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Polymer-supported palladium complexes
with C,N-ligands as efficient recoverable
catalysts for the Heck reaction

Yu-xia Liu®?, Zhi-wei Ma?, Jun Jia?, Chuan-chuan Wang?, Meng-lin Huang?®

and Jing-chao Tao?*

A series of new polymer-supported palladium complexes with C,N-ligands (1a-e and 2a-c) were easily synthesized. The
synthesized catalysts could be applied as efficient heterogeneous catalysts for the Heck coupling reaction (turnover frequency
up to 12600 h~"). Additionally, the catalysts could be recovered by a simple filtration progress and could be reused for at least
five times with a slow progressive decrease in activity. Copyright (€ 2010 John Wiley & Sons, Ltd.
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Introduction

Palladium-catalyzed coupling reactions provide an efficient and
powerful method for the formation of carbon-carbon and
carbon-heteroatom bonds.'=* The Heck reaction has been
noted due to its high tolerance of functional groups and general
applicability."~7! The reaction generally proceeds in the presence
of palladium catalysts associated with phosphine ligands, which
could stabilize the active palladium intermediates. However, most
of the phosphine ligands are air- and moisture-sensitive. It is
therefore not surprising that much effort has been devoted to
the development of new catalytic systems for this reaction.8~1¢!
From an economic point of view, the recovery and reuse of the
noble metal catalysts are highly important. Therefore, supported
Pd-catalysts have emerged in recent years as an alternative, with
the advantages of heat stability and easy separation from the
reaction systems compared with homogeneous catalysts.'”~2°!
However, recyclable, phosphine-free cyclopalladated complexes
are rare.3031

In this paper, we report a simple method for the synthe-
sis of polymer-supported cyclopalladated complexes (1a-e and
2a-c). Different methods of characterization, including elemen-
tal analysis and IR, were applied to obtain information about
structural features. The catalytic performance of the result-
ing supported palladium complexes was studied in the Heck
coupling reaction between aryl halides and butyl acrylate. Fur-
thermore, the recoverability of synthesized catalysts was also
tested.

Experimental
Materials and Methods

All chemicals were used as purchased unless otherwise noted.
Solvents were dried and freshly distilled prior to use. Heck
reactions were performed under a dry nitrogen atmosphere using
Schlenk techniques. Elemental analyses of the products were
obtained from a Carlo Erba 1106 elemental analyzer. IR spectra

were collected on a Bruker VECTOR22 spectrophotometer in KBr
pellets. The surface area was determined on a Carlo Erba model
surface analyzer. Gas chromatographic analysis were carried out
on an Agilent-5890, capillary column length 15 m, with helium in
combination with a flame ionization detector. The products were
identified by comparison of their GC and GC-MS features with
those of authentic samples. Conversions and yields were calculated
by GC using n-dodecane as internal standard. Chloromethylated
P(S-DVB), 4% cross-linked, was obtained from Shanghai Resin
Company.

Preparation of the Catalysts

The aminomethyl polystyrene was prepared from chloromethy-
lated P(S-DVB) as reported in the literature.2233! The supported
cyclopalladated complexes were prepared in two steps as shown
in Schemes 1 and 2.

Synthesis of the supported Schiff-bases La-e and L’ a-c

A mixture of aldehydes (great excess) and aminomethyl
polystyrene in pyridine was stirred at 110°C for 12 h under the
protection of nitrogen. The products were isolated by filtration,
washed with pyridine and methanol, then dried in the vacuum
shelf dryer at 100 °C overnight. The formation of the Schiff bases
was confirmed by IR spectroscopy.
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Scheme 1. Synthesis of polymer-supported Pd catalysts 1a-e.
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Scheme 2. Synthesis of polymer-supported Pd catalysts 2a-c.

Synthesis of the supported cyclopalladated complexes 1Ta-e
and 2a-c

The cyclopalladated complexes were synthesized as reported in
the literature.?3! To a solution of Li,PdCls; (0.1 M) in methanol
(15 ml), supported Schiff base La-e or L’a-c (1 g) and anhydrous
sodium acetate were added. The mixture was stirred at room
temperature for 12 h. Then the solid products were isolated by
filtration, washed with methanol and dried in the vacuum shelf
dryer overnight.

