layer of oleate
selectively precipitate Au nanoparticles out of the reaction

medium. aQOrganic polymeric shell consists of lightly cross-linked poly-

Superparamagnetic nanopatrticles are a new type of solublamers of styrene and VBC. DVB: 1,4-divinylbenzene. VBC: 1,4-
matrix that potentially can address the isolation and recycling Vinylbenzyl chloride.
problems encountered in Au MPCs and other soluble
supports for immobilization of homogeneous catalysts. These

magnetic nanoparticles usually have a core/shell strifcture stirring facilitated the formation of micelles of pluronic
surfactant P-123 in an agueous medium. Highly crystalline
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into the micellar cores. 2,2'-Azobis(2-methylpropionitrile) || NG

(AIBN) was used asa free radical initiator for the.formati_on Scheme 2. Schematic Representation of the Preparation of Iron
of a layer of organic polymers surrounding the iron oxide Oxide Nanoparticle-Supported Pd—NHC Complexes

core inside a micelle. VBC served as a linkage point for o cl
immobilization of catalysts. A small amount (1%) of DVB @ )-onor  Imenimeaze @ )-on—n@) "
was used to cross-link the shell polymers slightly to iMprove . e nancerystais nete

the mechanical strength of the formed core/shell partiéles. coated with a thin layer of polymers

The generated core/shell nanoparticles were isolated by
applying an external permanent magnet (LifeSep 50sx

Pd(OAc),, Na,CO,
water/DMF

magnetic separator from Dexter Magnetic Technologies). /F’w\
Iron oxide nanparticles were magnetically concentrated, while ar- \;‘CHS
P-123 surfactants and other excessive reagents remained in CHZ_N\,z

the agueous medium. Removal of the reaction solution out
of the flask separated nanoparticles from the reaction
mixtures. A TEM micrograph (Figure 1) has confirmed the

Iron Oxide-Pd complex

cleavagé?# Elemental analysis confirmed that about 0.72
mmol/g of Pd catalysts were loaded onto our nanopatrticle
supports. This is higher than the 0.29 mmol/g loading of Pd
on chloromethyl polystyrene resins that were used for
immobilization of Pd catalysts by forming similar Pd
methylimidazole NHC complexés.

Magnetic nanoparticle-supported Pd—NHC complexes
were then examined for catalysis of a group of Suzuki cross-
couplings of aryl halides with arylboronic acids (Scheme 3).

Scheme 3. Suzuki Cross-Couplings of Aryl Halides and
Arylboronic Acids Using Iron Oxide Nanocrystal-Supported
Pd—NHC Catalysts

Figure 1. TEM micrograph of core/shell iron oxide/polymer A% (HO,B— -, Iron Oxide-Pd complex | \\R
. . . / 2

nanoparticles. The lacey TEM grid consists of hollow woven-mesh- R1©/ + \@RZ IS

like holes and Cu supports that are covered with Formvar/carbon. R

Due to the lack of the Formvar/carbon coatings in the background,
polystyrene shells of nanoparticles can be seen at the edge of a
hole.

After several kinds of reaction variables such as the tem-
perature and reaction time were surveyed, the reaction
conditions were optimized, which typically involved an aryl
halide and an arylboronic acid in the mixed solution of DMF
and 1% NaCQO; aqueous solution in the presence of-Pd

formation of such a core/shell structure in these iron oxide
nanoparticles. Very thin polymer shells (~2 nm) could be
observed at the edge of a hole on a TEM grid, while the ) .

iron oxide nanoparticles (1.52 1072 mol %) at 50°C for

iron oxide cores were found to possess a diameter of about bout 12 h. Aft . LifeSen 50
11 nm. Apparently, polymerization reactions did not alter about - After reaction, a parmanent magnet (LifeSep 50sx

the size of the iron oxide cores, and the thickness of the magnetic separator) was applied gxternally, and nanoparticlle-
polymeric shell walls was decided by the dimension of the supported catalysts were magnetically concentrated at a side
interior cores of micellar templates wall of the flask. The reaction solutions were separated from
To immobilize Pd catalvsts. we fi;st loaded 1-methviimi- nanoparticles, and products were subjected to flash chroma-
dazole onto the surface 01}/ cor,e/shell nanoparticles by):nixing tography purification followed by spectroscopic characteriza-

nanoparticles with 1-methylimidazole in a refluxing toluene tions using IRH NMR, *C NMR, and high-resolution mass
. . trometry anal rting Information). The P
solution (Scheme 2). Then, MaO; was used as a base for spectrometry analyses (Supporting Information) e Pd

