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A novel cross-linked functional polymer was prepared through copolymerization between 1, 3, 4,
6-tetraallylglycoluril and 4-vinyl pyridine. Pt and Pd nanoparticles supported over this polymeric frame-
work (Pt/CFP and Pd/CFP) were detailedly characterized by TEM, EDS, and XPS. Pt nanoparticles were kept
in the monodispersed state with the average size of 1.4 nm. Monodispersed Pd nanoparticles were about
4.5 nm. The hydrogenation of nitrobenzenes over Pt/CFP shows high activity and selectivity with the sub-
strate to Pt ratio of 4000 under mild reactions. Pd/CFP was the catalyst for carbonylation of aryl iodides
in the presence of secondary amines and acylhydrazines. Double carbonylation with secondary amines
produced a-ketoamides with the selectivity of 80%. Diacylhydrazine molecules were synthesized by the
direct carbonylation of aryl iodide with acylhydrazine over Pd/CFP. The recyclability and recoverability of
Pt/CFP were investigated through a seven-run recycling test of nitrobenzene hydrogenation. The flexibil-
ity of Pd/CFP in the carbonylation process was thoroughly explored by a 12-run recycling test. Supported
Pt or Pd nanoparticles showed the macroscopic robustness in their catalytic performance in the catalytic
cycle. The flexibility of metal nanoparticles and the polymeric supports guaranteed macroscopic catalytic
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1. Introduction

Most of the industrial catalysts are made of metal or metal oxide
particles of a few nanometers in size and the reaction proceeds
at the molecular scale. Nanocatalysis is the intrinsic property of
the catalyst. Supported metal nanoparticles constitute the major-
ity of the heterogeneous catalysts and show catalytic properties
different from small atom clusters or the bulk crystal surfaces.
Gold is the most famous model system [1]. The size-dependence
effect is the specialty of catalysis over metal nanoparticles [2,3].
First, metal nanoparticles have irregular surfaces with abundant
structural defects on the steps and kinks, which are favorable low-
coordinated sites for the breaking and forming of chemical bonds
[4,5]. Second, metal nanoparticles’ surface offers the flexibility of
structure recovering in the adsorption and desorption of the cat-
alytic reaction. The third property, which influences catalysis, is the
electronic structure of metal nanoparticles [6,7].
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Metal nanoparticles are excellent catalysts for chemical syn-
thesis [8-10]. However, active nanoparticles are not stable and
show a high tendency toward agglomeration, which then leads
to deactivation and precipitation. Protecting agents to stabilize
metal nanoparticles include various materials, such as metal oxide
[11,12], carbon materials [13], porous silica [14] and polymers
[15,16]. The flexibility of metal nanoparticles is necessary for active
catalytic performance. However, it results in their instability during
the catalytic reaction.

Metal nanoparticles bridge the gap between homogeneous and
heterogeneous catalysis. Some metal nanoparticles with stabiliz-
ing agents are soluble in the reaction medium as homogeneous
catalysis. On the other hand, metal nanoparticles have an active
surface as heterogeneous catalysis. However, it is a major challenge
to separate the catalyst from the reaction mixture. In our previous
researches [17,18], cross-linked functional polymers (CFPs) were
demonstrated to be excellent supports for metal nanoparticle cat-
alysts to be employed in the liquid phase. The swelling behavior of
the polymer support facilitates the dispersion of metal nanoparticle
precursors in the polymeric framework, which are further immobi-
lized by the functional groups. Under liquid-phase conditions, the
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formation of swollen-gel phase is favorable for the involvement of
all reactants in the catalytic reaction.

CFPs supported metal nanoclusters had been applied in com-
mercial production of MIBK from acetone and hydrogen in 1965
[19]. EnCat catalyst by Reaxa was another commercial catalyst
based on polyurea supported palladium [20]. Typical CFPs consist
of three components: chemical structure, cross-linked, and func-
tional groups. Chemical structures are the main polymer chain
such as poly-DMA, polyacrylate, poly-MMA, and PS. The most
employed cross-linkers are DVB and MBAA. Functional groups are
used to anchor metal nanoparticles’ precursors. There are two
types of attachment strategies: ion-pair interaction (—S03-, COO~
and —NR3*) and chelating interaction (Lewis base groups: amino,
pyridyl, benzimidazoyl, thiol, methylsulfide, and nitrile) [21-24].
Supported metal species are mostly noble metals, such as Pt,
Pd, Ru, Rh, and Au [25,26]. There are three methods to prepare
CFPs supported metal nanoparticles: (1) introduction of a suitable
metal precursor into CFPs and generation of metal nanoparticles
through reduction or decomposition of the precursor (RIMP), (2)
incorporation of metal precursors into CFPs during the polymer-
ization and generation of metal nanoparticles through reduction
or decomposition of the precursor (IMPR), (3) direct introduction
of prepared metal nanoparticles into CFPs (IPMN) [27]. Kobayashi
et al. [28-30] have reported “polymer-microencapsulated cata-
lysts” and “polymer-incarcerated catalysts”, which provide new
insights into the preparation and catalytic application of polymer-
supported metal nanoparticles. Recently, Yamada et al. [31]
have found a novel CFPs-supported metal nanocluster cata-
lyst: self-assembled poly (imidazole-palladium) exhibits high
catalytic activity and excellent resuability in several C—C for-
mation reactions. The aim of these proposed strategies is to
achieve high catalytic activity with good recoverability and
recyclability.