Determination of the Pd loading

Aqua regia (2.0-5.0 ml) was added to the heterogeneous catalyst
(50-200 mg). The mixture was placed inside a high-pressure Teflon
tube and leaching was carried out under microwave conditions
(50, 600 and 450 W pulses, respectively, t = 30 min). After cooling
to room temperature, the mixture was filtered through a 0.2 mm
Teflon fiter and measured by ICP-OES (A = 340.458 nm, ion line).
The background was measured at Ax = £0.0278 nm.

Catalytic Reactions

A mixture of aryl halide (5 mmol), Et3N (6 mmol), n-butyl acrylate
(6 mmol) and supported Pd catalyst in DMF (1 ml) was stirred at
the desired temperature until 100% conversion as monitored by
GC analyses. Then the reaction mixture was cooled, added into
10 ml of diethyl ether and filtered. The filtrate was washed with
with H,0 (3 ml x 3). The organic phase was separated, dried and
analyzed by gas chromatography (trans-3-phenyl-n-butyl acrylate
t, = 8.4 min).

Reuse of the Recovered Catalyst

The supported Pd catalysts were recovered and reused by
the following steps: the reaction mixture was cooled to room

L a-e 4 \/\R

1a R=H -
1b R=p-Cl

1c R=p-N(CH,),

1d R=0-CH,

1e R=m-NO,

Q— ) A
N=C

L’ a-c @
=
CH, R
EFC 2a R=H
L-p d/@ 2b R=CH,
fe 2¢ R=Ph

Table 1. Characterization of polymer-supported Schiff-bases La-e
andLl'a-c

Elemental analysis (%) IR (C=N)
Ligand R C N H Umax €M™
La H 85.92 5.58 7.05 1641
Lb p-Cl 77.57 4.82 6.52 1641
Lc p-N(CH3), 81.78 8.20 7.73 1636
Ld 0-CH3 84.52 439 8.12 1634
Le m-NO, 77.86 8.07 6.72 1645
L'a H 73.96 5.16 6.44 1640
L'b CHs3 75.49 4.77 6.88 1622
L'c Ph 76.36 432 7.56 1618

temperature and filtered. The solid catalyst was washed with
DMF, acetone and diethyl ether after filtration, dried at 80°C
under vacuum, and then reused in the next run without further
treatment.

Determination of Pd Leaching

To determine the Pd content in the solution, the mixture of the
catalytic reaction was filtered. Part of the filtrate was measured by
ICP-OES (see determination of the Pd loading).

Results and Discussion

Synthesis and Characterization of the Supported Schiff Bases

The aminomethyl polymer was prepared from Merrifield resin as
reported in the literature.3233 The disappearance of absorption at
1265 cm™! for the C-Cl bonds indicated that the Merrifield resin
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Table 2. Characterization of polymer-supported Pd catalysts 1a-e
and 2a-c
IR
Elemental analysis (%) (C=N)

Surface area mmol Pd
Ligand (m2g~')? C N H  Umaxcm™' g7 'resin
1a 47.5 68.76 538 597 1633 0.40
1b 48.8 66.88 4.78 543 1629 0.33
1c 441 67.04 696 6.35 1628 0.44
1d 46.7 70.70 4.67 6.13 1625 0.41
1e 50.2 64.78 7.51 5.21 1640 0.29
2a 56.3 7356 4.07 6.05 1626 0.23
2b 60.8 6733 526 6.52 1611 0.21
2c 68.5 7128 634 7.25 1611 0.18
2 Surface area of the support: Merrifield resin = 245.28 m2 g~

was successfully changed to the corresponding aminomethyl
polystyrene. For the preparation of the Schiff bases, it is important
to choose a suitable solvent to swell the resin. Pyridine was
adopted as the best one in which the reaction could proceed
smoothly. The formation of Schiff bases was demonstrated by
the presence of the absorption peak at about 1618-1645cm™'
in the IR spectra. Elemental analysis and weight gain showed
1.38-1.86 mmol g~' ligand loading. The results are listed in
Table 1.

Characterization of the Supported Cyclopalladated
Complexes 1a-e and 2a-c

A decrease in surface area was found after immobilizing the
ligands and the metal ions on the polymer support. It was
might due to blocking of the pores after supporting the ligands

and the metal ions. Similar results were observed by the Ram
group.3%371 All the supported catalysts were found to be thermo
stable up to 150°C and not sensitive to oxygen and moisture.
The cyclopalladated complexs might be formed according to the
literature.343% The metal center might be stabilized by the five-
member ring. Formation of the cyclopalladated complexes was
also proved by the C=N double bond in IR spectrum (shift to lower
wave numbers) and the decreased percentage of C, H and N in
the elemental analysis. The Pd loadings of the supported catalysts
were determined by ICP-OES. The results showed that the Pd
loading of the supported catalysts was 0.18-0.44 mmol g~—'. The
results are listed in Table 2.