. - . catalysts were washed several times with various solvents
deprotonauon of the imidazolium group to generate N'hetefo' and air-dried. More than 97% of Pdgron oxide nanoparticles
cyclic carbenes (NHCs) that can form strpng complexes yvlth could usually be recovered (based on the weights of
Pd catalyst$* NHCs were chosen as a ligand for chelating particles)

Pd due to the fact that PANHC bonding interactions were :

. ) . Table 1 lists a group of Suzuki cross-couplings of aryl
known to be chemically and thermodynamically inert toward halides with arylboronic acids that were investigated in our

laboratory using nanoparticle-supported Pd catalysts (Scheme

(13) Vigorous control of reaction conditions is needed, as sometimes ; ; ; 0 ;
the formation of aggregated insoluble nanoparticle composites was observed.?’)' An average isolation yleld of 82% was obtained for 20
(14) For a review: Herrmann, W. Adngew. Chem., Int. E@002,41,

1290. (15) Byun, J.-W.; Lee, Y.-STetrahedron Lett2004, 1837.
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s reaction. To this end, iron oxide nanoparticle-supported Pd

Table 1. Suzuki Cross-Couplings of Aryl Halides and catalysts were examined for five consecutive rounds of

Arylboronic Acids Using Nanoparticle-Supported-PHHC reactions betweemp-iodotoluene and phenylboronic acid.
Complexes (Scheme 3) After a reaction, catalysts were magnetically isolated,
) ; washed, air-dried, and used directly for a subsequent round
. i X Re yield (%) of reaction without further purification. An isolation yield
1 H I o-Me 86 of 88 + 3% was obtained each time. No significant loss of
2 H I m-Me 88 the catalytic activity was observed during five consecutive
3 H ! 0-OMe 84 reactions.
4 H I p-OMe 83 . . . .
5 H I o0-Ac 89 In conclusion, core/shell iron oxide nanoparticles were
6 H I m-Ac 89 prepared via an emulsion polymerization approach for
7 H I naph? 82 immobilization of P&-NHC catalysts. These nanopatrticle-
8 H I p-CN 82 supported catalysts are stable and demonstrated high catalytic
9 o-Me I H 87 activity in promoting Suzuki cross-coupling reactions. More
1(1) ml\l/\[/ie i g 22 importantly, recovery of catalysts was facilely achieved by
19 ‘Z OMe I - 74 using a permanent magnet. Isolated catalysts were used for
13 m-OMe I H 81 subsequent new rounds of reactions without significant loss
14 p-OMe I H 83 of their catalytic activity. Our work here reveals the feasibility
15 p-Ac I H 80 of using this new class of supports for immobilizing
16 0-Me Br H 77 homogeneous catalysts. Such magnetic nanoparticlular ma-
17 m-Me Br H 74 trixes offer potential advantages over some alternative soluble
ig "'OONI{/‘E gr g Z(z) supports such as Au MPC in that they can be magnetically
m- e T . .
20 »-OMe Br - 78 concentrated by applying an external magnet. There is no

need to add a second solvent for the selective precipitation
2Isolation yields after separation by flash chromatography; average of of matrixes. As a consequence, magnetic nanoparticles could
at least two runs? Reagent is 1-naphthaleneboronic acid. . . e . .
be an ideal soluble support for immobilization of industrial
homogeneous catalysts. More detailed investigations of
reactions. On the whole, nanoparticle-supported Pd catalystsanoparticle structure effects on the catalytic activity of the
showed better catalytic activity than chloromethyl polysty- immobilized catalysts are in progress and will be reported
rene resin-supported counterparts reported in the litera-in due course.
ture!>1® For example, 1.5 1072 mol % Pd catalyst was
used to catalyze the reaction betwegiodotoluene and Acknowledgment. This investigation was generously
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