In this work, a new cross-linker based on glycoluril [32,33]
was synthesized and then copolymerized with 4-vinyl pyridine
to produce cross-linked functional polymeric support for metal
nanoparticles. Pt and Pd nanoparticles over this CFP were prepared
and their catalytic properties in hydrogenation and carbonylation
were further investigated. The catalytic behavior and transform of
supported metal nanoparticles during the reaction were explored
to interpret the structure-property relation.

2. Experimental
2.1. Preparation of 1, 3, 4, 6-tetraallylglycoluril

A three-neck 100 ml flask was flushed with argon. Anhydrous
DMSO (40ml) was added and glycoluril (1.42g, 10 mmol) was
dissolved. Then potassium tert-butoxide (5.62g, 50 mmol) was
gradually added and the mixture was further stirred for 1.0 h.

Allyl bromide (7.0 ml, 80 mmol) was injected into the reaction
mixture and the reaction was performed at 25°C for 20 h. 500 ml
aqueous solution of HCI (0.1 M) was added into the reaction mix-
ture. 100 ml ethyl acetate was used to extract the mixture and
the organic phase was washed by saturated NaCl aqueous solution
(100 ml) for three times. After being dried by MgSQy,, the solvent
was removed. 1.53 g target product was obtained after purifica-
tion over silica column with the eluent of ethyl acetate/petroleum
ether (60-90°C) (v/v, 3:2). All procedures were performed in argon
atmosphere.

2.2. Preparation of cross-linked functional polymer (CFP)

The copolymerization was performed in a 100-ml two-neck
flask under argon flow. 1, 3, 4, 6-tetraallylglycoluril (1.51g,

5mmol) and 4-vinyl pyridine (1.07ml, 10 mmol) were dis-
solved in 20 ml anhydrous toluene. Azobisisobutyronitrile (164 mg,
0.05mol/L) was used as the radical initiator and the polymer-
ization proceeded at 60°C for 21 h. The resulting solid materials
were filtered and extracted by petroleum ether for three times.
After being dried under vacuum, yellow solid (0.89g) was
obtained.

2.3. Preparation of Pt/CFP and Pd/CFP

CFP (250 mg) was fully swollen in 30ml anhydrous ethanol.
And then K,PtCl4 (28 mg, 0.0674 mmol) was added. The mixture
was further stirred at room temperature for 20 h. NaBH,4 (25.5 mg,
0.674 mmol) in 6.0 ml water was injected and the reduction pro-
ceeded for 3.0h. Finally, a 100 ml mixture of petroleum ether
and diethyl ether was added into the mixture and the result-
ing precipitate was collected. After being dried under vacuum,
brown solid (Pt/CFP, 216 mg) was obtained. Pt/CFP (50 mg) was
calcined in air at 600°C for 3 h. The final ash was dissolved in
mixture HNO3 and HCI aqueous solution (4.0 ml). The solution
was diluted to 100 ml with deionized water. The Pt concentration
was determined by ICP-AES. The calculated Pt load of Pt/CFP was
2.02 wt%.

CFP (400 mg) was fully swollen in 50 ml anhydrous ethanol.
And then PdCl;[CH3CN]; (70 mg, 0.27 mmol) was added. The mix-
ture was further stirred at room temperature for 20h. NaBH,
(70mg, 1.85mmol) in 16 ml water was injected and the reduc-
tion proceeded for 3.0 h. Finally, a 150 ml mixture of petroleum
ether and diethyl ether was added into the mixture and the result-
ing precipitate was collected. After being dried under vacuum,
deep gray solid (Pd/CFP, 392 mg) was obtained. Pd/CFP (50 mg)
was calcined in air at 600°C for 3 h. The final ash was dissolved
in mixture HNO3; and HCl aqueous solution (4.0 ml). The solution
was diluted to 100 ml with dionized water. The Pd concentration
was determined by ICP-AES. The calculated Pd load of Pd/CFP was
1.10 wt%.

2.4. Hydrogenation of nitrobenzenes over Pt/CFP

To a 10-ml Schlenk tube, were added nitrobenzene (1.0 mmol),
THF (2.0ml) and the catalyst (S/Pt: 4000). The Schlenk tube was
flushed by hydrogen flow and then directly connected to a hydro-
gen balloon (1.0atm). After the given reaction time, the catalyst
was separated by simple filtration. The reaction results were deter-
mined by GC. In the seven-run recycling test, the catalyst was
separated by filtration and washed by ethyl acetate and diethyl
ether after each testing run. The catalyst was dried vacuum and
then recycled into the next batch.

2.5. Carbonylation of aryl iodide in the presence of secondary
amines over Pd/CFP

To a 100-ml autoclave, were added aryl iodide (1.0 mmol), sec-
ondary amine (5.0 mmol), the catalyst (Pd: 0.78 mol%), Cs;COs3
(1.14 g, 3.5 mmol), Lil (9.0 mg, 0.0479 mmol) and toluene (5.0 ml).
The autoclave was flushed by CO flow and pressurized to
4.0MPa. The reaction was performed at 120°C for the given
time. The reaction mixture was extracted with ethyl acetate.
Double carbonylation and mono carbonylation products were
obtained by purification over silica column with the eluent of
ethyl acetate/petroleum ether (60-90°C) (v/v, 1:4). In the 12-run
recycling test, the catalyst was separated by filtration and washed
sequently by water, ethyl acetate and diethyl ether after each test-
ing run. The catalyst was dried vacuum and then recycled into the
next batch.
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