The Catalytic Heck Reaction between Idiobenzene and Butyl
Arcylate

First, the Heck reactions of iodobenzene with n-butyl acrylate
catalyzed by catalysts 1 or 2 were examined in a number of
solvents, such as DMF, CHsCN, 1,4-dioxane, toluene, THF, etc. Of all
solvents tested, DMF was found to be the best one. In the catalyzed
coupling reaction of iodonenzene with n-butyl acrylate, all of the
tested catalysts showed good activities. The results are listed in
Table 3. It was found that the catalysts with the electron-donating
group had the higher catalytic activity (entries 1-5, 1¢ > 1d > 1a
> 1b > 1e). The catalysts 2 with ferrocene group showed much
better catalytic effect than the catalysts 1. Especially for 2b and 2c
(entries 7 and 8), their turnover frequencies (TOF) were increased
to 12600 and 10600, respectively. This was probably because
of the high electron atmosphere of the ferrocene. In addition,
the performance of the recovered catalyst was also evaluated
after a simple separation from the reaction mixture without any
further treatment. The catalytic results using recovered catalyst
indicated that the synthesized catalysts could be re-used at least
five times, although the catalytic reactivity decreased gradually
(entries 9-13). This obvious decrease in catalytic performance may

Table 3. Heck reaction of iodobenzene with butyl acrylate in DMF catalyzed by 1 and 2°
©—| + CH,=CHCO,C,H, M» % (
CO,C,Hq
Entry Catalyst Catalyst loading (10~% mmol) t(h) Conversion (%)° TOF¢
1 1a 2.31 7 95 3000
2 1b 340 10 93 1400
3 1c 2.63 5 100 3800
4 1d 2.23 7 100 3300
5 Te 3.31 15 100 1000
6 2a 0.92 7 100 5400
7 2b 0.53 7.5 100 12600
8 2c 0.43 1 100 10600
9 Entry 3 cycle 1 2.63 7 100 2700
10 cycle 2 2.63 19 100 1000
1 cycle 3 2.63 26 100 730
12 cycle 4 2.63 32 100 590
13 cycle5 2.63 55 100 350
@ Reaction conditions: Phl (5 mmol), EtsN (6 mmol), n-butyl acrylate (6 mmol), DMF (1 ml).
b Determined by GC.
¢ TOF, turnover frequency (mol product per mol catalysth=7).
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Table 4. Heck reaction of aryl bromide with butyl acrylates in DMF catalyzed by 2b®

EtsN DMF R\/\ /

Br + CH,=CHCO,BuU H
Q 2 22U TCat140C —
H CO,Bu

Entry Catalyst (1072 mmol Pd) R t(h) Conversion (%)°
1 2b (1.8) H 24 81
2 2b (1.8) 0-NO; 24 92
3 2b (1.2) m-NO, 24 88
4 2b (1.6) p-NO, 24 83
5 2b (2.0) p-CH3 24 55
@ Reaction conditions: aryl bromide (5 mmol), EtsN (6 mmol), n-butyl acrylate (6 mmol), DMF (1 ml).
b Determined by GC.

be due to the loss of the active Pd species. After five cycles, 5.2
wt% of the overall Pd loss was observed.

In order to increase the range of substrates, we investigated
the catalytic activity of 2b for the Heck reaction between aryl
bromide and butyl acrylate. The results are listed in Table 4. It
shows that, in the presence of 2b, the Heck reaction between aryl
bromide and butyl acrylate could proceed smoothly. However, the
catalytic activity was lower compared with the reaction between
iodobenzene and n-butyl acrylate.

Conclusion

In conclusion, new kinds of supported palladium catalysts have
been synthesized for the Heck coupling reaction. The synthesized
catalysts exhibited excellent activity in the Heck reactions between
iodobenzene and n-butyl arcylate with TOF numbers up to
12600 h~'. It was found that high electron atmosphere could
increase the catalytic activiy. The resulting catalyst 2b could
catalyze the reaction between aryl bromide and butyl arcylate
efficiently. Moreover, the catalysts could be recovered by a simple
filtration progress. They could also be reused for at least five times
with a slow progressive decrease in activity.
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